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Connexins (Cxs) and Pannexins (Panx) form hemichannels at the plasma membrane
of animals. Despite their low open probability under physiological conditions, these
hemichannels release signaling molecules (i.e., ATP, Glutamate, PGE2) to the extracellular
space, thus subserving several important physiological processes. Oxygen and CO2
sensing are fundamental to the normal functioning of vertebrate organisms. Fluctuations
in blood PO2, PCO2 and pH are sensed at the carotid bifurcations of adult mammals by
glomus cells of the carotid bodies. Likewise, changes in pH and/or PCO2 of cerebrospinal
fluid are sensed by central chemoreceptors, a group of specialized neurones distributed in
the ventrolateral medulla (VLM), raphe nuclei, and some other brainstem areas. After many
years of research, the molecular mechanisms involved in chemosensing process are not
completely understood. This manuscript will review data regarding relationships between
chemosensitive cells and the expression of channels formed by Cxs and Panx, with special
emphasis on hemichannels.
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INTRODUCTION
In vertebrates, the family of membrane proteins that forms gap
junction channels (GJCs) is called connexin. To date, 21 connexin
isoforms in the human genome and 20 in the mouse genome
(Willecke et al., 2002) have been described in almost all cell types,
except for in mature sperm cells, differentiated skeletal muscle
(in physiological conditions) and erythrocytes. The topological
organization of the connexin-protein family is highly preserved
and consist of four transmembrane regions linked by one inter-
cellular cytoplasmic loop (CL), two extracellular loops (E1 and
E2) (Hertzbergs et al., 1988; Milks et al., 1988; Falk et al., 1994;
reviewed by Bruzzone et al., 1996; Kumar and Gilula, 1996) and
both protein termini are located at the cytoplasmic side. The C-
terminus length is variable and it is subjected to post-translational
modifications related to intracellular signal cascades (Sáez et al.,
1998; Figure 1). Connexins are abbreviated “Cx” followed by the
molecular mass in kDa, e.g., Cx43 (Beyer et al., 1987). However,
an alternative nomenclature categorized Cxs into five different
groups: α, β, γ, δ and ε based on homology (specifically “the extent
of sequence identity”) and length of their CL (Bennett et al., 1991;
Nielsen et al., 2012).

The expression of Cxs has a distinctive spatial, temporal
and overlapping pattern (reviewed by Oyamada et al., 2005;
Rackauskas et al., 2010) and the physiological relevance of differ-
ent Cxs has been studied using several approaches (Cx knock-out
animals, specific mutations in Cx genes and down regulating or
changing the expression pattern of GJC). These studies showed
that, in different organs, the disruption of GJCs can lead to
pathological conditions such as, cataract formation, epidermal

disease, hearing loss, apoptosis or cancer (Baruch et al., 2001;
Saito et al., 2001; Common et al., 2005; Aishah et al., 2008;
Kameritsch et al., 2013).

Cxs oligomerize forming aqueous hexameric hemichannels
called connexons. Oligomerization occurs in intracellular com-
partments depending on the connexin type, e.g., Cx43 assemble in
the trans-Golgi network (Musil and Goodenough, 1993; George,
1999) and Cx32 in the endoplasmic reticulum (Das Sarma et al.,
2002). Connexons can be built of one or different Cxs isoforms
assembling homomeric or heteromeric hemichannels, respec-
tively. GJCs result from the association of two hemichannels, each
provided by one of the two participating cells (Perkins et al., 1997;
Unger et al., 1999). A connexon may dock with either, an identical
or a different hemichannel forming homotypic or heterotypic
channels, respectively (Kumar and Gilula, 1996). Henceforth, four
arrangements of channels are possible (Figure 1). As the majority
of cells expresses more than one Cx isoform, channels formed
by heteromeric connexons should be the obvious study mat-
ter. However, since Cxs have different intracellular pathways to
oligomerize, and at least two different pathways to be transported
to the plasma membrane (George, 1999; Martin et al., 2001), the
research focused on homomeric heterotypic channels (Werner
et al., 1989; Elfgang et al., 1995; Falk et al., 1997; Gemel et al.,
2004).

Gap junction (GJs) are clusters of intercellular channels (GJCs)
present in almost all cell types. Initially, GJCs were described as
nonspecific passive pores permeable to all soluble second messen-
gers (e.g., amino acids, nucleotides, Ca2+, glucose and metabolites
smaller than 1.2 kDa) (reviewed by Bruzzone et al., 1996). These
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FIGURE 1 | Schematic illustration showing the topological structure
of connexin and pannexin. Six connexins (Cxs) (a protein with four
membrane domains (M1–M4), two extracellular loops (E1, E2), one
cytoplasmic loop (CL) and the N and C termini exposed to the
cytoplasm) subtype oligomerize into homomeric or heteromeric

hemichannel. Under physiological circumstances, hemichannel remain
closed. Gap junction channels (GJCs) (homotypic or heterotypic) connect
the cytoplasm of two adyacent cells (Cell A and Cell B), allowing the
passage of a variety of small molecules. Pannexin showed a similar
topological structure.

channels provide cytoplasmic connections between two adjacent
cells allowing the exchange of signaling molecules (ions, second
messengers and small metabolites) (reviewed by Bennett et al.,
1991; Bruzzone et al., 1996; Goodenough et al., 1996). This direct
cell to cell electric and metabolic communication is essential
in many physiological processes (e.g., embryonic development,
propagation of action potential, cell growth and differentiation),
synchronizing the function of organs including heart, liver, testis,
skin and brain.

Hemichannels were considered a non-functional part of an
intercellular communication pore. The rationale was: since GJCs
are nonspecific if hemichannels were open at the plasma mem-
brane, important components of the cytoplasm may “leak” to
the extracellular medium and the cell would have to spent enor-
mous amounts of energy to maintain its homeostasis. Today
it is well known that “functional hemichannels” expressed in
non-junctional plasma membrane of several cell types providing
direct communication between intra- and extra-cellular envi-
ronments (reviewed in Sáez et al., 2003, 2005). Under nor-
mal circumstances, hemichannels are closed and maintains cells
isolated from external conditions. They become open after mem-
brane depolarization, extracellular alkalization, metabolic inhi-
bition, mechanical stimulation or in low extracellular calcium
(DeVries and Schwartz, 1992; Ebihara et al., 1995; John, 1999;
Contreras et al., 2002; Retamal et al., 2006; Schalper et al.,

2010). Interestingly, removal of extracellular calcium in isos-
motic condition also induce reversible changes in the cellu-
lar volume of different cells that normally express Cxs (e.g.,
fibroblast, endothelial and epithelial cells) (Quist et al., 2000).
Even more, studies performed in Xenopus oocytes showed that
hemichannels act as cationic channels, having distinctive voltage-
dependent properties (reviewed by Bukauskas and Verselis,
2004).

Once functional hemichannels opened, they release NAD+,
ATP, glutamate and prostaglandin E2 to the extracellular space
(Bruzzone et al., 2001; Stout et al., 2002; Ye et al., 2003; Cherian
et al., 2005). These molecules play a critical role in central ner-
vous system (CNS) physiology, hepatic homeostasis, and several
paracrine/autocrine signaling (Corriden and Insel, 2010; Vinken,
2011; Orellana et al., 2013; Wang et al., 2013a). Pathological situ-
ations, such as oxidative stress or metabolism inhibition, may also
open hemichannels allowing the movement of above molecules,
which contribute to cell damage activating apoptotic mechanisms
or altering cell physiology (Lin et al., 2003; Retamal et al., 2006;
Ramachandran et al., 2007; Schalper et al., 2008).

Recently, it has been identified a novel family of integral
membrane proteins, which share some structural and functional
characteristics with Cx: pannexins (Panxs; Panchin et al., 2000;
Yen and Saier, 2007; Sosinsky et al., 2011). Panxs are encoded
by three genes: pannexin 1 (Panx1); pannexin 2 (Panx2) and
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pannexin 3 (Panx3), showing a 50–60% of sequence similarity
(Sosinsky et al., 2011). Topologically, Cx and Panx have the
same structure (four transmembrane segments, cytoplasmatic
termini and two extracellular loops; Figure 1). Panx1 is ubiqui-
tously expressed (e.g., brain, kidney, liver, retina, testis, skeletal
and heart muscle, etc.), Panx2 is predominantly expressed in
CNS and Panx3 is expressed in embryonic tissue, osteoblast
and synovial fibroblast (Panchin et al., 2000; Bruzzone et al.,
2003; Baranova et al., 2004). Functional studies performed in
Xenopus oocytes demonstrated that Panx could be expressed in
non-junctional membranes, forming hemichannels referred to as
pannexons. When these opened, they allow the uptake and/or
release of metabolites such as Ca2+, anions and ATP (Vanden
et al., 2006; Ambrosi et al., 2010; Ma et al., 2012; Romanov et al.,
2012).

It has been described that pannexons from adjacent cells, may
dock forming intercellular channels, but this idea is still contro-
versial (Bruzzone et al., 2003). Just like Cxs, Panxs could form
homotypic (Panx1) and heterotypic (Panx1/Panx2) functional
channels, but the latter are unstable and completely disaggregate
after 24 h (Ambrosi et al., 2010). Panx3 have not been functionally
expressed in these experimental approaches (Bruzzone et al.,
2003).

The biological relevance of Panxs is well accepted. There
are some studies revealing their participation in specific pro-
cesses, e.g., skeletal muscle release ATP through Panx1 after
repetitive stimulation (Riquelme et al., 2013; Valladares et al.,
2013). Likewise, neurons—and possibly also astrocytes—release
arachidonic acid derivatives through Panx1. Those derivatives
may be involved in a novel way of calcium wave propagation
(MacVicar and Thompson, 2010). Also Panx1 may be involved
in the regulation of the vascular tone regulating the release
of ATP throughout the arterial network (Billaud et al., 2011;
Lohman et al., 2012). Interestingly, Panx1 appears to be involved
in a novel tri or quadripartite synapse at the carotid body (CB)
chemoreceptors, amplifying the ATP signaling (Zhang et al., 2012;
Piskuric and Nurse, 2013). The biological function of Panx3 is
not clear and remains to be studied, but it has been related with
osteoblast differentiation by functioning as calcium channels at
the endoplasmic reticulum (Ishikawa et al., 2011) and to the
differentiation of keratinocytes of the epidermis (Celetti et al.,
2010).

Considering all physiological processes in which Cx and Panx
are involved and the fact that both proteins are expressed in
chemosensory systems, this review will outline the key features
related to their biological relevance in the homeostasis of PO2,
PCO2 and pH.

Finally, the evidence suggests that GJCs in non-excitable tissue
may contribute to the spread of calcium waves (Gomes et al.,
2006).

Cx AND Panx CHANNELS IN ARTERIAL CHEMORECEPTION
The main peripheral chemoreceptor is the CB. It is located at the
carotid bifurcation and innervated by the carotid nerve (CN),
a branch of the glossopharyngeal nerve (IXth pair). The CB is
a compound receptor, where clusters of chemosensory units—
glomus (Type I) cells—are surrounded by sustentacular (Type II)

cells, and are found in close contact with en calyce endings of CN
(Figure 2).

Information of arterial PO2 and PCO2 is conveyed from glo-
mus cells to nerve endings. Chemical synapses in the CB have been
extensively studied and many transmitters have been described
so far (for a review see Zapata, 1997a,b). However, the electrical
transmission only appears as a possibility if Type I cells change
its membrane potential. Glomus cells not only depolarize, but
even more, they are capable of generating action potentials, either
spontaneously (Duchen et al., 1988) or evoked by depolarizing
currents (López-López et al., 1989). Therefore, the information
sensed by Type I cells can be conveyed to CN endings by chemical
and/or electrical synapses.

Early evidence of functional coupling at cat CB cells was pro-
vided by electrophysiological studies in impaled cells stained with
procion navy blue for ulterior recognition, and the dye from these
cells spread to others (Baron and Eyzaguirre, 1977). Above study
availed the previously described ultrastructural evidence of GJCs
between rat glomus cells (McDonald, 1976), as a “plausible expla-
nation” for dye spreading. The species puzzle was solved when
lucifer yellow injected into one cat carotid glomus cell spread to
other cells (Chou et al., 1998). Finally, Cx43 was identified in
rat carotid bodies using Western blots and immunocytochemical
methods, clearing up doubts about this issue (Abudara et al.,
1999).

Despite the functional evidence, the detection and identifica-
tion of GJs in the CB was elusive. Controversial evidence was pro-
vided using different techniques, even though they were reported
by the same group of researchers. Using freeze fracture analysis,
Kondo and Yamamoto did not find the characteristic GJC clusters
(Kondo, 1981; Kondo and Yamamoto, 1993). However, using
freeze substitution after aldehyde-prefixation, they found GJ-
like structures between Type I cells and Type I cells and nerve
terminals (Kondo and Iwasa, 1996), accounting for the electro-
coupling and also enlighten some unexplained data (McQueen
and Evrard, 1990). McQueen used selective antagonists to study
the role of transmitters in the CB chemotransmission. Although
the pharmacological effects were blocked, the response evoked
by physiological stimuli still remained. This controversy still per-
sisted because the technique causes artifactual GJ-like structures
(Kondo, 2002).

Despite above results, dye spreading from one cell to others
occurs because GJCs are able to convey molecules; therefore,
current spreading is also possible. This was tested by Eyzaguirre’s
group (Monti-Bloch et al., 1993), impaling two adjacent Type
I cells using independent amplifiers. To obtain the coupling
coefficient (Bennett, 1966), they measured the membrane poten-
tial of both cells, while current was injected to one of them.
They also calculated the coupling resistance (Spray et al., 1981),
recording intracellular currents, while clamping the voltage at
different potentials or during the application of chemical stim-
uli. Regarding glomus cells, current spreading from one cell to
another (glomic coupling) has two characteristics: (1) coupling
is bidirectional: the current spreads from one to another cell,
no matter which cell is stimulated; (2) coupling is resistive: the
response in the second cell is maintained during the stimulation
of the first one (Jiang and Eyzaguirre, 2006; Eyzaguirre, 2007).
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FIGURE 2 | Representation of some pathways proposed for fχ
increase upon stimulation. GJCs may participate on electrical
chemosensory transmission from type I cells to CN terminals. Also GJCs
may propagate electrical signals between glomus cells and/or between

CN terminals. The release of ATP—from glomus and/or sustentacular
cells—may also influence the chemosensory discharge of the carotid
nerve. Details are discussed in the text. Chemical synapses are not
represented.

In eucapnia (normocapnic normoxia), the degree of coupling
between glomus cells is variable and it seems to be reduced
by CB stimulants such as acid, hypercapnia or hypoxia, in
agreement with studies showing that these stimuli close GJC
(Peracchia et al., 2003; Peracchia, 2004). Nevertheless, the uncou-
pling effect of chemosensory stimuli was not uniform, since
the majority of coupled glomus cells reduced their coupling,
but some are found more coupled (Monti-Bloch et al., 1993;
Eyzaguirre and Abudara, 1995, 1999). The explanation for this
irregular result considers that glomus cells uncouple for trans-
mitter secretion—just like secretory cells at exocrine glands (for
references see Bennett and Spray, 1985; Bennett et al., 1991),
hence the uncoupling during stimulation. Also, the enhanced
coupling of some cells during stimulation may be compatible with
transmitters recharging or production by those cells (Eyzaguirre
and Abudara, 1999). We consider that the explanation may be
extrapolated for the coupling disparity in basal conditions. Tak-
ing into account that chemosensory discharge exists in eupneic
condition and in the absence of CO2 (Eyzaguirre and Lewin,
1961; for a thorough discussion see Zapata, 1997b), it is very
likely that some glomus cells were secreting transmitters in
those conditions. Therefore, some of glomus cells will be uncou-
pled and some coupled, secreting and recharging transmitters,
respectively.

Other remarkable observation is related to glomus cells depo-
larization. There seems to be a correlation between depolarization
and uncoupling. On the one hand, glomus cells are known to be

depolarized during transmitter release (Monti-Bloch et al., 1993).
Although the transductional mechanism of chemoreception is
not completely understood, there is a consensus that stimuli
produce membrane depolarization of glomus cells, leading to
increases in [Ca2+]i and, consequently, transmitter release (see
López-López et al., 2001; Weir et al., 2005). Altogether, afore-
mentioned evidence indicates that chemoreceptor stimuli (low
PO2 or pH, high PCO2 among others) concomitantly depolarize
and uncouple glomus cells, stimulating the transmitter secretion
and, consecutively, increase CN chemosensory discharge. Since
Cx channels are modulated by Ca2+ and membrane potential,
it is necessary to study how these variables modify the func-
tion of GJC and/or hemichannels in glomus cells, and how
those possible modifications are relevant for the chemosensory
process.

Carotid bodies are involved in the response to acute and
chronic hypoxia. Several studies reported that CB responses to
physiological and pharmacological stimuli are enhanced after
acclimation to chronic hypoxia (Rey et al., 2004; He et al., 2005,
2006). Shortly after Cx43 was described in the CB (Abudara
et al., 1999, 2000), the upregulation of this protein by chronic
hypoxia was reported (Chen et al., 2002). Interestingly, the aug-
mented response may be related to the increase of transmitter
release by the glomus cell (Jackson and Nurse, 1997; Eyzaguirre
and Abudara, 1999), which, in turn, can be associated with a
decrease in glomus cells coupling (Jiang and Eyzaguirre, 2006).
All the evidence presented above are based on the chemical
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FIGURE 3 | Schematic representation of some of the different pathways
proposed upon CO2-dependent stimulation of astrocytes increasing
respiratory drive. Astrocytes could stimulate neurons that project to

respiratory center, being either chemosensory neurons or not. (A) Chemical
stimulation by ATP release. (B) Stimulation by electrical coupling. (C)
Stimulation of neurons by electrical coupling with passage of small molecules.

synapsis between glomus cells and CN endings. The identity
of the synaptic transmitter was investigated (see Zapata, 1997a)
and solved by Nurse’s group using an in vitro preparation of
co-cultured glomus cell clusters and petrosal neurons. With
a cocktail of suramin and hexamethonium, they blocked the
hypoxic chemotransmission from glomus cells to neurons (Zhang
et al., 2000). We tested the combined cholinergic-purinergic
block in situ and and in vitro, but it did not prevent the
hypoxia-induced increases in chemosensory discharge in the CN
(Reyes et al., 2007a,b). The fact that chemoreception transmis-
sion can be blocked in vitro, but not in situ, revealed some
caveats related to the cell coupling. To our knowledge, there
are no results showing the effect of GJC and/or hemichannels
blockers in the CB chemosensing process. The lack of GJC
blockers in those experiments is relevant because Eyzaguirre’s
group described dye and electrical coupling between glomus cells
and CN endings (Eyzaguirre et al., 2003; Jiang and Eyzaguirre,
2006). Altogether, the evidence suggests that chemotransmission
from glomus cells to CN endings may as well include electrical
synapses.

It is noteworthy that coupling between glomus cells and CN
endings is more complicated than the glomic coupling. First,
coupling between glomus cells and CN endings presents a clear

rectification. Thus, current from glomus cell spreads to nerve
ending as easily as to other glomus cell, but current from nerve
ending spreads poorly to glomus cell, thereby the coupling is
mostly unidirectional. Also, current transmission is capacitive
at the beginning and the end of the stimulus with little or no
resistive component during stimulation. Additionally, CN end-
ings are also coupled, and this specific electrical communica-
tion is capacitive and bidirectional (Jiang and Eyzaguirre, 2006).
Recently, Cx36 was described in the CB, but it is unknown
the cell type in which it is expressed (Frinchi et al., 2013).
Considering that Cx36 has been described mainly in neuronal
cells in the CNS (for review see Condorelli et al., 2000), it
may be also present at the nerve endings. Thus, if neurons
express mostly Cx36 and glomus cells express mainly Cx43,
bidirectional communication between glomus cells and between
CN endings, can be explained by the formation of homomeric
homotypic GJCs. Furthermore, the formation of homomeric het-
erotypic GJCs between glomus cells and CN endings may explain
the unidirectionality of that coupling (Jiang and Eyzaguirre,
2006). Indeed, the fact that two elements are enough to explain
this phenomenon, does not exclude the putative participation
of several other Cxs, currently not yet described in the CB
system.
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After chronic hypoxia, ventilatory or chemosensory discharge
responses to different stimuli are augmented. This phenomenon
may involve an enhanced release of transmitters by glomus cells,
but it may also be clarified by the consideration of electrical
synapses and the interaction between cells in the CB. During
hypoxia, the glomic coupling is reduced. Conversely, the coupling
between glomus cells and CN endings is enhanced, as well as
the coupling between CN endings. This boosted coupling may
allow the transmission of electrical changes from the glomus
cells membrane to CN endings. Also, the enhanced coupling
between nerve endings may assure the generation or multiply
the action potentials in the CN, depending whether the coupled
endings originate from the same neuron or from two independent
neurons.

Channels formed by Cxs transmit information in another way.
Recent studies show that some Cx hemichannels are permeable to
Ca2+ (Schalper et al., 2010; Fiori et al., 2012), and it is known
that chemosensory stimuli rise glomus cells [Ca2+]i (Buckler
and Vaughan-Jones, 1994a,b; Abudara et al., 2001; Jiang and
Eyzaguirre, 2004; Xu et al., 2006; Lowe et al., 2013). Stimu-
lated glomus cell may excite the secretion of a non-stimulated
coupled glomus cell as a calcium wave-related second messen-
ger, like AMPc (provided the wave occurs before the aforemen-
tioned uncoupling). Also, the same stimulated glomus cell may
induce membrane depolarization of the CN endings via Ca+2

currents through Cx. Therefore, it could be interesting to test
if Cx hemichannels are responsible—at least in part—of this
phenomenon.

Bearing in mind that purinegic synapses have been considered
as important components of the chemotransmission (Acker and
Starlinger, 1984; Alcayaga et al., 2000; Zhang et al., 2000; Xu et al.,
2003; Conde and Monteiro, 2004; Reyes et al., 2007a,b; Brown
et al., 2011; Lowe et al., 2013; Piskuric and Nurse, 2013), it appears
to be relevant that ATP can be released through Cx hemichannels
(Kang et al., 2008). In this scenario, a stimulated glomus cell may
excite neighboring cells (despite they were coupled or not with the
original glomus cell) releasing ATP, which may acutely stimulate
the target cell—either glomic, sustentacular or neuron—or have a
chronic effect (Lin et al., 2008). However, this hypothesis has yet
to be tested.

Finally, Panx-1 has been recently studied in the CB sys-
tem where Type II cells were found to express this protein
(Zhang et al., 2012). Type II cells are in close contact with
glomus cells (McDonald and Mitchell, 1975) and some evi-
dence suggests they may be connected via GJCs (Kondo, 2002).
Also, Type II cells express metabotropic purinergic receptors,
and may differentiate into glomus cells, under the adequate
conditions (Pardal et al., 2007). Nonetheless, it is unclear if
Type II cells do participate on the chemoreception/transmission
processes. Recently, Nurse’s group reconstructed in vitro a tri-
partite CB system, using petrosal neurons, glomic cells and
sustentacular—Type II—cells. In this preparation, ATP released
by Type II cells, via Panx-1, stimulates neurons (Zhang et al.,
2012). The three-cell model suggests that ATP released by
glomus cells in response to excitatory stimulation, activates
inotropic receptors at CN terminals and metabotropic recep-
tors of Type II cells. Consequently, the [Ca+2]i of Type II cells

rises, opening Panx-1 hemichannels, which—in turn—release
more ATP to the intercellular medium, thus amplifying the
signal.

The functional evidence of Cxs and Panxs at the CB and their
plausible participation in chemosensory transmission appears to
be consistent, but more investigation on this subject is required.
Additionally, it remains to be determined the presence of other
types of Cx, as well as its specific location. In vitro prepara-
tions, Cxs blockers and Cxs knock-out models may clarify the
physiological relevance of the intercellular coupling in the acute
chemosensory process and in chronic hypoxia (sustained or inter-
mittent).

Cx- AND Panx CHANNELS IN CENTRAL CHEMORECEPTION
In CNS changes of CO2/pH are sensed by central chemorecep-
tors. Its location has been studied using different approaches. In
mammals, in vivo and in vitro findings showed chemosensitive
areas diffusely located in the brainstem, including: nucleus of
solitary tract (NTS), retrotrapezoide nucleus (RTN), parafacial
respiratory group (pFRG), locus coreuleos (LC), raphé nuclei
and ventrolateral medulla (VLM; Elam et al., 1981; Loeschcke,
1982; Coates et al., 1993; Wang et al., 1998, 2001; Richerson
et al., 2001; Messier et al., 2002; Nattie and Li, 2002a,b; Guyenet,
2008; Li and Nattie, 2008; Gargaglioni et al., 2010; Hodges and
Richerson, 2010; Putnam, 2010; Ray et al., 2011; Corcoran et al.,
2013; Guyenet et al., 2013). Moreover, areas related to respira-
tory rhythm generation—as Pre Bötzinger nucleus—also showed
chemosensitivity upon exposure to CO2 (Solomon et al., 2000;
Solomon, 2003a). Most of these studies were performed using
specific blockers for predominant synapses in each preparation;
glutamatergic and GABAergic blockers; or synaptic blockade
medium (high Mg2+-low Ca2+). However, none of those experi-
ments included GJC blockers, so it is possible that chemosensory
nuclei could be less responsive.

As it is well known, hemichannels participate in diverse
functions of CNS (reviewed by Menichella et al., 2003; Kielian,
2008; Kleopa et al., 2010; Abrams and Scherer, 2012; Mika and
Prochnow, 2012; Belousov and Fontes, 2013). Since Cxs pro-
teins are expressed in several CNS regions involved in central
chemoreception, it is possible that hemichannels may play a role
in pH/CO2 sensing. They could increase the neuronal response
in chemosensory nuclei and/or directly sense the hypercapnic
stimulus. For many years, pH/CO2 central chemosensing has
been described as a property restricted to neurons, discarding
that astrocytes could sense pH/CO2. Now, if hemichannels are
involved in direct chemosensing, it would implied that astrocytes
could also be considered as chemoreceptors (Figure 3).

At the moment, more than 15 Cxs isoforms are described in
the rodent brain (Dermietzel and Spray, 1993; Condorelli et al.,
1998), but the first study showing electrotonic coupling between
neurons of mammalian brainstem predates all descriptive ones
(Llinás et al., 1974). Later, different researchers showed that Cx26,
Cx30, Cx32, Cx36 and Cx46 are predominant in the brain with
different cellular distribution. While Cx32 and Cx36 are princi-
pally expressed in neurons, Cx30 and Cx43 are mainly expressed
in astrocytes, and both cell types share Cx26 (Dermietzel et al.,
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1989; Yamamoto et al., 1990; Nagy et al., 1997, 1999, 2001;
Condorelli et al., 1998; Rash et al., 2001).

Cx26, Cx32 and Cx36 are expressed in rat putative chemosen-
sory nuclei, such as RTN, raphe, LC and Pre Bötzinger (Alvarez-
Maubecin et al., 2000; Solomon et al., 2001; Solomon, 2003b).
Furthermore, mRNA of Cx36 and Cx43 have been identified in
the ventral respiratory group and in XIIn, respectively (Parenti
et al., 2000). GJCs were reported in the dorsal aspect of the
medulla oblongata showing electric and anatomical coupling in
dorsal nucleus of the vagus (DMV) and NTS, during and after
at least one exposure to hypercapnic acidosis (Dean et al., 1997,
2002; Huang et al., 1997).

On the other hand, the molecular mechanism of central
chemoreception has not been well established yet. Until now,
there are several pH-sensitive K+ channels considered as can-
didates (Wu et al., 2004; Yuill et al., 2004; Zhang et al., 2006;
Lazarenko et al., 2010; Wenker et al., 2010; Huckstepp and Dale,
2011; Hawryluk et al., 2012; Wang et al., 2013b). Also, ATP
appears to be involved. It is well known that in peripheral sensory
neurons both, ATP receptors—ionotropic P2X or metabotropic
P2Y—excite afferent fibers. Therefore, ATP contributes signifi-
cantly to the CB chemotransmission, being released by chemore-
ceptor cells and thus activating sinus nerve endings (Alcayaga
et al., 2000; Rong et al., 2003 and reviewed by Spyer et al., 2004).

Bearing in mind the contribution of ATP in peripheral chemo-
transmission, its participation has been studied in the central
chemoreception. Inspiratory and pre-inspiratory neurons of VLM
only expresses the P2X2 receptor subunit and its activity was
increased by ATP and blocked by suramin (Gourine et al., 2003).
In order to accurately measure real time changes of ATP con-
centration, Gourine group developed a microelectrode biosen-
sor detecting an almost immediate release of ATP upon CO2

stimulation in rats. Using horizontal slices of medulla oblongata,
they detected a marked release of ATP from the most ventral
slice (mainly from RTN), upon CO2-induced acidification of the
incubation media. Moreover, blocking ATP receptors at these
sites diminishes the chemosensory control of breathing. During
hypercapnia, the increase in ATP release occurred 19.5 ± 4.8 ms
before the induction of breathing. Based on above evidence, they
hypothesized that ATP-mediated afferent transduction may also
occur in the central chemoreception (Spyer et al., 2004; Gourine
et al., 2005), as is described in peripheral chemoreception (Prasad
et al., 2001; Zapata, 2007; Piskuric and Nurse, 2013).

In adult rats, recordings of respiratory activity of phrenic
nerve showed that bilateral injections—at RTN level—of a P2
receptor blocker decreased by 30% the ventilatory responses to
CO2. Conversely, the inhibition of P2Y1 receptor—at the same
level—had no effect on CO2 responsiveness neither in vitro
nor in situ (Wenker et al., 2012). Taking together, these results
indicate that modulation of P2X2 receptor function (e.g., during
hypercapnia) may contribute to changes in the activity of the
VLM respiratory and chemosensory neurons that express those
receptors. Interestingly, P2X2 and P2X3 receptor subunits knock-
out mice have normal ventilatory response to hypercapnia (Rong
et al., 2003 and reviewed by Erlichman et al., 2010).

The CO2-dependent ATP release persisted in the absence
of extracellular Ca2+, i.e., it did not occurred via neuronal

exocytosis. This release—presumably from astrocytes in ventral
surface of rat brainstems—depends on hemichannels formed by
Cx26. Additionally, three different methods showed that HeLa
cells expressing Cx26 release ATP in response to CO2 (whole
cell patch-clamp, CO2-dependent dye uptake and patch clamp
“inside-out and outside-out”). In HeLa cells model, changing
PCO2 from 35–70 mmHg evokes outward currents, increases
the current noise, and also causes rapid and large increases of
the conductance. The gating of Cx26 hemichannel increased
and decreased in response to increases and decreases of PCO2,
respectively. Interestingly, only Cx30 and Cx32 (classified as β

Cxs), exhibited sensitivity to changes in PCO2 (Huckstepp et al.,
2010a,b). This evidence indicates that astrocytes (additionally to
neurons) could be considered as chemoreceptors in the CNS, and
it also suggests that Cxs are sensors for the extracellular CO2/pH
(reviewed by Funk, 2010). Recently, evidence demonstrate CO2

binding to Cx26, and that this interaction was probably via
carbamylation of K125 motif. The authors hypothesized that CO2

would form a carbamate bridge between the K125 of one subunit
and the R104 of the adjacent subunit, therefore opening the Cx26
hemichannel (Meigh et al., 2013).

An alternative hypothesis proposed that astrocytes would be
pH-sensitive. This notion derived from in vitro studies of RTN,
a specific area within VLM. The sensitivity expressed as pH-
sensitive currents involved either, Kir4.1-Kir5.1 channels and/or
sodium/bicarbonate cotransporter (Wenker et al., 2010). More-
over, removal of pia matter irreversibly eliminates CO2-evoked
ATP release, indicating the importance of structural integrity of
the marginal glial layer of the ventral medullary surface. Based on
these observations, the marginal glial layer appears to be the likely
source of ATP release in response to CO2/pH (Spyer et al., 2004;
Erlichman et al., 2010).

Many putative chemosensory nuclei in the medulla oblongata
are ATP-sensitive areas, including RTN, raphé nuclei and LC. As
mentioned previously, just a few of them have been studied more
thoroughly pointing out the possible involvement of ATP and
astrocytes in central chemoreception.

At the LC, the participation of ATP in the central chemosen-
sory mechanism is supported by ATP-induced neuronal depolar-
ization. This depolarization was reduced by 30 mM suramin and
abolished by 100 mM suramin. In addition, suramin potentiated
the excitatory AMPA effect, but did not alter the inhibitory
effect of noradrenaline (Nieber et al., 1997). It remains to be
elucidated where ATP is released from, astrocytes, neurons or
both. It is unclear if ATP is released as the sole transmitter
from purinergic neurons projecting to LC. Also, it is uncertain
if ATP is released as co-transmitter with noradrenaline from
recurrent axon collaterals—or dendrites—of LC neurons them-
selves. Finally, the LC responded to CO2 with synchronic activity
maintained in spite of synaptic blockade (Andrzejewski et al.,
2001). This may be explained considering the expression of Cx
at the LC (Solomon, 2003a) which, as previously mentioned, may
be involved in the chemosensory activity.

Early studies in the ventral medulla showed that cells with
electrophysiological characteristics of astrocytes depolarized dur-
ing hypercapnic condition (Fukuda et al., 1978) Many years
after, Gourine group (Gourine et al., 2010; Kasymov et al.,
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2013) demonstrated that astrocytes from VLM responded to
physiological acidity with important increases in intracellular
Ca2+ and release of ATP. Also, they mimic Ca2+ responses evoked
by pH, using optogenetic stimulation of astrocytes expressing
channelrhodopsin-2. Thus, activating chemoreceptor neurons via
ATP-dependent mechanism and triggering robust respiratory
response in vivo, demonstrated a potential role of brain glial cells
in central chemoreception. Cx expressed in astrocytes were related
to Ca2+ waves, which have been involved in intercellular trans-
mission of information (reviewed by Scemes and Giaume, 2006).
Recently, the direct demonstration of Ca2+ flux through purified
Cx26 hemichannels reconstituted in liposomes, suggested that
Ca2+ fluxes through hemichannels can be a pathway for Ca2+

influx into cells in physiological and pathological conditions
(Fiori et al., 2012). Hence, astrocytes could stimulate adjacent
neurons by releasing ATP through hemichannels and also by Ca2+

waves through GJCs.
In summary, the evidence revisited here indicates that astro-

cytes may have a preponderant participation in central chemore-
ception. They respond to CO2/pH increasing their intracellular
Ca2+ levels and releasing ATP by mechanisms still unknown
that may include Cxs (at least Cx26). Released ATP would excite
ATP-sensitive neurons that directly innervate the respiratory
controller. Most of other chemosensory areas are ATP-sensitive
and express Cxs (potentially forming functional hemichannels).
Therefore, ATP and Cxs could be part of a common mecha-
nism in chemosensory nuclei. Considering the evidence, these
mechanisms may occur at RTN, but further studies are required
to demonstrate the participation of Cxs in other chemosensitive
areas.

Finally, despite the knowledge that Panx are expressed in the
brain (Panchin et al., 2000; Bruzzone et al., 2003; Baranova
et al., 2004), their functional expression in central chemosensory
areas has not been studied so far. Panx could be participating in
chemosensory processes in a similar way than Cxs do.

Reviewing the abovementioned studies, there is evidence to
enlighten the central chemoreception. However, several questions
arise about the cellular identity of the chemoreceptor and the
signaling pathways involved.

Firstly, is there an overestimation in the number and/or
types of chemosensory cells? Considering the absence of GJCs
blockers in chemosensory recordings, if a non-chemosensitive
cell is coupled to a chemosensitive cell, the first one will also
present chemosensory responses to CO2. This may lead to an
overestimation of the chemosensitive cells population. Also, the
overestimation may be due to the effect of ATP released from
a chemosensitive cell (neuron or astrocyte) exciting neighbor-
ing non-chemosensitive cells (neurons and/or astrocytes), which
in turn will be considered as chemosensitive cells. As it now
appears, the release of ATP in response to CO2 may involve Cx
or Panx hemichannels. Secondly, if astrocytes are also chemore-
ceptors, do they have different sensitivity to CO2/pH than that
of neurons? If neurons are more sensitive, they will respond to
lower changes in CO2/pH, and then the astrocyte response may
increase/potentiate/synchronize the nucleus response. If astro-
cytes are more sensitive than neurons, they may prime chemosen-
sitive neurons, which directly innervate the respiratory controller.

Thirdly, do neurons and astrocytes share a common mechanism
of CO2/pH sensing? Are there multiple mechanisms involved?
It seems like Cxs could be sensing CO2 or pH—as many pH—
sensitive K+ channels, but neurons express both. Therefore,
there are many facts still pending to be clarify. Fourthly, are
the ATP-sensitive chemosensory areas also sensitive to other
transmitters released by astrocytes? It is known that astrocytes
release ATP, but they also release adenosine that may as well
be involved in the excitation of neighboring cells. Finally, the
presence of Cxs and Panx in the chemosensory system may repre-
sent an alternate—independent—via to increase the response to
hypercapnia.

ACKNOWLEDGMENTS
The authors wish to acknowledge the writing assistance of Ms.
Carolina Larraín. This study was supported by FONDECYT
1120214, ANILLO ACT1104 (Retamal, Mauricio Antonio) and
Proyecto Interno UDD 23400094 (Reyes, Edison Pablo).

REFERENCES
Abrams, C. K., and Scherer, S. S. (2012). Gap junctions in inherited human

disorders of the central nervous system. Biochim. Biophys. Acta 1818, 2030–2047.
doi: 10.1016/j.bbamem.2011.08.015

Abudara, V., Eyzaguirre, C., and Sáez, J. C. (2000). Short- and long-term regulation
of rat carotid body gap junctions by cAMP. Identification of connexin43, a gap
junction subunit. Adv. Exp. Med. Biol. 475, 359–469. doi: 10.1007/0-306-46825-
5_33

Abudara, V., Garcés, G., and Sáez, J. C. (1999). Cells of the carotid body express
connexin43 which is up-regulated by cAMP. Brain Res. 849, 25–33. doi: 10.
1016/s0006-8993(99)01946-0

Abudara, V., Jiang, R. G., and Eyzaguirre, C. (2001). Acidic regulation of junction
channels between glomus cells in the rat carotid body. Possible role of [Ca
(2+).](i). Brain Res. 916, 50–60. doi: 10.1016/s0006-8993(01)02862-1

Acker, H., and Starlinger, H. (1984). Adenosine triphosphate content in the cat
carotid body under different arterial O2 and CO2 conditions. Neurosci. Lett. 50,
175–179. doi: 10.1016/0304-3940(84)90482-8

Aishah, Z. S., Khairi, M. D. M., Normastura, A. R., Zafarina, Z., and Zilfalil, B. A.
(2008). Screening for gap junction protein beta-2 gene mutations in Malays
with autosomal recessive, non-syndromic hearing loss, using denaturing high
performance liquid chromatography. J. Laryngol. Otol. 122, 1284–1288. doi: 10.
1017/s0022215108002041

Alcayaga, J., Cerpa, V., Retamal, M. A., Arroyo, J., Iturriaga, R., and Zapata, P.
(2000). Adenosine triphosphate-induced peripheral nerve discharges generated
from the cat petrosal ganglion in vitro. Neurosci. Lett. 282, 185–188. doi: 10.
1016/s0304-3940(00)00896-x

Alvarez-Maubecin, V., Garcia-Hernandez, F., Williams, J. T., and Van Bockstaele,
E. J. (2000). Functional coupling between neurons and glia. J. Neurosci. 20,
4091–4098.

Ambrosi, C., Gassmann, O., Pranskevich, J. N., Boassa, D., Smock, A., Wang, J.,
et al. (2010). Pannexin1 and Pannexin2 channels show quaternary similarities
to connexons and different oligomerization numbers from each other. J. Biol.
Chem. 285, 24420–24431. doi: 10.1074/jbc.m110.115444

Andrzejewski, M., Mückenhoff, K., Scheid, P., and Ballantyne, D. (2001). Syn-
chronized rhythms in chemosensitive neurons of the locus coeruleus in the
absence of chemical synaptic transmission. Respir. Physiol. 129, 123–140. doi: 10.
1016/s0034-5687(01)00300-0

Baranova, A., Ivanov, D. V., Petrash, N., Pestova, A., Skoblov, M., Kelmanson, I.,
et al. (2004). The mammalian pannexin family is homologous to the inver-
tebrate innexin gap junction proteins. Genomics 83, 706–716. doi: 10.1016/j.
ygeno.2003.09.025

Baron, M., and Eyzaguirre, C. (1977). Effects of temperature on some membrane
characteristics of carotid body cells. Am. J. Physiol. 233, C35–C46.

Baruch, A., Greenbaum, D., Levy, E. T., Nielsen, P. A., Gilula, N. B., Kumar, N. M.,
et al. (2001). Defining a link between gap junction communication, proteolysis,

Frontiers in Cellular Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 123 | 8

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Reyes et al. Hemichannels and chemosensing

and cataract formation. J. Biol. Chem. 276, 28999–29006. doi: 10.1074/jbc.
m103628200

Belousov, A. B., and Fontes, J. D. (2013). Neuronal gap junctions: making and
breaking connections during development and injury. Trends Neurosci. 36, 227–
236. doi: 10.1016/j.tins.2012.11.001

Bennett, M. V. L. (1966). Physiology of electrotonic junctions. Ann. N. Y. Acad. Sci.
137, 509–539. doi: 10.1111/j.1749-6632.1966.tb50178.x

Bennett, M. V. L., Barrio, L. C., Bargiello, T. A., Spray, D. C., Hertzberg, E., and Sáez,
J. C. (1991). Gap junctions: new tools, new answers, new questions. Neuron 6,
305–320. doi: 10.1016/0896-6273(91)90241-q

Bennett, M. V. L., and Spray, D. C. (1985). Gap Junctions. New York: Cold Spring
Harbor Laboratory.

Beyer, E. C., Paul, D. L., and Goodenough, D. A. (1987). Connexin43: a protein
from rat heart homologous to a gap junction protein from liver. J. Cell Biol. 105,
2621–2629. doi: 10.1083/jcb.105.6.2621

Billaud, M., Lohman, A. W., Straub, A. C., Looft-Wilson, R., Johnstone, S. R.,
Araj, C. A., et al. (2011). Pannexin1 regulates α1-adrenergic receptor- mediated
vasoconstriction. Circ. Res. 109, 80–85. doi: 10.1161/circresaha.110.237594

Brown, S. T., Reyes, E.-P., and Nurse, C. A. (2011). Chronic hypoxia upregulates
adenosine 2a receptor expression in chromaffin cells via hypoxia inducible
factor-2α: role in modulating secretion. Biochem. Biophys. Res. Commun. 412,
466–472. doi: 10.1016/j.bbrc.2011.07.122

Bruzzone, R., Hormuzdi, S. G., Barbe, M. T., Herb, A., and Monyer, H. (2003).
Pannexins, a family of gap junction proteins expressed in brain. Proc. Natl. Acad.
Sci. U S A 100, 13644–13649. doi: 10.1073/pnas.2233464100

Bruzzone, S., Guida, L., Zocchi, E., Franco, L., and De Flora, A. (2001). Connexin 43
hemi channels mediate Ca2+-regulated transmembrane NAD+ fluxes in intact
cells. FASEB J. 15, 10–12. doi: 10.1096/fj.00-0566fje

Bruzzone, R., White, T. W., and Paul, D. L. (1996). Connections with connexins:
the molecular basis of direct intercellular signaling. Eur. J. Biochem. 238, 1–27.
doi: 10.1111/j.1432-1033.1996.0001q.x

Buckler, K. J., and Vaughan-Jones, R. D. (1994a). Effects of hypercapnia on
membrane potential and intracellular calcium in rat carotid body type I cells.
J. Physiol. 478(Pt. 1), 157–171.

Buckler, K. J., and Vaughan-Jones, R. D. (1994b). Effects of hypoxia on membrane
potential and intracellular calcium in rat neonatal carotid body type I cells. J.
Physiol. 476, 423–428.

Bukauskas, F. F., and Verselis, V. K. (2004). Gap junction channel gating. Biochim.
Biophys. Acta 1662, 42–60. doi: 10.1016/j.bbamem.2004.01.008

Celetti, S. J., Cowan, K. N., Penuela, S., Shao, Q., Churko, J., and Laird, D. W.
(2010). Implications of pannexin 1 and pannexin 3 for keratinocyte differen-
tiation. J. Cell Sci. 123, 1363–1372. doi: 10.1242/jcs.056093

Chen, J., He, L., Dinger, B., Stensaas, L., and Fidone, S. J. (2002). Chronic hypoxia
upregulates connexin43 expression in rat carotid body and petrosal ganglion. J.
Appl. Physiol. 92, 1480–1486. doi: 10.1152/japplphysiol.00077.2001

Cherian, P. P., Siller-Jackson, A. J., Gu, S., Wang, X., Bonewald, L. F., Sprague, E.,
et al. (2005). Mechanical strain opens connexin 43 hemichannels in osteocytes: a
novel mechanism for the release of prostaglandin. Mol. Biol. Cell 16, 3100–3106.
doi: 10.1091/mbc.e04-10-0912

Chou, C.-L., Sham, J. S., Schofield, B., and Shirahata, M. (1998). Electrophysio-
logical and immunocytological demonstration of cell-type specific responses
to hypoxia in the adult cat carotid body. Brain Res. 789, 229–238. doi: 10.
1016/s0006-8993(97)01472-8

Coates, E. L., Li, A., and Nattie, E. E. (1993). Widespread sites of brain stem
ventilatory chemoreceptors. J. Appl. Physiol. 75, 5–14.

Common, J. E. A., O’Toole, E. A., Leigh, I. M., Thomas, A., Griffiths, W. A. D.,
Venning, V., et al. (2005). Clinical and genetic heterogeneity of erythrokera-
toderma variabilis. J. Invest. Dermatol. 125, 920–927. doi: 10.1111/j.0022-202x.
2005.23919.x

Conde, S. V., and Monteiro, E. C. (2004). Hypoxia induces adenosine release from
the rat carotid body. J. Neurochem. 89, 1148–1156. doi: 10.1111/j.1471-4159.
2004.02380.x

Condorelli, D., Belluardo, N., Trovato-Salinaro, A., and Mudò, G. (2000). Expres-
sion of Cx36 in mammalian neurons. Brain Res. Brain Res. Rev. 32, 72–85.
doi: 10.1016/s0165-0173(99)00068-5

Condorelli, D. F., Parenti, R., Spinella, F., Trovato Salinaro, A., Belluardo, N.,
Cardile, V., et al. (1998). Cloning of a new gap junction gene (Cx36) highly

expressed in mammalian brain neurons. Eur. J. Neurosci. 10, 1202–1208. doi: 10.
1046/j.1460-9568.1998.00163.x

Contreras, J. E., Sánchez, H. A., Eugenin, E. A., Speidel, D., Theis, M., Willecke,
K., et al. (2002). Metabolic inhibition induces opening of unapposed connexin
43 gap junction hemichannels and reduces gap junctional communication in
cortical astrocytes in culture. Proc. Natl. Acad. Sci. U S A 99, 495–500. doi: 10.
1073/pnas.012589799

Corcoran, A. E., Richerson, G. B., and Harris, M. B. (2013). Serotonergic mecha-
nisms are necessary for central respiratory chemoresponsiveness in situ. Respir.
Physiol. Neurobiol. 186, 214–220. doi: 10.1016/j.resp.2013.02.015

Corriden, R., and Insel, P. A. (2010). Basal release of ATP: an autocrine-paracrine
mechanism for cell regulation. Sci. Signal. 3:re1. doi: 10.1126/scisignal.3104re1

Das Sarma, J., Wang, F., and Koval, M. (2002). Targeted gap junction protein
constructs reveal connexin-specific differences in oligomerization. J. Biol. Chem.
277, 20911–20918. doi: 10.1074/jbc.m111498200

Dean, J. B., Ballantyne, D., Cardone, D. L., Erlichman, J. S., and Solomon, I. C.
(2002). Role of gap junctions in CO(2) chemoreception and respiratory control.
Am. J. Physiol. Lung Cell. Mol. Physiol. 283, L665–L670. doi: 10.1152/ajplung.
00142.2002

Dean, J. B., Huang, R. Q., Erlichman, J. S., Southard, T. L., and Hellard, D. T.
(1997). Cell-cell coupling occurs in dorsal medullary neurons after minimiz-
ing anatomical-coupling artifacts. Neuroscience 80, 21–40. doi: 10.1016/s0306-
4522(97)00016-x

Dermietzel, R., and Spray, D. C. (1993). Gap junctions in the brain: where, what
type, how many and why? Trends Neurosci. 16, 186–192. doi: 10.1016/0166-
2236(93)90151-b

Dermietzel, R., Traub, O., Hwang, T. K., Beyer, E. C., Bennett, M. V. L., Spray, D. C.,
et al. (1989). Differential expression of three gap junction proteins in developing
and mature brain tissues. Proc. Natl. Acad. Sci. U S A 86, 10148–10152. doi: 10.
1073/pnas.86.24.10148

DeVries, S. H., and Schwartz, E. A. (1992). Hemi-gap-junction channels in solitary
horizontal cells of the catfish retina. J. Physiol. 445, 201–230.

Duchen, M. R., Caddy, K. W., Kirby, G. C., Patterson, D. L., Ponte, J., and Biscoe,
T. J. (1988). Biophysical studies of the cellular elements of the rabbit carotid
body. Neuroscience 26, 291–311. doi: 10.1016/0306-4522(88)90146-7

Ebihara, L., Berthoud, V. M., and Beyer, E. C. (1995). Distinct behavior of
connexin56 and connexin46 gap junctional channels can be predicted from
the behavior of their hemi-gap-junctional channels. Biophys. J. 68, 1796–1803.
doi: 10.1016/s0006-3495(95)80356-5

Elam, M., Yao, T., Thorén, P., and Svensson, T. H. (1981). Hypercapnia and hypoxia:
chemoreceptor-mediated control of locus coeruleus neurons and splanch-
nic, sympathetic nerves. Brain Res. 222, 373–381. doi: 10.1016/0006-8993(81)
91040-4

Elfgang, C., Eckert, R., Lichtenberg-Fraté, H., Butterweck, A., Traub, O., Klein,
R. A., et al. (1995). Specific permeability and selective formation of gap junction
channels in connexin-transfected HeLa cells. J. Cell Biol. 129, 805–817. doi: 10.
1083/jcb.129.3.805

Erlichman, J. S., Leiter, J. C., and Gourine, A. V. (2010). ATP, glia and central
respiratory control. Respir. Physiol. Neurobiol. 173, 305–311. doi: 10.1016/j.resp.
2010.06.009

Eyzaguirre, C. (2007). Electric synapses in the carotid body-nerve complex. Respir.
Physiol. Neurobiol. 157, 116–122. doi: 10.1016/j.resp.2007.01.013

Eyzaguirre, C., and Abudara, V. (1995). Possible role of coupling between glo-
mus cells in carotid body chemoreception. Biol. Signals 4, 263–270. doi: 10.
1159/000109451

Eyzaguirre, C., and Abudara, V. (1999). Carotid body glomus cells: chemical
secretion and transmission (modulation?) across cell-nerve ending junctions.
Respir. Physiol. 115, 135–149. doi: 10.1016/s0034-5687(99)00020-1

Eyzaguirre, C., and Lewin, J. (1961). Effect of different oxygen tensions on the
carotid body in vitro. J. Physiol. 159, 238–250.

Eyzaguirre, C., Jiang, R. G., and Abudara, V. (2003). “Electric and dye coupling
between rat carotid body cells and between these cells and carotid nerve
endings,” in Oxygen Sensing: Responses and Adaptation to Hypoxia, eds S. Lahiri,
G. L. Semenza and N. R. Prabhakar (New York: Marcel Dekker), 331–352.

Falk, M. M., Buehler, L. K., Kumar, N. M., and Gilula, N. B. (1997). Cell-free
synthesis and assembly of connexins into functional gap junction membrane
channels. EMBO J. 16, 2703–2716. doi: 10.1093/emboj/16.10.2703

Frontiers in Cellular Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 123 | 9

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Reyes et al. Hemichannels and chemosensing

Falk, M. M., Kumar, N. M., and Gilula, N. B. (1994). Membrane insertion of gap
junction connexins: polytopic channel forming membrane proteins. J. Cell Biol.
127, 343–355. doi: 10.1083/jcb.127.2.343

Fiori, M. C., Figueroa, V., Zoghbi, M. E., Saéz, J. C., Reuss, L., and Altenberg, G. A.
(2012). Permeation of calcium through purified connexin 26 hemichannels. J.
Biol. Chem. 287, 40826–40834. doi: 10.1074/jbc.m112.383281

Frinchi, M., Di Liberto, V., Turimella, S., D’Antoni, F., Theis, M., Belluardo, N.,
et al. (2013). Connexin36 (Cx36) expression and protein detection in the mouse
carotid body and myenteric plexus. Acta Histochem. 115, 252–256. doi: 10.
1016/j.acthis.2012.07.005

Fukuda, Y., Honda, Y., Schläfke, M. E., and Loeschcke, H. H. (1978). Effect of
H+ on the membrane potential of silent cells in the ventral and dorsal surface
layers of the rat medulla in vitro. Pflugers Arch. 376, 229–235. doi: 10.1007/bf005
84955

Funk, G. D. (2010). The “connexin” between astrocytes, ATP and central respiratory
chemoreception. J. Physiol. 588, 4335–4337. doi: 10.1113/jphysiol.2010.200196

Gargaglioni, L. H., Hartzler, L. K., and Putnam, R. W. (2010). The locus coeruleus
and central chemosensitivity. Respir. Physiol. Neurobiol. 173, 264–273. doi: 10.
1016/j.resp.2010.04.024

Gemel, J., Valiunas, V., Brink, P. R., and Beyer, E. C. (2004). Connexin43 and
connexin26 form gap junctions, but not heteromeric channels in co-expressing
cells. J. Cell Sci. 117, 2469–2480. doi: 10.1242/jcs.01084

George, C. H. (1999). Intracellular Trafficking Pathways in the Assembly of Con-
nexins into Gap Junctions. J. Biol. Chem. 274, 8678–8685. doi: 10.1074/jbc.274.
13.8678

Gomes, P., Srinivas, S. P., Vereecke, J., and Himpens, B. (2006). Gap junctional
intercellular communication in bovine corneal endothelial cells. Exp. Eye Res.
83, 1225–1237. doi: 10.1016/j.exer.2006.06.012

Goodenough, D. A., Goliger, J. A., and Paul, D. L. (1996). Connexins, connexons
and intercellular communication. Annu. Rev. Biochem. 65, 475–502. doi: 10.
1146/annurev.biochem.65.1.475

Gourine, A. V., Atkinson, L., Deuchars, J., and Spyer, K. M. (2003). Purinergic
signalling in the medullary mechanisms of respiratory control in the rat:
respiratory neurones express the P2X2 receptor subunit. J. Physiol. 552, 197–
211. doi: 10.1113/jphysiol.2003.045294

Gourine, A. V., Kasymov, V., Marina, N., Tang, F., Figueiredo, M. F., Lane, S., et al.
(2010). Astrocytes control breathing through pH-dependent release of ATP.
Science 329, 571–575. doi: 10.1126/science.1190721

Gourine, A. V., Llaudet, E., Dale, N., and Spyer, K. M. (2005). ATP is a mediator of
chemosensory transduction in the central nervous system. Nature 436, 108–111.
doi: 10.1038/nature03690

Guyenet, P. G. (2008). The 2008 Carl Ludwig Lecture: retrotrapezoid nucleus, CO2
homeostasis and breathing automaticity. J. Appl. Physiol. 105, 404–416. doi: 10.
1152/japplphysiol.90452.2008

Guyenet, P. G., Abbott, S. B. G., and Stornetta, R. L. (2013). The respiratory
chemoreception conundrum: light at the end of the tunnel? Brain Res. 1511,
126–137. doi: 10.1016/j.brainres.2012.10.028

Hawryluk, J. M., Moreira, T. S., Takakura, A. C., Wenker, I. C., Tzingounis, A. V.,
and Mulkey, D. K. (2012). KCNQ channels determine serotonergic modulation
of ventral surface chemoreceptors and respiratory drive. J. Neurosci. 32, 16943–
16952. doi: 10.1523/jneurosci.3043-12.2012

He, L., Chen, J., Dinger, B., Stensaas, L., and Fidone, S. J. (2006). Effect of chronic
hypoxia on purinergic synaptic transmission in rat carotid body. J. Appl. Physiol.
100, 157–162. doi: 10.1152/japplphysiol.00859.2005

He, L., Dinger, B., and Fidone, S. J. (2005). Effect of chronic hypoxia on cholinergic
chemotransmission in rat carotid body. J. Appl. Physiol. 1297, 614–619. doi: 10.
1152/japplphysiol.00714.2004

Hertzbergs, E. L., Disher, R. M., Tiller, A. A., Zhou, Y., and Cook, R. G. (1988).
Topology of the Mr 27,000 liver gap junction protein. Cytoplasmic localization
of amino- and carboxyl termini and a hydrophilic domain which is protease-
hypersensitive. J. Biol. Chem. 263, 19105–19111.

Hodges, M. R., and Richerson, G. B. (2010). The role of medullary serotonin (5-
HT) neurons in respiratory control: contributions to eupneic ventilation, CO2
chemoreception and thermoregulation. J. Appl. Physiol. 108, 1425–1432. doi: 10.
1152/japplphysiol.01270.2009

Huang, R. Q., Erlichman, J. S., and Dean, J. B. (1997). Cell-cell coupling between
CO2-excited neurons in the dorsal medulla oblongata. Neuroscience 80, 41–57.
doi: 10.1016/s0306-4522(97)00017-1

Huckstepp, R. T. R., and Dale, N. (2011). CO2-dependent opening of an inwardly
rectifying K+ channel. Pflugers Arch. 461, 337–344. doi: 10.1007/s00424-010-
0916-z

Huckstepp, R. T. R., Eason, R., Sachdev, A., and Dale, N. (2010a). CO2-dependent
opening of connexin 26 and related β connexins. J. Physiol. 588, 3921–3931.
doi: 10.1113/jphysiol.2010.192096

Huckstepp, R. T. R., id Bihi, R., Eason, R., Spyer, K. M., Dicke, N., Willecke, K.,
et al. (2010b). Connexin hemichannel-mediated CO2-dependent release of ATP
in the medulla oblongata contributes to central respiratory chemosensitivity. J.
Physiol. 588, 3901–3920. doi: 10.1113/jphysiol.2010.192088

Ishikawa, M., Iwamoto, T., Nakamura, T., Doyle, A., Fukumoto, S., and Yamada,
Y. (2011). Pannexin 3 functions as an ER Ca(2+) channel, hemichannel and
gap junction to promote osteoblast differentiation. J. Cell Biol. 193, 1257–1274.
doi: 10.1083/jcb.201101050

Jackson, A., and Nurse, C. A. (1997). Dopaminergic properties of cultured rat
carotid body chemoreceptors grown in normoxic and hypoxic environments.
J. Neurochem. 69, 645–654. doi: 10.1046/j.1471-4159.1997.69020645.x

Jiang, R. G., and Eyzaguirre, C. (2004). Effects of hypoxia and putative transmitters
on [Ca2+]i of rat glomus cells. Brain Res. 995, 285–296. doi: 10.1016/j.brainres.
2003.09.075

Jiang, R. G., and Eyzaguirre, C. (2006). Effects of prolonged hypobaric hypoxia on
carotid nerve endings and glomus cells. Changes in intercellular coupling. Brain
Res. 1076, 198–208. doi: 10.1016/j.brainres.2005.08.059

John, S. A. (1999). Connexin-43 hemichannels opened by metabolic inhibition. J.
Biol. Chem. 274, 236–240. doi: 10.1074/jbc.274.1.236

Kameritsch, P., Khandoga, N., Pohl, U., and Pogoda, K. (2013). Gap junctional
communication promotes apoptosis in a connexin-type-dependent manner.
Cell Death Dis. 4:e584. doi: 10.1038/cddis.2013.105

Kang, J., Kang, N., Lovatt, D., Torres, A., Zhao, Z., Lin, J. H.-C., et al. (2008).
Connexin 43 hemichannels are permeable to ATP. J. Neurosci. 28, 4702–4711.
doi: 10.1523/jneurosci.5048-07.2008

Kasymov, V., Larina, O., Castaldo, C., Marina, N., Patrushev, M., Kasparov, S., et al.
(2013). Differential sensitivity of brainstem versus cortical astrocytes to changes
in pH reveals functional regional specialization of astroglia. J. Neurosci. 33, 435–
441. doi: 10.1523/jneurosci.2813-12.2013

Kielian, T. (2008). Glial connexins and gap junctions in CNS inflammation and
disease. J. Neurochem. 106, 1000–1016. doi: 10.1111/j.1471-4159.2008.05405.x

Kleopa, K. A., Orthmann-Murphy, J., and Sargiannidou, I. (2010). Gap junction
disorders of myelinating cells. Rev. Neurosci. 21, 397–419. doi: 10.1515/revneuro.
2010.21.5.397

Kondo, H. (1981).“Evidence for the secretion of chief cells in the carotid body,” in
Arterial Chemoreceptors, eds C. Belmonte, D. J. Pallot, H. Acker and S. J. Fidone
(Leicester: Leicester University Press), 45–53.

Kondo, H. (2002). Are there gap junctions between chief (glomus, type I) cells
in the carotid body chemoreceptor? A review. Microsc. Res. Tech. 59, 227–233.
doi: 10.1002/jemt.10196

Kondo, H., and Iwasa, H. (1996). Re-examination of the carotid body ultrastructure
with special attention to intercellular membrane appositions. Adv. Exp. Med.
Biol. 410, 45–50. doi: 10.1007/978-1-4615-5891-0_4

Kondo, H., and Yamamoto, M. (1993). Multi-unit compartmentation of the carotid
body chemoreceptor by perineurial cell sheaths: immunohistochemistry and
freeze-fracture study. Adv. Exp. Med. Biol. 337, 61–66. doi: 10.1007/978-1-4615-
2966-8_9

Kumar, N. M., and Gilula, N. B. (1996). The gap junction communication channel.
Cell 84, 381–388. doi: 10.1016/s0092-8674(00)81282-9

Lazarenko, R. M., Fortuna, M. G., Shi, Y., Mulkey, D. K., Takakura, A. C., Moreira,
T. S., et al. (2010). Anesthetic activation of central respiratory chemoreceptor
neurons involves inhibition of a THIK-1-like background K(+) current. J.
Neurosci. 30, 9324–9334. doi: 10.1523/jneurosci.1956-10.2010

Li, A., and Nattie, E. E. (2008). Serotonin transporter knockout mice have a
reduced ventilatory response to hypercapnia (predominantly in males) but not
to hypoxia. J. Physiol. 586, 2321–2329. doi: 10.1113/jphysiol.2008.152231

Lin, J. H.-C., Lou, N., Kang, N., Takano, T., Hu, F., Han, X., et al. (2008). A central
role of connexin 43 in hypoxic preconditioning. J. Neurosci. 28, 681–695. doi: 10.
1523/jneurosci.3827-07.2008

Lin, J. H.-C., Yang, J., Liu, S., Takano, T., Wang, X., Gao, Q., et al. (2003). Connexin
Mediates Gap Junction-Independent Resistance to Cellular Injury. J. Neurosci.
23, 430–441.

Frontiers in Cellular Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 123 | 10

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Reyes et al. Hemichannels and chemosensing

Llinás, R., Baker, R., and Sotelo, C. (1974). Electrotonic coupling between neurons
in cat inferior olive. J. Neurophysiol. 37, 560–571.

Loeschcke, H. H. (1982). Central chemosensitivity and the reaction theory. J.
Physiol. 332, 1–24.

Lohman, A. W., Billaud, M., Straub, A. C., Johnstone, S. R., Best, A. K., Lee, M.,
et al. (2012). Expression of pannexin isoforms in the systemic murine arterial
network. J. Vasc. Res. 49, 405–416. doi: 10.1159/000338758

López-López, J., González, C., Ureña, J., and López-Barneo, J. (1989). Low pO2
selectively inhibits K channel activity in chemoreceptor cells of the mammalian
carotid body. J. Gen. Physiol. 93, 1001–1015. doi: 10.1085/jgp.93.5.1001

López-López, J. R., Pardal, R., and Ortega-Sáenz, P. (2001). Cellular mechanism of
oxygen sensing. Annu. Rev. Physiol. 63, 259–287. doi: 10.1146/annurev.physiol.
63.1.259

Lowe, M., Park, S. J., Nurse, C. A., and Campanucci, V. A. (2013). Purinergic
stimulation of carotid body efferent glossopharyngeal neurones increases intra-
cellular Ca2+ and nitric oxide production. Exp. Physiol. 98, 1199–1212. doi: 10.
1113/expphysiol.2013.072058

Ma, W., Compan, V., Zheng, W., Martin, E., North, R. A., Verkhratsky, A., et al.
(2012). Pannexin 1 forms an anion-selective channel. Pflugers Arch. 463, 585–
592. doi: 10.1007/s00424-012-1077-z

MacVicar, B. A., and Thompson, R. J. (2010). Non-junction functions of pannexin-
1 channels. Trends Neurosci. 33, 93–102. doi: 10.1016/j.tins.2009.11.007

Martin, P. E. M., Blundell, G., Ahmad, S., Errington, R. J., and Evans, W. H.
(2001). Multiple pathways in the trafficking and assembly of connexin 26, 32
and 43 into gap junction intercellular communication channels. J. Cell Sci. 114,
3845–3855.

McDonald, D. M. (1976). “Structure and function of reciprocal synapses intercon-
necting glomus cells and sensory nerve terminals in the rat carotid body,” in
Chromaffin, Enterochromaffin and Related Cells, eds R. Coupland and T. Fujita
(Amsterdam, New York: Elsevier Scientific Pub. Co.), 375–394.

McDonald, D. M., and Mitchell, R. A. (1975). The innervation of glomus cells, gan-
glion cells and blood vessels in the rat carotid body: a quantitative ultrastructural
analysis. J. Neurocytol. 4, 177–230. doi: 10.1007/bf01098781

McQueen, D. S., and Evrard, Y. (1990). “Use of selective antagonist for studying the
role of putative transmitters in chemoreception,” in Arterial Chemoreception, eds
C. Eyzaguirre, S. Fidone, R. Fizgerald, S. Lahiri and D. McDonald (New York:
Springer-Verlag New York Inc.), 168–173.

Meigh, L., Greenhalgh, S. A., Rodgers, T. L., Cann, M. J., Roper, D. I., and Dale, N.
(2013). CO2 directly modulates connexin 26 by formation of carbamate bridges
between subunits. Elife 2, 1–13. doi: 10.7554/elife.01213

Menichella, D. M., Goodenough, D. A., Sirkowski, E., Scherer, S. S., and Paul, D. L.
(2003). Connexins are critical for normal myelination in the CNS. J. Neurosci.
23, 5963–5973.

Messier, M. L., Li, A., and Nattie, E. E. (2002). Muscimol inhibition of medullary
raphé neurons decreases the CO2 response and alters sleep in newborn
piglets. Respir. Physiol. Neurobiol. 133, 197–214. doi: 10.1016/s1569-9048(02)00
168-4

Mika, T., and Prochnow, N. (2012). Functions of connexins and large pore channels
on microglial cells: the gates to environment. Brain Res. 1487, 16–24. doi: 10.
1016/j.brainres.2012.07.020

Milks, L. C., Kumar, N. M., Houghten, R., Unwin, N., and Gilula, N. B. (1988).
Topology of the 32-kd liver gap junction protein determined by site-directed
antibody localizations. EMBO J. 7, 2967–2975.

Monti-Bloch, L., Abudara, V., and Eyzaguirre, C. (1993). Electrical communication
between glomus cells of the rat carotid body. Brain Res. 622, 119–131. doi: 10.
1016/0006-8993(93)90810-a

Musil, L. S., and Goodenough, D. A. (1993). Multisubunit assembly of an integral
plasma membrane channel protein, gap junction connexin43, occurs after exit
from the ER. Cell 74, 1065–1077. doi: 10.1016/0092-8674(93)90728-9

Nagy, J. I., Ochalski, P. A., Li, J., and Hertzbergs, E. L. (1997). Evidence for the co-
localization of another connexin with connexin-43 at astrocytic gap junctions
in rat brain. Neuroscience 78, 533–548. doi: 10.1016/s0306-4522(96)00584-2

Nagy, J. I., Patel, D., Ochalski, P. A., and Stelmack, G. (1999). Connexin30 in
rodent, cat and human brain: selective expression in gray matter astrocytes, co-
localization with connexin43 at gap junctions and late developmental appear-
ance. Neuroscience 88, 447–468. doi: 10.1016/s0306-4522(98)00191-2

Nagy, J. I., Li, X., Rempel, J., Stelmack, G., Patel, D., Staines, W. A., et al. (2001).
Connexin26 in adult rodent central nervous system: demonstration at astrocytic

gap junctions and colocalization with connexin30 and connexin43. J. Comp.
Neurol. 441, 302–323. doi: 10.1002/cne.1414

Nattie, E. E., and Li, A. (2002a). Substance P-saporin lesion of neurons
with NK1 receptors in one chemoreceptor site in rats decreases ventilation
and chemosensitivity. J. Physiol. 544, 603–616. doi: 10.1113/jphysiol.2002.
020032

Nattie, E. E., and Li, A. (2002b). CO2 dialysis in nucleus tractus solitarius region
of rat increases ventilation in sleep and wakefulness. J. Appl. Physiol. 92, 2119–
2130. doi: 10.1152/japplphysiol.01128.2001

Nieber, K., Poelchen, W., and Illes, P. (1997). Role of ATP in fast excitatory synaptic
potentials in locus coeruleus neurones of the rat. Br. J. Pharmacol. 122, 423–430.
doi: 10.1038/sj.bjp.0701386

Nielsen, M. S., Axelsen, L. N., Sorgen, P. L., Verma, V., Delmar, M., and Holstein-
Rathlou, N.-H. (2012). Gap junctions. Compr. Physiol. 2, 1981–2035. doi: 10.
1002/cphy.c110051

Orellana, J. A., Martínez, A. D., and Retamal, M. A. (2013). Gap junction channels
and hemichannels in the CNS: regulation by signaling molecules. Neurophar-
macology 75, 567–582. doi: 10.1016/j.neuropharm.2013.02.020

Oyamada, M., Oyamada, Y., and Takamatsu, T. (2005). Regulation of con-
nexin expression. Biochim. Biophys. Acta 1719, 6–23. doi: 10.1016/j.bbamem.
2005.11.002

Panchin, Y., Kelmanson, I., Matz, M., Lukyanov, K., Usman, N., and Lukyanov, S.
(2000). A ubiquitous family of putative gap junction molecules. Curr. Biol. 10,
R473–R474. doi: 10.1016/s0960-9822(00)00576-5

Pardal, R., Ortega-Sáenz, P., Durán, R., and López-Barneo, J. (2007). Glia-like stem
cells sustain physiologic neurogenesis in the adult mammalian carotid body. Cell
131, 364–377. doi: 10.1016/j.cell.2007.07.043

Parenti, R., Gulisano, M., Zappalà, A., and Cicirata, F. (2000). Expression of
connexin36 mRNA in adult rodent brain. Neuroreport 11, 1497–1502. doi: 10.
1097/00001756-200005150-00027

Peracchia, C. (2004). Chemical gating of gap junction channels; roles of cal-
cium, pH and calmodulin. Biochim. Biophys. Acta 1662, 61–80. doi: 10.1016/j.
bbamem.2003.10.020

Peracchia, C., Young, K. C., Wang, X. G., Chen, J. T., and Peracchia, L. L. (2003).
The voltage gates of connexin channels are sensitive to CO(2). Cell Commun.
Adhes. 10, 233–237. doi: 10.1080/cac.10.4-6.233.237

Perkins, G., Goodenough, D. A., and Sosinsky, G. E. (1997). Three-dimensional
structure of the gap junction connexon. Biophys. J. 72, 533–544. doi: 10.
1016/s0006-3495(97)78693-4

Piskuric, N. A., and Nurse, C. A. (2013). Expanding role of ATP as a versatile
messenger at carotid and aortic body chemoreceptors. J. Physiol. 591, 415–422.
doi: 10.1113/jphysiol.2012.234377

Prasad, M., Fearon, I. M., Zhang, M., Laing, M., Vollmer, C., and Nurse, C. A.
(2001). Expression of P2X2 and P2X3 receptor subunits in rat carotid body
afferent neurones: role in chemosensory signalling. J. Physiol. 537, 667–677.
doi: 10.1113/jphysiol.2001.012836

Putnam, R. W. (2010). CO2 chemoreception in cardiorespiratory control. J. Appl.
Physiol. 108, 1796–1802. doi: 10.1152/japplphysiol.01169.2009

Quist, A. P., Rhee, S. K., Lin, H., and Lal, R. (2000). Physiological role of gap-
junctional hemichannels. Extracellular calcium-dependent isosmotic volume
regulation. J. Cell Biol. 148, 1063–1074. doi: 10.1083/jcb.148.5.1063

Rackauskas, M., Neverauskas, V., and Skeberdis, V. A. (2010). Diversity and
properties of connexin gap junction channels. Medicina (Kaunas) 46, 1–12.

Ramachandran, S., Xie, L.-H., John, S. A., Subramaniam, S., and Lal, R. (2007). A
novel role for connexin hemichannel in oxidative stress and smoking-induced
cell injury. PLoS One 2:e712. doi: 10.1371/journal.pone.0000712

Rash, J. E., Yasumura, T., Davidson, K. G. V., Furman, C. S., Dudek, F. E., and Nagy,
J. I. (2001). Identification of cells expressing Cx43, Cx30, Cx26, Cx32 and Cx36
in gap junctions of rat brain and spinal cord. Cell Commun. Adhes. 8, 315–320.
doi: 10.3109/15419060109080745

Ray, R. S., Corcoran, A. E., Brust, R. D., Kim, J. C., Richerson, G. B., Nattie, E.,
et al. (2011). Impaired respiratory and body temperature control upon acute
serotonergic neuron inhibition. Science 333, 637–642. doi: 10.1126/science.
1205295

Retamal, M. A., Cortés, C. J., Reuss, L., Bennett, M. V. L., and Sáez, J. C. (2006). S-
nitrosylation and permeation through connexin 43 hemichannels in astrocytes:
induction by oxidant stress and reversal by reducing agents. Proc. Natl. Acad. Sci.
U S A 103, 4475–4480. doi: 10.1073/pnas.0511118103

Frontiers in Cellular Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 123 | 11

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Reyes et al. Hemichannels and chemosensing

Rey, S., Del Rio, R., Alcayaga, J., and Iturriaga, R. (2004). Chronic intermittent
hypoxia enhances cat chemosensory and ventilatory responses to hypoxia. J.
Physiol. 560, 577–586. doi: 10.1113/jphysiol.2004.072033

Reyes, E.-P., Fernández, R., Larraín, C., and Zapata, P. (2007a). Carotid body
chemosensory activity and ventilatory chemoreflexes in cats persist after
combined cholinergic-purinergic block. Respir. Physiol. Neurobiol. 156, 23–32.
doi: 10.1016/j.resp.2006.07.006

Reyes, E.-P., Fernández, R., Larraín, C., and Zapata, P. (2007b). Effects of combined
cholinergic-purinergic block upon cat carotid body chemoreceptors in vitro.
Respir. Physiol. Neurobiol. 156, 17–22. doi: 10.1016/j.resp.2006.07.007

Richerson, G. B., Wang, W., Tiwari, J., and Bradley, S. R. (2001). Chemosensitivity
of serotonergic neurons in the rostral ventral medulla. Respir. Physiol. 129, 175–
189. doi: 10.1016/s0034-5687(01)00289-4

Riquelme, M. A., Cea, L. A., Vega, J. L., Boric, M. P., Monyer, H., Bennett, M. V. L.,
et al. (2013). The ATP required for potentiation of skeletal muscle contraction is
released via pannexin hemichannels. Neuropharmacology 75, 594–603. doi: 10.
1016/j.neuropharm.2013.03.022

Romanov, R. A., Bystrova, M. F., Rogachevskaya, O. A., Sadovnikov, V. B.,
Shestopalov, V. I., and Kolesnikov, S. S. (2012). The ATP permeability of
pannexin 1 channels in a heterologous system and in mammalian taste cells is
dispensable. J. Cell Sci. 125, 5514–5523. doi: 10.1242/jcs.111062

Rong, W., Gourine, A. V., Cockayne, D. A., Xiang, Z., Ford, A. P. D. W., Spyer, K. M.,
et al. (2003). Pivotal role of nucleotide P2X2 receptor subunit of the ATP-gated
ion channel mediating ventilatory responses to hypoxia. J. Neurosci. 23, 11315–
11321.

Sáez, J. C., Contreras, J. E., Bukauskas, F. F., Retamal, M. A., and Bennett, M. V. L.
(2003). Gap junction hemichannels in astrocytes of the CNS. Acta Physiol.
Scand. 179, 9–22. doi: 10.1046/j.1365-201x.2003.01196.x

Sáez, J. C., Martínez, A. D., Brañes, M. C., and González, H. E. (1998). Regulation of
gap junctions by protein phosphorylation. Braz. J. Med. Biol. Res. 31, 593–600.
doi: 10.1590/s0100-879x1998000500001

Sáez, J. C., Retamal, M. A., Basilio, D., Bukauskas, F. F., and Bennett, M. V. L. (2005).
Connexin-based gap junction hemichannels: gating mechanisms. Biochim. Bio-
phys. Acta 1711, 215–224. doi: 10.1016/j.bbamem.2005.01.014

Saito, T., Nishimura, M., Kudo, R., and Yamasaki, H. (2001). Suppressed gap
junctional intercellular communication in carcinogenesis of endometrium. Int.
J. Cancer 93, 317–323. doi: 10.1002/ijc.1350.abs

Scemes, E., and Giaume, C. (2006). Astrocyte calcium waves: what they are and
what they do. Glia 54, 716–725. doi: 10.1002/glia.20374

Schalper, K. A., Palacios-Prado, N., Retamal, M. A., Shoji, K. F., Martínez, A. D., and
Sáez, J. C. (2008). Connexin hemichannel composition determines the FGF-1-
induced membrane permeability and free [Ca2+]i responses. Mol. Biol. Cell 19,
3501–3513. doi: 10.1091/mbc.e07-12-1240

Schalper, K. A., Sánchez, H. A., Lee, S. C., Altenberg, G. A., Nathanson, M. H., and
Sáez, J. C. (2010). Connexin 43 hemichannels mediate the Ca2+ influx induced
by extracellular alkalinization. Am. J. Physiol. Cell Physiol. 299, C1504–C1515.
doi: 10.1152/ajpcell.00015.2010

Solomon, I. C. (2003a). Connexin36 distribution in putative CO2-chemosensitive
brainstem regions in rat. Respir. Physiol. Neurobiol. 139, 1–20. doi: 10.1016/j.
resp.2003.09.004

Solomon, I. C. (2003b). Focal CO2/H+ alters phrenic motor output response to
chemical stimulation of cat pre-Botzinger complex in vivo. J. Appl. Physiol. 94,
2151–2157. doi: 10.1152/japplphysiol.01192.2002

Solomon, I. C., Edelman, N. H., and O’Neal, M. H. (2000). CO(2)/H(+) chemore-
ception in the cat pre-Bötzinger complex in vivo. J. Appl. Physiol. 88, 1996–2007.

Solomon, I. C., Halat, T. J., El-Maghrabi, R., and O’Neal, M. H. (2001). Differential
expression of connexin26 and connexin32 in the pre-Bötzinger complex of
neonatal and adult rat. J. Comp. Neurol. 440, 12–19. doi: 10.1002/cne.1366

Sosinsky, G. E., Boassa, D., Dermietzel, R., Duffy, H. S., Laird, D. W., MacVicar, B.
A., et al. (2011). Pannexin channels are not gap junction hemichannels. Channels
(Austin) 5, 193–197. doi: 10.4161/chan.5.3.15765

Spray, D. C., Harris, A. L., and Bennett, M. V. L. (1981). Equilibrium properties of
a voltage-dependent junctional conductance. J. Gen. Physiol. 77, 77–93. doi: 10.
1085/jgp.77.1.77

Spyer, K. M., Dale, N., and Gourine, A. V. (2004). ATP is a key mediator of central
and peripheral chemosensory transduction. Exp. Physiol. 89, 53–59. doi: 10.
1113/expphysiol.2003.002659

Stout, C. E., Costantin, J. L., Naus, C. C. G., and Charles, A. C. (2002).
Intercellular calcium signaling in astrocytes via ATP release through con-
nexin hemichannels. J. Biol. Chem. 277, 10482–10488. doi: 10.1074/jbc.m1099
02200

Unger, V. M., Kumar, N. M., Gilula, N. B., and Yeager, M. (1999). Expression, two-
dimensional crystallization and electron cryo-crystallography of recombinant
gap junction membrane channels. J. Struct. Biol. 128, 98–105. doi: 10.1006/jsbi.
1999.4184

Valladares, D., Almarza, G., Contreras, A., Pavez, M., Buvinic, S., Jaimovich, E., et al.
(2013). Electrical Stimuli Are Anti-Apoptotic in Skeletal Muscle via Extracellular
ATP. Alteration of This Signal in Mdx Mice Is a Likely Cause of Dystrophy. PLoS
One 8:e75340. doi: 10.1371/journal.pone.0075340

Vanden, F. A., Bidaux, G., Gordienko, D., Beck, B., Panchin, Y. V., Baranova,
A. V., et al. (2006). Functional implications of calcium permeability of the
channel formed by pannexin 1. J. Cell Biol. 174, 535–546. doi: 10.1083/jcb.2006
01115

Vinken, M. (2011). Role of connexin-related signalling in hepatic homeostasis
and its relevance for liver-based in vitro modelling. World J. Gastrointest.
Pathophysiol. 2, 82–87. doi: 10.4291/wjgp.v2.i5.82

Wang, S., Benamer, N., Zanella, S., Kumar, N. N., Shi, Y., Bévengut, M.,
et al. (2013b). TASK-2 channels contribute to pH sensitivity of retrotrape-
zoid nucleus chemoreceptor neurons. J. Neurosci. 33, 16033–16044. doi: 10.
1523/JNEUROSCI.2451-13.2013

Wang, N., De Bock, M., Decrock, E., Bol, M., Gadicherla, A., Vinken, M., et al.
(2013a). Paracrine signaling through plasma membrane hemichannels. Biochim.
Biophys. Acta 1828, 35–50. doi: 10.1016/j.bbamem.2012.07.002

Wang, W., Pizzonia, J. H., and Richerson, G. B. (1998). Chemosensitivity of rat
medullary raphe neurones in primary tissue culture. J. Physiol. 511(Pt. 2), 433–
450. doi: 10.1111/j.1469-7793.1998.433bh.x

Wang, W., Tiwari, J. K., Bradley, S. R., Zaykin, R. V., and Richerson, G. B.
(2001). Acidosis-stimulated neurons of the medullary raphe are serotonergic.
J. Neurophysiol. 85, 2224–2235.

Weir, E. K., López-Barneo, J., Buckler, K. J., and Archer, S. L. (2005). Acute oxygen-
sensing mechanisms. N. Engl. J. Med. 353, 2042–2055. doi: 10.1056/nejmra
050002

Wenker, I. C., Kréneisz, O., Nishiyama, A., and Mulkey, D. K. (2010). Astrocytes
in the retrotrapezoid nucleus sense H+ by inhibition of a Kir4.1-Kir5.1-like
current and may contribute to chemoreception by a purinergic mechanism. J.
Neurophysiol. 104, 3042–3052. doi: 10.1152/jn.00544.2010

Werner, R., Levine, E., Rabadan-Diehl, C., and Dahl, G. (1989). Formation of
hybrid cell-cell channels. Proc. Natl. Acad. Sci. U S A 86, 5380–5384. doi: 10.
1073/pnas.86.14.5380

Wenker, I. C., Sobrinho, C. R., Takakura, A. C., Moreira, T. S., and Mulkey,
D. K. (2012). Regulation of ventral surface CO2/H+-sensitive neurons by
purinergic signalling. J. Physiol. 590, 2137–2150. doi: 10.1113/jphysiol.2012.
229666

Willecke, K., Eiberger, J., Degen, J., Eckardt, D., Romualdi, A., Güldenagel, M., et al.
(2002). Structural and functional diversity of connexin genes in the mouse and
human genome. Biol. Chem. 383, 725–737. doi: 10.1515/bc.2002.076

Wu, J., Xu, H., Shen, W., and Jiang, C. (2004). Expression and coexpression of CO2-
sensitive Kir channels in brainstem neurons of rats. J. Membr. Biol. 197, 179–191.
doi: 10.1007/s00232-004-0652-4

Xu, F., Xu, J., Tse, F. W., and Tse, A. (2006). Adenosine stimulates depolarization and
rise in cytoplasmic [Ca2+] in type I cells of rat carotid bodies. Am. J. Physiol. Cell
Physiol. 290, C1592–C1598. doi: 10.1152/ajpcell.00546.2005

Xu, J., Tse, F. W., and Tse, A. (2003). ATP triggers intracellular Ca2+ release in type
II cells of the rat carotid body. J. Physiol. 549, 739–747. doi: 10.1113/jphysiol.
2003.039735

Yamamoto, T., Ochalski, A., Hertzbergs, E. L., and Nagy, J. I. (1990). LM and EM
immunolocalization of the gap junctional protein connexin 43 in rat brain.
Brain Res. 508, 313–319. doi: 10.1016/0006-8993(90)90415-8

Ye, Z.-C., Wyeth, M. S., Baltan-Tekkok, S., and Ransom, B. R. (2003). Functional
hemichannels in astrocytes: a novel mechanism of glutamate release. J. Neurosci.
23, 3588–3596.

Yen, M. R., and Saier, M. H. (2007). Gap junctional proteins of animals: the
innexin/pannexin superfamily. Prog. Biophys. Mol. Biol. 94, 5–14. doi: 10.1016/j.
pbiomolbio.2007.03.006

Frontiers in Cellular Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 123 | 12

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Reyes et al. Hemichannels and chemosensing

Yuill, K., Ashmole, I., and Stanfield, P. R. (2004). The selectivity filter of the tandem
pore potassium channel TASK-1 and its pH-sensitivity and ionic selectivity.
Pflugers Arch. 448, 63–69. doi: 10.1007/s00424-003-1218-5

Zapata, P. (1997a). “Chemosensory activity in the carotid nerve: effects of phar-
macological agents,” in The Carotid Body Chemoreceptors, ed C. González
(Georgetown, TX, USA: Landes Biosciences), 119–146.

Zapata, P. (1997b). “Chemosensory activity in the carotid nerve: effects of phys-
iological variables,” in The Carotid Body Chemoreceptors, ed C. González
(Georgetown, TX, USA: Landes Biosciences), 97–117.

Zapata, P. (2007). Is ATP a suitable co-transmitter in carotid body arterial chemore-
ceptors? Respir. Physiol. Neurobiol. 157, 106–115. doi: 10.1016/j.resp.2007.
01.002

Zhang, M., Piskuric, N. A., Vollmer, C., and Nurse, C. A. (2012). P2Y2 receptor
activation opens pannexin-1 channels in rat carotid body type II cells: potential
role in amplifying the neurotransmitter ATP. J. Physiol. 590, 4335–4350. doi: 10.
1113/jphysiol.2012.236265

Zhang, Y.-Y., Sackin, H., and Palmer, L. G. (2006). Localization of the pH
gate in Kir1.1 channels. Biophys. J. 91, 2901–2909. doi: 10.1529/biophysj.106.
087700

Zhang, M., Zhong, H., Vollmer, C., and Nurse, C. A. (2000). Co-release of ATP and
ACh mediates hypoxic signalling at rat carotid body chemoreceptors. J. Physiol.
525(Pt. 1), 143–158. doi: 10.1111/j.1469-7793.2000.t01-1-00143.x

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 26 February 2014; accepted: 18 April 2014 ; published online: 09 May 2014.
Citaion: Reyes EP, Cerpa V, Corvalán L and Retamal MA (2014) Cxs and Panx-
hemichannels in peripheral and central chemosensing in mammals. Front. Cell.
Neurosci. 8:123. doi: 10.3389/fncel.2014.00123
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2014 Reyes, Cerpa, Corvalán and Retamal. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 123 | 13

http://dx.doi.org/10.3389/fncel.2014.00123
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Cxs and Panx- hemichannels in peripheral and central chemosensing in mammals
	Introduction
	Cx and Panx channels in arterial chemoreception
	Cx- and Panx channels in central chemoreception
	Acknowledgments
	References


