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Angiotensin II mobilizes intracellular calcium and activates
pannexin-1 channels in rat carotid body type II cells via
AT1 receptors

Sindhubarathi Murali, Min Zhang and Colin A. Nurse

Department of Biology, McMaster University, 1280 Main St West, Hamilton, Ontario, Canada, L8S 4K1

Key points

� A locally generating, angiotensin II (ANG II) system is present in the rat carotid body (CB)
and up-regulation of this system occurs in certain pathophysiological situations, enhancing
sympathetic activity.

� Here, we show that, similar to chemoreceptor type I cells, glial-like type II cells also express
functional AT1Rs, stimulation of which causes release of Ca2+ from intracellular stores.

� ANG II–AT1R signalling in type II cells activates an inward current carried by pannexin-1
(Panx-1) channels which are known to act as conduits for release of ATP, a key CB excitatory
neurotransmitter.

� Combined effects of ANG II and ATP, which also activates Panx-1 currents via P2Y2 receptors,
were synergistic; chelating intracellular Ca2+ with BAPTA prevented Panx-1 current activation.

� We propose that the excitatory function of ANG II in the CB involves dual actions at both type
I and type II cells.

Abstract A local angiotensin-generating system is present in the carotid body (CB) and increased
angiotensin II (ANG II) signalling contributes to enhanced CB excitation in chronic heart
failure (CHF) and after chronic or intermittent hypoxia. ANG II actions have thus far been
attributed solely to stimulation of AT1 receptors (AT1Rs) on chemoreceptor type I cells. Here,
we show that in dissociated rat CB cultures, ANG II also stimulates glial-like type II cells,
identified by P2Y2-receptor-induced intracellular Ca2+ elevation (�[Ca2+]i). ANG II induced a
dose-dependent (EC50 �8 nM), robust �[Ca2+]i in type II cells that was reversibly abolished by the
AT1R blocker losartan (1 μM). The ANG II-induced �[Ca2+]i persisted in Ca2+-free medium but
was sensitive to store depletion with cyclopiazonic acid (1 μM). Similar to P2Y2 receptor agonists,
ANG II (20–1000 nM) activated pannexin-1 (Panx-1) current that was reversibly abolished by
carbenoxolone (5 μM). This current arose with a variable delay and was reversibly inhibited by
losartan. Repeated application of ANG II often led to current run-down, attributable to AT1R
desensitization. When applied to the same cell the combined actions of ANG II and ATP on
Panx-1 current were synergistic. Current induced by either ligand was inhibited by BAPTA-AM
(1 μM), suggesting that intracellular Ca2+ signalling contributed to Panx-1 channel activation.
Because open Panx-1 channels release ATP, a key CB excitatory neurotransmitter, it is plausible
that paracrine stimulation of type II cells by ANG II contributes to enhanced CB excitability,
especially in pathophysiological conditions such as CHF and sleep apnoea.
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Introduction

The chemosensory carotid body (CB) plays an important
role in the reflex control of ventilation, as well as
in the autonomic control of cardiovascular functions
(Kumar & Prabhakar, 2012). CB stimulation during
hypoxaemia enhances cardiovascular performance and
protects vital organs via an increase in sympathetic
efferent activity and circulatory levels of vasoactive
hormones including the octapeptide, angiotensin II
(ANG II) (Marshall, 1994). ANG II is a key
component of the renin–angiotensin system (RAS)
that is involved in blood pressure regulation and
fluid homeostasis. Interestingly, however, a locally
generating, renin-independent RAS system has been
described in the CB (Lam & Leung, 2002), and hyper-
activity within this system is associated with several
pathophysiological conditions such as chronic heart
failure (CHF) and exposures to chronic and inter-
mittent hypoxia (Schultz, 2011; Kumar & Prabhakar,
2012). Indeed, both systemic and tissue RAS are activated
during hypoxia, leading to an increase in plasma ANG II
(Zakheim et al. 1976), and infusion of exogenous
ANG II in the peripheral circulation stimulates cardio-
respiratory functions (Ohtake & Jennings, 1993; Li
et al. 2006). Moreover, superfusion of the isolated rat CB
with ANG II in vitro increases afferent nerve discharge
(Allen, 1998), and perfusion of the vascularly isolated
rabbit carotid sinus region with ANG II augments the
hypoxia-evoked CB chemoreceptor discharge (Li et al.
2006). Taken together, these studies indicate that ANG II
signalling pathways play an important excitatory role in
CB function.

Studies on the role of ANG II in the CB
have so far focused on the chemoreceptor type I
cells. Autoradiographic studies have revealed a high
density of angiotensin AT1 receptors (AT1Rs) over
type I cell clusters of the rat CB (Allen, 1998),
and both angiotensin-converting enzyme (ACE) and
angiotensinogen (the precursor of ANG II) are expressed
in type I cells (Leung et al. 2000; Lam & Leung, 2003).
While the role of endogenous ANG II in the normal
CB function remains unclear (Li et al. 2006), there is
functional evidence that exogenous ANG II causes a
concentration-dependent increase in intracellular Ca2+ in
isolated rat type I cells via losartan-sensitive AT1Rs (Fung
et al. 2001). Also, transcripts for both A- and B-isoforms
of AT1Rs have been detected by RT-PCR in whole rat

CB and there is immunohistochemical evidence for AT1R
protein expression in type I cells of rat and rabbit CB (Fung
et al. 2001; Li et al. 2006). Importantly, components of
the local RAS system in the CB are regulated by different
patterns of hypoxia exposure, and the type I cells seem
to be a major target (Leung et al. 2000; Lam et al. 2014).
For example, in a recent study, exposure to chronic inter-
mittent hypoxia led to upregulation of RAS components
in the rat CB, in association with enhanced type I cell
intracellular Ca2+ responses to exogenous ANG II (Lam
et al. 2014).

Recent evidence from this laboratory suggests that
sensory processing in the rat CB may involve not
only the chemoreceptor type I cells, which release
the excitatory neurotransmitter ATP, but also adjacent
sustentacular, ‘glial-like’ type II cells (Nurse, 2010; Nurse
& Piskuric, 2012; Zhang et al. 2012). It was proposed
that during chemotransduction paracrine stimulation of
P2Y2 receptors (P2Y2Rs) on type II cells may help boost
the ATP signal, and therefore CB excitation, by activating
pannexin-1 (Panx-1) channels which act as conduits for
ATP release (Zhang et al. 2012). P2Y2R stimulation leads
to a rise in intracellular Ca2+ in type II cells (Xu et al.
2003; Zhang et al. 2012), and this is thought to be a
trigger for Panx-1 channel opening. Interestingly, it was
briefly noted in a recent review that type II cells may also
respond to ANG II with a rise in intracellular Ca2+ (Tse
et al. 2012), raising the possibility that ANG II actions
in the CB may be more complex than initially thought.
In the present study we extend this initial observation
and show that ANG II, acting via AT1Rs in type II cells,
induces a robust increase in intracellular Ca2+, which
in turn leads to Panx-1 channel activation. These data
strongly suggest that the excitatory role of ANG II in the
CB probably involves dual actions at both type I and type II
cells.

Methods

Ethical approval

All procedures for animal handling and tissue dissections
were carried out according to the guidelines of the
Canadian Council on Animal Care (CCAC) and
institutional guidelines. The authors have read, and the
experiments comply with, the policies and regulations of
The Journal of Physiology as stated by Drummond (2009).
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Cell cultures of dissociated rat carotid body

Carotid bifurcations from 9- to 14-day-old rats (Wistar,
Charles River, Quebec, Canada) were excised bilaterally,
after the animals were first rendered unconscious by a
blow to the back of the head, followed immediately by
decapitation. The carotid bodies (CBs) were isolated from
the surrounding tissue and dissociated cell cultures pre-
pared according to established procedures, described in
detail elsewhere (Zhong et al. 1997; Zhang et al. 2000).
Briefly, the excised CBs were incubated for 1 h at 37°C
in a physiological salt solution containing 0.1% trypsin
(Sigma-Aldrich, Oakville, Ontario, Canada) and 0.1%
collagenase (Gibco, Grand Island, NY, USA), followed by
mechanical dissociation and trituration. The dispersed
cell suspension was allowed to adhere to the central
wells of modified tissue culture dishes; the wells were
pre-coated with a thin layer of Matrigel (BD Biosciences,
Mississauga, Ontario, Canada). The cells were cultured
in basic growth medium (BGM) consisting of F-12
nutrient medium supplemented with 10% fetal bovine
serum, 1% penicillin–streptomycin, 1% glutamine, 0.3%
glucose and 3 μg ml−1 insulin, as in previous studies
(Zhang et al. 2000, 2012). To enrich for type II cells and
facilitate recordings, the growth medium was switched
after 12 h to Cosmic-BGM containing: 50% BGM plus
50% of modified BGM where 10% fetal bovine serum
was replaced with 5% fetal bovine serum and 5% Cosmic
calf serum (Hyclone Laboratories Inc., Logan, UT, USA).
Our previous study demonstrated that there were no
obvious differences in the properties of type II cells
cultured in BGM versus Cosmic-BGM (Zhang et al. 2012).
In some experiments, phorbol 12-myristate 13-acetate
(PMA; 100 nM) was added to the culture medium in
an attempt to minimize AT1 receptor desensitization
(Zhang et al. 1996). Cultures were grown at 37°C in a
humidified atmosphere of 95% air–5% CO2. Patch clamp
recordings were usually carried out in 5- to 7-day-old CB
cultures, which permitted optimal recordings from iso-
lated ‘solitary’ type II cells; the Ca2+ imaging experiments
were typically carried out after �48 h in culture.

Intracellular Ca2+ measurements

Intracellular free Ca2+ concentration ([Ca2+]i) was
monitored using the acetoxymethyl ester (AM) form
of the fluorescent Ca2+ indicator fura-2 (fura-2 AM;
Molecular Probes, Eugene, OR, USA), as previously
described (Piskuric & Nurse, 2012; Zhang et al. 2012). Cells
were loaded with 2.5 μM fura-2 AM diluted in standard
bicarbonate-buffered solution (BBS) for 30 min at 37°C,
and subsequently washed for �15 min to remove free
dye. The BBS used in Ca2+ imaging experiments had the
following composition (in mM): NaHCO3, 24; NaCl, 115;
glucose, 5; KCl, 5; CaCl2, 2 and MgCl2, 1; the pH was

maintained at �7.4 by bubbling with a 5% CO2–95% air
mixture. Ratiometric Ca2+ imaging was performed using
a Nikon Eclipse TE2000-U inverted microscope (Nikon,
Mississauga, ON, Canada) equipped with a Lambda DG-4
ultra-high-speed wavelength changer (Sutter Instrument
Co., Novato, CA, USA), a Hamamatsu OCRCA-ET digital
CCD camera (Hamamatsu, Sewickley, PA, USA) and a
Nikon S-Fluor ×40 oil-immersion objective lens with a
numerical aperture of 1.3. Dual images at 340 nm and
380 nm excitation (510 nm emission) were acquired every
2 s, with an exposure time of 100–200 ms. Pseudocolour
ratiometric data were obtained using Simple PCI software
version 5.3. All experiments were performed at 35–37°C,
and cells were continuously perfused with BBS to maintain
an extracellular pH of �7.4.

The imaging system was calibrated using the Fura-2
Calcium Imaging Calibration Kit from Molecular Probes
(Cat. No. F-6774). Photometric data at 340 nm and
380 nm excitation (510 nm emission) were obtained for
11 buffers of known Ca2+ concentrations from Ca2+-free
(0 μM) to saturating Ca2+ (39 μM). After correcting
for background fluorescence, these values were used to
calculate the following ratios: ‘R’ is the ratio of 510 nm
emission intensity at 340 nm excitation to 510 nm emission
intensity at 380 nm excitation; Rmin is the ratio at zero
free Ca2+; Rmax is the ratio at saturating Ca2+; and β,
the fluorescence intensity with excitation at 380 nm for
zero free Ca2+ (F380max), to the fluorescence intensity
at saturating free Ca2+ (F380min). The intracellular free
[Ca2+] was obtained after substituting these ratios into
the Grynkiewicz equation (Grynkiewicz et al. 1985) as
follows:

[Ca2+]i = K d
[R − Rmin]

[Rmax − R]
β

where Rmin = 0.18, Rmax = 7.81, β = 12.29, Kd = 225 nM

and R is the ratio obtained during the experiment for a
given cell. For most experiments statistical analysis was
performed using repeated measures ANOVA with Tukey’s
multiple comparison test post hoc test, as indicated in the
text.

Electrophysiology

Nystatin perforated-patch whole cell-recording was used
to monitor ionic currents in type II cells as previously
described (Zhang et al. 2000, 2012). All recordings were
carried out at �35°C and the cells were perfused with
standard BBS containing (in mM): NaHCO3, 24; NaCl,
115; KCl, 5; CaCl2, 2; MgCl2, 1; glucose, 10; and sucrose, 12;
at pH 7.4 maintained by bubbling with a 5% CO2–95% air
mixture. The pipette solution contained (mM): potassium
gluconate, 115; KCl, 25; NaCl, 5; CaCl2, 1; Hepes, 10; and
nystatin, 200 μg ml−1; at pH 7.2. Agonists (e.g. ANG II,

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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ATP) were applied by a ‘fast perfusion’ system utilizing a
double-barrelled pipette assembly as previously described
(Zhong et al. 1997: Zhang et al. 2000, 2012). Current
measurements under voltage clamp were obtained with
the aid of a MultiClamp 700A patch clamp amplifier
and a Digidata 1322A analog-to-digital converter (Axon
Instruments Inc., Union City, CA, USA), and the data
stored on a personal computer. Data acquisition and
analysis were performed using pCLAMP software (version
9.0; Axon Instruments Inc.). Because of the desensitization
properties of the AT1 receptor and long latency of
the ANG II-induced current, we used a repeated ramp
protocol to obtain an estimate of the reversal potential of
IANG II. Starting with a holding potential of −60 mV, the
voltage was ramped every 6 s from −40 to +20 mV over a
period of 700 ms. The ramp protocol was first applied just
before ANG II exposure (to obtain the control I–V plot)
and then the cycle was repeated at 6 s intervals throughout
the ANG II exposure period. The ANG II-induced I–V
plot during the peak or plateau phase of the current was
selected and then subtracted from the initial control plot so
as to obtain the IANG II difference current and an estimate
of the reversal potential. For multiple comparisons of ionic
currents or current density (pA/pF; obtained by dividing
peak current by whole cell capacitance), ANOVA was used
and the level of significance was set at P < 0.05.

Reagents and drugs

The following reagents and drugs were obtained from
Sigma-Aldrich (Oakville, ON, Canada): ATP, UTP,
angiotensin II (ANG II), losartan potassium and
carbenoxolone (CBX).

Results

The majority of the experiments described below were
carried out on isolated ‘solitary’ type II cells to eliminate or
minimize secondary or indirect effects from neighbouring
type I cells. Such effects may arise within type I cell clusters
as a result of the known stimulatory actions of ANG II
on type I cells (Fung et al. 2001; Schultz, 2011). A few
experiments were done on type I cells, present within
characteristic clusters that are readily identified in these
cultures under phase contrast microscopy (Nurse, 2010).
In Ca2+ imaging experiments, type II cells were routinely
identified by the presence of a robust increase in intra-
cellular Ca2+ (�[Ca2+]i) during exposure to the selective
P2Y2 receptor agonist UTP (Xu et al. 2003; Piskuric &
Nurse, 2012; Tse et al. 2012; Zhang et al. 2012). The
absence of cross-talk from type I to type II cells was
confirmed by the lack of a �[Ca2+]i response in type II
cells during perfusion with the depolarizing stimulus high
K+ (30 mM), which stimulates neurosecretion from type I

cells in similar CB cultures (Buttigieg & Nurse, 2004;
Livermore & Nurse, 2013). The ‘n’ values reported in
the text refer to the number of culture dishes sampled,
where the Ca2+ response of each dish was taken as the
mean peak �[Ca2+]i value obtained from 10–15 randomly
chosen cells. Cells with basal [Ca2+]i greater than 200 nM,
or cells whose baseline exhibited continuous ramping
during the experiment, were excluded from analyses. In
voltage clamp experiments, solitary type II cells were first
‘tentatively’ identified by their elongated morphology, and
subsequently confirmed by their characteristic electro-
physiological profile, including the presence of activatable
Panx-1 currents (Duchen et al. 1988; Zhang et al. 2012).

Angiotensin II induces a rise in intracellular Ca2+ in
type II cells via AT1 receptors: comparison with type I
cells

As exemplified in Fig. 1A, perfusion of �2-day-old CB
cultures with ANG II led to a dose-dependent increase in
intracellular Ca2+ (�[Ca2+]i) in type II cells, identified
by the presence of a positive �[Ca2+]i response to UTP
(100 μM), but not high K+. In one experimental series, the
majority of UTP-sensitive type II cells (401/537; �75%)
were also sensitive to ANG II. A plot of the dose–response
curve for ANG II versus �[Ca2+]i indicated an EC50 of
approximately 8 nM, a value comparable to that pre-
viously reported for ANG II acting at AT1 receptors in
rat podocytes (EC50 = 3 nM; Henger et al. 1997). Repeated
application of a high dose of ANG II (100 nM) tended to
produce diminishing �[Ca2+]i responses in a given cell
(Fig. 1B), probably due to receptor desensitization which
is a well-known property of AT1 receptors (Zhang et al.
1996; Guo et al. 2001). A histogram showing the time
course of this desensitization phenomenon is shown in
Fig. 1D.

Previous studies in rat CB using western blot, in
situ hybridization, RT-PCR and immunohistochemical
techniques revealed high expression of AT1 receptors
(AT1Rs), localized predominantly to type I cells (Leung
et al. 2000; Fung et al. 2001; Lam & Leung, 2002). It
was therefore of interest to determine whether or not
the ANG II-induced �[Ca2+]i responses in type II cells
were also mediated by AT1 receptors. First, we confirmed
that ANG II elicited a rise in [Ca2+]i in type I cells pre-
sent in the same cultures (Fig. 2A). Notably, a comparison
of the relative magnitude of the peak �[Ca2+]i evoked
by the same dose of ANG II revealed that type II cells
generated a much more robust Ca2+ response than type I
cells (Fig. 2B). The mean �[Ca2+]i induced by 100 nM

ANG II was �95 nM in type II cells compared to �32 nM

for type I cells; the latter value was comparable to that
previously reported for rat type I cells (�20 nM; Fung
et al. 2001). In a few cases, we confirmed that the type II cell

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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responses did not arise secondarily from ANG II-induced
release of ATP from type I cells using the P2Y2R blocker
suramin; the mean (±SEM) �[Ca2+]i response was
76.6 ± 12.8 nM for ANG II (100 nM), 59.5 ± 12.2 nM

for ANG II plus 100 μM suramin, and 68.6 ± 12.4 nM

for ANG II after washout of suramin (n = 3 dishes; P >
0.05).

The ANG II-induced �[Ca2+]i in type II cells was
completely inhibited by the specific AT1R blocker losartan
(1 μM), and the effect was reversible (Fig. 2C); a scatter plot
of �[Ca2+]i responses before, during and after losartan
is shown in Fig. 2E. Losartan significantly reduced the
proportion of ANG II-responsive type II cells by 95%
(only 30/545 cells that initially responded to ANG II did
so in the presence of losartan); also, the mean �[Ca2+]i

response was reduced by 97% (mean �[Ca2+]i before and
during losartan was 101 ± 9.3 nM vs. 3.1 ± 1.8 nM, n = 10
dishes; repeated measures ANOVA with Tukey’s multiple

comparison test post hoc test, P < 0.05). After wash-out
of losartan there was an �80% recovery of the original
ANG II-evoked Ca2+ response. We also confirmed that the
ANG II-induced response in type I cells was also inhibited
by losartan (Fig. 2C), as previously reported (Fung et al.
2001). Taken together these data imply that functional
AT1Rs are expressed in both type I and type II cells of rat
CB.

Angiotensin II-induced Ca2+ transients in type II cells
originate mainly from intracellular stores

In general, ANG II–AT1R signalling is mediated
either via entry of extracellular Ca2+ through Ca2+
channels or activation of the phosphatidylinositol–
inositol-1,4,5-trisphosphate (IP3) pathway coupled to
Ca2+ release from internal stores (Balla et al. 1991; Henger
et al. 1997; Goette & Lendeckel, 2008; Schultz, 2011).
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Figure 1. Effects of angiotensin II (ANG II) on intracellular calcium transients in type II cells
The effects of increasing doses of ANG II (10, 50, 100 nM) on intracellular Ca2+ concentration ([Ca2+]i) in a type II
cell is shown in A; for type II cell identification note typical increase in Ca2+ (�[Ca2+]i) to UTP (100 μM), but not
high K+ (30 mM). B, dose–response relation for ANG II-induced �[Ca2+]i in type II cells; a fit of the dose–response
curve with the Hill equation yielded an EC50 = 7.7 nM (n = 15 dishes). C, decrease in [Ca2+]i responses in type II
cells with repeated exposures to 100 nM ANG II, attributable to receptor desensitization. D, time course of the
reduction in �[Ca2+]i responses in type II cells after 1, 6 and 11 min exposure to 100 nM ANG II; ∗∗P < 0.01;
∗∗∗P < 0.001, repeated measures ANOVA with Tukey’s multiple comparison test post hoc test.
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To determine whether the ANG II-induced �[Ca2+]i in
type II cells arose principally from entry of extracellular
Ca2+, we first monitored Ca2+ transients in nominally
Ca2+-free medium. As shown in Fig. 3A, Ca2+ transients
evoked by 100 nM ANG II were not significantly altered

in Ca2+-free medium, consistent with a predominant
release from intracellular stores; mean ± SEM �[Ca2+]i

in calcium-free solution was 80.6 ± 15 nM, whereas the
mean ± SEM in normal calcium was 105.0 ± 17 nM (n = 9
dishes; Mann–Whitney test, P = 0.3). In order to avoid
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Figure 2. Comparison of the effects of angiotensin II (ANG II) in type II versus type I cells and role of
AT1 receptors
In A, ANG II (100 nM) causes a rise in intracellular Ca2+ concentration ([Ca2+]i) in both a type II cell and a type I
cell in the same culture; note that the type II cell, which responds to UTP but not high K+, elicits a more robust
Ca2+ response than the type I cell, which responds to high K+ but not UTP. Comparison of mean ± SEM �[Ca2+]i
responses in type II versus type I cells after exposure to 100 nM ANG II is shown in B (n = 9 dishes; 10–15 cells
sampled per dish). In C, the ANG II-induced rise in [Ca2+]i is reversibly abolished by the selective AT1 receptor
blocker, losartan (1 μM), in both the type II cell and a type I cell within the cluster identified in D. Summary data
from 10 dishes are shown in E. ∗∗∗P < 0.001.
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the effect of desensitization, the first ANG II-evoked Ca2+
responses were compared either in the presence or absence
of extracellular Ca2+. Figure 3B illustrates this comparison
as a scatter plot of the ANG II-induced �[Ca2+]i in
type II cells in normal (2 mM) and zero Ca2+ solutions. To
confirm a major role for Ca2+ release from intracellular
stores, we monitored Ca2+ transients in the presence of the
store-depleting agent cyclopiazonic acid (CPA; 10 μM). As
shown in Fig. 3C and D, the ANG II-induced �[Ca2+]i was
markedly inhibited by CPA, suggesting that Ca2+ release
from stores was a major contributor to ANG II–AT1R
signalling in type II cells; the mean ± SEM �[Ca2+]i

in control vs. CPA-containing solutions was 88 ± 9.7 vs.
13.5 ± 2.0 nM; n = 12 dishes; Friedman test with Dunn’s
multiple comparison test, P < 0.05).

Angiotensin II-induced signalling activates
pannexin-1 currents in type II cells

We next determined whether or not ANG II-induced
signalling led to the activation of Panx-1 currents in
type II cells, as previously demonstrated for ATP acting
via P2Y2 receptors (Zhang et al. 2012). As exemplified in
Fig. 4A, ANG II caused a dose-dependent activation of
Panx-1 currents that arose with a variable delay. A plot of
peak Panx-1 current density (pA/pF; at −60 mV holding
potential) vs. ANG II concentration over the dose range
20–1000 nM is shown in Fig. 4B. Often, the ANG II-evoked
Panx-1 current showed more than one plateau or multiple
peaks (Figs 4A and 5B); in such cases the largest peak value
seen in the inward current trace was used in constructing
the dose–response curve. The variability in the delay of
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Figure 3. Role of intracellular stores in angiotensin II-induced rise in [Ca2+]i in type II cells
In A, the ANG II-induced rise in [Ca2+]i persists in solution containing nominally free extracellular Ca2+ (0 Ca2+);
summary data of mean ± SEM Ca2+ responses from 9 dishes are shown in B. In C, the ANG II-induced rise in
[Ca2+]i is inhibited by cyclopiazonic acid (CPA; 10 μM); note small Ca2+ response on exposing cells to CPA alone.
Summary data of �[Ca2+]i from type II cells in 12 dishes before, during and after CPA are shown in D. ∗P < 0.05;
∗∗∗P < 0.001.
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current activation versus ANG II concentration is plotted
in Fig. 4C, and is reminiscent of a similar observation noted
during P2Y2R-induced activation of Panx-1 currents in
these cells (Zhang et al. 2012). Panx-1 currents in type II
cells could not be activated at a concentration of 10 nM

ANG II or less (n = 10), at least within 100 s of
exposure.

To confirm that the ANG II-activated current (IANG II)
displayed the expected properties of Panx-1 currents
we first measured the reversal potential (Erev). In our

Figure 4. Dose dependence and reversal potential of ANG II-induced current in type II cells
In A, application of angiotensin II (ANG II) by a rapid perfusion system induced a dose-dependent inward current
that arose with a variable latency; holding potential = −60 mV. The dose–response curve of peak current density
(I (pA/pF)) versus ANG II concentration is shown in B (n = 5–7 cells); a fit of the dose–response curve with the Hill
equation yielded an EC50 of 76 nM. A plot of latency of the peak current response versus ANG II concentration
is shown in C for the same cells. In Da, an estimate of the reversal potential of the ANG II-induced current was
obtained for a type II cell using a ramp protocol (holding potential −60 mV; ramp from −40 to +20 mV over
700 ms, repeated every 6 s) described in Methods; the dashed curve shows the IANG II difference current, obtained
by subtracting the current evoked in the presence of 100 nM ANG II from the control current, reversed at � −6 mV
for this cell. In Db, the same cell was tested in a similar way using ATP, which was previously shown to activate
Panx-1 current in type II cells via P2Y2R (Zhang et al. 2012); the IATP difference current in Db showed a similar
reversal potential to IANG II, as expected if both ligands activated the same target, i.e. Panx-1 channels. Da and Db
are representative of 5 cells treated with this protocol.
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previous study, P2Y2R stimulation activated Panx-1
current with a Erev near �0 mV (Zhang et al. 2012).
Because of current run-down observed during repeated
ANG II applications due to receptor desensitization (see
below), as well as variability in response latency, we used
a repeated ramp protocol to estimate Erev of the ANG II
difference current (IANG II) as described in Methods. As
exemplified in Fig. 4Da for a type II cell exposed to 100 nM

ANG II, Erev of IANG II was � −6 mV; the mean Erev for
a group of five cells was −5.7 ± 2.6 mV, consistent with
the opening of non-selective ion channels. Indeed, when
both ANG II and ATP were tested on the same cell, as
exemplified in Fig. 4Da and b, Erev was indistinguishable
for the two agonists, even though each acted at its own
distinct receptor; for ATP the mean Erev was−3.2±1.8 mV
(n = 5).

Final validation that ANG II activated Panx-1 currents
in type II cells was obtained using the selective blocker
carbenoxolone (CBX) at low concentrations (5 μM),
thought to block Panx-1 channels but not gap junctional
channels (Barbe et al. 2006; Ma et al. 2009). As in our
previous study using P2Y2R agonists (Zhang et al. 2012),
the ANG II-induced inward current at −60 mV holding
potential was reversibly abolished by 5 μM CBX (Fig. 5A
and C; n = 5), consistent with Panx-1 channels as the
current carrier.

Pannexin-1 current activation by angiotensin II is
mediated via AT1 receptors in type II cells

Given that AT1R is the major ANG II receptor subtype
expressed in the rat CB (Leung et al. 2000; Fung et al.

Figure 5. Blockade of angiotensin II-induced inward currents in type II cells by carbenoxolone and
losartan
In A, the inward current elicited by 100 nM ANG II at −60 mV (holding potential) was reversibly inhibited in a
type II cell by the Panx-1 channel blocker carbenoxolone (CBX; 5 μM); pooled current density (pA/pF) data for a
group of 5 cells before, during and after CBX are summarized in C. In B, the ANG II-induced current was reversibly
inhibited by the specific angiotensin AT1 receptor blocker, losartan (1 μM); pooled current density (pA/pF) data for
a group of 4 cells before, during and after losartan are summarized in D. ∗∗∗P < 0.001.
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2001; Lam & Leung, 2002), and that AT1Rs mediated
the ANG II-induced rise in [Ca2+]i in type II cells (see
above), we investigated whether Panx-1 current activation
was also mediated via AT1Rs using the selective blocker
losartan (de Gasparo et al. 2000). As exemplified in Fig. 5B,
the ANG II-induced Panx-1 current in type II cells was
reversibly abolished by losartan (1 μM); a histogram of
the ANG II-induced Panx-1 current density (pA/pF; at
−60 mV holding potential) for a group of four cells before,
during and after exposure to 1 μM losartan is shown in
Fig. 5D.

Consistent with the well-known desensitization
properties of the AT1R (see above), repeated application
of ANG II to the same cell routinely resulted in Panx-1
current run-down, as exemplified in Fig. 6A. The time
course of decay of IANG II current density (at −60 mV
holding potential) during repeated applications of ANG II
over a 20 min period is shown in Fig. 6C. This contra-
sts with the effect of ATP acting via P2Y2Rs on Panx-1
current which typically remained stable during repeated
applications of ATP over the same time period (Fig. 6B
and C). Current run-down was not due to ‘inactivated’ or
non-functional Panx-1 channels because the current could
be promptly restored (within 2 min), soon after run-down
induced by high doses of ANG II (100 nM to 1 μM),
by simply applying ATP to the same cell (e.g. Fig. 6D;
n = 4 cells). Taken together, these data indicate that both
the ANG II-induced rise in [Ca2+]i and Panx-1 current
activation are mediated via functional AT1Rs expressed in
type II cells.

Combined actions of angiotensin II and ATP lead to a
synergistic activation of pannexin-1 current in type II
cells

Over the course of this study it was routinely observed that
solitary type II cells often responded to both ATP/UTP
and ANG II with a rise in intracellular Ca2+ or activation
of Panx-1 current. While ANG II in the picomolar range
can produce physiological effects at AT1Rs in the intact
CB (Allen, 1998; Peng et al. 2011), relatively higher doses
(�20 nM) were required to activate Panx-1 current,
at least within 100 s of application. Given that during
CB chemoexcitation it is unlikely that ANG II will be
acting alone, we wondered whether its actions might be
complementary to those of other excitatory mediators
such as ATP. Indeed, we found that doses of ANG II and
ATP (below the EC50 and near the foot of their respective
dose–response curves) interacted synergistically when
applied to the same cell. First, as exemplified in Fig. 7A,
when a near-threshold dose of ATP (10 μM) sufficient
to activate the Panx-1 current was combined with a
‘subthreshold’ dose of ANG II (10 nM) that failed to do
so in a given cell, there was a >1.5× potentiation of the

ATP-evoked response (n = 3 cells). Second, whereas each
of the doses 10 μM ATP and 20 nM ANG II activated a
detectable Panx-1 current when applied separately to the
same type II cell, the current was markedly potentiated
when the same doses were applied together (Fig. 7B). A
histogram showing mean Panx-1 current density (pA/pF)
for a group of five cells exposed to 10 μM ATP and
20 nM ANG II separately, and then in combination, is
shown in Fig. 7C. These data suggest the current response
from the combined application was more-than-additive,
and was �1.6× larger than the sum of the two separate
applications (P < 0.05; Fig. 7C). Interestingly, during the
combined application the latency of the current response
was significantly shorter than the minimum observed for
either ligand acting alone (Fig. 7D; P < 0.01).

Angiotensin II- and ATP-induced pannexin-1 current
in type II cells requires a rise in intracellular Ca2+

In oocyte expression systems, cytoplasmic Ca2+ in the
micromolar range was sufficient to activate human Panx-1
channels (Locovei et al. 2006); however, the requirement
for a rise in [Ca2+]i has been questioned in another
study (Ma et al. 2009). To test whether or not the
rise in cytoplasmic Ca2+ elicited in type II cells by
ANG II and ATP (Xu et al. 2003; Zhang et al. 2012)
was necessary for activation of the Panx-1 current, we
used the membrane-permeable Ca2+ chelator BAPTA-AM
(1 μM). As exemplified in Fig. 8A and B, the Panx-1 current
induced by either ANG II or ATP was reversibly inhibited
by BAPTA; pooled data from cells exposed to ANG II or
ATP are summarized in Fig. 8C and D, respectively. Taken
together, these data support the notion that a rise in cyto-
plasmic Ca2+ is required for Panx-1 channel activation by
both agonists.

Discussion

The presence of a locally generating, renin-independent,
ANG II system was identified in the carotid body (CB)
many years ago and has generated much interest and
speculation about its physiological function (Lam &
Leung, 2002; Schultz & Li, 2007; Peng et al. 2011; Schultz,
2011). The present study has highlighted a novel aspect of
ANG II signalling in the rat CB involving sustentacular,
glial-like type II cells. Prior to this study, the focus of
ANG II actions was understandably centred on CB chemo-
receptor type I cells, because they expressed functional
AT1 receptors (AT1Rs), as well the biosynthetic machinery
for ANG II synthesis (Allen, 1998; Fung et al. 2001;
Lam & Leung, 2002; Schultz, 2011). However, we provide
strong evidence that type II cells, which are normally
found in intimate association with type I cells in the CB,
are also likely to be an important target for the actions
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of ANG II. In particular, we show that ANG II acting
via losartan-sensitive AT1Rs induces a robust increase in
intracellular Ca2+ in isolated type II cells; this in turn
leads to the activation of Panx-1 channels, which we
recently showed act as conduits for ATP release from these
cells (Zhang et al. 2012). We are unaware of any other
studies demonstrating a link between ANG II signalling
and the activation of Panx-1 channels; however, these
channels are known to facilitate release of ATP as well
as other chemical signals from a variety of cell types
(MacVicar & Thompson, 2010; Sridharan et al. 2010). Pre-
vious immunohistochemical studies reported the presence
of positive AT1R-immunoreactivity in CB type I cells;
however, these studies did not include tests for whether

or not type II cells were also immuno-positive (Leung et
al. 2000; Li et al. 2006). We did not attempt to co-localize
AT1R immunoreactivity with known type II cell markers
because as many as six commercially available AT1R anti-
bodies have recently been found to be non-specific when
tested on AT1 knock-out animals (Benicky et al. 2012). We
also confirmed the previous findings of Fung et al. (2001)
indicating that ANG II stimulates a rise in intracellular
Ca2+ in rat type I cells via AT1Rs; however, these Ca2+
signals tended to be much smaller in magnitude than those
recorded in type II cells. In the latter study, the source of the
AT1R-mediated rise in intracellular Ca2+ in rat type I cells
was not identified (Fung et al. 2001). However, in rabbit
type I cells ANG II has been reported to exert an excitatory

Figure 6. Comparison of angiotensin II- and ATP-induced Panx-1 current in type II cells during repeated
agonist application
In A, repeated application of 100 nM ANG II to the same cell over a 20 min period (t = 0 min, left; t = 3 min,
middle; t = 20 min, right) caused a progressive run-down in the peak current (at −60 mV holding potential);
summary data from 4 cells are shown in C (filled columns). By contrast, when 50 μM ATP was used as the agonist,
the current remained relatively stable over the same time period (B and C; open columns). Current run-down in
A was attributable to desensitization of the AT1 receptor, and not loss of Panx-1 channel function, because ATP
could readily activate the Panx-1 current soon after (within 2 min) a test with ANG II failed to do so (D); test times
with ANG II and ATP indicated above traces. Example in D was typical of n = 4 cells, exposed to 100 nM or 1 μM

ANG II; ∗P < 0.05; ∗∗∗P < 0.001.
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effect mediated via AT1Rs and activation of NADPH
oxidase, leading to inhibition of various K+ channels,
membrane depolarization and voltage-gated Ca2+ entry
(Schultz, 2011). These data suggest that during AT1R
stimulation the source of the [Ca2+]i rise in type I cells
is extracellular, in contrast to type II cells where the source
is intracellular (this study). Also, as discussed below, the
ANG II–AT1R signalling pathway in type II cells leads to
the activation of pannexin–1, non-selective, ion channels.
This contrasts with the inhibition of voltage-gated K+
(IK(V)) channels seen in type I cells (Schultz & Li, 2007;
Schultz, 2011), which appear to lack pannexin-1 channel
expression at least in the rat (Zhang et al. 2012).

Angiotensin II–AT1R–pannexin-1 signal transduction
pathway in type II cells

Ratiometric fura-2 imaging experiments revealed that
ANG II elicited a rise in intracellular Ca2+ (�[Ca2+]i)
in type II cells that persisted in Ca2+-free medium,
but was sensitive to intracellular store depletion with
cyclopiazonic acid. The principal ANG II receptor sub-
type involved was the AT1R because the �[Ca2+]i

responses were reversibly abolished by the specific
AT1R blocker losartan (de Gasparo et al. 2000). These
observations suggest ANG II–AT1R signalling in type II
cells occurs mainly via the ubiquitous G-protein-coupled,
phosphatidylinositol–IP3 pathway, whereby activation of

Figure 7. Synergistic interaction between ATP and angiotensin II on Panx-1 current activation in type II
cells
In A, a low dose of ATP (10 μM; left trace) activated the Panx-1 current whereas a ‘subthreshold’ dose of ANG II
(10 nM; middle trace) failed to do so in the same cell; when the two stimuli were combined the current was
markedly potentiated relative to that seen with ATP alone (n = 3). In B, both ATP (10 μM; left trace) and ANG II
(20 nM; middle trace), at doses below their respective EC50 values of 34 μM (Zhang et al. 2012) and 76 nM

(this study), elicited a detectable Panx-1 current in the same type II cell when applied separately; however, when
applied together there was a marked potentiation in the magnitude of the response, as well as a shortening of
the response latency (right trace). Summary data in C show that the current density (pA/pF at −60 mV holding
potential) elicited when the two agonists were applied together (right column) exceeded the sum of the separate
individual responses (sum of column a + column b) by a factor of �×1.6 (P < 0.05), indicating a synergistic
interaction (n = 5 cells). In D, response latency during combined application was significantly shorter than that
seen during separate application of either agonist. Note in B and D, the average latency during ANG II application
appeared much shorter (�9 s) when the agonist was applied after prior activation or ‘priming’ of the Panx-1
current by ATP (compare with Fig. 4, where latency was �55 s for 20 nM ANG II, without prior ATP exposure).
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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phospholipase C leads to the generation of IP3 which in
turn triggers Ca2+ release from the endoplasmic reticulum
(Guo et al. 2001). The AT1 receptors are known to
undergo rapid internalization and desensitization upon
repeated stimulation (Zhang et al. 1996; Guo et al.
2001), and this property was the likely basis for the
progressive decrease in �[Ca2+]i responses seen with
repetitive ANG II applications. The estimated EC50 for
the ANG II–AT1R-evoked Ca2+ responses was �8 nM, a
value comparable to that seen in other cell types with this
technique (Henger et al. 1997); in competitive binding
studies, the IC50 for ANG II at AT1Rs was reported to be
�8 nM (Bosnyak et al. 2011).

Perforated-patch, whole-cell recordings from type II
cells revealed that ANG II caused a dose-dependent
activation of Panx-1 currents with a reversal potential
near 0 mV, consistent with the opening of non-selective
ion channels. As expected for the involvement of
AT1Rs, these currents were reversibly blocked by losartan
(1 μM). Panx-1 current run-down was commonly
observed during repeated ANG II applications, probably
because of AT1R desensitization (see above); however,
for reasons that are presently unclear current run-down

was not obvious immediately after recovery from AT1R
blockade by losartan. Also, because the current could
be robustly restored immediately after ANG II-induced
run-down by simply activating a different (ATP–P2Y2R)
signalling pathway, loss of Panx-1 channel function
could not account for the run-down. The latency of
ANG II-induced Panx-1 current in ‘solitary’ type II
cells was quite variable, typically >25 s, and depended
on agonist concentration. During AT1R signal trans-
duction cascades, the ANG II-induced signal can arise
with latencies that vary from seconds in the case of
phospholipase C–IP3-mediated release of Ca2+ from
stores, to minutes in cases where other downstream signals
(e.g. mitogen-activated protein kinase) are activated
(Guo et al. 2001). In our previous studies using ATP
(10–250 μM) to stimulate P2Y2Rs, the latency of
Panx-current varied typically between 6 and 14 s for
‘solitary’ type II cells; by contrast, for type II cells pre-
sent within chemoreceptor clusters, the latency was much
shorter (<3 s) (Zhang et al. 2012). In the present study,
the experiments were done on ‘solitary’ type II cells where
coupling within the signalling pathway was probably less
efficient than in cell clusters, perhaps contributing to the

Figure 8. Chelating intracellular Ca2+ in type II cells with BAPTA prevents Panx-1 current activation by
angiotensin II and ATP
In A, the ANG II-induced Panx-1 current was almost completely and reversibly inhibited during incubation with the
membrane-permeable Ca2+ chelator BAPTA-AM (1 μM; middle trace). Similarly in B, the same result was obtained
when ATP was used as the agonist. Summary data in C and D show the reversible inhibition of the Panx-1 current
evoked by ANG II and ATP, respectively, when BAPTA-AM was present (n = 4 in C, and 6 in D); ∗∗∗P < 0.001.

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



4760 S. Murali and others J Physiol 592.21

longer latencies. An interesting observation was that the
latency of Panx-1 current activation by ANG II in ‘solitary’
type II cells appeared consistently shorter (<12 s) if the
cells were first ‘primed’ by exposure to a P2Y2R agonist
such as ATP. Further studies are required to clarify the
underlying mechanism.

Physiological significance and clinical relevance

Using immunofluorescence, we previously demonstrated
that Panx-1 channels are expressed in glial fibrillary acidic
protein (GFAP)-positive type II cells in tissue sections of
rat carotid body (CB) in situ, and in cultured dissociated
CB cells (Zhang et al. 2012). Moreover, we showed that
when these channels were activated in isolated type II
cells using the P2Y2R agonist UTP, they acted as conduits
for release of ATP, a key CB excitatory neurotransmitter
(Nurse, 2010; Nurse & Piskuric, 2012; Zhang et al. 2012).
In light of these findings, a plausible physiological role
of ANG II signalling in type II cells is to stimulate
Panx-1 channel opening and consequently ATP release,
which could serve as a boost for CB excitation. The EC50

for ANG II as determined by Panx-1 current activation
was �76 nM, a value �9× higher than that observed
using Ca2+ imaging. In fact, Panx-1 currents were not
detectable (at least with a latency <100 s) at 10 nM

ANG II which is near the EC50 value based on intracellular
Ca2+ measurements. These data suggest that a threshold
level of intracellular Ca2+ may need to be reached for
Panx-1 channel activation, or some other lower affinity
process needs to be activated in parallel with the rise in
Ca2+, or combinations of these. It is arguable whether an
increase in intracellular Ca2+ is a general pre-requisite for
Panx-1 channel activation in different cell types (Locovei
et al. 2006; Ma et al. 2009). However, in the present
study the necessity for a rise in intracellular Ca2+ was
demonstrated in experiments where Panx-1 currents were
almost completely and reversibly blocked in the presence
of the membrane-permeable Ca2+ chelator, BAPTA-AM
(1μM). Whether intracellular Ca2+ acts by binding directly
to the Panx-1 channel in type II cells, or via some other (e.g.
PKC) pathway, remains to be determined. Nonetheless, we
cannot rule out the possibility that additional converging
signalling pathways, for example activation of Src family
kinases (Weilinger et al. 2012), are required for Panx-1
current activation.

The role of the local ANG II-generating system in
normal CB function remains unclear. However, there are
several pathophysiological conditions where upregulation
of this local system occurs. These include conditions
where animals are exposed to chronic or intermittent
hypoxia (Leung et al. 2000; Lam & Leung, 2003;
Lam et al. 2014), and in patients or animal models
experiencing chronic heart failure (CHF) (Schultz &

Li, 2007; Schultz, 2011). After exposure to chronic
hypoxia, AT1R mRNA and protein expression increases
in the rat CB and there is enhanced AT1R-mediated
excitation of CB afferent activity (Leung et al. 2000).
In the case of chronic intermittent hypoxia (CIH), a
condition associated with sleep-disordered breathing,
there is increased angiotensinogen, AT1R mRNA and
AT1R protein expression in the CB, as well as increased
type I cell Ca2+ responses to exogenous ANG II
(Lam et al. 2014). In CHF rabbits, but not sham
controls, pharmacological inhibition of AT1R decreases
CB chemoreceptor discharge to hypoxia, in association
with increased hypoxic sensitivity of type I cells (Li et
al. 2006; Schultz & Li, 2007; Schultz, 2011). In light of
the accompanying increased local CB and systemic levels
of ANG II in CHF (Schultz, 2011), it is plausible that
ANG II-AT1R signalling via type II cells may contribute to
sensitization of CB sensory discharge via Ca2+-dependent
activation of Panx-1 channels and release of ATP. Indeed,
this ATP release from type II cells may be further facilitated
by the observed synergistic interactions between P2Y2R
and AT1R signal transduction pathways. In particular,
we found that when low doses (<EC50) of ANG II and
ATP were applied to the same type II cell there was a
synergistic enhancement of Panx-1 currents, which would
be expected to cause further augmentation of ATP release
and sensitization of CB function. In CHF, this increased CB
sensitization appears maladaptive as it serves to exacerbate
the tonic sympathetic hyperactivity associated with the
disease progression (Schultz & Li, 2007; Schultz, 2011).

In conclusion, the present study has revealed a novel
ANG II–AT1R signalling pathway in glial-like type II
cells of the rat carotid body leading to activation of
Panx-1 channels, which act as conduits for release of
ATP (Nurse & Piskuric, 2012; Nurse, 2014). Given
that ATP is a key excitatory CB neurotransmitter, we
propose that activation of this signalling pathway has the
potential to contribute to CB excitation. This is especially
likely to occur in pathophysiological conditions of
exaggerated CB excitation such as chronic heart failure and
sleep-disordered breathing, where components of the local
ANG II–AT1R system are upregulated (Lam et al. 2004;
Schultz, 2011; Kumar & Prabhakar, 2012; Lam et al. 2014).
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