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Increase in cytosolic Ca2t produced by hypoxia and other
depolarizing stimuli activates a non-selective cation
channel in chemoreceptor cells of rat carotid body
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Key points

® Hypoxia is thought to depolarize glomus cells by inhibiting the outward K* current, which
sets in motion a cascade of ionic events that lead to transmitter secretion, increased afferent
carotid sinus nerve activity and increased ventilation.

® Qur study of Na*-permeable channels in glomus cells has revealed that hypoxia not only
inhibits TASK background K* channels but also indirectly activates a non-selective cation
channel with a single channel conductance of 20 pS. Under physiological conditions, the
reversal potential of the cation channel is ~ —28 mV, indicating that Na™ influx is also involved
in hypoxia-induced excitation of glomus cells.

e Activation of the 20 pS cation channel is present when the O, content is 5% or less, indicating
that Na™ influx occurs during moderate to severe hypoxia (<5% O,), but not mild hypoxia
(>5% 02)

e The 20 pS cation channel is directly activated by a rise in intracellular Ca’*. Thus, factors
that elevate intracellular Ca’" such as hypoxia, extracellular acidosis and high external KCI
all activate the cation channel. A feed-forward mechanism may be present in which an initial
depolarization-induced rise in intracellular Ca** opens the Na™-permeable cation channel,
and the Na™ influx causes additional depolarization and influx of Ca’" into glomus cells.
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Abstract The current model of O, sensing by carotid body chemoreceptor (glomus) cells is
that hypoxia inhibits the outward KT current and causes cell depolarization, Ca?* influx via
voltage-dependent Ca?* channels and a rise in intracellular [Ca*"] ([Ca’"];). Here we show
that hypoxia (<5% O,), in addition to inhibiting the two-pore domain K* channels TASK-1/3
(TASK), indirectly activates an ~20 pS channel in isolated glomus cells. The 20 pS channel was
permeable to K™, Na* and Cs™ but not to CI~ or Ca**. The 20 pS channel was not sensitive to
voltage. Inhibition of TASK by external acid, depolarization of glomus cells with high external
KCl (20 mm) or opening of the Ca** channel with FPL64176 activated the 20 pS channel when
1 mm Ca®t was present in the external solution. Ca** (10 um) applied to the cytosolic side of
inside-out patches activated the 20 pS channel. The threshold [Ca**]; for activation of the 20 pS
channel in cell-attached patches was ~200 nM. The reversal potential of the 20 pS channel was
estimated to be —28 mV. Our results reveal a sequential mechanism in which hypoxia (<5%
O,) first inhibits the K™ conductance and then activates a Na™-permeable, non-selective cation
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channel via depolarization-induced rise in [Ca®"];. Our results suggest that inhibition of K™
efflux and stimulation of Na™ influx both contribute to the depolarization of glomus cells during
moderate to severe hypoxia.
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acid-sensing K* channel; TEA, tetraethylammonium.

Introduction

The carotid body glomus cells detect a decrease in
arterial O, tension (hypoxia) and help generate a neural
signal that travels to the brainstem cardiorespiratory
centre to mediate reflex mechanisms such as arousal
from sleep during hypoxia, increased ventilation, and
changes in blood pressure and heart rate (Kumar &
Prabhakar, 2012). Based on many years of studies, it is
now widely accepted that hypoxia produces depolarization
of carotid body glomus cells and thereby elicits a
cascade of events leading to elevation of transmitter
secretion and increased carotid sinus afferent nerve
activity (Lopez-Barneo et al. 1988; Delpiano & Hescheler,
1989; Biscoe & Duchen, 1990; Gonzalez et al. 1992; Buckler
& Vaughan-Jones, 1994b; Pardal et al. 2000). Critical
signalling events that occur within glomus cells involve the
initial depolarization, opening of voltage-dependent Ca**
channels and elevation of intracellular [Ca?*] ([Ca?*];).
The depolarization of glomus cells produced by hypo-
xia is generally thought to occur as a result of inhibition
of the K* channels that are active near the resting
membrane potential (Buckler, 2007; Peers et al. 2010).
The types of K™ channels involved in the depolarization
process may depend on species. In rat glomus cells,
inhibition of large-conductance Ca’**-activated (BK)
and TWIK-related acid-sensing K* (TASK) channels is
thought to be the cause of depolarization, but the relative
importance of the two channels remains unresolved
(Buckler, 2007; Peers & Wyatt, 2007; Wyatt et al. 2007;
Evans et al. 2009). The two Kt channels are probably also
involved in the chemosensory response in mice, as both
channels are well expressed in mice glomus cells (Trapp
et al. 2008; Ortega-Saenz et al. 2010; Otsubo et al. 2011).

In addition to K™ channels, a resting Na* conductance
has been demonstrated in rat glomus cells (Buckler
& Vaughan-Jones, 1994a; Buckler, 1997; Carpenter &
Peers, 2001). The whole-cell holding current was larger
with Na™ as the main permeant ion than without Na™
(Buckler, 1997). Substitution of extracellular Na™ with

N-methyl-D-glucamine (NMDG) was found to hyper-
polarize and reduce the whole-cell holding current to near
zero (Carpenter & Peers, 2001). Na™ influx via background
Na® channels presumably keeps the resting membrane
potential of glomus cells between —50 and —60 mV, and
causes the depolarization when K™ channels are inhibited
by hypoxia. In addition to the background Na*t channel,
studies suggest that glomus cells also express non-selective
cation channels that are permeable to Na™. For example,
low glucose in the extracellular medium was found to
elicit a Na™-dependent depolarization via activation of
a non-selective cation channel (Pardal & Lopez-Barneo,
2002; Bin-Jaliah et al. 2004; Garcia-Fernandez et al. 2007;
Zhang et al. 2007). Thus, Na*-permeable channels are
expressed in glomus cells, but their biophysical properties
are still undefined and it is unknown whether hypoxia
affects their activity.

In this work, we sought to identify Na*-permeable
channels and study their role in the regulation of the
excitability of glomus cells under normal and hypoxic
conditions. We have identified a 20 pS, non-selective
monovalent cation channel that is mostly closed in
normoxia but is activated by elevation of cytosolic Ca**
that occurs in response to depolarizing stimuli, including
hypoxia, acid and high external K. We show evidence for
a sequential mechanism in which an initial inhibition of
K™ channels such as TASK by hypoxia leads to activation
of the 20 pS channel via a depolarization-induced rise in
[Ca*"];. The data suggest that hypoxia (<5% O,)-induced
depolarization of glomus cells involves both inhibition of
K" efflux and stimulation of Na* influx.

Methods

Ethical approval

The Animal Care and Use Committee of Rosalind
Franklin University approved the protocol used in this
study (protocol #11-49). Rats (Sprague-Dawley; postnatal
days 14-18; number of animals: 740) and mice (postnatal
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days 14-25; number of animals: 32) were anaesthetized by
inhalation of isoflurane until cessation of breathing.

TRPM4~'~ and TRPM5~/~ mice

TRPM4 knockout mice were generated and back-
crossed for 10 generations on a C57BL6/N background.
Gene targeting in R1 embryonic stem (ES) cells and
Cre-loxP-mediated recombination were used to generate
a mouse line with a null allele (Trpm4~/~). Additional
details are given in the online Supplementary Methods
of the original article (Vennekens et al. 2007). Male
and female TRPM5 knockout mice (C57BL/6 back-
ground) were obtained from Dr Charles Zuker of
Columbia University, and bred for two generations. In
Dr Zuker’s lab, ES clones containing TRPM5 with exons
15 and 19 replaced with PGK-neo’cassette were injected
into C57BL/6 blastocysts, and chimeric mice were bred
with C57BL/6 mice. Progeny was backcrossed for two
generations, and subsequent crossing generated the homo-
zygous knockouts (Zhang et al. 2003).

Cell isolation

Carotid artery bifurcation region was surgically removed
from rat and mouse, and carotid bodies were placed in
ice-cold low Ca’", low Mg*" phosphate buffered saline
(low Ca**/Mg** PBS: 137 mm NaCl, 2.8 mm KCl, 2 mm
KH2PO4, 0.07 mm CaClz, 0.05 mm MgCIZ, pH 74)
Each carotid body was cut into 2-3 pieces and placed
in a solution containing trypsin (0.4 mg ml~!) and
collagenase (0.4 mg ml™') in low Ca**/Mg*™ PBS and
incubated at 37°C for ~25 min. Carotid body pieces were
gently triturated using a fire polished Pasteur pipette to
mechanically dissociate the cells. Carotid body growth
medium (Ham’s F-12, 10% fetal bovine serum, 23 mMm
glucose, 4 mM Glutamax-1 (L-alanyl glutamine), 10 kU
penicillin/streptomycin and 300 pug ml™! insulin) was
added to stop enzyme activity. After brief trituration,
the solution containing the digested carotid bodies was
centrifuged for 4 min at ~2000 g using a microcentrifuge.
After removing the supernatant, growth medium was
added to gently resuspend the pellet. Suspended cells were
placed on glass coverslips coated with poly-L-lysine, and
incubated at 37°C for ~2 h in a humidified atmosphere of
95% air/5% CO,. Cells were used within 6 h after plating.

Reverse transcriptase PCR

Clusters (~200) of glomus-like cells isolated from carotid
bodies were collected using a polished glass pipette into
a centrifuge tube. cDNA was generated using a Single
Cell RT-PCR Assay Kit (Signosis, Sunnyvale, CA, USA).
Two sets of primer pairs for TRPM4 (set 1: forward
5-TGGTGGTGTTGCTCCTCATC-3' and reverse 5'-CTC
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AGACGCCGGTCATACTC-3' expected size 240 bp; set 2:
forward 5'-ATCTCTCACCTGCGTCTCCT-3' and reverse
5'-GACGCCGGTCATACTCTCTG-3"  expected  size
460 bp) and four sets of primer pairs for TRPM5 (set 1:
forward 5'-CATGGTGGCCATCTTCCTGT-3' and reverse
5'-GGTCACACCATAGGCCACAA-3"  expected  size
238 bp; set 2: forward 5-GGTCTTCAGGAAGGAAG
CCC-3" and reverse 5'-TGGCCTGTGATTCCAGACAC-3’
expected size 251 bp; set 3: forward 5 CCATGTTCAGCT
ACACATTCCAG3’ and reverse 5-GAGAACTTGAGT
AGGTGCCTCCA-3" expected size 471 bp set 4: forward
5'-CCATGTTCAGCTACACATTCCAG-3' and reverse
5'-GTGTGTCAGTCATGGAGGACAAG-3' expected size
441 bp) were selected using the Primer3Plus software
and used in PCR reactions with Taq polymerase. PCR
conditions were: initial denaturation at 94°C for 5 min
followed by 35 cycles of 95°C for 40 s, 55°C for 50 s
and 72°C for 60 s, and a final extension step at 72°C for
10 min. PCR products were run on a 1.2% agarose gel by
electrophoresis. When PCR products were not observed,
different annealing temperatures (50-60°C) were tested.
The PCR products were sequenced at the University of
Chicago Sequencing facility. PCR was also performed
using TRPM5 ¢DNA in pcDNA3.1 (obtained from Dr
Craig Montell, Johns Hopkins University) as the template
for positive control.

Electrophysiology

Electrophysiological recording was performed using
a patch clamp amplifier (Axopatch 200B, Molecular
Devices, Sunnyvale, CA, USA). Cell-attached patches
were formed with gentle suction with sylgard-coated
borosilicate glass pipettes. Channel current was filtered at
2 kHz using an eight-pole Bessel filter (-3 dB; Frequency
Devices, Ottawa, IL, USA) and transferred to a computer
using the Digidata 1320 interface at a sampling rate of
20 kHz. Single-channel currents were analysed with the
pCLAMP program (versions 9/10). Channel openings
were analysed to obtain channel activity (NP,, where N
is the number of channels in the patch, and P, is the
probability of a channel being open). NP, was determined
from 5-15 s of current recording. The minimum duration
used for analysis of the 20 pS channel was 5 ms, such that
TASK channels whose mean open time ranges between 0.5
and 1.0 ms were precluded.

In experiments using cell-attached and inside-out
patches, pipette solution contained (mm): 140 KCI
(or 140 NaCl, 140 CsCl, 140 NMDG or 100 CaCl,),
1 MgCl,, 5 EGTA, 11 glucose and 10 Hepes (pH 7.3). The
[Cl™ ] in NMDG-CI solution was ~100 mM. Extracellular
bath (physiological) solution contained (mm): 117 NaCl,
5 mm KCI, 23 NaHCOs, 1 MgCl,, 1 CaCly, 10 Hepes
and 11 glucose (adjusted to pH 7.3 with NaOH).
For whole-cell studies, the bath (physiological) solution
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contained (mMm): 117 NaCl, 5 mm KCI, 23 NaHCOs, 1
MgCl,, 1 CaCl,, 10 Hepes and 11 glucose (pH 7.3), and
pipette solution contained (mm): 140 KCI, 1 MgCl,, 5
EGTA, 11 glucose, 10 Hepes and 2 MgATP (pH 7.3).
For perforated patch experiments, the pipette solution
contained (mM): 70 K,SO4, 20 KCI, 1 MgCl,, 1 EGTA,
2 MgATP, 10 Hepes (pH adjusted to 7.3 with KOH)
with 240 pug ml~! amphoteracin-B (from a stock solution
of 60 mg ml~' in DMSO). All solutions containing
NaHCO; were equilibrated with 95% air/5% CO, and
pH adjusted to 7.3 with NaOH, or to pH 6.0 with HCL
The composition of the pH 6.0 solution was identical to
that of the extracellular bath solution stated above. The
temperature of the perfusion solution at the recording
chamber was 34-35°C. [Ca’*] of 10 um for perfusing
inside-out patches was prepared using online software
(http://www.stanford.edu/"cpatton/webmaxcS.htm).

Hypoxia studies

Cell-attached patches were extracellularly perfused with
the physiological solution gassed with 5% CO,/95% air
mixture (normoxia) throughout the experimental period.
After a steady-state channel current was obtained, the
perfusion solution was switched to solution gassed with
5% CO,/95% N, mixture (hypoxia). The temperature
of the perfusion solutions was ~35°C, and the rate of
perfusion was ~2.4 ml min~!. Stainless steel tubings
were used for perfusion lines to prevent gas diffusion.
O, pressure of the solutions was checked using an oxygen
meter (ISO2, World Precision Instruments, Sarasota, FL,
USA) that was calibrated to 0% with solution gassed with
pure nitrogen for 60 min and to 21% with solution gassed
with air for 60 min at 35°C. The mean O, partial pre-
ssures as judged by triplicate readings on the meter for the
hypoxic solution in the recording chamber used in this
study were 12 mmHg (~1.4%), 29 mmHg (~2.2%) and
39 mmHg (~5.1%) for solutions gassed with 0% O,/5%
C02/95% N2, 2% 02/50/0 C02/930/0 Nz and 5% 02/50/0
C0,/90% N, mixtures, respectively.

[CaZt]; measurements

Isolated cells plated on glass coverslips were incubated with
2 uM fura-2 acetoxymethyl ester (fura-2 AM) for 30 min
at room temperature (~24°C) in culture medium, and
mounted in a recording chamber positioned on the stage
of an inverted microscope (IX71; Olympus America Inc.,
Center Valley, PA, USA). Fura-2 was alternately excited
at 340 and 380 nm and the emitted fluorescence was
filtered at 510 nm and recorded using a charged-coupled
device (CCD)-based imaging system running SimplePCI
software (Hamamatsu Corp.). The cells in the recording
chamber were continuously perfused with physiological
solution containing (mM): 117 NaCl, 5 KCl, 23 NaHCOs,
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1 MgCl,, 1 CaCl,, 10 Hepes and 11 glucose (pH 7.3).
The test solution was applied through glass tubing facing
the cells. Ratiometric data were calibrated by applying
experimentally determined constants to the equation:
[Ca*"] = Ky x B X (R-Riin)/(Rmax—R) (Grynkiewicz et al.
1985). Values for R,y (12.0), Ry (0.1) and B (11.6) were
determined in vitro as described (Tepikin, 2001), and a Ky
value of 300 nM for fura-2 was assumed.

Statistical analysis

Student’s ¢ test (for comparison of two sets of data) and
one-way analysis of variance (comparison of three or more
sets of data) were used. Data were analysed using PRISM
software and are given as mean =+ standard deviation. Post
hoctesting was based on an unpaired ¢ test with Bonferroni
correction. Significance level was set at P < 0.05.

Materials

FPL64176, tetraethylammmonium (TEA), iberiotoxin,
apamin, 4-aminopyridine (4-AP) and NS-309 were
purchased from Tocris (Ellisville, MO, USA). 4,4
Diisothio-cyanatostilbene-2,2’-disulfonic acid (DIDS),
anthracene-9-carboxylic acid (9-AC), amiloride, GSH,
GSSH, NAD, 2-aminoethoxydiphenyl borate (2-APB),
DMSO, amphoteracin B, NMDG and niflumic acid
were purchased from Sigma-Aldrich (St Louis, MO,
USA). Fura-2 AM was purchased from Life Technologies
(Carlsbad, CA, USA). BAPTA-AM was purchased from
Calbiochem (Billerica, MA, USA). For those drugs where
DMSO was used to prepare the stock solutions, the final
concentration of DMSO used in the perfusion solution
were 0.1% or less.

Results
Activation of a 20 pS channel by hypoxia

Cell-attached patches were formed on rat glomus cells with
140 mm K7 in the pipette solution and 5 mm K*/135 mm
Na™ in normoxic bath perfusion solution. With pipette
potential set at +20 mV, opening of channels with a
mean open time duration of ~0.5 ms and a single-channel
conductance of ~36 pS was present in nearly every patch
(Fig. 1A: tracing a). The ~36 pS channel has previously
been characterized in detail and shown to represent mostly
heteromeric TASK-1/3 with a small contribution from
homomeric TASK-3 (Kim et al. 2009a). The ~16 pS
channel, also present at low levels, represents homomeric
TASK-1 (Kim et al. 20094a). These K* channels are referred
below as TASK.

To increase the probability of detecting non-selective
cation channels, large cell-attached patches were formed
using a pipette with ~1 M tip resistance. With pipette
solution containing 140 mM KCI, TASK was still the main

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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K* channel present in these cell-attached patches (Fig. 14;
tracing a). When the perfusion solution was switched
from normoxic to hypoxic (~1% O,) solution, TASK
channel activity decreased quickly to 29 £ 5% (n = 5) of
control (Fig. 1A; tracings b and ¢). Hypoxia also reduced
the amplitude of TASK by 40 & 6% (compare tracings a
and b in Fig. 1A), indicating that hypoxia depolarized the
cells from approximately —60 to —36 mV, as estimated
from the linear I-V relationship of TASK between 0 and
—100 mV (Kim et al. 20094a). Immediately following TASK
inhibition, hypoxia activated a channel with a long open
time duration, as shown in the expanded current tracings
of Fig. 1A (tracings c and d). Two open levels can be seen
in tracing d, together with opening of TASK channels.
Hypoxia (~1% O,) activated 1-3 channels in ~75% of
cell-attached patches (56 of 74 patches counted). All 74
patches counted showed TASK, and 18 of 74 patches
showed only TASK and no 20 pS channel in response
to hypoxia. So far, we have not observed activation of the
20 pS channel in cells (presumably Type 2 cells) that did
not show TASK (n = 12).

Activation of the channel by hypoxia was reversible
and could be repeated in the same patch. The channel
remained active throughout the hypoxic period with
some fluctuations in channel activity (Fig. 1A4). Channel
openings at various potentials during hypoxia are shown
in Fig. 1B. In this particular patch, the zero current was
observed at a pipette holding potential of approximately
—30 mV. The I-V relationship of the hypoxia-activated
channel obtained from such patches was linear and the
single-channel conductance was 20 £ 1 pS (Fig. 1C).
Thus, isolated rat glomus cells express an O,-sensitive ion
channel whose single channel kinetics are different from
those of TASK and BK.

Figure 1. Activation of a 20 pS channel by
hypoxia

A, TASK channels are active in a cell-attached H tl,(l:

patch of rat glomus cells in normoxia (tracing
a). Pipette solution contained 140 mm K+ and
pipette potential was +20 mV. Perfusion with
hypoxic solution inhibited TASK activity
(tracing b) followed by activation of channels
with a long open time duration (tracings c and
d). Return to normoxic solution closed the
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0, sensitivity of the 20 pS channel

Figure 2A shows a recording from a cell-attached patch
from a rat glomus cell perfused extracellularly with
solutions containing two different levels of O,. Activation
of the 20 pS channel began at ~5% O,, albeit to very
low levels, and clear channel activation was observed
consistently at 1-2% O, (Fig. 24; tracing b). In most
patches, two or three different levels of O, were tested,
and only those patches that showed reversible effects of
hypoxia were used for analysis. From such experiments,
channel activity was calculated and plotted as a function of
O, content (Fig. 2B). Figure 2B also shows the inhibitory
profile of TASK by hypoxia. At 5% O,, TASK activity was
inhibited ~50%, whereas the 20 pS channel was mini-
mally activated. Thus, TASK is sensitive to a wide range of
hypoxia (0-20 % O,), compared to the 20 pS channel that
is activated by moderate to severe hypoxia (<5% O,).

Activation of the 20 pS channel by low external pH
and high external KCI

A careful inspection of current recordings obtained after
perfusion with normoxic and hypoxic solutions showed
that hypoxia inhibited TASK first and then activated the
20 pSchannel (see Figs 1Aand 2A). As this sequential effect
was observed consistently, we hypothesized that an initial
inhibition of TASK may be the trigger for the activation of
the 20 pS channel. Consistent with this mechanism, bath
perfusion of cell-attached patches with an acidic solution
(pH 6.0) that inhibits TASK activated the 20 pS channel
in 7 of 9 patches (Fig. 3A). Because the pH of the pipette
solution was 7.3, these results indicated that the effect of
acid was not directly on the channel itself. Commonly

B
Hypoxia ;
stﬂle\;t)e “E'fnr:\t;;a”e Cell-attached patch
| ~130 100 5 Meviiah e
Ji (ls,- —90 B0 ittty e
closed -30 0
TASK +30 -60 ?‘{mﬂ W\uq.v!’«,mﬂ.]\ Numman‘-'ﬁ rf(‘
_ - closed
r1 +60 90 I'L ﬂ]fl’i "1"“1 ,\wﬂrﬁ\% ,J“ﬂ mlrlpw.
NF | TASK 3 pA
50 ms

channels with the long open time duration
and restored TASK activity to the pre-hypoxia
level. B, channel openings from a cell-attached
patch are shown at various pipette potentials
as indicated during perfusion with hypoxic
solution. Opening of both TASK and the 20 pS
channel are shown. In this patch, the zero *

current was observed when the pipette
potential is —30 mV. C, -V relationship. Each
point is the mean + SD (n = 3).
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used K* channel blockers that do not affect TASK such
as TEA (5 mMm, n = 18) and 4-AP (2 mMm, n = 7) failed
to activate the 20 pS channel when applied to the bath
perfusion solution.

As acid- and hypoxia-mediated inhibition of the K
conductance cause depolarization of glomus cells, could
it be the depolarization that activates the 20 pS channel?
Therefore, high KCI was used to further test the effect of
depolarization without causing TASK inhibition (Fig. 3B).
When the bath [KCI] perfusing cell-attached patches was
increased from 5 to 20 mMm, TASK activity (NP,) was not
significantly affected (0.18 £ 0.03 to 0.16 & 0.02; n = 6,
P > 0.05), but the amplitude of TASK quickly decreased
from 3.0 £ 0.1 to 1.2 & 0.1 pA (n = 6, P < 0.05), as pre-
dicted from the reduced transmembrane potential across
the patch membrane. The decrease in TASK amplitude was
followed by opening of a channel with kinetics similar to
those of the 20 pS channel (Fig. 3B; tracing b). When the
pipette potential was changed from +30 to +70 mV, the
amplitude levels of both TASK and the channel activated by

A "‘5%02 ~1 %02

5pA
b4Ip

4s

QLU A

I [
O YTV - [0 1< |

b | level 1
Il " level 2
3 pA
B 100 ms
—e— 20-pS channel
12] * o TASK
* o
0.8 . %
o * e
a &
< 04{ o
g’*\;
0.04 e
0 5 10 15 20
% O,

Figure 2. Relationship between O; pressure and channel
activity

A, example trace of a cell-attached patch recording in response to
two different levels of hypoxia. Expanded current tracings are also
shown as indicated. Pipette potential was 0 mV and pipette solution
contained 140 mm KCI. B, activities for TASK and 20 pS channels are
plotted as a function of O, content. For TASK, activity at 20% O,
was taken as 1.0. For the 20 pS channel, data were not normalized.
Each point is mean =+ SD (n = 5). *Significantly different from the
control values obtained at 20% O,.
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high KCl increased proportionally (Fig. 3B; tracings b and
¢). The single-channel conductance calculated from the
amplitudes at two potentials was 20 £ 1 pS for the channel
with long-lasting openings (1 = 3). These results show that
KCl-induced depolarization of glomus cells activates the
20 pS channel.

To determine the degree of depolarization necessary to
activate the 20 pS channel, we tested the effect of different
extracellular [KCl] on 20 pS channel activation. Figure 3C
shows the calculated shift in membrane potential as a
function of [KCI]. At 5 and 7 mm KCI, 20 pS channels
were not activated (n = 12 each; Fig. 3D). At 10 mm KCl,
the 20 pS channel was present in 4 of 12 patches with a low
open probability. At 12 mm (8 of 10 patches), 15 mm (8
of 9 patches) and 20 mm KCl (8 of 9 patches), activation
of the 20 pS channel was more strong and consistent.
As expected, high external KCl also elevated [Ca*"]; in
glomus cells (Fig. 3E). At the basal level when the bath
[KCI] was 5 mM, [Ca?T];was 110 & 14 nm. [Ca®T]; changed
to 119 £ 22 nM (7 mm KCl), 210 + 60 nm (10 mMm KCl),
359 + 103 nM (12 mmMm KCl), 504 + 64 nMm (15 mM) and
798 4+ 58 nM (20 mm KCl), as bath [KCl] was increased
(n =12 each). The results from these experiments suggest
that the 20 pS channel becomes active when the cell
depolarizes ~20 mV from the resting E,, level of —60 mV
and the increase in [Ca**]; becomes evident.

Under the conditions of our experiments (i.e. pipette
potential of 0 mV), we did not observe activation of
BK with 5-15 mm KCI even though BK channels were
present in the patch, as judged by BK openings upon
forming inside-out patches with 1 mm Ca®* in the bath
solution. With higher KCI (20 mm), activation of BK was
observed in 2 of 9 patches along with the 20 pS channel.
These results suggest that activation of the 20 pS channel
occurs earlier than BK as the cell depolarizes. Other than
the occasional openings of a small conductance channel
(~12 pS) described previously (Kim, 2013), we did not
observe ion channels with kinetics distinctly different from
those of TASK, BK and the 20 pS channel during normoxia,
hypoxia and high external KCI perfusion.

Intracellular Ca?+ activates the 20 pS channel

Because depolarization increases [Ca’"];, we tested the
role of Ca** in 20 pS channel activation using 1 uMm
FPL64176, a Ca*" channel agonist that acts on the L-type
Ca’t channel (Baxter et al. 1993). FPL64176 elevated
[Ca®*t]; from a basal level of 104 + 14 to 880 & 110 nMm
(n = 8; Fig. 4A). The rise in [Ca’"]; by FPL64176
was abolished in the presence of 1 um nifedipine, a
Ca** channel blocker, showing that FPL64176 opens
Ca** channels in isolated glomus cells, just as KCI does
(n=16; Fig. 4A). FPL64176 reversibly activated the 20 pS

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 592.9

channel when applied to the external solution perfusing
the cell-attached patches (20 of 26 patches; Fig. 4B). In
the presence of FPL64176, the 20 pS channel closed when
Ca** was removed from the bath solution and reopened
when Ca’™ was added back (5 of 5 patches; Fig. 4C).
Interestingly, FPL64176 reduced the amplitude of TASK
channels in many patches (n = 12), but not in others
(n=8). The reduction of TASK amplitude varied among
patches ranging from 1.2 to 2.2 pA from a control level of
2.2 £ 0.1 pA, suggesting that FPL64176 produces varying
degrees of depolarization in glomus cells.

Direct application of 10 uM Ca** to inside-out patches
also activated the 20 pS channel (n = 6; Fig. 4D).
Application of 0.5and 1 um Ca®* did not activate the 20 pS
channel (n = 7 each). Single channels activated by 10 um
Ca** exhibited long openings, a conductance of 19 & 1 pS
(n = 3) and an approximately linear I-V relationship,
similar to the properties of the 20 pS channel observed in
cell-attached patches. These results show that Ca?* directly
gates the 20 pS channel. Consistent with the result that a
rise in [Ca®"]; is necessary for 20 pS channel activation,
hypoxia failed to activate the 20 pS channel when cells
were perfused with Ca?*-free solution in all eight patches
tested. Modulators of cell redox state such as glutathione
(1 mM; n=7), reduced glutathione (1 mMm; n=7), NAD
(I mM; n=7), NADH (1 mMm; n = 7), hydrogen peroxide
(32 mM; n = 7) and xanthine (50 uM)/xanthine oxidase
(50 mU) mixture (n = 6) applied to inside-out patches
did not activate the 20 pS channel.

Intracellular Ca?* activates a cation channel in glomus cells
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Voltage dependence of the 20 pS channel

Does depolarization itself in the absence of a rise in
[Ca®T]; affect the 20 pS channel activity? In our initial
test for voltage dependence, the pipette potential was
held at —120 or —150 mV to depolarize the cell-attached
membrane, but this did not activate the 20 pS channel
(n=12). To further study the voltage dependence of the
20 pS channel, we incubated glomus cells with 10 um
BAPTA-AM for 30 min to deplete intracellular free Ca**.
When cell-attached patches were formed on these cells
with the pipette containing 140 mm KCl, and 20 mMm KCl
applied to the bath perfusion solution, no 20 pS channel
currents were activated in all six patches (Fig. 5A). As
predicted, the amplitude of TASK openings decreased
markedly, consistent with the strong depolarization of
glomus cells produced by 20 mm KCI. In control glomus
cells incubated with 0.1% DMSO and no BAPTA-AM for
30 min, 20 mM KCI activated the 20 pS channel in all
five patches. In cells incubated with 10 um BAPTA-AM
for 30 min, bath application of 20 mMm KCl failed to
elicit an increase in [Ca®T]; above the threshold level for
activation of the 20 pS channel, as shown by the mean
[Ca®T]; response from 28 cells (Fig. 5B). Therefore, these
results show that depolarization itself without an increase
in [Ca?"]; does not open the 20 pS channel.

The voltage-dependent change in channel activity was
also assessed in cell-attached patches after activating the
channel with 1 uM FPL64176. The pipette potential

Figure 3. Activation of the 20 pS

channel by acid and 20 mm KCI

A, external acid solution activated the

20 pS channel in a cell-attached patch of B

rat glomus cells. Pipette potential was
0 mV and pipette solution contained

140 mm K. B, application of 20 mm KCl to
the external solution perfusing the
cell-attached patch activated the 20 pS
channel (tracing b). Channel openings at
pipette potential of +30 mV (tracings a
and b) and 70 mV (tracing c) are shown.

C, calculated shift in £y, plotted as a
function of external [KCl] based on the
Nernst equation. D, activity of the 20 pS
channel activity plotted as a function
external [KCI]. Each point is the mean + SD
of 9-12 patches. E, tracing of typical
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at which TASK reversed the current direction was
determined and taken as the cell resting membrane
potential. In the current tracings shown in Fig. 5C, for
example, the zero current was observed at pipette potential
of —50 mV, and this value (—50 mV) was taken as the
resting membrane potential. A plot of the 20 pS channel
activity as a function of membrane potentials adjusted for
each cell showed no significant voltage dependence for this
channel between —90 and +90 mV (P > 0.05; Fig. 5C).
Thus, the depolarization-induced activation of the 20 pS
channel is mainly due to the rise in [Ca*"];.

lon selectivity of the 20 pS channel

The experiments described thus far used Kt as the
permeant ion for the 20 pS channel. To test for ion
selectivity, cell-attached patches were formed with pipette
solution containing 140 mm NaCl, and channel openings
were recorded in response to hypoxia and FPL64176. In
normoxic solution, cell-attached patches showed no TASK
activity as expected, but channel-like spikes with small
amplitude persisted throughout the experiment (Fig. 6A4;
tracing a). Under these conditions, hypoxia and FPL64176
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activated channels with a single channel conductance of
20 £+ 1 pS and with a long open time duration (n = 7;
Fig. 6A, B). With 140 mM CsCl in the pipette, FPL64176
activated channels with a single channel conductance of
22 £ 1 pS (n = 3; Fig. 6C). TASK and the 20 pS channel
opened in the outward current direction when the pipette
potential was held at —120 mV (patch membrane potential
of ~ 460 mV) with Na® or Cs* in the pipette, and
the channel currents reversed near a pipette potential of
—60 mV (patch potential of ~0 mV); in these patches, the
outward currents are presumably carried by K*.

With 140 mm NMDGT in the pipette and FPL64176
in the bath solution, inward 20 pS channel currents
were absent at pipette potentials from —60 to 0 mV, but
outward 20 pS channel currents were clearly observed at
pipette potentials from —60 to —120 mV (n = 5). Thus,
NMDG™ is an impermeant ion for the 20 pS channel
and does not block the 20 pS channel. In inside-out
patches with 140 mMm NaCl in the pipette and bath
solutions, application of 10 uM Ca* to the cytosolic side
of the membrane reversibly activated channels with long
open time durations and a single channel conductance of
20 £ 1 pS, similar to the kinetics of the hypoxia-activated

FPL64176
+Ca?* —Ca®* +Ca?*
a b c d 20s

Figure 4. Activation of the 20 pS channel by FPL64176 and Ca?t+

A, tracing showing changes in [Ca?*]; in response to 20 mm KCl and 1 um FPL64176 in the presence and absence
of 1 um nifedipine in isolated rat glomus cells. B, perfusion of a cell-attached patch showing TASK openings
(tracing a) with 1 um FPL64176 activated the 20 pS channel (tracing b). Washout of the agonist closed the 20 pS
channel (tracing c). Pipette potential was 0 mV. C, application of FPL64176 (1 um) to a cell-attached patch activated
the 20 pS channel only when Ca?* was present in the bath solution (tracings b and d). Perfusion with Ca?*-free
solution closed the channel (tracing c). Pipette potential was 0 mV. D, Ca?*t applied to inside-out patch activated

the 20 pS channel reversibly.
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channel (Fig. 6D). These results show clearly that the
20 pS channel is a Ca®"-activated non-selective cation
channel.

Effects of ion channel blockers on the 20 pS channel
activation by hypoxia or FPL64176 were then studied.
Cell-attached patches were formed with pipette solution
containing 140 mMm KCI and 5 mMm TEA. The patches
were then extracellularly perfused with physiological bath
solution containing 5 mM TEA for ~1 min. Hypoxia
still activated the 20 pS channel in the presence of TEA
(n=29; Fig. 6E). Application of FPL64176 to the perfusion
solution activated the 20 pS channel whether TEA was
present in the pipette and bath solutions (7= 12), or only
in the bath solution (n = 12; Fig. 6F). When TEA was not
present in the pipette, opening of the BK channel was also

A BAPTA-AM (30 min)
20 mm KCI

C

pipette ~membrane
potential potential
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observed in a few patches along with the 20 pS channel (2
of 12 patches; Fig. 6F; tracing b).

Similarly, 4-AP (2 mMm; n = 7), iberiotoxin (100 nm;
n =9), apamin (100 nM; n = 8) and 2- APB (0.1 mwm;
n = 6) added to the pipette and bath solutions did not
block the activation of the 20 pS channel by FPL64176.
Inhibitors of anion transporters and channels such as
DIDS (Fig. 6G), 9-AC (0.1 mm) and niflumicacid (0.1 mm)
added to the pipette and bath solutions also failed to inhibit
FPL64176-induced activation of the 20 pS channel (n =7
each). In seven cell-attached patches, amiloride (0.1 mm),
an inhibitor of Na™ transporters and channels, added to
the pipette and bath solutions did not block activation
of the 20 pS channel by FPL64176 (Fig. 6H). Cytosolic
application of 0.1 mM amiloride also failed to block the

BAPTA-AM (30 min)

20 mm KCI
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Time (s)
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Figure 5. Lack of voltage dependence of the 20 pS channel

A, glomus cells were incubated with 10 um BAPTA-AM for 30 min. Current tracings show TASK openings from
cell-attached patches with pipette solution containing 140 mm KCl and externally perfused with physiological
solution containing 5 mm KCl first, then 20 mm KClI and then back to 5 mm KCI. B, glomus cells were incubated
with 10 M BAPTA-AM for 30 min, and changes in [Ca%*] were measured in response to 20 mm KCI. An averaged
tracing from 28 cells is shown. C, cell-attached patches were formed on rat glomus cells with pipette solution
containing 140 mm KCl and externally perfused with physiological solution. FPL64176 (1 um) was applied to the
bath to activate the 20 pS channel. Current tracings are shown at various pipette potentials. In this particular
patch, the current reversed at —50 mV pipette potential (membrane potential of ~0 mV). In four other patches,
the current reversed at pipette potential between —60 and —40 mV. On the right, the graph plots the 20 pS
channel activity as a function of the adjusted cell membrane potential. Each point is the mean + SD from five
patches. No significant differences were present between data points (P > 0.05).
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20 pS channel in three inside-out patches in the presence
of 30 um Ca’?* in the bath solution. NS-309 (10 uMm),
an activator of small conductance K™ (SK) channels and
glucose-free solution (15 min) present in both pipette and
bath solutions did not elicit opening of the 20 pS channel.
Taken together, these results further show that the 20 pS
channel in glomus cells is a non-selective cation channel.

Reduction of the 20 pS channel conductance by high
external Ca%*

Does the 20 pS channel also contribute to Ca?* influx? To
test for Ca®t permeability, 100 mm CaCl, was added to
the pipette solution and inward current was recorded with
pipette potential set at 0 mV. In all eight cell-attached
patches, we were unable to observe activation of the
20 pS channel in response to hypoxia and FPL64176
(Fig. 7A). The 20 pS channel was also not present at
pipette potentials between —120 and +100 mV, suggesting
that Ca** could be blocking the channel and inhibiting
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K* efflux even at depolarized potentials. Therefore, a
concentration-dependent effect of extracellular Ca’>* on
the 20 pS channel was further studied using cell-attached
patches in the presence of 1 umM FPL64176.

With 0.1 and 1 mm Ca?* in the pipette also containing
140 mMm KCl, the 20 pS channel was still active and the
single channel conductance was not affected (Fig. 7B;
n = 5). However, higher [Ca’"] in the pipette (with
140 mMm KCI) produced a strong reduction of the single
channel conductance of the 20 pS channel opening in the
inward direction (Fig. 7C; n=5). With 10 and 30 mm Ca**
in the pipette, and the pipette potential held at —120 mV,
the single channel amplitudes of the 20 pS channel currents
in the outward direction were also reduced by 56 + 5 and
72 1 5%, respectively (n=4 each). Thus, high extracellular
[Ca**] inhibited both inward and outward KT permeation
through the 20 pS channel. Although high extracellular
[Ca*"] reduced the single-channel conductance, it did
not affect the reversal potential for the 20 pS channel
(~ 0 mV membrane potential). At 100 mM Ca’" in the
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A and B, cell-attached patch was formed with 140 mm NaCl in the pipette and extracellularly perfused with
physiological solution. Pipette potential was 0 mV. Hypoxia (A) and FPL64176 (B) activated the 20 pS channel.
C, cell-attached patch was formed with 140 mm CsCl in the pipette. FPL64176 activated a 22 pS channel. D,
inside-out patch was formed with 140 mm NaCl in the pipette. Bath solution contained 140 mm NaCl with 1 mm
EGTA and no Ca2*. Pipette potential was +60 mV. Ca2* (10 um) added to the bath solution reversibly activated
20 pS channels. E, cell-attached patch was formed with 5 mm TEA in the pipette. TEA (5 mm) applied to bath
solution did not activate the 20 pS channel, whereas hypoxia did. F, FPL64176 applied to the bath solution activated
the 20 pS channel as well as BK in this cell-attached patch. TEA was present only in the bath solution. G, DIDS
(100 ™) applied to the cell-attached patch for ~2 min did not activate the 20 pS channel, whereas FPL64176
did. DIDS was present in the pipette solution. H, FPL64176 was added to the bath solution to activate the 20 pS
channel in a cell-attached patch. Amiloride (100 wm) addition did not inhibit the 20 pS channel. Amiloride was

present in the pipette solution.
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pipette with 140 mm KCl, no clear channel openings were
present. Together, these results suggest that Ca** does not
permeate the 20 pS channel but modifies the channel
structure to reduce the single channel conductance.
Although channel activities were not determined, Ca®"
(10 and 30 mMm) in the pipette did not appear to shorten
the open time duration of the 20 pS channel in all patches
tested. These effects of Ca’t on the 20 pS channel are
similar to that reported for TASK, as only the single
channel conductance is reduced with a minimal effect on
channel activity (Kim et al. 2009a).

Reversal potential of the 20 pS channel current

To determine the direction of the 20 pS channel current
under physiological conditions, we estimated the reversal
potential of the current by single channel recording
in cell-attached patches using physiological solutions
containing 5 mM KCI and 135 mM NaCl in both pipette
and bath solutions. Under this condition, TASK channel
openings only in the outward current direction were
observed at pipette potentials ranging from —120 to
+60 mV (corresponding to cell E, of approximately
460 mV to —120 mV, assuming a resting cell E, of
—60 mV). In all five cells, we could record outward
currents at membrane potentials positive to —90 mV, but
found no clearly measurable current at and below —90 mV,
as predicted of the K*-selective TASK channel.

To obtain the -V relationship for the 20 pS channel,
we applied 1 uM FPL64176 to the bath solution to activate
the channel. Under this condition, openings of both TASK
and the 20 pS channels were observed. Mean amplitudes of
the single channel openings belonging to TASK-1/3 were
determined by identifying open and closed levels using

2+
Figure 7. Inhibition of the 20 pS A Ca

channel conductance by extracellular
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pClamp software. -V relationships for both TASK and
the 20 pS channels were then plotted using data from
three cell-attached patches that showed outward TASK
currents at cell potentials positive to —90 mV and no
measurable current at —90 mV and below (Fig. 84; open
circles). In these cells, the 20 pS channel current reversed

—28 £ 2 mV, as assessed by linear lines drawn between
two points above and below the zero current level. In three
other cells that were partially depolarized (i.e. with resting
En levels between —50 and —40 mV, as judged by the
reduced amplitude of TASK current compared to control
cells), plot of the I-V relationships showed that the 20 pS
channel current reversed at —26 & 2 mV (n = 3), when
appropriately adjusted for the cell resting potentials. Thus,
these results indicate that activation of the 20 pS channel
would produce an inward current when the cell membrane
potential is more negative than ~ —28 mV.

Presence of an inward current in voltage-clamp
whole-cell recording

As glomus cells depolarize from the resting potential, the
rise in [Ca**]; produced by opening of Ca®* channels is
predicted to begin activation of the 20 pS channel, and
influx of both Ca*" and Na™ is expected to produce an
inward current. To test for the presence of an inward
current, whole-cell currents were recorded in physiological
solution in response to voltage ramps in the presence
and absence of external TEA (3 mMm), 4-AP (5 mMm),
iberiotoxin (0.1 um) and E-4031 (1 uM) that should
eliminate most, but not all, outward K+ currents. Under
control conditions before the application of the inhibitors,
-V curves showed two main phases: a near flat phase
between —100 and —30 mV, and a rapidly rising phase that

B
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begins at ~ —30 mV. When the inhibitors were applied
to the extracellular solution, the large outward current
was strongly reduced (Fig. 8B). In the presence of the K*
channel blockers, whole-cell currents revealed a negative
slope in the I-V curve between ~ —45 and ~ —20 mV
in 60% of cells (7 of 12 cells). A representative whole-cell
current tracing exhibiting a negative slope in the presence
of inhibitors is shown in Fig. 8 C, which is expanded from
Fig. 8B.

The negative slope indicates the presence of an
inward current that probably comprises Ca’* and Na™
currents. At present, the current contributed by the
20 pS channel cannot be isolated, as blocking the Ca**
channel would inhibit the 20 pS channel current. The
height of the negative slope based on the results obtained

D. Kang and others
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successful perforated whole-cell experiments, whole-cell
currents were qualitatively similar to those observed with
conventional recordings, and a negative slope (mean
height of 13 pA) was also observed. We suspect that the
size of the inward current recorded would be larger if the
background K* currents such as TASK were also inhibited.
The variability in the expression of channels that give rise
to inward and outward currents may explain the different
magnitudes of the negative slope (i.e. inward current) in
glomus cells.

Is the 20 pS channel a TRP ion channel?

Among TRP ion channels reported in the literature, the
properties of TRPM4 and TRPM5 are most similar to those

from seven cells was —11 & 2 pA (n = 7). In two  ofthe 20 pS channel, as the two TRP channels are activated
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Figure 8. Determination of reversal potential of the 20 pS channel, and whole-cell currents with and
without K* channel inhibitors

A, tracings of channel currents from a cell-attached patch from a rat glomus cell formed with pipette and bath
solutions containing 5 mm KCl and 135 mm NaCl (physiological solution). FPL64176 was added to the bath
solution to activate the 20 pS channel. Pipette potential was varied as shown. Amplitude levels of both TASK and
the 20 pS channels were determined at each pipette potential. Cell membrane potential corresponding to each
pipette potential was calculated as described in the text. Current amplitude levels were then plotted as function
of cell potential. Straight lines were drawn between data points to determine the reversal potential for the 20 pS
channel. Each point is the mean + SD (n = 3). B, whole-cell currents were obtained before and after application
of K* channel inhibitors (TEA, 4-AP, iberiotoxin and E4301), and after washout. Whole-cell potential was held
at —80 mV, and a 600 ms duration ramp voltage applied (—100 to +20 mV) every 5 s. Control current and the
current after washout of inhibitors overlapped in all recordings. C, expanded current tracing showing the negative
slope in the /-V relationship when K* channel inhibitors are present.
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by an increase in [Ca®"];, are permeable to monovalent
cations and show single-channel conductance levels of
16-25 pS (Launay et al. 2002; Hofmann et al. 2003; Liu
& Liman, 2003; Yoo et al. 2010). Expression of TRPM4
and TRPM5 mRNA was tested by RT-PCR using cDNA
prepared from clusters of isolated cells. Figure 9A shows
cell clusters exposed to fluorescein-conjugated peanut
agglutinin (5 pg ml™!) that has been reported to bind
glomus cells (Kim et al. 2009b). Two sets of TRPM4
primer pairs amplified the expected regions of the TRPM4
mRNA sequence as indicated by the arrows (Fig. 9B
left), but two sets of TRPM5 primer pairs failed to show
expression of TRPM5. The same two pairs of TRPM5
primers amplified the correct regions of TRPM5 when
pcDNA3.1 containing TRPM5 DNA sequence was used
as PCR template (Fig. 9B right). Two additional pairs of
TRPMS primers (see sequences in the Methods) failed to
amplify the expected regions of TRPM5 sequence from
glomus cells. These results suggested TRPM4 as a possible
gene candidate for the 20 pS channel.

To test whether the 20 pS channel is TRPM4, glomus
cells were isolated from TRPM4~/~ mice and channel
openings recorded from cell-attached patches. TASK-like
channels with kinetic properties similar to those of rat

A

Figure 9. Expression of TASK and the

20 pS channel in mouse glomus cells

A, clusters of isolated rat glomus cells stained
with fluorescein peanut agglutinin, which is

Intracellular Ca?* activates a cation channel in glomus cells

1987

glomus cells were active (Fig. 9C, tracing a). Similar
to TASK channels recorded from glomus cells from
rat carotid body, TASK currents from mouse glomus
cells reversed direction when the pipette potential was
approximately —60 mV (range: —50 to —65 mV).
Application of FPL64176 to the bath perfusion solution
activated a 20 = 1 pS channel with long-lasting openings in
glomus cells from wild-type mice (n= 3), from TRPM4 '~
mice (n = 5; Fig. 9C) and from TRPM5~/~ mice (n = 5;
Fig.9D). Flufenamicacid (0.1 mm), an inhibitor of TRPM4
and TRPMS5 (Ullrich et al. 2005), applied to cell-attached
patches did not block FPL64176-induced activation of the
20 pS channel (n = 7). Thus, the 20 pS channel does not
appear to be TRPM4 or TRPMS5, and its molecular identity
remains to be determined.

Discussion

In this study, we report the discovery of a 20 pS,
non-selective cation channel that is activated by hypo-
xia in rat carotid body glomus cells. We provide evidence
that activation of the 20 pS channel is due to an increase
in [Ca®T]; produced by hypoxia-induced inhibition of K*
channels such as TASK. Consistent with this mechanism,

B
TRPM4 TRPM5 TRPM5
(glomus cells) (pcDNA3.1) (glomus cells)
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used as a marker of rat glomus cells. Such " -
clusters were collected and used for RNA ¢ TRPM4 D TRPMS
isolation. Scale bar = 20 um. B, RT-PCR FPL64176 FPL64176

analysis showing 240 bp and 460 bp PCR
products for TRMP4 (glomus cells). No PCR
products were obtained for TRPM5 (glomus
cells), although PCR products were obtained a
with HEK293 cells expressing TRPMS5 (441 bp
and 471 bp). Lanes 1 and 2 represent results
using two different pairs of primers. PCR
products were sequenced for confirmation. C
and D, cell-attached patches formed on
glomus cells isolated from TRPM4~/~ (C) and
TRPM5~/= mice (D) shows TASK channels
(tracing a). Pipette potential contained

140 mm KCl and was held at 0 mV. FPL64176
activated the 20 pS channels (tracing b) in
glomus cells from both mice.
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acid and high extracellular [K*] that elevate [Ca®"]; also
opened the 20 pS channel. Depolarization in the absence
of arise in [Ca’*]; was not effective in activating the 20 pS
channel. Under our experimental conditions, the 20 pS
channel is active when the level of hypoxia is 1-5% O, and
[Ca®t]; increases more than 100 nM above the basal level,
suggesting that the channel is sensitive to moderate and
severe levels of hypoxia (<5% O,), but not to mild hypo-
xia (>5% O,). Our study suggests that this cation channel
is a component of the signalling network involved in the
excitation of glomus cells in response to moderate to severe
hypoxia.

Na* current in glomus cells

The presence of a standing Na™ current in rat glomus cells
has been reported previously (Buckler, 1997; Carpenter &
Peers, 2001). In these studies, substitution of Na™ in the
external solution by NMDG™ caused hyperpolarization
and decreased the holding current to near zero (Carpenter
& Peers, 2001). The standing inward current is still pre-
sent even in the absence of external Ca®* (Buckler, 1997),
suggesting that the Ca®"-sensitive 20 pS channel does not
contribute to the standing inward Na™ current at rest. This
isin agreement with our observation that the 20 pS channel
is mostly in the closed state in normoxia. In human glomus
cells, a rapidly activating and inactivating Na™ current has
been recorded upon cell depolarization, but it is probably
a tetrodotoxin-sensitive Na™ channel (Ortega-Saenz et al.
2013). Whether the 20 pS channel is also expressed in
human glomus cells remains to be determined.

In previous studies, hypoxia was found to have no
effect on the whole-cell holding current of glomus cells
when pipette and bath did not contain K™ (Buckler,
1997), or the pipette contained 1 mm Ca’** (Carpenter
& Peers, 2001). In one study, whole cells were clamped at
—70mV and currents were recorded in either K*/Na* -free
or KT/Ca®"-free external solutions. Under these ionic
conditions, the 20 pS channel would not be activated,
because either Na™ or Ca®" is absent. In the second study,
whole cells were clamped at —80 mV and currents were
recorded with pipette solution containing 1 mm Ca’".
Under this ionic condition, the 20 pS channel would
already be fully active, inactivated or desensitized, because
[Ca**]; is extremely high. Due to the dependence of the
20 pS channel on [Ca**];, it would be difficult to isolate
the whole-cell Na™ current generated by the 20 pS channel
activity under physiological conditions without a specific
inhibitor of the channel.

Sensitivity of the 20 pS channel to hypoxia and [CaZ+];

Under our experimental conditions, the O, content
of the perfusion solution that activated the 20 pS
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channel was 1-5%. In an earlier study using glomus
cells isolated from 8- to 14-day-old rats, O, pressure of
19-38 mmHg (1-2.5%) elicited a rise in [Ca*"]; from
~100 to ~200-400 nM (Buckler & Vaughan-Jones, 1994b).
In another study, [Ca*"]; was 200-300 nM at 5% O,,
and ~400 nM at 2% O,, compared to the basal level of
~50 nM in 21% O, in glomus cells from ~2-week-old
rats (Wasicko et al. 1999). These studies, together with
our own findings, suggest that consistent activation of the
20 pS channel would occur at moderate to severe levels of
hypoxia (<5%0,) when [Ca®"]; rises beyond ~200 nm.
In inside-out patches, 0.5 and 1 um Ca*" did not
activate the 20 pS channel, suggesting that the sensitivity
of the channel may be reduced under excised conditions
compared to the cell-attached conditions. This could be
due to loss of intracellular factors such as a Ca*"-sensitive
protein that is associated with the 20 pS channel and
regulates the channel function. However, global [Ca®"]
used to activate the channel in inside-out patches may not
correlate with the actual [Ca’t] that activates the cell in
intact cells, if Ca>™ and 20 pS channels are located close
to each other within microdomains. Further studies are
needed to understand this difference in Ca®" sensitivity.

Molecular identity of the 20 pS channel

A number of ion channels are activated by elevation
of [Ca’*];. These include Ca’*-activated K+ channels
(e.g. BK and SK), Ca’"-activated Cl~ channels (e.g.
Ano-1) and Ca*"-activated or -dependent TRP ion
channels (e.g. TRPA1, TRPM2, TRPM4, TRPMS5,
TRPC5). Ca** -activated Cl~ channels have single-channel
conductance levels that are less than 5 pS (Piper &
Large, 2003). TRPC channels such as TRPC3 and TRPC6
have been detected at the plasma membrane of rat
glomus cells by immunochemistry (Buniel et al. 2003).
However, TRPC channels are generally Ca*" permeable,
blocked by 2-APB and not activated by intracellular
Ca?* (Putney, 2005; Owsianik et al. 2006; Ramsey et al.
2006). TRPA1 and TRPC5 have high single-channel
conductance levels (100-pS and ~40 pS, respectively)
(Kim & Cavanaugh, 2007; Gross et al. 2009). Glomus cells
express Na™-permeable acid-sensingion channels (ASICs)
(Tan et al. 2007), and ASICs are blocked by amiloride,
which has no effect on the 20 pS channel.

Of the Ca’T-activated channels published in the
literature, TRPM4 and TRMP5 were the most likely
candidates to be the 20 pS channel, as they possess
biophysical properties most similar to those of the 20 pS
channel. Our results show, however, that the 20 pS channel
is functionally expressed and activated by Ca?* channel
agonist in glomus cells of TRPM4~/~ and TRPM5~/~
mice. As some functional native TRP channels are
heteromeric, the possibility that the 20 pS channel could be
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a heteromer composed of different TRP channel subunits
will need to be tested in future.

Role of the 20 pS channel in hypoxia-induced
depolarization

Single channel studies in cell-attached patches show that
under physiological conditions hypoxia activates the 20 pS
cation channel and the single channel current carried
by Na™ is in the inward direction. This alone indicates
that opening of the 20 pS channel would contribute to
depolarization. This agrees well with our assessment of
the reversal potential of the 20 pS channel (~ —28 mV)
under physiological conditions. Our measurement of the
reversal potential of the 20 pS channel could be off by a
few millivolts, due to minor errors in the measurement
of the cell resting membrane potential based on TASK
amplitude and interpolation of the zero current potential
using a straight line between data points. Nevertheless, we
used a conservative approach such that the values that we
obtained would be an underestimate of the true reversal
potential. For example, if we found our estimate of the
cell resting membrane potential to be between —55 and
—60 mV, we used —55 mV for our calculation, which
should shift the I-V curve of the 20 pS channel to the left.
Therefore, the actual reversal potentials could be more
positive than —28 mV. We therefore think that activation
of the 20 pS channel should definitely contribute to the
inward current between the cell membrane potential of
—60 and —30 mV.

In our recent study, severe hypoxia (0% O,) produced
~35mV depolarization of glomus cells and an increase in
[Ca®T]; similar to that produced by 20 mm KCI (Kim et al.
2011a,b). This suggests that the 20 pS channel contributes
to the inward current until the cell depolarizes to levels
close to that produced by severe hypoxia. At present, it
is difficult to know how much of the depolarization is
actually contributed by Na* influx via the 20 pS channel,
because we do not know the magnitude of this cation
current. Our findings suggest that Ca>" and Na™ channels
support each other’s activity, and therefore both channels
are likely to be important for cell depolarization.

In earlier studies, whole-cell currents were recorded
from glomus cells using voltage ramps from —100 to
—40 mV while holding the cell membrane potential at
—70 or —80 mV to study the current near the resting E;;, of
glomus cells (Buckler, 1997; Wasicko et al. 2006). Hypo-
xia (or anoxia) caused flattening of the whole-cell I-V
relationship, and the hypoxia-sensitive current reversed
near —80 mV (Buckler, 1997). These findings have led to
the idea that most or all of the hypoxia-sensitive current
is carried by K'. Because the 20 pS channel becomes
active when the membrane potential is near —40 mV
(see Fig. 3), the involvement of the 20 pS channel should
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be minimal when the membrane potential is between
—100 and —40 mV, as [Ca’"]; would be below the
threshold for activation of the 20 pS channel. As the cell
depolarizes further and [Ca?*]; rises beyond ~200 nm,
the 20 pS channel is expected to become active and
begin to contribute to the inward current and further
depolarization.

Our whole-cell current recordings show that in the pre-
sence of TEA, 4-AP, iberiotoxin and E4301, the remaining
current reveals a negative slope beginning between —45
and —20 mV, showing that an inward current is pre-
sent in this range of potentials. A negative slope in the
[-V relationship in rat glomus cells has been reported
earlier under anoxic conditions only when Ca** was pre-
sent in the bath perfusion solution (Buckler, 1997). It
was therefore speculated that hypoxia might be increasing
Ca** current at relative negative potentials in glomus
cells. The negative slope (starting at ~ —50 mV) in the
whole-cell I-V relationship of rat glomus cells has also
been observed when Ba*" was used to block the outward
current in normoxia (Wasicko et al. 2006). Our studies
suggest that the inward current is probably composed of
Na™ influx via the 20 pS channel and Ca*" influx via the
voltage-dependent Ca?* channel.

An updated model of O, sensing by ion channels in
isolated glomus cell

Figure 10 shows a model of O, sensing that incorporates
the functional input of the 20 pS channel. During mild
hypoxia (5% O, and higher), inhibition of background
K* channels such as TASK leads to a mild depolarization
(<20 mV) that allows voltage-dependent Ca®" channels
to mildly increase [Ca?*];. This pathway (steps 1-3) is
already well established from earlier studies, except that the
relative roles of TASK and BK remain unresolved (Pardal
et al. 2000; Buckler, 2007; Peers & Wyatt, 2007). The level
of depolarization and rise in [Ca®*"] is not sufficient to
activate the 20 pS channel, and therefore mild hypoxia
does not affect the 20 pS channel.

At levels of O, less than 5%, the rise in [Ca’T]; is
sufficient to activate the 20 pS channel (step 4). Therefore,
the Ca®*-sensitive 20 pS channel found in glomus cells
can now be added to the earlier model to be part of the
overall signalling complex involved in sensing moderate to
severe levels of hypoxia. Recruitment of the 20 pS channel
should initiate a feed-forward mechanism whereby an
increased Na™ influx enhances Ca?* influx via additional
depolarization (steps 5—3—4—5). This mechanism may
be important for maintaining the levels of depolarization
and [Ca?"]; in response to hypoxia (<5% O,). When the
cell depolarizes to levels more positive than ~ —28 mV
and [Ca’"]; rises further, Na* efflux via the 20 pS
channel may oppose further depolarization and help limit
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over-excitation of glomus cells. Defining the function of
this cation channel in glomus cells in a more intact system
(i.e. in undissociated carotid body) would be important to
further understand its role in hypoxia-mediated excitation
of glomus cells in vivo.

Because the BK channel is well expressed in glomus
cells, it is likely to serve an important role in regulating
the excitability of glomus cells. As the cell depolarizes, the
depolarized membrane and the associated rise in [Ca®*];
should activate BK (step 6) at some point. As shown
in Fig. 8B and as reported by others, of the flat and
rapidly rising phases of the I-V relationship obtained from
whole-cell recordings, only the rapidly rising phase which
begins at ~ —30 mV is strongly reduced by TEA and K*
channel inhibitors (Hatton et al. 1997; Lopez-Lopez et al.
1997). This suggests that BK begins to activate when the
cell depolarization reaches ~ —30 mV. This is consistent
with our finding that 12-15 mmM KCl activates the 20 pS
channel without opening BK channels (at pipette potential

~20-pS
channel

Transmitter secretion

Hypoxia

Figure 10. A model of O; sensing by glomus cells during
moderate to severe hypoxia

Mild hypoxia (>5% O3) inhibits (step 1) the outward Kt current
such as TASK via an O, sensor. This depolarizes the cell, causing
opening of the voltage-gated Ca?* channels (step 2), influx of Ca®*
and elevation of [Ca2]; (step 3). The rise in [Ca2T]; causes
transmitter secretion. Moderate and severe hypoxia (<5% O3)
causes stronger inhibition of the outward K* current than that
produced by mild hypoxia, producing a greater level of
depolarization and a higher [Ca2*];. Rise of [Ca?t]; beyond ~200 nm
from a basal level of ~100 nm begins to activate the Na*-permeable
20 pS channel (step 4). Na™ influx via the 20 pS channel may initiate
a feed-forward mechanism (steps 5—3—4—5) to further increase
and maintain the levels of depolarization and [Ca2*]; during
moderate to severe hypoxia. Depolarization and the associated
increase in [Ca2™]; may activate BK (step 6) and limits the
feed-forward mechanism and over-depolarization (see text for
further explanation). Thus, our model incorporates the role of both
K*-and Na*-permeable channels in the depolarization of glomus
cells when hypoxia is moderate to severe.
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of 0 mV), suggesting that BK comes into play when
the membrane potential of glomus cells is depolarized
to levels more positive than ~ —30 mV. If BK is active
at rest and hypoxia inhibits BK to contribute to the
initial depolarization (Peers & Wyatt, 2007), our model
should still hold true as the 20 pS channel would be
activated by the rise in [Ca*"];. When BK is activated
by depolarization and the rise in [Ca?t];, K* efflux via
BK should help limit over-excitation of glomus cells, as
suggested recently (Gomez-Nino et al. 2009; Donnelly et al.
2011).

In summary, we have identified and characterized a
20 pS non-selective cation channel that is activated by
cytosolic Ca**. Our data show that hypoxia and other
depolarizing stimuli activate a 20 pS channel in isolated
glomus cells by a direct action of elevated [Ca’T]; on
the channel. The 20-pA channel is recruited by initial
depolarization of glomus cells elicited by inhibition of
K* channels (such as TASK) by hypoxia. A revised model
of O, sensing includes the 20 pS cation channel as a part of
the feed-forward mechanism to help maintain the levels of
depolarization and [Ca®"]; in glomus cells in response to
moderate to severe hypoxia. Thus, O, sensing involves
both inhibition of outward K™ current and activation
of inward Na™ current. Our study sets the foundation
for future studies to further define the role of the 20 pS
channel in O, and glucose sensing, to identify potential
interactions with other ion channels, and to determine
its contribution to the regulation of the cardiorespiratory
function during hypoxia, acidosis and hypercapnia.
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