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Pannexins are a class of plasma membrane spanning pro-
teins that presumably form a hexameric, non-selective ion chan-
nel. Although similar in secondary structure to the connexins,
pannexins notably do not form endogenous gap junctions and
act as bona fide ion channels. The pannexins have been primar-
ily studied as ATP-release channels, but the overall diversity of
their functions is still being elucidated. There is an intriguing
theme with pannexins that has begun to develop. In this review
we analyze several recent reports that converge on the idea that
pannexin channels (hamely Panx1) can potentiate ligand-gated
receptor signaling. Although the literature remains sparse, this
emerging concept appears consistent between both ionotropic
and metabotropic receptors of several ligand families.

Introduction

The first description of the pannexin (Panx) channels appeared
just over a decade ago."? There are 3 isoforms that make up the
Panx family, Panx1, Panx2, and Panx3. At the time of their dis-
covery, it was hypothesized that they would function in an analo-
gous way to the connexins (Cx) and innexins (Ix). It was presumed
that Panxs would form functional intercellular gap junctions that
link the cytosol and provide electrical coupling between adjacent
cells, and evidence from oocyte expression initially supported this
notion.! This was based on sequence homologies between Panx
and Ix, and the apparent structural similarities between Panx and
Cx. We now know that Panx gap junctions are a rarity and have
only been described in a few papers using overexpression." Indeed,
the Panx gap junction may not occur in vivo at all, but proving
the absence of Panx1 gap junctions in all tissues and cell types is a
difficult prospect.

Regardless of whether or not Panxs form intercellular junctions,
there is substantial evidence that Panx1 functions as a bona fide
plasma membrane ion channels.” The physiological roles of Panx1
appear to be linked to efflux of ATP from cells and regulation
of cellular inflammasomes.’'° In addition, Panx1 in the brain is
thought to be important in augmenting glutamatergic synaptic sig-
nals in the hippocampus' and in several pathophysiological states,
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including neuronal death during stroke'*"

and dysfunction during
seizure-like conditions. More recently, work has shown that Panx1
can regulate vascular tone because of its expression in endothelial

1617 Thus, there is an important emerging concept for Panx1:

cells.
that it is coupled to several types of ligand-gated ionotropic and
metabotropic receptors. It is these unique associations that may
allow Panxl to potentiate receptor responses and contribute to a
large diversity of cellular functions. Here we will discuss some of

the evidence for this idea.

lonotropic Receptors

NMDA receptors in neurons

The N-methyl-D-aspartate receptor (NMDAR) is a ligand-
gated ionotropic receptor found in the brain that is critically
important in neuronal death during diseases. It also has well-
defined functions in the activity dependent alteration of synaptic
strength.!%2% Activation of the NMDAR occurs during synaptic
activity and requires binding of 2 ligands, glutamate and glycine/d-
serine, as well as membrane depolarization to relive Mg?* block
in the pore. These coincident stimuli activate the NMDARS non-
selective cation channel, allowing primarily for Ca?* influx. The
roles of this Ca?* are diverse and have been reviewed many times
over the past several decades (e.g., refs. 21,22). Work by one of the
authors (Thompson) has identified that NMDARSs can activate
Panxl channels to enhance its influence on neuronal membrane
potentials.’>#

In 2008 we reported that Panx1 channels contribute to inter-
ictal bursting, a rhythmic and synchronized neuronal discharge
observed in seizure susceptible brain and modeled in several in
vitro and in vivo rodent systems. Interictal bursting initiation is
an NMDAR-dependent phenomenon.?** Panx1 channels were
found to potentiate the response of NMDARs under pathological
conditions. We were able to show using dye efflux, that short (10
min) application of NMDA to acute brain slices activated Panxl.
Panx1 antagonists could reduce the frequency of 0 Mg?*-induced
interictal events in acute rat brain slices. At the time, we did not
know how NMDARs were linked to Panxl, but could show that
buffering of intracellular Ca®* was ineffective,*** suggesting that
Ca** through the NMDAR was not likely involved.

More recently we showed that during anoxia, NMDARs could
activate Panx1.” This is in addition to the direct activation of

Volume 8 Issue 2



Panxl by energy deprivation that was previously reported.”? The
NMDAR antagonist, APV, which dramatically reduced inward
currents that are critical for neuronal Ca?* overload and death,
blocked Panx1 opening during anoxia. Interestingly, we could also
prevent Panx1 opening with the src family kinase (SFK) antago-
nist, PP2, suggesting that the link between NMDARs and Panx1
was the SFKs.”

To explore this possibility further, we examined the c-termi-
nal (intracellular) region of Panx1 and noted a sequence that was
similar (but not identical) to a known SFK consensus site. The
consensus site for SFKs is XYE, where X is a critical hydropho-
bic amino acid.?®*” The closely matched a site of Panx1, YVE at
amino acids 308-310. An interfering peptide comprising amino
acids 305-318 of the Panxl c-terminal was made and conjugated
to the tat sequence for cell penetration.”® At 1 pM, this peptide
inhibited Panx1 opening during anoxia.” Together, these data sug-
gested that Panx1 could potentiate the current flow of NMDARs
via recruitment of SFKs as an intermediary.

Ionotropic P2X7 receptors

PanxI channels also functionally interact with ionotropic puri-
nergic P2X7 receptors. In many cases it has been reported that
Panxl is a conduit for ATP release,>” and this can occur following
stimulation of P2X7 receptors with ATP.#3%32 On the other hand,
P2X7Rs are also reported to enhance the cellular inflammasome,
leading to caspase-1 activation and release of interleukin 1p3./%
These studies raise the interesting possibility that Panx! is not only
regulating ATP secretion and inflammasome activation, but that it
is potentiating signaling by purinergic receptors.

There are 2 ways in which Panx1 potentiation of P2X receptor
signaling can be convincingly demonstrated. The first is to show
that blockers (or knockout/down) or Panx1 decreases ATP acti-
vated currents. The second is to show that dye flux through Panx1
is altered under similar conditions. Of course there are several vari-
ations on these assays, such as co-immunopreciptitation etc., but
the premise is the same. Interestingly, there is some variability in
the ionic current and dye flux experiments when P2X receptors are
activated (by ATP) in the presence or absence of functional Panx1.

DPelegrin and Surprenant showed an interesting discrepancy
between the effects of Panxl antagonists on dye flux and ionic
currents in ATP stimulated, P2X7 activated, THP-1 and ]774
macrophages.”* They reported a clear and almost complete inhi-
bition of ethidium efflux with the Panxl blockers, '"Panx and
mefloquine, but there was no noticeable difference in peak whole-
cell currents activated by ATP.”%° This is a strange effect that sug-
gests ionic currents and the flux of large molecules by Panx1 may
be differently regulated. In this study, Panx1 activation by P2X7
induced IL1P secretion, and was one of the first demonstrations
that Panx1 can regulate the cellular inflammasome. There is now
substantial evidence that Panx1 (but not always through P2X7)
influences cell death through both the NLRP and ASC inflam-
masome pathways.**343¢

Subsequent works have shown clear effects of Panx1 blockers on
ATP induced currents in several cell types. In the J774 macrophage
line, it was shown that late BzZATP (a P2X7 agonist) induced cur-
rents were dramatically (> 200%) reduced by the Panx1 blocker,
mefloquine.”’ BzATP-induced-ATP release was also inhibited by
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mefloquine and siRNA knockdown of Panxl. In similar studies on
acute hypothalamic brain slices, Ohbuchi and colleagues®” show
that the Panx1 blockers, carbenoxolne and mefloquine reduce ATP
induced currents in arginine-vasopressin magnocellular neurons.

How are P2X7Rs and Panx1 linked? For the most part, the
majority of papers investigating the link between P2XRs and
Panxl have focused on the downstream consequences without
detailed evaluation of the mechanistic link between the channels.
There are several hints from the literature that suggest it may be
through a direct interaction of the channels or through kinases act-
ing as intermediaries. These 2 pathways are not mutually exclusive.

In P2X7 and Panx1 expressing N2A cells, it was suggested thata
decrease in extracellular Ca?* is critical for Panx1 activation.’® The
authors report that removal of extracellular Ca** activates Panx1,
which was blocked by both Panx1 P2X7R antagonists. This sug-
gests that either Ca?* influx or loss of Ca** binding to the outside
face of the channel is important. Since it has been reported that
increased intracellular Ca%, released from stores upon P2Y recep-
tor stimulation can open Panx1 channels,”” Ca?* influx is a feasible
mechanism. Interestingly, there was also an apparent increase in
the direct interaction of Panx1 and P2X7, assayed by immunopre-
cipitation, in the absence of Ca?*. Although these findings require
validation in other systems, the model proposed was that ATP
efflux through a low extracellular Ca?*-gated Panxl resulted in
formation of a P2X7-Panx! large pore complex.?®

An alternative, Ca?*-independent mechanism, for activation
of Panx1 by P2X7Rs, has been proposed.* Several groups (Dahl,
Spray and Scemes) collaborated to show that in J774 macropah-
ges expressing P2X7Rs and Panx!1 that the proline-rich c-terminal
region of P2X7 was important. The authors show that interfering
peptides that mimicked the proline-rich portion of the P2X7R’s
c-terminal prevented Panxl opening. This antagonizing effect
appeared to involve activation of SFKs by P2X7Rs because the
SEK inhibitor, PP2, effectively prevented Panx! activation. This
occurred in normal (2mM) extracellular Ca?* and required exog-
enous application of BzATP to activate P2X7.

This peptide (TAT-451), targeting amino acids 445-455 of
P2X7 was used to show that several polymorphisms of P2X7 recep-
tors are linked to the development of chronic pain.*” Interestingly,
preventing the large pore forming isoforms (presumably through
Panxl as suggested by Iglesias et al.) with TAT-451 potently
blocked the development of allodynia. Thus, the potentiation of
specific P2X7 polymorphic receptors by Panx1 may occur through
a mechanism that involves interaction of SFKs. It will be interest-
ing to determine if specific NMDAR subunits (or polymorphisms)
are also selectivity linked to Panx1 and contribute to potentiation
of receptor responses.

Metabotropic Receptors

Adrenergic stimulation

There is now accumulating evidence that pannexin channels,
in particular Panxl, can serve to enhance metabotropic based sig-
naling events. For instance, a macromolecular protein association
between Panx1 and a-adrenergic receptors (AR) has been demon-

strated in 2 independent reports.'®* Some of the most interesting
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Figure 1. Expression of Panx1 and Cx43 with a1-AR in mesenteric arte-
rioles. Frozen sections of third-order mouse mesenteric arterioles were
viewed transverse via confocal microscopy. Magenta is autofluores-
cence of the internal elastic lamina (IEL) separating endothelial cells
(EC) from smooth muscle cells (SMC), green (goat anti-rabbit Cy5) is the
a1-AR, and red (goat anti-rabbit Alexa 594) is either Cx43 (top) or Panx1
(bottom). Note the extensive colocalization between Panx1 and a1-AR
in smooth muscle, but the lack of association between Cx43 and a1-AR.
Scale baris 20 um. Immunocytochemistry was performed as described
and all antibodies have previously been extensively verified.'®4

sets of data reknogarding an interaction between Panx1 and al-
AR comes from the over- or under-expression of Panx1 specifically
in smooth muscle cells from intact resistance arteries.' In these
experiments, the more Panx1 in smooth muscle cells (with plasmid
transfection) caused #ncreased constriction in response to phenyl-
ephrine, whereas as siRNA of Panx1 in smooth muscle cells caused
a decreased constriction in response to phenylephrine. There was no
discernable change in the expression of the al-AR. This observa-
tion bodes well with an in-depth study of pannexin channel expres-
sion that found only the Panxl1 isoform was expressed in smooth
muscle cells of resistance arteries (e.g., thoracodorsal arteries, mes-
enteric arteries (Fig. 1) and numerous other arterioles), whereas
it was completely absent from conduit arteries.*” The important
extrapolation from this data are that possibly the amount of Panx1
in the smooth muscle of resistance arteries is important for the
regulation of peripheral resistance (at least the sympathetic nerve
component), and thus overall blood pressure.

In both reports of an association between a—AR and Panxl,
application of the a—AR agonist phenylephrine induced AT
release.'* However, the signal transduction pathway linking a—
AR and Panxl is not known; for example, in neither experimen-
tal design was [Ca®*]. examined which could provide clues into
the mechanism by which the pannexin channels are utilized by
the receptors (e.g, only ATP release or possibly extracellular Ca®*
influx/K* efflux?) as well as how the pannexin channels are acti-
vated. For example, although it has been presumed that al-AR is
Gq coupled, this may not always be the case, as it has recently been
demonstrated pharmacologically that al-AR has an association
with Gi (e.g., ref. 42). If Gi were the more closely related G-protein
association with Panxl in this instance, the downstream signaling
pathway would be more consistent with that reported for Panxl
channel activity in lung epithelium where a direct role for Rho
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kinase has been proposed.®#* It will be interesting to see if Panx1
is only associated with a1-AR or if other adrenergic receptors and/
or vasoconstrictor receptors are also involved.

Thrombin/histamine/bradykinin

In addition to AR, there is also evidence that pannexins and
certain inflammatory paracrine receptors may be co-regulated.
The first evidence to indicate enhanced ATP release via Panx1
came from thrombin receptors (PAR1-4). In 2009, Seminario-
Vidal et al. observed a rapid release of ATP (< 5 min) and [Ca?]
- The increase in [Ca®"], after thrombin application was found
to be important for the release of ATP, as demonstrated with pre-
loading of the cells with BAPTA, but the increase in [Ca*], alone
was insufficient to induce ATP release as demonstrated using UTP
as an agonist for activation of P2Y2 receptors.”* The group went
further to demonstrate the ATP release from the cell was due to
G,,,, activation of RhoA/ROCK using pharmacological inhibi-
tors and rapid rises in RhoA protein expression after thrombin
stimulation. It was not known however, how that RhoA was being
utilized to support ATP release from the cells.* Importantly for
this initial work, due to confusion in the literature it was unknown
whether the ATP release mediated by RhoA was via connexin
hemichannels or pannexin channels because the only evidence was
pharmacological inhibition.* However, because the ATP release
occurred under physiological extracellular calcium concentrations
and the cells weren’t fundamentally subject to stress (e.g., mechani-
cal distension), it was assumed that pannexins (without a known
isoform) were involved. More recently, a role for pannexins after
thrombin stimulation has been confirmed by Lazarowski’s group
implicating a direct role for RhoA in a Panx1 knockout animal.*f

Using human umbilical vein endothelial cells, Gédecke et al.
confirmed these initial observations on thrombin and ATP
release.” Using both pharmacological inhibition and Panxl and
Cx43 siRNA, the group conclusively demonstrate that ATP was
released after physiological dosing with thrombin to endothelial
cells.® Between these 2 studies on thrombin, different PARs were
found to be important for the pannexin-induced ATP release)*>*
which may represent receptor specificity for pannexin channel
activation dependent on the nature of the cell type and/or the
degree of receptor activation. Thus although the observation that
ATP release from pannexins is mediated via thrombin activation of
PARGs is reproducible, some factors still require elucidation.

As reported by the Correia-se-S4 group, both histamine and bra-
dykinin are suggested to enhance metabotropic receptor activation
via Panxl release of ATP.**” Application of bradykinin, added in a
dose-dependent manner to primary cultures of human fibroblasts,
activated specifically the B, receptor as determined via pharmaco-
logical inhibition. The B, activation caused an increase in [Ca*],
that surprisingly, was slightly diminished with preincubation with
both apyrase and P2 receptor blockers (e.g., reactive blue-2). This
is a remarkable observation on its own as it has been demonstrated
several times that bradykinin causes an increase in [Ca*], through
a typical G_pathway (e.g., ref. 48). This data would suggest the
increase in [Ca™]. is not solely through B, activation.”” The group
determined pharmacologically that the B, was likely activating a
pannexin channel that was allowing for ATP release.” The ATP
release was activating purinergic receptors on the cells, which was
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the reason that apyrase P2 receptors caused a decrease in [Ca*].—
although the nature of how the [Ca**]. elevation occurred (through
the pannexins or other ion channels) was not clear.”

These observations and generalized pathway were repeated
using histamine on Hl-receptors in the same primary cultures of
human fibroblasts.®® In this way, both the bradykinin and hista-
mine receptors were inducing positive feedback on the cell with
Panx-released ATP acting by autocrine stimulation of purinergic
receptors and allowing some degree of extracellular calcium into
the cell. The net result is a potentiated signal after initial ligand
binding. Similar to other reports, the exact pannexin isoform
remains enigmatic, although in both instances Panx1 was present,
but Panx2 and Panx3 were not tested.

Purinergic activation

As mentioned in the examples above, it appears that in many
of the circumstances with the metabotropic receptors, pannexin
channel release of ATP serves to further enhance the signaling
cascade (e.g., causing a more pronounced increase in [Ca*],) act-
ing in an autocrine manner on local purinergic receptors (also e.g.,
ref. 49). There is also example of the reverse, where the purinergic
receptor activation (P2Y) was shown to cause ATP release via pan-
nexin channels.”® However, this effect may be purinergic receptor
specific, as the P2Y2 activation directly by UTP was not shown to
induce ATP release,” via pannexin channels or other mechanisms.

In carotid body type II cells (similar to glial cells in the brain),
P2Y?2 activation recruited Panx1 channels. Panx1 activation caused
a specific and robust increase in the release ATP, which then acted
as a neurotransmitter on the type 1 (glomus) cell” This ATP-
induced-ATD release is an interesting example of how Panxl can
selectively potentiate relatively small and slow signals from metabo-
tropic receptors to augment neurotransmission.

Conclusion

The concept of pannexins as potentiators of ligand-gated recep-
tor signaling events is an emerging idea with some important
observations pointing to this relationship. However, much work
remains to flush this topic out. For example, although all of the
work described above is focused on Panx1, mostly due to the abun-
dance of this isoform throughout tissue, it conceivable that both
Panx2 and Panx3 could act in a similar manner. In some cases,

Panxl was invoked without evidence of that particular isoform
being present or rigorous determination that it is Panx1, presum-
ably because it is the most characterized. This information could
be important to determine if the presumed coupling between
receptors and pannexins is a property of all pannexin channels or
unique to a particular isoform.

The evidence that Panx1 potentiates ligand-gated ion channel
activity is strong. Work from several labs has shown directly that
ionic currents associated with glutamaterigic or purinergic recep-
tors can be enhanced through recruitment of Panx1. There is how-
ever, an important gap in our understanding of how ligand-gated
ion channels recruit Panxl1. It appears in several cases to involve
kinases (such as SFKs). This could mean that Panxl and their
ligand-gated ionotropic actuators may or may not exist in discrete
signaling complexes comprised of protein-protein interactions.
Careful experiments are needed, using intact tissue or in vivo sys-
tems to elucidate this. As a final comment on the link between
ionotropic receptors and Panxl, it will be exciting to determine the
extent of these interactions and the diversity of the receptor types
involved.

Lastly, although it has been hypothesized that connexin hemi-
channels could serve as an extracellular ATP release mechanism
similar to pannexin channels, thus far this observation has been
confined to predominantly cell culture under non-physiolog-
ical conditions (e.g., high depolarization, no extracellular Ca*").
Regardless of this, all described cases of ATP release from con-
nexin hemichannels are derived from non-receptor mediated inter-
actions, setting an important distinction between the 2 cellular
release mechanisms. In this way, it is tempting to speculate that
ATD-release via connexin hemichannels serves as a mechanism for
purinergic signaling during pathological tissue damage. Whereas
pannexin channels provide the homeostatic requirements for puri-
nergic signaling and may do this through augmentation of puriner-
gic receptor signals.
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