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TOPICAL REVIEW

Voltage-gated potassium channels and the diversity
of electrical signalling

Lily Yeh Jan and Yuh Nung Jan

Howard Hughes Medical Institute, Departments of Physiology, Biochemistry and Biophysics, University of California—San Francisco, San Francisco, CA,
USA

Abstract Since Hodgkin and Huxley discovered the potassium current that underlies the falling
phase of action potentials in the squid giant axon, the diversity of voltage-gated potassium (Kv)
channels has been manifested in multiple ways. The large and extended potassium channel family
is evolutionarily conserved molecularly and functionally. Alternative splicing and RNA editing
of Kv channel genes diversify the channel property and expression level. The mix-and-match
of subunits in a Kv channel that contains four similar or identical pore-forming subunits and
additional auxiliary subunits further diversify Kv channels. Moreover, targeting of different Kv
channels to specific subcellular compartments and local translation of Kv channel mRNA in
neuronal processes diversify axonal and dendritic action potentials and influence how synaptic
plasticity may be modulated. As one indication of the evolutionary conservation of Kvl channel
functions, mutations of the Shaker potassium channel gene in Drosophila and the KCNAI gene
for its mammalian orthologue, Kv1.1, cause hyperexcitability near axon branch points and nerve
terminals, thereby leading to uncontrolled movements and recapitulating the episodic ataxia-1
(EA1) symptoms in human patients.
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Introduction

By tracing the origin of the action potential to sodium
current for the rising phase and potassium current
for the falling phase of the action potential, Hodgkin
& Huxley (1952) led the way for investigating the

Lily and Yuh Nung Jan switched from physics to biology under the influence of Max Delbriick, then stayed
at Caltech for postdoctoral training with Seymour Benzer and began their long-term collaboration, starting
with studies of Shaker mutant flies and followed with studies of peptide neurotransmission in Steve Kuffler’s
lab at Harvard Medical School. In 1979 they set up their lab at UCSE. They and their colleagues carried out
positional cloning of Shaker and have followed up with expression cloning of IRK1 of the Kir channel family
and calcium-activated chloride channels in a novel channel family, to study how these channels work. They
also began their work on neural development at UCSF to ask how neurons acquire their specific cell fate
and morphology, by identifying atonal, a founding member of the proneural genes controlling neuronal
cell fates, and numb, the first cell fate determinant exhibiting asymmetric localization in dividing neural
precursor cells, and the mechanisms for generating diversity in dendritic morphology that contributes to the

wiring of the nervous system.

basis of electrical signalling. In the ensuing six decades
it has become abundantly clear that vertebrates and
invertebrates share the same basic principles for action
potential generation, involving evolutionarily conserved
ion channels. Molecular identification of these ion
channel families has further revealed a rich variety of
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structurally related sodium and potassium channels with
properties tailored to suit the physiological purposes of
distinct neuronal types as well as different subcellular
compartments of a neuron. Voltage-gated ion channels
share a common design of four « subunits, which could
be separate proteins that assemble in the endoplasmic
reticulum (ER) or strung together in a large polypeptide;
each o subunit contains six transmembrane segments,
with S1-54 forming the voltage sensor and S5-S6 forming
the pore-lining domain (Yu & Catterall, 2004; Lujan,
2010). This review, which is by no means comprehensive,
will focus on Kv1 channels — the first axonal voltage-gated
potassium channels characterized electrophysiologically
and molecularly — and their close relatives, Kv3.1b, which
is also targeted to the axon, and Kv4, which is enriched on
neuronal dendrites, as examples to highlight some of the
intriguing variations of electrical signalling in the nervous
system and to outline the underlying molecular basis with
respect to potassium channel diversity.

Molecular diversity of the evolutionarily conserved
Kv1 potassium channels

The unveiling of the sodium conductance and potassium
conductance with steep voltage dependence by Hodgkin &
Huxley (1952) has inspired not only decades of biophysical
studies (Hille, 2001), but also attempts for molecular
identification of these voltage-gated ion channels. Without
the benefit of a rich source of potassium channels for
biochemical purification, the finding that treatment of
wild-type animals with the potassium channel blocker
4-aminopyridine (4-AP) can mimic the Shaker mutant
phenotype (Jan et al. 1977) raised the prospect of
positional cloning that became feasible around that
time, owing to the highly invariant banding patterns
of the giant polytene salivary gland chromosomes in
Drosophila (Bridges, 1935). Cloning of the Drosophila
Shaker potassium channels (Papazian et al. 1987; Tempel
et al. 1987) soon led to cloning of the mammalian
orthologue Kvl.1 thanks to the high degree of their
sequence conservation (Tempel et al. 1988), as well as
the realization that the highly conserved N-terminal cyto-
plasmic domain — the T1 tetramerization domain — is
important for the assembly of « subunits belonging to the
same subfamily (Covarrubias ef al. 1991; Li et al. 1992).
The multiplicity of Kv channel subfamilies, along with the
ability of different members of a subfamily to coassemble
and form channels with different properties, contributes
to the diversity of Kv channels, which is further amplified
by alternative splicing and RNA editing mediated by
adenosine deaminases that alter the sequence of an RNA
from that encoded in the genome (Bass, 2002).

One manifestation of the evolutionary conservation of
potassium channel diversification via alternative splicing
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is the differential expression of splice isoforms of
Shaker (Kvl) potassium channels with different channel
properties in the fruit fly (Schwarz et al. 1990) and the pre-
sence of different splice isoforms of the Shaker orthologue
in squid axons of different diameters (Rosenthal et al.
1997). Whereas the SqKv1A splice isoform is exclusively
expressed in the monotypic pool of giant fibre lobe
neurons whose axons fuse to form the squid giant axon
that innervates the mantle musculature for the all-or-none
jet-propelled escape response (Young, 1939), the SqKv1B
splice isoform shows a complementary expression pattern
in the stellate ganglion, with abundant expression in the
neurons that are larger than the giant fibre lobe neurons
but give rise to the small axon motor system for graded
excitation of the muscle fibres (Rosenthal et al. 1997)
(Fig. 1).

The SqKv1A and SqKv1B channels as encoded by the
genomic sequences display indistinguishable properties
when expressed in Xenopus oocytes (Rosenthal & Gilly,
2003). Given the extensive RNA editing that introduces
specific amino acid substitutions in Kv channels of the
squid central nervous system (CNS) (Rosenthal & Gilly,
2003), itis intriguing to contemplate the potential diversity
and flexibility that may be afforded by RNA editing; the
different exons and introns involved in the formation of
different splice isoforms may impart different potentials
for RNA editing (Bass, 2002). Whereas RNA editing is one
conceivable means for channel modifications that may
accompany the increase of conduction velocity as axons
grow larger during development, a different repertoire of
RNA editing may be called for in the unusual design for
hastening action potential propagation as the small axons
of many giant fibre lobe neurons fuse with one another to
form the squid giant axon (Young, 1939).

Besides alternative splicing, another major mechanism
for generating potassium channel diversity is RNA editing
due to enzymatic conversion of a particular adenosine
within a secondary structure involving RNA base-pairing
to inosine, which is read as guanidine thereby changing
the codon for an amino acid (Bass, 2002). Remarkably,
RNA editing of voltage-gated potassium channels is highly
conserved among mollusks, arthropods and chordates
(Patton et al. 1997; Hoopengardner et al. 2003; Ryan
et al. 2008). For example, a valine substitution for iso-
leucine in the sixth transmembrane segment (S6) of Kv
channels — conserved not only in invertebrates like fruit
flies (Ryan et al. 2008) and squids (Patton et al. 1997;
Rosenthal & Bezanilla, 2002b), but also in mammals such
as rodents and humans (Hoopengardner et al. 2003) —
has the functional consequence of altering channel gating
(Patton et al. 1997; Rosenthal & Bezanilla, 2002b; Ryan
et al. 2008). There is extensive RNA editing for the
N-terminal T1 tetramerization domain as well as the
transmembrane domain of squid Kv channels (Rosenthal
& Bezanilla, 2002b). RNA editing of the T1 domain
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could reduce the efficiency of assembly and formation
of functional channels by these Kv channel subunits
(Rosenthal & Bezanilla, 2002b). Whereas some of the
editing compromises the ability of the T1 domain to form
tetramers, RNA editing of the T1 domain could also alter
channel gating (Rosenthal & Bezanilla, 2002b; Garrett &
Rosenthal, 2012), reminiscent of the impact on channel
gating exerted by T1 domain mutations that cause little or
no alterations of the crystal structure of the T1 tetramer
(Cushman et al. 2000; Minor et al. 2000).

What might the extensive editing of squid Kv channels
be good for? It is interesting to consider the possibility that
the variation of RNA editing among different species of
squids in different thermal habitats may contribute to the
differences in their potassium conductance: When tested
at the same temperature (15°C), the action potential of the
giant axon is broader for squids inhabiting warmer waters,
which may reflect an adaptation to avoid action potential
failure at high temperatures (Rosenthal & Bezanilla,
2002a). Like squids, octopuses inhabit seawaters as cold
as —2°C in the Antarctic or warm waters above 37°C
in the tropics and desert lagoons. These poikilotherms
appear to have adopted RNA editing to adjust their Kvl
channels in ways appropriate for their habitats; different
octopus species from both the arctic and Antarctic employ
RNA editing to convert an isoleucine in the S5 segment to
valine to destabilize the channel open state, presumably to
avoid excessive action potential broadening in frigid waters
that would hinder repetitive firing (Garrett & Rosenthal,
2012).
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Figure 1. Squid axons and vertebrate axons
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Evolutionary conservation of axonal Kv1 potassium
channel functions

Evolutionary conservation of Kvl channels encompasses
not only channel properties and axonal targeting but also
their physiological functions in neurons. Episodic ataxia-1
(EAl), an autosomal dominant human neurological
disorder manifested by brief episodes of uncontrolled
movements induced by physical or emotional stress as
well as repetitive discharges of distal musculature known
as myokymia, is caused by mutations of human Kvl.1
(KCNAI) (Browne et al. 1994). The stress-induced ataxia
has been recapitulated in a knock-in mutant mouse model
carrying the EA1 mutation V408A of the S6 segment,
which destabilizes the channel open state (Herson et al.
2003). This reduction of Kvl.l-containing potassium
channel function reduces the likelihood of action potential
propagation failure at axonal branch points (Debanne et al.
2011) of the cerebellar basket cell axon plexus, thereby
increasing inhibitory synaptic inputs of Purkinje cells and
causing motor dysfunction (Herson ef al. 2003).

Kvl.l is also important for regulating the action
potential waveform (Smart et al. 1998). For example,
Kvl channels in the cortical pyramidal neuronal axon
collaterals with en passant presynaptic terminals (Debanne
et al. 2011) control action potential duration; inactivation
of these axonal Kvl channels accounts for the ability
of neuronal depolarization to broaden axonal action
potentials and regulate local synaptic transmission in the
brain (Foust ef al. 2011) (Fig. 2). Thus the axonal Kvl

terminal in monkey
thalamus

squid
stellate nerve

Left, a schematic diagram of the squid giant axon emerging from the stellate ganglion. Middle, the squid stellate
nerve containing the squid giant axon and other axons of small diameter. Right, the axon of a cortico-thalamic
neuron in the macaque monkey. The left panel is from Giuditta et al. (2008) with permission of the American
Physiological Society, while the middle panel and right panels are from Bucher & Goaillard (2011) with permission

of Elsevier.
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Figure 2. Kv1 channels in the axon collaterals and presynaptic boutons control action potential wave-
form

A, a pyramidal neuron filled with voltage-sensitive dye in layer 5 of the cortex. B, applying the Kv1 channel blocker
a-dendrotoxin (DTX) slows the action potential recorded in the axon collaterals and presynaptic boutons in the
boxed region in A, but causes much less broadening of the action potential recorded from the neuronal soma.
The control recording is from a pixel adjacent to the bouton. C, the spike width in axon collaterals is sensitive
to the Kv1 channel blockers a-DTX and 4-AP. D, a-DTX-sensitive Kv1 channels are crucial for somatic membrane
potential changes to influence the spike width in axon collaterals and presynaptic boutons. E, application of -DTX
to the axon collaterals but not the neuronal soma abolishes the ability of subthreshold depolarization of neuronal
soma to cause spike broadening in axon collaterals. From Foust et al. (2011) with permission of the Society for
Neuroscience.
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channel activity may regulate the strength of synaptic
transmission by modulating the action potential duration
and firing pattern as well as the extent of action potential
invasion into axonal branches (Bucher & Goaillard, 2011;
Debanne et al. 2011).

The hyperexcitability of mammalian motor axons due
to compromised Kv1.1 function (Fig. 3) most likely arises
from reflections of action potentials from the nerve end-
ings (Zhou et al. 1998), similar to the Shaker mutant
phenotype (Fig. 4) that enabled positional cloning of the
founding members of voltage-gated potassium channels
(Jan et al. 1977; Papazian et al. 1987; Tempel et al. 1987;
Jan & Jan, 1997). These mutant phenotypes support the
notion that, to counterbalance the requirement for a sub-
stantial sodium channel density to ensure action potential
invasion of nerve terminals, Kvl.1-containing channels
are strategically positioned to prevent reentrant action
potentials (Zhou et al. 1998); removing the safeguard

Voltage-gated potassium channels
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provided by these Kvl channels in CNS neurons and
motor neurons would cause uncontrolled movements of
organisms ranging from flies to man.

Heteromeric axonal Kv1 channels in normal and
pathological conditions

Axonal Kvl channels in the mammalian CNS tend to be
heteromeric. Whereas Kv1.1 islikely to associate with Kv1.4
in striatal efferents in globus pallidus and pars reticulata
of substantia nigra, Kv1.1 probably forms heterotetramers
with Kv1.2 in cerebellar basket cell terminals and the
juxtaparanodal membrane adjacent to nodes of Ranvier;
ultrastructural studies place these channels in preterminal
axonal membranes (Trimmer & Rhodes, 2004), consistent
with the channel function in regulating excitability and
transmitter release (Foust et al. 2011).
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Figure 3. Loss of Kv1.1 function causes reentrant action potentials of mouse motor axons

Top, the experimental scheme for extracellular recording of the muscle compound action potential with a surface
electrode in the phrenic nerve-diaphragm preparation of a P18 null mutant mice lacking Kv1.1. The action
potentials are evoked either by stimulating the nerve (bottom right) or by directly stimulating the muscle (bottom
left). In the absence of Kv1.1-containing channels, action potentials may ‘reflect’ from the nerve terminals and
resultin ‘backfiring’ along the motor axon. From Zhou et al. (1998) with permission of the Society for Neuroscience.
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Axonal Kvl channel variations have been found
in pathological conditions. Whereas sciatic nerve
injury reduces a subpopulation of potassium currents
accompanied with a reduction of Kvl.2 and Kv2.1
in dorsal root ganglion (DRG) neurons of different
sizes (Ishikawa et al. 1999), spinal cord injury causes
up-regulation of Kvl.l1 and Kvl.2 as well as their
dispersal from juxtaparanodal regions of the injured axons
(Karimi-Abdolrezaee et al. 2004). Loss of myelin sheath
and remyelination are also associated with alterations
in Kvl channel distribution, which would affect action
potential conduction properties (Salzer, 2003).

There are other possible scenarios for Kvl
channelopathy. The Kv1.1 null mutation causes epilepsy
(Smart et al. 1998) that may further initiate sustained
ictal bradycardia and asystole, raising the possibility that
the hyperexcitability resulting from the loss of Kvl.1
function may lead to impaired neural control of heartbeat
and ‘sudden unexplained death in epilepsy’ (SUDEP)
(Glasscock et al. 2010). In addition to Kvl.1 mutations,
autoantibodies to Kv1.1 and other Kvl family members
are found in patients with acquired neuromyotonia
that is associated with peripheral nerve hyperexcitability
and possibly autonomic and central nervous system
involvement, perhaps due to a reduction of Kvl channel
expression (Kleopa et al. 2006).

Axonal targeting of Kv1 subfamily members and
Kv3.1b

Axonal targeting of Kv1 channels is likely to be mediated
by evolutionarily conserved mechanisms, since it involves
the T1 domain (Gu et al. 2003; Rivera et al. 2005)
due to its association with Kvp subunits, which are
also evolutionarily conserved (Vacher & Trimmer, 2011).
The Kv2 associated proteins KIF3 (kinesin II) and EB1
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(microtubule plus end binding protein) are both required
for Kv1 axonal targeting (Gu et al. 2006; Gu & Gu, 2010).
Colocalized with Kv1 at the axon initial segment (AIS) and
juxtaparanodes of myelinated axons are cyclin-dependent
kinases that phosphorylate Kv2 to modulate its binding
to EB1 and regulate the release of Kvl channel-bearing
vesicles from EB1 and the microtubule, possibly for
their uploading to the cell membrane (Vacher et al
2011).

Itis of interest to note that, despite the indistinguishable
biophysical properties of the alternative splice isoforms
Kv3.la and Kv3.1b, their differential propensity for
supporting fast spiking can be accounted for by the
axonal targeting and AIS localization of Kv3.1b but
not Kv3.1a (Gu et al. 2011). Thus, notwithstanding the
much larger number of potassium channel genes in
mammals, alternative splicing of these genes causes further
diversification in a variety of channel properties including
their targeting to different subcellular compartments.

Gradients of Kv1 channels and Kv3.1b

Voltage-gated potassium channels also reside on the
dendrites to modulate dendritic excitability and synaptic
plasticity (Sjostrom et al. 2008). One elegant example
concerns the auditory brainstem neurons with bifurcating
dendrites in the medial superior olive (MSO); one dendrite
receives synaptic inputs triggered by sounds impinging
on one ear and the other dendrite gets synaptic inputs
originating from the other ear — a set-up critical for
discerning the interaural time difference as the basis for
sound localization (Grothe, 2003). A graded distribution
of Kvl channels along these two dendrites of the MSO
principal neuron is important to sharpen the excitatory
postsynaptic potentials (EPSPs) that provide phase-locked
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Figure 4. The Shaker mutant phenotypes observed at the larval neuromuscular junction

Left top, a Drosophila larval muscle innervated by motor axons stained with antibody against horseradish peroxidase
(HRP) (Jan & Jan, 1982). Left bottom, Shaker mutant (Sh*3'3%) larvae display much larger synaptic potentials at low
(0.1 mm) external calcium concentration as compared to Canton-S (CS) wild-type larvae. From Jan et al. (1977)
with permission of the Royal Society. Right, simultaneous recordings from the motor nerve (above) and muscle
(below) in Shaker mutant (ShK*733) larvae, and in wild-type (CS) larvae treated with 6 mm 4-AP to block potassium
channels. Stimulus artifacts are at the left end of the records. From Jan & Jan (1997).
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auditory information from the two ears for sound
localization (Mathews et al. 2010).

To compare and contrast this gradient of Kv1 channels
along each dendrite of the MSO principal neuron, we
will consider the gradient of Kv3.1b channels along the
tonotopic axis of the medial nucleus of the trapezoid body
(MNTB), which relays sound inputs from the contra-
lateral ear to the lateral superior olive (LSO) for sound
localization based on comparison of the sound intensities
detected by the two years. High levels of Kv3.1b expressed
in presynaptic as well as postsynaptic regions of MNTB
neurons that are responsive to high frequency sounds
endow these neurons with the capacity to fire at high
frequencies, whereas the lower levels of Kv3.1b expression
in MNTB neurons that are responsive to low frequency
sounds could increase the fidelity of timing of action
potential firing at low frequencies (Kaczmarek et al. 2005).
As exemplified by the gradient of Kv1 channels along a
single dendrite and the gradient of Kv3.1b across an entire
nucleus in the auditory brainstem, proper functions of
our nervous system rely on a mosaic of Kv channels that
not only have their properties finely tuned to the physio-
logical needs, but also have their number and distribution
precisely arranged to enable the neuronal computations
necessary for adequate perception and response.

Local translation of Kv1.1 and Kv4.2 in hippocampal
neuronal dendrites

Though Kv1 channels primarily reside in the axon whereas
Kv4 channels mainly localize to the dendrites (Sheng et al.
1992), Kvl channels are also present in hippocampal
neuronal dendrites to modulate temporal integration
(Storm, 1988) and the action potential aferdepolarization
(ADP) and hence burst firing (Metz et al. 2007). Not
only are Kv1 channels present in dendrites, Kvl.1 mRNA
is localized to dendrites where its local translation is
under the regulation of glutamate receptors of the NMDA
subtype and the downstream cascade of PI3 kinase
and mammalian target of rapamycin (mTOR) kinase
(Raab-Graham et al. 2006).

The molecularly distinct A-type potassium channels in
axons and dendrites (Sheng et al. 1992) serve a range
of physiological functions; whereas Kvl.4-containing
channels in mossy fibre terminals are likely to mediate
activity-dependent spike broadening that enhances trans-
mitter release (Debanne et al. 2011), Kv4.2 is responsible
for the regulation of synaptic plasticity in hippocampal
neuronal dendrites (Chen et al. 2006). A gradient of
dendritic Kv4 channels, with channel density increasing
distally along the apical dendrite, is set up with the
help of the auxiliary subunit DPP6 to restrict action
potential back-propagation and calcium spike generation
(Sun et al. 2011). Like Kvl.I mRNA, Kv4.2 mRNA is
also localized in dendrites so that its local translation is

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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under the modulation of NMDA receptors. The 3'-UTR
of Kv4.2 mRNA binds the RNA binding protein fragile
X mental retardation protein (FMRP) — an interaction
important for FMRP suppression of Kv4.2 expression
in dendrites. NMDA receptor activation causes rapid
dephosphorylation of the mTOR kinase, the downstream
S6 kinase and its substrate FMRP, thereby relieving FMRP
suppression and causing Kv4.2 up-regulation (Lee et al.
2011). This type of synaptic regulation of local translation
of Kvl.1 and Kv4.2 mRNA may allow local adjustments
of dendritic excitability according to synaptic activities
nearby.

Evolutionary conservation and diversity of local
translation

As a form of compartmentalized synthesis of proteins,
local translation in dendrites provides one mechanism
to achieve specificity in synaptic plasticity (Sutton &
Schuman, 2005). Local translation also takes place in
axons, including the squid giant axon (Piper & Holt 2004;
Giuditta et al. 2008; Kaplan et al. 2009). A significant
fraction of proteins synthesized in axons are nuclear
encoded mitochondrial proteins. Moreover, inhibition of
local translation in the axons of sympathetic neurons
cultured in the Campenot chamber reduces mitochondrial
functions in those axons (Kaplan et al. 2009).

The evolutionarily conserved local translation in neuro-
nal processes may serve a variety of functions including
axon growth (Piper & Holt, 2004) and synaptic regulation
of dendrite structure and function (Sutton & Schuman,
2005). For the squid giant axon derived from numerous
giant fibre lobe neurons in the stellate ganglion, local
translation offers a means to sustain the giant axon
without having to coordinate protein production in
multiple cell bodies. In contrast, the smallest flying insect
Hymenoptera, whose body length is just a fraction of the
diameter of the squid giant axon, loses the cell bodies
and nuclei of over 95% of its neurons due to massive lysis
before emerging from the pupa (Polilov, 2012). Its lifespan
of ~5 days is comparable to the time it takes to exhaust the
maternal supply of mRNAs for essential Drosophila genes
such as technical knockout (tko) coding for a mitochondrial
ribosomal protein (Royden ef al. 1987), indicating that the
reserve of mRNAs left behind in the Hymenoptera neuro-
nal processes can adequately support protein production
for days. Thus, the ability of this tiny insect to take flight
and go about its business without the burden of thousands
of neuronal cell bodies (Polilov, 2012) may be sustained
by local translation in neuronal processes.

Synopsis

Pioneered by Hodgkin and Huxley in their delineation
of the basis of action potential generation in the squid
giant axon (Hodgkin & Huxley, 1952), studies over
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the last six decades have elucidated the roles of a
rich variety of voltage-gated ion channels in neuronal
signalling (Trimmer & Rhodes, 2004; Yu & Catterall, 2004;
Bean, 2007; Sjostrom et al. 2008; Lujan, 2010; Bucher
& Goaillard, 2011; Debanne et al. 2011). Diversity of
electrical signalling not only derives from the extended ion
channel families with numerous family members and the
further diversification of channel properties and assembly
efficiency via alternative splicing and RNA editing, but
also encompasses cell biological variations in the synthesis
and trafficking of ion channels, often shedding light on
evolutionarily conserved mechanisms that have enabled
organisms of vastly different sizes and forms to cope with
their environment and thrive.
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