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ARTICLE INFO ABSTRACT

Keywords: The molecular identity of calcium-activated chloride channels (CaCCs) was clarified only some ten years ago
Ca-activated chloride channels when it was linked to the family of “transmembrane proteins of unknown function 16” (TMEM16). Since then,
CaCC numerous studies have been conducted both to define their role in physiology and identify their biophysical
TMEM16

Nociception
Therapeutic target

functions. For the latter, the ultrastructural description of mouse TMEM16 A was a breakthrough. CaCCs were
functionally described in a number of different tissues including first-order sensory neurons. The activating rise
in intracellular calcium concentration can be caused by an influx of calcium through other calcium permeable

ion channels. Calcium release from intracellular stores, mediated by G-protein coupled receptors, also leads to
CaCC activation. Prominent inflammatory mediators like bradykinin or serotonin stimulate CaCCs via such a
mechanism. The (patho) physiological function of these ion channels renders them promising targets for anti-

nociceptive treatment.

1. A brief history of calcium-activated chloride channels

One of the first descriptions of calcium-activated chloride channels
(CaCCs) was as chloride channels endogenously expressed in Xenopus
laevis oocytes (Miledi, 1982). However, currents through these channels
were rather viewed as experimentally disadvantageous as they poten-
tially interfered with currents through recombinant channels. Further-
more, their molecular identity remained elusive (Bader et al., 1982;
Miledi, 1982).

A seemingly unconnected event occurred in the early 2000s, when a
protein began gaining interest in the field of cancer research. This
protein was termed “DOG1” (discovered on GIST 1; GIST: gastro-
intestinal stroma tumor) and was found to be expressed on GIST. It was
suggested to use DOG1 as a biomarker for GIST and other cancers,
where its expression profile can be used to predict cancer progression
and outcome (Oh and Jung, 2016).

Finally in 2008, the molecular identity of CaCCs was clarified:
members A and B of family 16 of “transmembrane proteins with un-
known function” (TMEM16 A and B) were found to be anion channels
activated by a rise in intracellular calcium (Caputo et al., 2008;
Schroeder et al., 2008; West et al., 2004). It also became clear that the
cancer cell marker DOG1 and TMEM16 A were identical (Oh and Jung,
2016). Meanwhile, CaCCs were found to play important roles in a
variety of physiological functions, among them neuronal excitability
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(Duran and Hartzell, 2011).
2. The surprising structure of TMEM16A

As indicated previously, the structure of DOG1/TMEM16 A was
originally thought to consist of eight transmembrane domains lending
substance to the name anoctamin currently extended to ten family
members as anoctamin 1-10 (Falzone et al., 2018; Oh and Jung, 2016).
More recently, an X-ray structure of nhTMEM16, a fungal phospholipid
scramblase paralog (Brunner et al., 2014), which also acts as a non-
selective ion channel (Lee et al., 2016), and a cryo-EM structure of
mouse TMEM16 A, the classic CaCC, were published (Dang et al., 2017;
Paulino et al., 2017a, 2017b). Since both structures contain ten mem-
brane-spanning domains, the name anoctamin is currently being dis-
puted.

The aforementioned two cryo-EM structures shed some light on
several mysteries: while it was suggested earlier that TMEM16 A forms
homodimers (Fallah et al., 2011; Sheridan et al., 2011), it was unclear
how these two subunits would interact or form an ion conduction pore.
It is now clear that transmembrane domains 3-7 of each subunit define
a separate ion conduction, creating a two-pore anion channel upon
dimerization (Dang et al., 2017; Paulino et al., 2017a, 2017b). Com-
parison of the structures of the fungal scramblase nhTMEM16 and the
mouse channel equivalent TMEM16 A further revealed a common
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conduction pathway for lipids and ions. In murine TMEM16 A, TM3 to
TM7 shield the hydrophilic ion-conduction pathway entirely from the
hydrophobic plasma membrane. In the fungal lipid scramblase paralog,
that same tunnel is not completely sealed, in that it resembles a slit
hose. Hydrophilic heads of phospholipids can, therefore, slide through
the hydrophilic pore of the scramblase, while their lipophilic tails re-
main in the plasma membrane (Falzone et al., 2018). This process was
termed “credit-card mechanism” and works only for phospholipids with
small head groups. Another mechanism that allows transport of lipids
with larger head groups, involves a thinning of the membrane which in
turn reduces the energy barrier for transport of hydrophobic residues
through lipid environments (Malvezzi et al., 2018).

3. Activation mechanisms of TMEM16A

As the name suggests, CaCCs are gated by rising concentrations of
intracellular calcium. In dorsal root ganglion neurons, the change in
intracellular calcium concentration can be achieved by activating a G-
protein coupled receptor that releases calcium from intracellular stores
via the formation of IP;. Additionally, activation of calcium-permeable
ion channels, like TRPV1- (Takayama et al., 2015), voltage-gated cal-
cium channels (Jin et al., 2016) can gate CaCCs (Fig. 1). Additionally,
non-selective CNG channels were shown to gate CaCCs in olfactory
sensory neurons (Dibattista et al., 2017). Changes in calcium con-
centrations can be sensed either directly, via a calcium-recognition
domain within the protein of interest, or indirectly through interaction
with specialized calcium-recognition proteins such as calmodulin
(Galietta, 2009). Interestingly, both mechanisms have been previously
proposed for the mode of calcium-sensing of CaCCs. The topic remained
disputed since CaCCs lack both classical calmodulin binding-sites and
calcium-recognition domains and experimental evidence from different
groups supported both ideas (Tian et al., 2011; Yu et al., 2012). Re-
cently, the cryo-electron microscopy (EM) structure of a mouse CaCC
(mTMEM16 A) revealed that calcium is sensed directly. It involves ne-
gatively charged amino acid residues in transmembrane domains 6-8
(Fig. 2). Binding of two calcium ions then leads to a major rearrange-
ment of the transmembrane domain 6, which finally gates the anion
channel (Dang et al., 2017; Paulino et al., 2017a).

In addition to calcium-sensitivity, CaCCs were described as being
voltage dependent (Duran and Hartzell, 2011), but not to the same
extent as classical voltage-gated ion channels: i.e. a mere change of
membrane voltage within physiological limits in absence of an increase
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Fig. 2. Simplified topology of a TMEM16 A subunit.

Functional calcium-activated chloride channels (CaCC) are composed of two
TMEM16 A subunits. Transmembrane domains TM3 to TM7 (green barrels) of
each subunit contribute to a separate ion conduction pore, forming a two-
barreled ion channel. Two calcium ions first bind to negatively charged amino
acid residues on TM7 and TMS8 (the location of each of the two Ca®>* binding
sites is roughly indicated by dark and bright yellow circles on the three parti-
cipating transmembrane domains). Subsequently, TM6 moves (red arrow) to-
wards the calcium-bound transmembrane domains and opens the ion conduc-
tion pathway. The calcium binding-site is located at a part of the
transmembrane domains that resides within the inner leaflet of the plasma
membrane. Upon binding of positive charges (calcium ions), the membrane
potential is also thought to interfere with TM6 movement, explaining the vol-
tage-dependent nature of CaCC currents. Information for this figure was taken
from (Dang et al., 2017; Falzone et al., 2018; Paulino et al., 2017a).

of intracellular calcium is not able to gate CaCCs. However, it was
shown that CaCCs do gate at very high, supraphysiological, voltages in
absence of Ca2™ (Xiao et al., 2011). Instead, the voltage-dependence of
CaCCs shifts to a physiological range in the presence of different cal-
cium concentrations (Ma et al., 2017). The absence of classic voltage-
gating can be explained by an absence of a canonical voltage-sensor
from the structure of CaCCs (Duran and Hartzell, 2011). Contrarily, the
calcium binding site, described above, projects into a part of TM6 to
TMS8, which are situated in the range of the inner leaflet of the plasma
membrane. Hence, binding of positively charged calcium ions at this
position may easily interfere with the movement of TM 6 (Fig. 2) once

Fig. 1. Calcium sources for channel activation.

Calcium required for gating of calcium activated chloride
channels (CaCC) in dorsal root ganglion (DRG) neurons can be
provided by different sources: activation of G-protein coupled
receptors (GPCR) coupled to Gq,11 G-proteins triggers phos-
pholipase C (PLC) activity. Activated PLC hydrolyzes phos-
phatitylinositol 4,5 bisphosphate (PIP,) into diacylglycerol
(DAG, not shown) and inositol 1,4,5 trisphosphate (IP3). IP3
diffuses to the ER (endoplasmic reticulum) membrane, where
it opens calcium-permeable IP3 receptors (IP3R). The subse-
quently released calcium (Ca%") can bind to and activate
CaCCs (bottom). Cytosolic calcium can also rise due to an
influx through ion channels from the extracellular space: one
possibility is voltage-gated calcium channels (Cay). An in-
crease in membrane potential leads to gating of these chan-
nels. Subsequently, calcium ions directly enter the cell and can
then activate CaCCs (left). Another type of ion channel, that
allows calcium influx is transient receptor potential vanilloid
family 1 (TRPV1). These channels can be activated by noxious
heat, voltage or presence of ligands, such as capsaicin. TRPV1
channels are highly permeable for calcium, which can bind to
CaCCs and activate them (top). In all three cases, the source of
calcium needs to be in close proximity to CaCCs to be able to
activate these channels. Information for this figure was taken
from (Jin et al., 2013).

DRG



I Salzer and S. Boehm

the membrane potential changes (Ma et al., 2017).

Additionally, CaCCs have been proposed as sensors for noxious heat.
TRPV1 channels represent canonical heat sensors. However, mice
lacking these channels still retain some heat sensitivity (Oh and Jung,
2016). In this context, CaCCs have been proposed as candidates for
additional heat sensors. Indeed, heterologously expressed TMEM16 A
were found to produce currents at temperatures higher than 44 °C (Cho
and Oh, 2013). Moreover, a tissue-specific knock-out of TMEM16 A
lowered both thermally and mechanically induced nocifensive behavior
(Cho et al., 2012; Lee et al., 2014). Yet, only heterologously expressed
CaCCs were clearly shown to produce currents in response to noxious
heat (Cho and Oh, 2013). Evidence to further support the hypothesis of
heat-evoked currents through endogenously expressed CaCCs in DRG
neurons is still lacking.

4. Ion selectivity of calcium-activated chloride channels

Even though the name “calcium-activated chloride channel” sug-
gests chloride as the sole permeant ion (Falzone et al., 2018), it ad-
ditionally permits a lesser flux for fluoride but also a higher flux for
iodide and bromide ions. However, since chloride is physiologically the
most abundant anion and plays the predominant functional role for
CaCCs, this fact is imprinted on the channel’s name. Yet, it is still de-
bated if CaCCs are truly selective anion channels, since some reports
suggest that up to 20% of CaCC currents may be carried by small ca-
tions (Oh and Jung, 2016), while others propose high selectivity for
anions (Dang et al., 2017; Paulino et al., 2017a). Interestingly, when
TMEM16 A was investigated under purified conditions, the anion se-
lectivity was preserved (Terashima et al., 2013). Hence, one may sus-
pect the suggestion of cation flux through CaCCs may have been due to
the presence of a contaminating conductance or other technical lim-
itations (Falzone et al., 2018).

The TMEM16 family of plasma membrane proteins consists of ten
members: only the first two, named TMEM16 A and TMEM16B, were
unequivocally proven to be ion channels. Recently, other members of
the TMEM16 family were identified as calcium-dependent phospholipid
scramblases (randomly translocating phospholipids between the two
layers of the membrane) as well as dual-function channel/scramblase
proteins (see above).

5. Calcium-activated chloride channels in sensory neurons

CaCCs were functionally characterized in a variety of neuronal tis-
sues, including dorsal root ganglion (DRG) neurons (Mayer, 1985).
These neurons are first-order afferent sensory neurons, which transmit
sensory information to the spinal cord. A subset of these neurons spe-
cifically encodes noxious stimuli. Noxious information is relayed in the
spinal dorsal horn to a second-order neuron, which subsequently
transmits the signal to the brain (Basbaum et al., 2009).

An inward current was described in DRG neurons, which either
occurred after activation of calcium currents (Mayer, 1985) or in re-
sponse to bradykinin application (Burgess et al., 1989). This inward
current was most likely carried by chloride, a current that requires the
presence of intracellular calcium, and which can be blocked by non-
selective chloride channel blockers. Therefore the name calcium-acti-
vated chloride channels was implemented (Burgess et al., 1989; Mayer,
1985). In current-clamp recordings, activation of CaCCs in DRG neu-
rons depolarize the membrane and trigger action potentials (Mayer,
1985). On the other hand, a general misconception is that activation of
a chloride conductance, like CaCCs or GABA, receptors, leads to a
decrease (and not an increase) in neuronal firing and a hyperpolariza-
tion. This difference can be easily explained: opening of a channel
brings the membrane potential to the Nernst potential of the per-
meating ion. The equilibrium- or Nernst potential of a specific ion is the
voltage where the concentration gradient is cancelled out by the elec-
trical gradient that is formed by an imbalance of positive and negative
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charges. The equilibrium potential is dependent on intracellular and
extracellular concentrations of that specific ion (Nernst, 1888). In case
of chloride, the intracellular concentration varies considerably be-
tween, for example, central neurons and peripheral neurons. Mature
central neurons display very low intracellular concentrations of
chloride (Kahle et al., 2008), whereas some peripheral neurons main-
tain a higher chloride concentration (Liu et al., 2010). Accordingly, the
intracellular chloride concentration in DRG neurons was determined to
range around 30 mM (Kaneko et al., 2002) and that of sympathetic
neurons even amounts to 70 mM (Woodward et al., 1969). However,
these different cytosolic concentrations can be created by expressing
different chloride transport proteins (Kahle et al., 2008). Hence, acti-
vation of a chloride conductance in mature central neurons leads to a
hyperpolarization and a reduction of action potential frequency,
whereas activation of the same conductance in a peripheral neuron
leads to depolarization and an increase of action potential frequency
(Liu et al., 2010).

CaCCs are expressed on small diameter nociceptive DRG neurons
(Cho et al., 2012). There, they are activated in the presence of in-
flammatory mediators, such as bradykinin (Liu et al., 2010), serotonin
(Salzer et al., 2016), or proteases (Jin et al., 2013; Liu et al., 2010). In
these cases, the activation of CaCCs is indirect as it involves Gq-coupled
receptors (Jin et al., 2016). In animal experiments, injection of brady-
kinin increases nocifensive behavior (Liu et al., 2010), which is absent
in mice lacking TMEM16 A. Hence, the contribution of these ion
channels to the formation of bradykinin-induced inflammatory hyper-
algesia is undisputed (Lee et al., 2014). Serotonin induces acute in-
flammatory pain in rats, which involves Gq-coupled 5-HT, receptors
(Nakajima et al., 2009). Hence, it is reasonable to assume that indirect
activation of CaCCs by 5-HT, receptors contributes to the formation of
serotonin-mediated inflammatory nocifensive behavior. Additionally,
stimulation of protease activated receptors (PAR) induces chronic pain
states in rats and the associated nocifensive behavior (Tillu et al.,
2015). Again, one might speculate that indirect activation of CaCCs by
Ggq-coupled PAR-2 receptors is involved in this process.

Bradykinin, serotonin, and proteases, amongst others, are released
locally in response to tissue damage (Basbaum et al., 2009) and are part
of the so-called “inflammatory soup” (Basbaum et al., 2009; Kessler
et al.,, 1992). This induced inflammation leads to an amplification of
pain sensation and subsequent prevention of potentially harmful be-
havior. On a molecular level, indirect activation of CaCCs by such in-
flammatory mediators leads to a depolarization of the respective noci-
ceptive neuron. As a result, neurons fire more action potentials in
response to an otherwise unaltered stimulus (Salzer et al., 2017), which
is then sensed as increased pain (Basbaum et al., 2009). Hence, CaCCs
appear crucially involved in the formation of chronic and inflammatory
pain.

In addition, CaCCs were implied in sensing noxious heat (Cho and
Oh, 2013). Additional heat sensors are necessary, since knock-out of the
canonical heat sensor TRPV1 leaves animals with some residual heat
sensitivity (Palkar et al., 2015). However, additional evidence needs to
be gathered to corroborate the role of CaCCs as sensors for noxious heat
(see above).

As mentioned before, Ca®* influx through TRPV1 channels provides
a Ca’* source for CaCC gating (Jin et al., 2016). This is very relevant
since both channels are expressed on the same set of nociceptive DRG
neuron (Oh and Jung, 2016). Interestingly, inhibition of TMEM16 A
reduces capsaicin-evoked nocifensive behavior in mice. This suggests
that the direct interaction of TRPV1 receptors and CaCCs is an im-
portant pain-enhancing mechanism (Takayama et al., 2015).

6. Future perspective
The prominent expression pattern of CaCCs in the nociceptive

pathway (Oh and Jung, 2016) makes it tempting to speculate about
CaCCs as potential drug targets in antinociceptive therapy. Indeed,
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Inhibitors of CaCCs were tested for their actions in animal models of
acute (Deba and Bessac, 2015) as well as inflammatory nociception
(Garcia et al., 2014). In both models, CaCC inhibitors were found to
reduce nocifensive behavior. These promising results revealed that
CaCC inhibitors could potentially be used as treatment of both acute as
well as inflammatory pain.

Potential drug candidates should first be tested for their selectivity
on TMEM16 A or B. New, (proposed) selective inhibitors of CaCCs,
especially TMEM16 A, include substances like T16A;,,-A01, CaCCinp-
A01 and MONNA. However, all three drugs were found to act rather
unspecifically, at least in vascular tissue (Boedtkjer et al., 2015). It is
unlikely that the situation should be different in neurons of the pain
pathway. Another candidate is Ani9, a more potent, small-molecule
inhibitor, that was found to be selective for TMEM16 A over TMEM16B
(Seo et al., 2016). It still needs to be clarified if this drug is also more
selective over other targets.

A further potential problem is the tissue distribution of CaCCs and
their variety of (patho)physiological functions. CaCCs were found in a
number of cell types, including vascular smooth muscle cells, where
they control vascular tone. CaCCs are also present in a number of dif-
ferent epithelia, where they regulate chloride secretion. Moreover, in
tumor cells, CaCCs are involved in proliferation and tumorigenesis (Oh
and Jung, 2016). Hence, when looking for a new analgesic, drug effects
in these tissues may cause serious side effects. Nevertheless, new
treatment options are needed, especially for chronic and inflammatory
pain, and CaCCs represent promising targets.
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