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The neuron is a fundamental communi-
cation device and in order to function this
way it needs high-fidelity input-output
mechanisms. Modulation of neuronal
activity is achieved by a multitude of
intracellular signalling cascades. These
include neurotransmitters and neuro-
modulators acting through G protein
coupled receptors (GPCRs), growth factor
receptors and various Ca®" influx or release
mechanisms. Surprisingly, however, the
number of second messengers used in
these signalling cascades is rather limited,
which inevitably results in a situation where
different signalling pathways utilise the
same second messengers within the same
neuron in order to achieve very different,
sometimes even opposite effects. One
obvious example of a second messenger
involved in concurrent intracellular
signalling pathways can be found with
intracellular Ca>* signalling. There is a
plethora of pathways that can lead to rapid
intracellular Ca** signals (e.g. opening
of voltage gated Ca’" channels during
action potential firing, release of Ca*™ from
intracellular stores in response to GPCR
activation, Ca** influx through ionotropic
receptors or ligand-gated or sensory ion
channels, store-operated Ca** entry, etc.).
Such Ca®* signals regulate processes as
diverse as synaptic transmission, neuro-
nal firing patterns, gene expression and
apoptotic cell death. It is therefore clear
that robust mechanisms enabling precise
coupling of particular type of Ca’* signals
to specific Ca*"-dependent outputs must
be in place. This consideration is likely to be
applicable to other intracellular signalling
mechanisms, such as cyclic nucleotide
signalling, phosphorylation, lipid messen-
ger signalling, etc. Growing evidence
suggests that the precise spatial localisation
of intracellular signalling cascades in many
cases underlies the fidelity and specificity

of signalling. Indeed, these cascades are
often arranged in multi-protein signalling
complexes at micro- or nanodomains of the
plasmalemmal or intracellular membranes.

Current developments in our under-
standing of localised neuronal signalling
cascades were discussed at the symposium
entitled ‘Localised intracellular signalling
in neurons’ held on 1 July 2014 during
the Physiological Society’s annual meeting,
Physiology 2014, in London. The first
speaker, John Garthwaite (University
College London, UK) summarised his
group’s efforts to ascertain spatial and
temporal profiles of neuronal nitric oxide
(NO) signalling. NO acts as a neuro-
transmitter, diffusible second messenger
and chemical modulator of proteins in the
mammalian nervous system (Garthwaite,
2008) but many aspects of NO signalling
remain unanswered; these include such
issues as how ‘local’ NO signals are, and
what the real physiological concentrations
of NO in neurons are. Several elegant
approaches aimed at quantitatively
evaluating localised NO signalling in
neurons were described; these include
a quantitative model (Roy et al. 2008),
real-time imaging of NO-mediated signal
transduction in target cells (Batchelor ef al.
2010) and an optical NO-detection system
based on an NO-sensitive reporter cell line
(Wood et al. 2011). These studies concluded
that as a synaptic transmitter, NO is likely
to act very locally, within the bounds of a
single synapse, and exist only at very low
(picomolar) concentrations. Yet, when a
population of densely packed neurones
are stimulated simultaneously, NO acts as
a volume transmitter. Read more about
localised NO signalling in the symposium
review published in this issue of The Journal
of Physiology (Garthwaite, 2016).

Nikita Gamper (University of Leeds, UK)
reported on the localised Ca®* signals that
activate the Ca’"-activated Cl~ channel
ANO1 (TMEM16A) in nociceptive sensory
neurons. ANOI1 channel activation leads
to depolarisation and excites nociceptive
neurons as these accumulate high intra-
cellular Cl~ concentrations (Liu et al. 2010).
ANOI1 channels have relatively low Ca*"
sensitivity (Yang et al. 2008; Xiao et al. 2011)
and, thus, require close co-localisation with
the intracellular Ca®" source. Gamper’s
group found that ANO1 channels in
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nociceptive dorsal root ganglion (DRG)
neurons reside within signalling complexes
assembled at the junctions between the
plasma membrane and the endoplasmic
reticulum (ER). The complexes include
phospholipase C (PLC)-coupled GPCRs
(e.g. bradykinin B, receptors) and ANO1
channels at the plasma membrane and the
inositol 1,4,5-trisphosphate (IP3) receptors
at the ER (Jin et al. 2013). The latter serve
as a Ca’" source for ANOI1 activation in
response to GPCR triggering by specific
inflammatory mediators, as described in
the symposium review from the Gamper’s
group (Jin et al. 2016).

Mark Shapiro (University of Texas Health
Science Center at San Antonio, TX, USA)
continued the theme of localised regulation
of neuronal ion channels, focusing on the
regulation of M-type (KCNQ, Kv7) Kt
channels by the AKAP79/150 signalling
complexes. His group discovered several
mechanisms by which such complexes can
regulate M channel activity and expression.
One ‘rapid’ signalling pathway involves
recruitment of PKC to the channels,
their subsequent phosphorylation, and
a decrease in the channel affinity for
the plasma membrane phospholipid,
phosphatidylinositol 4,5-bisphosphate
(PIP,) (Bal et al. 2010; Zhang et al. 2011),
which is necessary for M channel activity
(Suh & Hille, 2002; Zhang et al. 2003).
The multiprotein complex mediating this
signalling cascade includes AKAP79/150,
M, muscarinic receptors and M channel
proteins. There is also a ‘slow’ pathway
whereby KCNQ channel expression can
be regulated by neuronal activity. This
pathway involves activation of calcineurin
(CaN) and nuclear factor of activated
T-cells (NFAT) transcription factor
orchestrated by AKAP79/150. The pathway
requires Ca*™ influx specifically through
L-type Ca*" channels and both local and
global Ca’' signals (Zhang & Shapiro,
2012). Super-resolution stochastic optical
reconstruction microscopy (STORM) was
employed to resolve individual molecular
interactions within the AKAP79/150
signalling complex. This topic is further
discussed in the symposium review
published in this issue of The Journal of
Physiology (Zhang & Shapiro, 2016).

Paola Pedarzani (University College
London, UK) discussed signalling
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microdomains controlling the activity
of a Ca’*-dependent K current known as
sI(AHP) in hippocampal CAl pyramidal
neurons. sl(AHP) is important for the
control of repetitive firing, setting of neuro-
nal firing range and neuronal gain (Andrade
et al. 2012). Ca’* influx from voltage-gated
Ca’™ channels and Ca’"-induced Ca*"
release from ryanodine-sensitive Ca** stores
provides the activity-dependent drive for
this current (Stocker et al. 2004). sI(AHP) is
modulated by a variety of second messenger
pathways. For example, monoamine
transmitters suppress sl(AHP) through a
signalling pathway that involves cAMP and
protein kinase A (PKA) activation. Paola
reported her group’s recent studies on the
role of Ca*"-stimulated adenylyl cyclases
(ACs), AC1 and ACS8, in the modulation
of sI(AHP) by neurotransmitters using
knock-out mice lacking both ACs,
concluding that sI(AHP) channels might
reside in several distinct signalling micro-
domains in pyramidal neurons. Thus,
AC1 and AC8 were not necessary for the
suppression of sI(AHP) by some mono-
aminergic transmitters. Conversely, both
ACs were necessary for the modulation
of sI(AHP) channels by NMDA receptors
in response to synaptic activity associated
with long-term synaptic plasticity.

Dermot Cooper (University of Cambridge,
UK) continued the theme of Ca’* and
c¢AMP microdomains, focusing on adenylyl
cyclases. Ca’* and cAMP are the principal
intracellular second messengers that
regulate a plethora of cellular processes, yet
these two second messengers also modulate
each other’s activities in a number of
cross-talking signalling pathways. For
example, Ca’" arising from store-operated
Ca’™ entry (SOCE) can regulate AC
activity in non-excitable cells but this
coupling does not seem to exist in neurons
and cardiomyocytes, where L-type Ca’*"
channels provide Ca’>* for AC modulation
(Willoughby & Cooper, 2007). Dermot
described different molecular tools that
were developed for the dissection of the
microdomain localisation and coupling
of ACs in living cells, such as Ca’t
(based on GCamps) and cAMP (based on
EPAC) fluorescent probes tethered to ACs.
Application of these sensors revealed that
Ca’*"-sensitive ACs report quite distinct
Ca’* and cAMP signals to those reported
by Ca?*-insensitive ACs even in response to
the same type of stimulus. Furthermore, the
use of such sensors allowed dissection of the
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signalling complex that mediates selective
activation of AC8 by SOCE (Willoughby
et al. 2010; Willoughby et al. 2012).

In conclusion, this Physiological Society
symposium  discussed emerging hot
topics in localised intracellular signalling
in neurons with particular attention
to localised GPCR signalling cascades,
localised NO, Ca*t and cyclic nucleotide
signalling, microdomain regulation of
ion channels, plasma membrane-ER
junctional microdomains and spatially
restricted regulation of gene expression.
These localisation  mechanisms  are
critical for ensuring fidelity of neuronal
communication and signalling.

References

Andrade R, Foehring RC & Tzingounis AV
(2012). The calcium-activated slow AHP:
cutting through the Gordian knot. Front Cell
Neurosci 6, 47.

Bal M, Zhang J, Hernandez CC, Zaika O &
Shapiro MS (2010). Ca**/calmodulin
disrupts AKAP79/150 interactions with
KCNQ (M-Type) KT channels. ] Neurosci 30,
2311-2323.

Batchelor AM, Bartus K, Reynell C,
Constantinou S, Halvey EJ, Held KF,
Dostmann WR, Vernon ] & Garthwaite J
(2010). Exquisite sensitivity to subsecond,
picomolar nitric oxide transients conferred on
cells by guanylyl cyclase-coupled receptors.
Proc Natl Acad Sci USA 107, 22060-22065.

Garthwaite J (2008). Concepts of neural nitric
oxide-mediated transmission. Eur | Neurosci
27,2783-2802.

Garthwaite J (2016). From synaptically localized
to volume transmission by nitric oxide.

J Physiol 594, 9-18.

Jin X, Shah S, Du X, Zhang H & Gamper N
(2016). Activation of Ca®T -activated Cl~
channel ANO1 by localized Ca* signals.

J Physiol 594, 19-30.

Jin X, Shah S, Liu Y, Zhang H, Lees M, Fu Z,
Lippiat JD, Beech D], Sivaprasadarao A,
Baldwin SA, Zhang H & Gamper N (2013).
Activation of the CI~ channel ANOI by
localized calcium signals in nociceptive
sensory neurons requires coupling with the
IP3 receptor. Sci Signal 6, ra73.

Liu B, Linley JE, Du X, Zhang X, Ooi L, Zhang H
& Gamper N (2010). The acute nociceptive
signals induced by bradykinin in rat sensory
neurons are mediated by inhibition of M-type
K* channels and activation of Ca®*-activated
Cl~ channels. J Clin Invest 120, 1240-1252.

Roy B, Halvey EJ & Garthwaite J (2008). An
enzyme-linked receptor mechanism for nitric
oxide-activated guanylyl cyclase. J Biol Chem
283, 18841-18851.

J Physiol 594.1

Stocker M, Hirzel K, D’Hoedt D & Pedarzani P
(2004). Matching molecules to function:
neuronal Ca’*-activated K+ channels and
afterhyperpolarizations. Toxicon 43, 933-949.

Suh B & Hille B (2002). Recovery from
muscarinic modulation of M current channels
requires phosphatidylinositol
4,5-bisphosphate synthesis. Neuron 35,
507-520.

Willoughby D & Cooper DM (2007).
Organization and Ca®* regulation of adenylyl
cyclases in cAMP microdomains. Physiol Rev
87, 965-1010.

Willoughby D, Everett KL, Halls ML, Pacheco J,
Skroblin P, Vaca L, Klussmann E & Cooper
DM (2012). Direct binding between Orail
and AC8 mediates dynamic interplay between
Ca’* and cAMP signaling. Sci Signal 5, ra29.

Willoughby D, Wachten S, Masada N & Cooper
DM (2010). Direct demonstration of discrete
Ca** microdomains associated with different
isoforms of adenylyl cyclase. J Cell Sci 123,
107-117.

Wood KC, Batchelor AM, Bartus K, Harris KL,
Garthwaite G, Vernon ] & Garthwaite J
(2011). Picomolar nitric oxide signals from
central neurons recorded using ultrasensitive
detector cells. J Biol Chem 286, 43172—43181.

Xiao Q, Yu K, Perez-Cornejo P, Cui Y, Arreola J
& Hartzell HC (2011). Voltage- and
calcium-dependent gating of
TMEM16A/Anol chloride channels are
physically coupled by the first intracellular
loop. Proc Natl Acad Sci USA 108, 8891-8896.

Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim
WS, Park SP, Lee J, Lee B, Kim BM, Raouf R,
Shin YK & Oh U (2008). TMEM16A confers
receptor-activated calcium-dependent
chloride conductance. Nature 455,
1210-1215.

Zhang H, Craciun LC, Mirshahi T, Rohacs T,
Lopes CM, Jin T & Logothetis DE (2003).
PIP, activates KCNQ channels, and its
hydrolysis underlies receptor-mediated
inhibition of M currents. Neuron 37, 963-975.

Zhang J, Bal M, Bierbower S, Zaika O & Shapiro
MS (2011). AKAP79/150 signal complexes in
G-protein modulation of neuronal ion
channels. ] Neurosci 31, 7199-7211.

Zhang ] & Shapiro MS (2012).
Activity-dependent transcriptional regulation
of M-Type (Kv7) K* channels by
AKAP79/150-mediated NFAT actions. Neuron
76, 1133—-1146.

Zhang ] & Shapiro MS (2016). Mechanisms and
dynamics of AKAP79/150-orchestrated
multi-protein signalling complexes in brain
and peripheral nerve. ] Physiol 594, 31-37.

Additional information
Competing interests

None declared.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society



