
61© Springer International Publishing AG, part of Springer Nature 2018 
E. B. Gauda et al. (eds.), Arterial Chemoreceptors, Advances in Experimental Medicine and Biology 
1071, https://doi.org/10.1007/978-3-319-91137-3_7

Topical Application of Connexin43 
Hemichannel Blocker Reduces 
Carotid Body-Mediated 
Chemoreflex Drive in Rats

David C. Andrade, Rodrigo Iturriaga, 
Camilo Toledo, Claudia M. Lucero, Hugo S. Díaz, 
Alexis Arce-Álvarez, Mauricio A. Retamal, 
Noah J. Marcus, Julio Alcayaga,  
and Rodrigo Del Rio

Abstract
The carotid body (CB) is the main arterial 
chemoreceptor involved in oxygen sensing. 
Upon hypoxic stimulation, CB chemoreceptor 
cells release neurotransmitters, which increase 
the frequency of action potentials in sensory 
nerve fibers of the carotid sinus nerve. The 
identity of the molecular entity responsible for 
oxygen sensing is still a matter of debate; 
however several ion channels have been shown 
to be involved in this process. Connexin-based 
ion channels are expressed in the CB; however 
a definitive role for these channels in mediat-

ing CB oxygen sensitivity has not been estab-
lished. To address the role of these channels, 
we studied the effect of blockers of connexin-
based ion channels on oxygen sensitivity of 
the CB.  A connexin43 (Cx43) hemichannel 
blocking agent (CHBa) was applied topically 
to the CB and the CB-mediated hypoxic venti-
latory response (FiO2 21, 15, 10 and 5%) was 
measured in adult male Sprague-Dawley rats 
(~250 g). In normoxic conditions, CHBa had 
no effect on tidal volume or respiratory rate, 
however Cx43 hemichannels inhibition by 
CHBa significantly impaired the CB-mediated 
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chemoreflex response to hypoxia. CHBa 
reduced both the gain of the hypoxic ventila-
tory response (HVR) and the maximum HVR 
by ~25% and ~50%, respectively. Our results 
suggest that connexin43 hemichannels con-
tribute to the CB chemoreflex response to 
hypoxia in rats. Our results suggest that CB 
connexin43 hemichannels may be pharmaco-
logical targets in disease conditions character-
ized by CB hyperactivity.
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7.1	 �Introduction

The carotid body (CB) chemoreceptors are 
located in the bifurcation of the common carotid 
artery and have a primary role in sensing the par-
tial pressure of O2, CO2 and pH in arterial blood 
(Iturriaga and Alcayaga 2004; Nurse and Piskuric 
2013). The CB is composed of two primary cell 
types: the chemoreceptor cells (glomus) and the 
sustentacular cells (López-Barneo et  al. 2008), 
which are believed to modulate glomus cell activ-
ity through a purinergic P2Y receptor-dependent 
pathway (Murali and Nurse 2016). Despite sig-
nificant research devoted to understanding the 
function of this small but important organ, the 
molecular mechanisms by which glomus cells 
detect changes in PO2 are not well understood. 
The most well-accepted theory is that reductions 
of PO2 (directly or indirectly) decrease K+ channel 
(TASK) activity (Buckler et al. 2006), depolariz-
ing the cell and leading to opening of voltage sen-
sitive L-type Ca2+ channels, which in turn causes 
increases in intracellular Ca2+ which ultimately 
lead to the release of one or more neurotransmit-
ters to the extracellular space (López-Barneo 
et  al. 2016). Recent evidence also suggests a 
potentially important role of HIF-1α (Nurse 
2017) and gaseous neurotransmitters such as CO 
and H2S (Prabhakar and Peng 2017) in control-
ling CB oxygen sensing. Once activated by low 

oxygen partial pressure, glomus cells release sev-
eral neurotransmitters including ATP (Zhang 
et  al. 2000), acetylcholine (Nurse and Zhang 
1999) and dopamine (Buerk et  al. 1998). The 
release of these neurotransmitters impacts the 
rate of discharge of petrosal ganglion neurons 
(Smith and Mills 1976), which deliver “PO2 –
mediated sensory information” to the nucleus of 
the tractus solitarii (Lipski et al. 1977; Iturriaga 
and Alcayaga 2004).

In addition to the chemical synapses within 
the CB, electrical coupling between glomus cells 
has also been observed (Monti-Bloch et al. 1993; 
Abudara and Eyzaguirre 1994). The structural 
basis of these electrical synapses are the connex-
ins. These proteins are a family of transmem-
brane proteins which contain four transmembrane 
segments; two extracellular loops, one intracel-
lular loop, and both the N- and C- terminals fac-
ing the cytoplasm (Retamal et  al. 2016). 
Connexins are named according to their predicted 
molecular weight, thus connexin43 (Cx43) is 
predicted to have a molecular weight of ~43 kDa. 
In 1996, Kondo and Iwasa (1996) conducted an 
ultra-structural study of adult rat CBs which con-
firmed the presence of gap junction channels 
(GJC)-like structures between glomus cells, 
between glomus cells and sustentacular cells, and 
between glomus cells and petrosal neuron termi-
nals. This observation was confirmed by immu-
nofluorescent detection of Cx43  in the CB 
(Abudara et al. 1999). GJCs formed by Cx43 are 
regulated by cAMP and pH in cultured CB cells 
which induced an increase and decrease in cell 
coupling, respectively (for further details see 
Abudara et  al. 2000, 2001). Other studies have 
demonstrated that sustained stimuli may also 
elicit changes in GJC-like expression, in which 
2 weeks of hypobaric hypoxia increased expres-
sion of Cx43 in glomus cells and in petrosal neu-
rons (Chen et  al. 2002). Interestingly, it is well 
known that Cx43 can also form GJCs between 
cells and also hemichannels in cells in vitro as 
well as in vivo (Sáez et al. 2005). Hemichannels 
are half of a GJC and are found in non-
appositional plasma membranes (Sáez et  al. 
2005). While GJCs allow the passive flow of ions 

D. C. Andrade et al.



63

and molecules between cells, hemichannels per-
mit the exchange of ions and small molecules 
between the extracellular media and the cyto-
plasm (Retamal 2014). In spite of their low open 
probability (Contreras et  al. 2003), Cx43 hemi-
channels allow the release of paracrine signaling 
molecules such as ATP and glutamate (Orellana 
and Stehberg 2014). Therefore, Cx43 hemichan-
nels are of potential interest as potential modula-
tors of CB chemosensory activity (Reyes et  al. 
2014). Despite the fact that numerous studies 
suggest a potential role of Cx43-based hemichan-
nels in regulation of CB activity, this hypothesis 
has not been specifically tested. Thus, the aim of 
this work was to test the effect of a Cx43-specific 
hemichannel blocker (CHBa) on CB O2 sensitiv-
ity in vivo.

7.2	 �Methods

7.2.1	 �Animals

Adult male Sprague-Dawley rats (n = 8), weigh-
ing between 250 and 300 g, were used in these 
experiments. All experiments were approved by 
the Bioethical Committee of the Facultad de 
Ciencias Biológicas, P. Universidad Católica de 
Chile and were carried out under the guidelines 
of the American Physiological Society, the Guía 
para el Cuidado y Uso de los Animales de 
Laboratorio from CONICYT and the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

7.2.2	 �CB-Mediated Ventilatory 
Chemoreflex Function

Rats were anaesthetized with sodium pentobarbi-
tone (40  mg  kg−1; ip) and placed in the supine 
position. The trachea was cannulated for airflow 
recording, and connected to a pneumotachograph 
to measure tidal volume (Vt), respiratory fre-
quency (Rf), and minute inspiratory volume (VE). 
During the experiment, rectal temperature was 
measured and maintained at 38.0 ± 0.5 °C with a 

regulated heating pad. Supplemental doses of 
sodium pentobarbitone were administered as 
necessary to maintain a surgical plane of anesthe-
sia. Signals were acquired with an analogue-
digital system PowerLAB 8SP (ADInstruments 
Pty Ltd., Castle Hill, Australia), calibrated and 
analyzed with the Labchart 7-Pro software 
(ADInstruments Pty Ltd., Australia). 
CB-mediated chemoreflex function was esti-
mated as previously described (Del Rio et  al. 
2010, 2013, 2014). Briefly, rats breathed hypoxic 
gas mixtures (FiO2 5%,10%,15%) until a semi-
steady state response was achieved (20–25 s). All 
recordings were made at an ambient temperature 
of 25 ± 2 °C. During chemoreflex testing, respira-
tory variables (RF and Vt) were averaged over 10 
consecutive breaths.

7.2.3	 �Acute Blockade of Connexin 
43 Hemichannels

A Cx43-selective hemichannel-blocking agent 
(CHBa) was used as previously described 
(Stehberg et al. 2012; Wang et al. 2013). CHBa 
(based on an 11 amino acid sequence targeting 
the second extracellular loop of the Cx43 protein) 
was dissolved in Pluronic F-127 at 20 °C, for a 
final concentration of 25  mM.  The CBs were 
visualized and isolated from the surrounding tis-
sue. Then, 20 μl of CHBa solution was topically 
applied to the CBs. Ten minutes were allowed for 
Pluronic F-127 to polymerize before ventilatory 
recordings were initiated.

7.2.4	 �Cx43 Expression

CB Cx43 protein expression was assessed using 
immunoblot as previously described (Del Rio 
et  al. 2017). Briefly, after euthanizing the rats 
(pentobarbital 100 mg/kg i.p.), the carotid sinus 
region containing the CBs was quickly removed 
and snap frozen on dry ice and stored at 
−80 °C. The tissue was lysed in 200 μL of RIPA 
buffer with fresh protease inhibitor cocktail 
(Sigma Aldrich, St. Louis, MO, USA) and total 
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protein concentration was assessed using a 
Thermo Scientific BCA Assay kit (Waltham, 
MA). Samples were loaded onto a 10% SDS-
PAGE gel (50  μg/20  μl per well) and 
electrophoresis was performed. Then, proteins 
were transferred to a PVDF membrane (Millipore, 
USA) and the membrane was probed overnight 
with the following antibodies: rabbit anti- Cx43 
(1:750, Cat. #PPS046, Novus Biological), and 
mouse anti- β-actin (1:500–1:1000, Cat. #sc-
47,778, Santa Cruz, USA). Following washes 
with PBST, the appropriate secondary antibodies 
were added to each membrane. Blots were devel-
oped using a ECL kit (ThermoFischer, USA) 
scanner, and quantitative analysis of band densi-
tometry was performed using Li-Cor Imaging 
software (Li-cor, USA).

7.2.5	 �Statistical Analysis

Data was expressed as means ± S.E.M. The dif-
ferences in hypoxic ventilatory response was 
analyzed by paired t-test. A p value of <.05 was 
considered statistically significant.

7.3	 �Results

7.3.1	 �Expression of Cx43 
in the Carotid Body

Figure 7.1 illustrates representative immunoblots 
of Cx43 expression in homogenates of rat CBs. 
Two bands close to 43 kDa were observed, how-
ever, bands with higher electrophoretic mobility 
were more abundant, indicating that in the CB, 
Cx43 is mainly in the dephosphorylated form.

7.3.2	 �Effects of CHBa on Resting 
Breathing Parameters

The effects of CHBa on resting Vt, Rf and VE are 
summarized in Table 7.1. CHBa did not induce 
significant changes in VE when compared to val-
ues obtained before CHBa exposure (p > 0.05). 
However, we did observe a small trend for 
increasing Vt values following CHBa (Table 7.1).

7.3.3	 �Effects of Cx43 Hemichannel 
Blockade on the Hypoxic 
Ventilatory Response

In response to acute hypoxic stimulation, rats 
increased both Vt and Rf (Fig. 7.2). We observed 
a maximal response of >200% increase in VE fol-
lowing exposure to FiO2 5% (Fig.  7.3). 
Remarkably, CHBa significantly reduced the 
hypoxic ventilatory response (HVR) in rats 
(Fig. 7.2). As shown in Fig. 7.3, CHBa markedly 
attenuated the Vt and Rf responses to several lev-
els of hypoxia when compared to the values 
obtained before CHBa administration. 
Furthermore, CHBa reduced both the HVR gain 
and the maximum HVR by ~25% and ~50%, 
respectively. No effects on hyperoxic ventilatory 
responses were found (Fig. 7.3).

7.4	 �Discussion

The major findings of these studies are: (i) Cx43 
is constitutively expressed in CB tissue and (ii) 
specific blockade of Cx43 hemichannels within 
the CB reduces the ventilatory response to 
hypoxia without changing resting breathing 
parameters. Taken together, our results strongly 
suggest that Cx43 hemichannels contribute to/

Fig. 7.1  Cx43 is highly expressed in the rat carotid body. 
Representative immunoblots from CBs excised from adult 
male Sprague-Dawley rats showing protein expression of 
Cx43. GADPH was used as the loading control

Table 7.1  Resting ventilatory parameters before and 
after Cx43 hemichannel blockade in the carotid bodies

Before (n = 4) After (n = 4)
Vt (ml) 4.80 ± 0.82 5.05 ± 0.29
Rf (breaths/min) 81.80 ± 3.34 80.66 ± 4.64
VE (ml/min) 400.99 ± 83.51 409.36 ± 40.33

Data are showed as mean  ±  SEM. Vt tidal volume, Rf 
respiratory frequency, VE minute ventilation
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Fig. 7.2  Topical application of a connexin hemichannel 
blocking agent (CHBa) reduce the hypoxic ventilatory 
response. (a) Representative traces of tidal volume (Vt), 
respiratory frequency (Rf) and minute ventilation (VE) 
during FiO2 100, 21, 15, 10 and 5% in one Control animal. 

(b) Representative traces of tidal volume (Vt), respiratory 
frequency (Rf) and minute ventilation (VE) during FiO2 
100, 21, 15, 10 and 5% after CHBa. Note that the ventila-
tory response to hypoxia is significantly decreased com-
pared to the Control condition
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modulate the acute CB-mediated ventilatory 
responses to hypoxia.

Previous studies indicate that CB glomus cells 
express gap junction-like structures (Kondo and 
Iwasa 1996), and the work of Abudara et  al. 
(1999) showed that CBs express Cx43. Our 

results confirm these previous observations and 
indicate a functional role for Cx43  in the 
CB.  Activated Cx43 hemichannels allow the 
exchange of small molecules (~1  kDa) from 
extracellular media to the cytoplasm (Sáez et al. 
2005). It is worth noting that our data showed 
that resting breathing parameters were not 
affected by Cx43 hemichannel blockade, which 
suggests that these hemichannels are not nor-
mally open in the CB during normoxic condi-
tions. This finding is consistent with the 
observations of Contreras and co-workers in 
2003 who found that Cx43 hemichannels have a 
very low open probability under physiological 
conditions (Contreras et al. 2003). In contrast to 
the lack of an effect observed in normoxia, our 
results show that CHBa markedly reduced the 
CB-mediated ventilatory response to hypoxia. 
This effect strongly suggests that Cx43 hemi-
channels are activated at low oxygen partial pres-
sures. Cx43 hemichannel opening has been 
observed under hypoxic conditions or metabolic 
stress in other experimental models (John et al. 
1999; Wang et al. 2014). Interestingly, it has been 
shown that stimulation of CB glomus cells with 
hypoxia induces the release of several small mol-
ecules to the extracellular milieu (Zhang et  al. 
2000). Thus we postulate that Cx43 hemichan-
nels may participate in this process. Future stud-
ies are needed to address the biophysical 
properties of Cx43 hemichannels in the CB under 
normoxic and hypoxic conditions.

One of the most critical adaptive physiologi-
cal responses to hypoxic challenges is an 
increase in pulmonary ventilation (Moore et al. 
1986). Importantly, this ventilatory response is 
almost entirely dependent on functional CBs as 
denervation of the CBs totally abolishes the 
hypoxic ventilatory response (Del Rio et  al. 
2013). Despite this appreciation of the CBs as 
the primary mediator of the hypoxic ventilatory 
response, the precise molecular mechanism(s) 
underpinning oxygen sensing in the CB chemo-
receptors is still debated. In these studies, we 
show that topical application of a Cx43 hemi-
channel blocker to the CB, significantly reduces 
the hypoxic ventilatory response. These results 
strongly suggest that Cx43 hemichannels modu-

Fig. 7.3  Summary data showing the effect of CHBa on 
the CB-mediated ventilator chemoreflex response to 
hypoxia. (a) Effects of CHBa on Vt. Note that Vt responses 
in hypoxia were slightly reduced after CHBa application. 
(b) Effects of CHBa application on hypoxic Rf response. 
Note that CHBa markedly attenuate the Rf response to 
hypoxia. (c) After CHBa application the VE response to 
hypoxia was significantly reduced. Holm-Sidak posthoc 
after two ways ANOVA. *, p < 0.05 vs. CHBa FiO2 5%, 
n = 4
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late CB chemotransduction of hypoxic stimuli. 
Considering that these hemichannels allow the 
exchange of ions and other small molecules (i.e. 
ATP and glutamate) between the extracellular 
media and the cytoplasm (Sáez et al. 2005), and 
that CB chemoreceptor cells release ATP to the 
extracellular milieu (Zhang et  al. 2000), it is 
likely that Cx43 hemichannels are activated by 
low oxygen partial pressure and that this results 
in the release of one or several neuromodulators 
within the CB.  Further studies are needed to 
establish a causal relationship between Cx43 
hemichannel function and CB hypoxic 
sensitivity.

In summary, our data indicate that topical 
application of a Cx43 hemichannel blocking 
agent (CHBa) in the CB significantly attenuates 
the hypoxic ventilatory response. Taking into 
account that Cx43 protein is expressed in the CB 
and that upon activation Cx43 hemichannels 
allow the release of several molecules from glo-
mus cells, it is plausible that one or more neuro-
modulators are released by CB glomus cells 
through hemichannels during hypoxic stimula-
tion. Future studies should focus on the func-
tional role of connexin-based hemichannels in 
CB oxygen sensing and mediation of the hypoxic 
ventilatory response.
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