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Abstract The activity of voltage-gated Kt channels (Kv)
can be dynamically modulated by several events, including
neurotransmitter stimulated biochemical cascades mediated
by G protein-coupled receptors such as 5-HT, receptors
(5-HT,Rs). Activation of 5-HT,,,-R inhibits the Shaker-
like K* channels Kv1.1 and Kv1.2, and this modulation
involves the dual coordination of both RPTPa and dis-
tinct tyrosine kinases coupled to this receptor; 5-HT,Rs—
mediated modulation of Kv channels controls glutamate
release onto prefrontal cortex neurons that might play criti-
cal roles in neurophysiological, neurological, and psychi-
atric conditions. Noticeably, hallucinogens modulate Kv
channel activity, acting at 5-HT,R. Hence, comprehensive
knowledge of 5-HT,R signaling through modulation of dis-
tinct K™ channels is a pivotal step in the direction that will
enable scientists to discover novel 5-HT functions and dys-
functions in the brain and to identify original therapeutic
targets.
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Introduction
Voltage-gated potassium channels (Kv)

Voltage-gated potassium channels regulate numerous and
heterogeneous cell functions. In particular, they shorten
action potentials duration, modulate the release of neuro-
transmitters, and control the excitability, electrical proper-
ties and firing pattern of neurons in the brain (Hille 2001).
The first Kv channel was cloned from the Shaker mutant
of Drosophila in 1987 (Tempel et al. 1987). Several other
genes encoding for Kv channels have been identified after-
ward from many different species. Based on sequence relat-
edness, Kv channels have been classified in subfamilies by
using the abbreviation Kvy.x (Chandy and Gutman 1993).
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According to this standardized nomenclature, Shaker-
related channels have been classified in the subfamily
Kvi.x and each member numbered KvI./ through Kvi.8
(Fig. 1a). The same criteria have been used to classify chan-
nels related to the Drosophila subfamilies Shab (Kv2.1 and
Kv2.2), Shaw (Kv3.1 to 3.4), and Shal (Kv4.1 to Kv4.3).
The Kv a-subunits contain six transmembrane segments (S)
with the N- and C-termini residing inside the cell (Fig. 1b).
The S5, S6, and H5 loop linking them delimit the ion-
conducting pore. The S4 segment of each subunit is com-
posed of regularly spaced positively charged arginines and
lysines and comprises the main voltage-sensor region that
opens the channel by undergoing a conformational rear-
rangement upon membrane depolarization. A functional
channel is composed of four homologous a-subunits. The
first atomic structure description of a bacterial K™ chan-
nel is regarded as a milestone in the history of ion chan-
nels (Doyle et al.1998). Subsequently, the entire crystal
structure of mammalian Kv channels has been provided
(Jiang et al. 2003a, b). The elucidation of the structures of
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Fig.1 a Phylogenetic tree for the Kvl family. b Schematic dia-
gram illustrating the predicted secondary structure of a K™ channel
a-subunit. A Kv subunit is composed of a voltage-sensing region (S1
through S4), a pore region (S5-H5-S6) with the N- and C-termini
residing inside the cell. A functional channel is formed by the assem-
bling of four a-subunits
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the pore, voltage sensor, T1 domain, and B-subunit clari-
fied many biophysical mechanisms controlling Kv channel
gating (Fig. 2).

Potassium channels are the most diverse class of ion
channels. A major reason for this large diversity is that
besides forming homomeric complexes with identical
a-subunits, they may assemble as heteromeric channels
(i.e., different types of a-subunits may heteropolymerize)
which display properties often markedly different from the
parental homomeric channels (Ruppersberg et al. 1990;
Isacoff et al. 1990). Notable examples are the heteromeric
Kv1.1/Kv1.2 or Kv1.1/Kv1.4 channels (Wang et al. 1993,
1994; Sheng et al. 1994). The need for such a large number
of K* channels that dampen neuronal excitability remains
unclear. Kv family members exhibit diverse expression
patterns in central e peripheral nervous systems and are
found tightly clustered within distinct neuronal compart-
ments (Trimmer and Rhodes 2004). The excitability of
these neurons can be controlled by both the intrinsic activ-
ity of Kv channels and the receptors-mediated modulation
of these channel types. Knowledge of the precise targeting
of Kv channels and their modulation by 5-HT, receptors
(5-HTRs) has important implications for defining the roles
played by distinct Kv channels and 5-HT,Rs in neuronal
function and dysfunction.

5-HT, receptors

The 5-HT,Rs family comprises three main types of recep-
tors, namely 5-HT,,, 5-HT,g and 5-HT,s, which share
high structural and functional homology (Di Giovanni et al.
2006). The overall effects of unselective 5-HT,Rs agonists
in rodents range from increased motor activity, hyperther-
mia, head twitches (mice), wet dog shakes (rats), increased
secretion of cortisol, ACTH, renin, and prolactin. In
humans, these agonists cause hallucinations (Di Giovanni
et al. 2011). A description of the transduction signaling
promoted by 5-HT,Rs has been recently recapitulated (see
Millan et al 2008). Here, we reviewed the previously unex-
amined findings concerning the distinct receptor subtypes
that clearly use Kv channels as effectors, such as 5-HT,,Rs
and 5-HT,Rs.

5-HT,,Rs

These receptors are highly expressed in forebrain regions
such as cortical areas (pre-frontal cortex, entorhinal and
pyriform cortex, claustrum), caudate nucleus, nucleus
accumbens, olfactory tubercle, and hippocampus. At
the cellular level, 5-HT,,Rs have been localized in cor-
tical pyramidal (projection) neurons, local interneu-
rons (GABAergic), cultured astrocytes, and glioma
cells (Deecher et al. 1993; Meller et al. 2002). In the
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Fig. 2 Architecture of a
voltage-gated K* channel.
Three-dimensional image
illustrating the structure of

the Kv1.2/2.1 chimera. The
secondary structure elements
are shown as ribbons and are
colored red (voltage-sensing
domains), gray (ion-conducting
pore), green (T1 domain), and
blue (accessory B-subunits).
Only two monomers (facing
each other) of the tetramer have
been depicted for clarity. The
lipids of the membrane bilayer
are shown as light blue colored
sticks (Courtesy of Dr. Ales-
sandro Grottesi) (color figure
online)

hypothalamus, 5-HT,,R mRNA is more abundantly local-
ized to paraventricular nucleus neurons that release CRH
(Gundlah et al. 1999); 5-HT,,Rs have been implicated in
schizophrenia, depression, and psychotomimetic effects of
hallucinogens, such as LSD. The mescaline analog DOI,
which stimulates 5-HT,R, enhances glutamate release onto
layer V pyramidal neurons (Aghajanian and Marek 1997);
5-HT,,Rs stimulation by 5-HT has also been implicated
in hyperexcitation of frontal cortex, sensory perturbations,
sleep difficulties, and psychosis (Vollenweider et al. 1997;
Hermle et al. 1998; Oberndorfer et al. 2000).

5-HT,cRs

The highest concentration of this receptor is observed in
the choroid plexus. However, they are widely distributed
in several areas of the cortex (olfactory nucleus, pyri-
form, cingulate, and retrosplenial), limbic system (nucleus
accumbens, hippocampus, amygdala), basal ganglia (cau-
date nucleus, substantia nigra), and hypothalamus (arcu-
ate region) (Di Giovanni et al. 2006, 2011; Gundlah et al.
1999). In the external globus pallidus, 5-HT,-Rs are likely
located presynaptically, on the axon terminals of afferent
neurons. Relatively high expression levels of 5-HT,-Rs are
in CAl, CA2, and CA3 hippocampal pyramidal neurons
(Molineaux et al. 1989) which are densely innervated by
serotonergic terminals from the raphe nucleus. An overlap-
ping expression pattern of Kvl.1 and Kv1.2 channels and
5-HT, receptors has been observed in several brain areas

Extra-cellular

Intra-cellular

T1 domain

Pore Domain

Voltage-Sensor
Domain

including the vestibular nuclei, the dentate gyrus, CA3, and
dopamine (DA) neurons (Veh et al. 1995; Wang et al. 1994,
Molineaux et al. 1989). Indeed, 5-HT,c-Rs immunoreactiv-
ity has been shown in tyrosine hydroxylase (TH)—positive
neurons, validating the localization of 5-HT,cR in ventral
tegmental area (VTA) dopaminergic neurons. The 5-HT,-R
protein was also found to be co-localized with the GABA
synthetic enzyme glutamic acid decarboxylase (GAD),
confirming the presence of the 5-HT,-R also in GABAe-
rgic neurons within the VTA (Bubar and Cunningham
2007). However, 5-HT,Rs are found in other CNS regions,
including the paraventricular nucleus of the hypothalamus
and the ventromedial hypothalamic nucleus (Di Giovanni
et al. 2006; Hoffman and Mezey 1989); 5-HT,:R intracel-
lular signalling relates to a coupling with the Gq,;,-protein
(Saltzman et al. 1991). This receptor stimulates phos-
pholipase C generating diacylglycerol and inositol 1,4,5-
trisphosphate (IP3) which elicits the release of Ca*" ions
from intracellular stores. This receptor may also couple to
phospholipase A2 (PLA2) or a Gai protein, in heterolo-
gous expression systems and to phospholipase D via Gal3
or to proteins containing a PDZ domain. Cultured corti-
cal neurons express 5-HT,-Rs with constitutive activity
(Chanrion et al. 2008) that is also displayed toward PLC.
A receptor—agonist-independent association of 5-HT,-Rs
with B-arrestins has been described. This interplay leads
to constitutive internalization that is prevented by inverse
agonists (Marion et al. 2004; Chanrion et al. 2008). The
central 5-HT,cR activation affects the behavior of rodents
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and humans inducing hypo-locomotion, hypo-phagia, anxi-
ety, and hyperthermia. The function of 5-HT,-Rs appears
up-regulated in neuropsychiatric disorders in which DA
neurotransmission is altered, chronically (i.e., Parkinson’s
disease, tardive dyskinesia, addiction). Concerning addic-
tion to drugs of abuse, it has been shown that 5-HT,-R
agonists reduce self-administration cocaine. However,
cannabinoids rewarding effects mediated by activation of
the mesolimbic dopaminergic system, are prevented by
SB242084 a selective 5-HT,R antagonist (Di Matteo et al.
2000), and by blocking the interactions between 5-HT,c-R
and the phosphatase PTEN (phosphatase with tensin
homology) (Ji et al. 2006; Di Giovanni et al. 2011).

5-HT,, R modulation of Kv channels

Blockade of Kvl.1-, Kv1.2-, and Kv1l.6-containing chan-
nels by a-dendrotoxin (DTX) results in spontaneous depo-
larization and spiking in cortical synaptosomes (Tibbs
et al. 1989, 1996). In slices of rat prefrontal cortex, focal
stimulation of 5-HT,,Rs with 5-HT (20 wM) dramatically
increases glutamate release onto layer V pyramidal neu-
rons, as inferred by increased spontaneous EPSCs (Fig. 3)
(Lambe et al. 2000; Lambe and Aghajanian 2001); 5-HT
and 4-AP, a Kvl channel blocker, preferentially induce
EPSC in layer V neurons compared with levels induced in
neurons in layers II/IIl or VI (Lambe et al. 2000; Lambe
and Aghajanian 2001).

Spontaneous EPSCs were also enhanced by DTX
(200 nM), suggesting that this toxin mimics the effects of
5-HT. A comparison of the effects of DTX and other potas-
sium channel blockers revealed selectivity of EPSC induc-
tion by blockers with affinity for Kv1.2 subunits (Lambe
and Aghajanian 2001). Indeed, compounds able to block
Kv1.2 (i.e., 4-AP and DTX) induce EPSCs similar to those
induced by 5-HT. Whereas, rAgitoxin2 (Kvl.1, Kv1.3, and

Fig. 3 5-HT and DTX increase Basal

the frequency and amplitude of 1.

EPSCg in layer V of neocortical V

pyramidal neurons. Whole-cell e e ey
recordings from one cell during

baseline (1), 5-HT (2) (20 uM, T A
40 s), 5-min washout (3), and

DTX (4) (200 nM, 10 min). In 3. Washout

the right column, a portion of e e ST e iy
the sweep from the adjacent

column (i.e., 5-HT and DTX) LS MAREARE | I

has been enlarged. From Lambe
and Aghajanian 2001 with
permission of the Society for
Neuroscience
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Kv1.6 blocker), Toxin K (Kvl.1 blocker), rMargatoxin
(Kv1.3 blocker), and TEA (unspecific blocker of Kv and
other K* channels that has no effect on Kv1.2) were inef-
fective. The ability of p-opioids and thalamic lesions to
substantially reduce DTX-induced EPSCs and the selective
occlusion of 5-HT-induced EPSCs by DTX suggest that
blockade of Kv1.2-containing potassium channels is part of
the mechanism underlying 5-HT-induced glutamate release
from thalamo-cortical terminals. A model explaining the
possible mechanisms for 5-HT,,R-mediated inhibition of
Kv1.2-containing potassium channels, which lead to TTX-
sensitive glutamate release from thalamo-cortical terminals,
has been proposed (Fig. 4) (Lambe and Aghajanian 2001).
Assuming the presynaptical localization of 5-HT,,Rs, it
has been proposed that these Gg-coupled receptors acti-
vate an intracellular pathway capable of inhibiting both
the Kvl.2-containing channels and the calcium-activated
potassium channels (Fig. 4a) (Lambe and Aghajanian,
2001). This model is consistent with previously reported
inhibition of Kv1.2 channels by 5-HT,-Rs activation (see
below Imbrici et al. 2000). Alternatively, a postsynaptic
model suggests the ability of the Ggq-coupled 5-HT,,R to
release a retrograde messenger capable of bringing about
blockade or inhibition of the aforementioned potassium
channels (Fig. 4b). This evidence suggests that 5-HT,,Rs
agonists enhance cortical arousal and result in subepileptic
states by inhibiting Kv1 channels. Indeed, 4-AP has been
shown to accelerate waking after anesthesia in humans
(Sia et al. 1982); DTX administration to mice causes
hypersensitivity and hyperreactivity to sound and touch
(Harvey and Karlsson 1980; Silveira et al. 1988); admin-
istration of low doses of 4-AP to horses results in excita-
tion and exaggerated responses to external stimuli (Klein
and Hopkins 1981). Noteworthy, loss of function mutations
in Kvl.1 channels causes episodic ataxia type 1 (EAl),
an autosomal dominant neurological disorder character-
ized by myokymia, epilepsy, and attacks of ataxic gait
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Fig. 4 Models depicting two possible mechanisms for 5-HT,,R-
mediated inhibition of Kvl.2-containing channels, leading to glu-
tamate release from thalamocortical terminals. The 5-HT,,R
responsible for inducing EPSCs could be located presynaptically
or postsynaptically. a A presynaptic model suggests that the Gq-
coupled receptor activates an intracellular pathway capable of inhib-
iting both the Kvl.2-containing channels and the high-voltage or
calcium-activated K" channels. This model could be either direct
or indirect through an intervening excitatory interneuron. b A post-
synaptic model suggests the ability of the Gq-coupled 5-HT,,R to
release a retrograde messenger capable of bringing about blockade
or inhibition of the aforementioned K™ channels. From Lambe and
Aghajanian 2001 with permission of the Society for Neuroscience

precipitated by external stimuli such as unexpected loud
noise, abrupt movements, and emotional stress (D’ Adamo
et al. 1998, 1999, 2012). Some patients report depression
as an additional symptom. In rodents, similar mutations in
Kvi.I channels cause ataxia, seizures and exaggerated
responses to stress or sudden acoustic stimuli (D’ Adamo
et al. 2013).

5-HT,-R modulation of Kv channels
The overall functional properties of 5-HT,-Rs are

retained in heterologous expression systems. Indeed,
upon 5-HT,-Rs expression in Xenopus laevis oocytes, an

endogenous Ca’*-dependent chloride current is activated
by SHT application; 5-HT exposure of oocytes, express-
ing 5-HT,cRs and either Kv1.1 or Kv1.2 channels, inhib-
ited both K™ currents in a dose-dependent manner (Fig. 5)
(Imbrici et al. 2000). Activation of 5-HT,-Rs also sup-
presses RBKI channel activity, a rat brain K™ channel
homolog to Kvl.1 (Hoger et al. 1991; Kavanaugh et al.
1991). Intracellular injection of inositol triphosphate or
Ca”*" mimicked the 5-HT inhibitory actions on Kv1 chan-
nels (Guillemare et al. 1992; Attali et al. 1992). Imbr-
ici et al. (2000) also investigated the transduction and
molecular mechanisms underlying the 5-HT,-R-mediated
inhibition of the Kvl.1 and Kv1.2 channel activity. The
tyrosine phosphatase inhibitor, orthovanadate, inhibited
both Kv1.1 and Kv1.2 currents. Consistently, the cytoplas-
mic microinjection of genistein, a tyrosine kinase inhibitor,
dose-dependently slowed the time course of current inhibi-
tion mediated by the 5-HT,cR. These results demonstrated
the involvement of tyrosine phosphorylation/dephospho-
rylation mechanisms in this process. The target residues
for these kinases were identified by sequential site-directed
mutagenesis of all the intracellular tyrosine residues in
Kvl.1 and by co-expressing these mutants with the 5-HT,
receptor in oocytes. In summary, it was found that distinct
tyrosine residues residing in the N-terminal domain of the
channels were involved in current inhibition caused by
5-HT. Nevertheless, neither of the two residues identified
completely abolished the effects mediated by the 5-HT,-R
activation. A possible explanation for this is that either
phosphorylation of additional tyrosine residues is required
for complete current suppression or that other pathways,
not necessarily involving tyrosine phosphorylation, may be
simultaneously activated by 5-HT,cR. Indeed, it has been
shown that downstream effectors, such as protein kinase C
(PKC), the GTP-binding protein RhoA, the protein tyros-
ine kinases PYK2 and Src, play an important role in sup-
pressing Kvl.x currents (Peretz et al. 1996; Boland and
Jackson 1999; Moran et al. 1991; Canchero et al. 1998;
Lev et al. 1995; Holmes et al. 1996). In contrast, RPTPa,
a receptor protein tyrosine phosphatase highly expressed
in the central nervous system, stimulates the activity of
Kv1.2 channels. RPTPa physically associates with the
intracellular domains of Kvl1.2, reducing the tyrosine
phosphorylation of the channel (Sap et al. 1990; Tsai et al.
1999). Based on this evidence, it was investigated whether
RPTPa may play a role in the 5-HT, receptor-mediated
inhibition of Kvl1.1 and Kvl.2 channel activity. Indeed,
co-expression of RPTPa markedly slowed the time course
of Kvl.1 and Kv1.2 current inhibition by 5-HT,-R acti-
vation. By contrast, co-expression of the tyrosine phos-
phatase SHP2 had no effect on channel activity. In conclu-
sion, these investigations showed that 5-HT,-R activation
suppresses Kvl.1 and Kv1.2 currents by phosphorylating

@ Springer
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Fig. 5 5-HT, receptor activation inhibits hKv1.1 and hKv1.2
currents. Current traces recorded from Xenopus oocytes express-
ing the human 5-HT, receptor and either Kvl1.1 (a) or Kv1.2 (b)
channels. Currents were evoked by depolarizations to +20 mV
from the holding potential of —80 mV, before (control) and
20 min after the superfusion of 5-HT (1 nM). Tail currents were
recorded at —50 mV. ¢ Time course of hKvl.1 (closed symbols)
and hKvl.2 (open symbols) current inhibition caused by the acti-
vation of 5-HT, receptor. Current amplitudes were evoked every
30 s by depolarizing pulses to +20 mV and normalized to the con-
trol current (Iy). The arrow indicates the time of 5-HT (100 nM)
application. The effect of the application of 5-HT (100 nM) on

specific tyrosine residues of the channel, and this process
is coordinated by RPTPa and not by tyrosine phosphatase
SHP2 (Imbrici et al. 2000). This evidence also demon-
strated that Kv1 channels probably exist in a phosphoryl-
ated/dephosphorylated equilibrium that is coordinated by
the action of tyrosine kinases and phosphatases. However,
the distinct tyrosine kinases coupled to 5-HT,-R await
molecular identification. Kv channel inhibition mediated
via 5-HT,cR activation is almost irreversible. The rate of
protein phosphorylation/dephosphorylation, specific pro-
teolysis, or channel internalization phenomena may play a
role. In oocytes co-expressing the mouse 5-HT R (termed
5-HT,cR after 1994) and mouse Kv1.3 channel, addition
of 100 nM 5-HT causes a complete and sustained suppres-
sion of Kv1.3 currents. In contrast, 5-HT has no effect on
mouse Kv3.1 currents when co-expressed with this recep-
tor. Protein kinase C did not play a role in this transduction
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oocytes expressing hKvl.1 (closed diamonds) and hKv1.2 (open
diamonds) channels, in the absence of 5-HT,. receptor, is also
depicted. The insets show two additional recordings illustrating
the inhibitory effect of 5-HT (100 nM). d Concentration-response
relationships for 5-HT inhibition of hKvl.1 (closed symbols) and
hKv1.2 (open symbols) currents. The data points represent the %
of current inhibition, recorded at +20 mV, and plotted as a func-
tion of 5-HT concentration (mean + SEM, n= 6). Lines repre-
sent the fit with the equation: I = 100 [5-HT]"/([5-HT]" + K}
from which the K, values were calculated. From Imbrici et al.
(2000) with permission of Pfliigers Archiv-European Journal of
Physiology

pathway. Moreover, the first 146 amino acids from the
N-terminal, containing putative tyrosine kinase and PKA
phosphorylation sites, were dispensable for 5-HT-mediated
suppression of Kv1.3 currents. This study showed that
the mouse Kv1.3 channel is capable of being modulated
by 5-HT via 5-HT,R in a G protein and Ca*"-dependent
manner (Aiyar et al. 1993) but with substantial differences
compared with the Kv1.1 and Kv1.2. These observations
indicate that a specific functional coupling between Kv
channels and 5-HT,. receptor may occur in vivo, whereby
Kv channels play key roles in controlling neuronal excit-
ability. Neurophysiologically, 5-HT,-Rs modulation of Kv
channels through tyrosine-dependent-pathways is expected
to increase neuronal excitability, discharge frequency, and
the release of neurotransmitters (Fig. 6). Therefore, 5-HT
modulation of this class of channels would affect the trans-
mission of inputs between specific neurons. This view is
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Fig. 6 Model for the role of
Kvl in neuronal excitability
and modulation by 5-HT,R;
5-HT,¢R is coupled to the
Gag,, -protein. This receptor
stimulates phospholipase C,
generating diacylglycerol and
inositol 1,4,5-trisphosphate
(IP3) which elicits the release
of Ca* ions form intracellular
stores. The dual coordination
of both RPTPa and specific
tyrosine kinases coupled to this
receptor controls the phospho-
rylated/dephosphorylated state
of Kv1 channels and neuronal
excitability in opposite ways.
Typically, tyrosine
phosphorylation results in Kv1
channels’ closure, membrane
depolarization, neuronal
hyper-excitability, and increased
firing rate

consistent with evidence showing that the firing rate of
some substantia nigra interneurons is accelerated upon
5-HT,R activation (Pessia et al. 1994). Consequently, an
increased frequency of GABA , receptor-mediated sponta-
neous IPSCs could be recorded from DA cells in this area
(Pessia et al. 1994); 5-HT also regulates the firing pattern
of CA1 neurons by modulating several K* conductance
(Colino and Halliwell 1987). Regrettably, neither of these
studies demonstrated the molecular identity of the K*
channels involved in the 5-HT-mediated effects making any
neurophysiological correlate highly speculative.

Kv currents can be modulated by a number of other
receptors, including the M1 muscarinic acetylcholine recep-
tor, the epidermal growth factor receptor (EGF), or insulin
treatment (Lev et al. 1995; Holmes et al. 1996; Bowlby
et al. 1997; Fadool et al 1997; Felsch et al. 1998; Canchero
et al 1998). The phosphorylation of multiple tyrosine resi-
dues of the Kv subunit has been involved in these processes
(Lev et al. 1995; Holmes et al. 1996; Bowlby et al. 1997;
Fadool et al 1997). Moreover, downstream effectors, such
as protein kinase C (PKC), the GTP-binding protein RhoA,
the protein tyrosine kinases PYK2 and Src, play an impor-
tant role in suppressing Kv1.x currents (Peretz et al. 1996;
Boland and Jackson 1999; Canchero et al 1998; Moran
et al. 1991; Lev et al. 1995; Holmes et al. 1996). Besides
controlling the activity of Kv1.2 channels, RPTPa has also
been proposed as a key mediator of neuronal migration and

I

I

W

synaptic plasticity from the Schaffer collateral pathway to
CAl pyramidal neurons involving glial function (Petrone
et al. 2003). Recently, it has been shown that non-receptor
tyrosine phosphatase PTPe plays a role in fine-tuning cor-
tical neuron excitability through its multifaceted modula-
tion of K* channels that likely include Kv1.1 and Kv1.2
(Ebner-Bennatan et al. 2012). Hence, as future directions,
it would be very informative to investigate whether 5-HT
exerts its actions in the brain by modulating the activity of
K™ channels through these downstream effectors.

5-HT,R modulation of Kv channels in smooth muscle
and epithelial cells

5-HT,,R activation inhibits Kv1.5 and native Kv currents
in pulmonary artery smooth muscle cells via phospholipase
C, protein kinase C, tyrosine kinase, and a caveolae path-
way. Moreover, Kv1.5 channels were internalized when
cells were stimulated with 5-HT, and this was prevented
by concanavalin A, an inhibitor of endocytotic processes
(Cogolludo et al. 2006).

5-HT acting at 5-HT,cRs reduces the rate of CSF
secretion. Kv1.1 and Kv1.3 channels are expressed in the
choroid plexus epithelium and make a significant contri-
bution to the whole-cell K™ conductance (Speake et al.
2004). Single-channel recordings have shown that the open
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probability of K* channels in the apical membranes of
mouse choroid plexus epithelial cells is reduced by 5-HT
(Hung et al. 1993). Furthermore, this Kv conductance is
inhibited by 5-HT,-R activation through the actions of
PKC (Speake et al. 2004).

Concluding remarks

5-HT,Rs have been implicated in numerous physiologi-
cal, neurological, and psychiatric disorders including,
food intake, hyperthermia, frontal cortex hyperexcita-
tion, sensory perturbations, sleep difficulties, psychosis,
anxiety, schizophrenia, depression, Parkinson’s disease,
tardive dyskinesia, psychotomimetic effects of hallucino-
gens, and drug addiction. The studies reviewed here dem-
onstrated that distinct actions of 5-HT, through 5-HT,Rs,
are mediated by Kv channels. Although the core features
of transduction via 5-HT,R are well established, much still
remains to be learned in particular with regard to 5-HT,R-
K™ channels coupling in neuronal and non-neuronal cells
in physiological and pathological conditions. Certainly,
5-HT,,,cR-Kv1.2 channels coupling controls cortical
excitability and the actions of hallucinogens. However, it
would be very intriguing to investigate whether disruption
of such coupling plays a role in the above-mentioned disor-
ders. Noteworthy, distinct antidepressants act preferentially
via K channels. Thus, from a clinical and pharmacologi-
cal perspective, K channels or the second messenger sys-
tem involved in the 5-HT,R-K* channels coupling should
be further considered as targets for specific therapeutic
interventions.

In conclusion, understanding the specific actions of
5-HT,R on distinct Kt channel types is a pivotal step in
the direction that will enable researchers to discover novel
5-HT functions and dysfunctions in the brain and to iden-
tify original therapeutic targets.

Acknowledgments We thank Alessandro Grottesi for his contri-
butions to this manuscript. This work was supported by COMPAG-
NIA di San Paolo (Turin) “Programma Neuroscienze,” Telethon
(GGP11188), Ministero della Salute (GR-2009-1580433), MIUR-PRIN
20108WT59Y_004 and Fondazione Cassa di Risparmio di Perugia.

References

Aghajanian GK, Marek GJ (1997) Serotonin induces excitatory post-
synaptic potentials in apical dendrites of neocortical pyramidal
cells. Neuropharmacology 36:589-599

Aiyar J, Grissmer S, Chandy KG (1993) Full-length and truncated
Kv1.3 K+ channels are modulated by 5-HT 1c¢ receptor activation
and independently by PKC. Am J Physiol 265:C1571-C1578

Attali B, Honoré E, Lesage F, Lazdunski M, Barhanin J (1992) Regu-
lation of a major cloned voltage-gated K channel from human T
lymphocytes. FEBS Lett 303(2-3):229-232

@ Springer

Boland LM, Jackson KA (1999) Protein kinase C inhibits Kvl1.1
potassium channel function. Am J Physiol 277:C100-C110

Bowlby MR, Fadool DA, Holmes TC, Levitan I (1997) Modulation of
the Kv1.3 potassium channel by receptor tyrosine kinases. J Gen
Physiol 110:601-610

Bubar MJ, Cunningham KA (2007) Distribution of serotonin
5-HT,¢ receptors in the ventral tegmental area. Neuroscience
146(1):286-297

Canchero TG, Morielli AD, Peralta EG (1998) The small GTP-
binding protein RhoA regulates a delayed rectifier potassium
channel. Cell 93:1077-1085

Chandy KG, Gutman GA (1993) Nomenclature for mammalian potas-
sium channel genes. Trends Pharmacol Sci 14(12):434

Chanrion B et al (2008) Inverse agonist and neutral antagonist actions
of antidepressants at recombinant and native 5-hydroxytryptami-
ne,. receptors: differential modulation of cell surface expression
and signal transduction. Mol Pharmacol 73:748-757

Cogolludo A, Moreno L, Lodi F, Frazziano G, Cobefio L, Tamargo
J, Perez-Vizcaino F (2006) Role of 5-HT,, receptors, caveolin-1,
and KV1.5 channel internalization serotonin inhibits voltage-
gated K™ currents in pulmonary artery smooth muscle cells. Circ
Res 98:931-938

Colino A, Halliwell JV (1987) Differential modulation of three sepa-
rate K-conductances in hippocampal CA1 neurons by serotonin.
Nature 328:73-77

D’Adamo MC, Liu Z, Adelman JP, Maylie J, Pessia M (1998) Epi-
sodic ataxia type-1 mutations in the hKvl.1 cytoplasmic pore
region alter the gating properties of the channel. EMBO J
17:1200-1207

D’Adamo MC, Imbrici P, Sponcichetti F, Pessia M (1999) Mutations
in the KCNA1 gene associated with episodic ataxia type-1 syn-
drome impair heteromeric voltage-gated K+ channel function.
FASEB J 13:1335-1345

D’Adamo MC, Hanna MG, Di Giovanni G, Pessia M (2012) Epi-
sodic ataxia type 1. In: Pagon RA, Bird TC, Dolan CR, Stephens
K (eds) Genereviews. University of Washington, Seattle (WA)
[Internet]

D’Adamo MC, Di Giovanni G, Pessia M (2013) Animal models of
episodic ataxia type 1 (EAl). In: LeDoux MS (ed) Movement
disorders: genetics and models, 2nd edn. Elsevier, Amsterdam

Deecher DC, Wilcox BD, Dave V et al (1993) Detection of 5-hydrox-
ytryptamine2 receptors by radioligand binding, northernblot
analysis, and Ca®* responses in rat primary astrocyte cultures. J
Neurosci Res 35:246-256

Di Giovanni G, Di Matteo V, Pierucci M, Benigno A, Esposito E
(2006) Central serotonin2c receptor: from physiology to pathol-
ogy. Curr Top Med Chem 6:1909-1925

Di Giovanni G, Esposito E, Di Matteo V (eds) (2011) 5-HT2C recep-
tors in the pathophysiology of CNS disease. Springer, New York

Di Matteo V, Di Giovanni G, Esposito E (2000) SB 242084: a selec-
tive 5-HT(2C) receptor antagonist. CNS Drugs Rev 3:195-205

Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, Gulbis JM, Cohen
SL, Chait BT, MacKinnon R (1998) The structure of the potas-
sium channel: molecular basis of K™ conduction and selectivity.
Science 280(5360):69-77

Ebner-Bennatan S, Patrich E, Peretz A, Kornilov P, Tiran Z, Elson
A, Attali B (2012) Multifaceted modulation of K channels by
protein-tyrosine phosphatase ¢ tunes neuronal excitability. J Biol
Chem 287(33):27614-27628

Fadool DA, Holmes TC, Berman K, Dagan D, Levitan IB (1997)
Tyrosine phosphorylation modulates current amplitude and kinet-
ics of a neuronal voltage-gated potassium channel. J Neurophys-
iol 78:1563-1573

Felsch JS, Cachero TG, Peralta EG (1998) Activation of protein tyros-
ine kinase PYK2 by the m1 muscarinic acetylcholine receptor.
Proc Natl Acad Sci USA 95:5051-5056



Exp Brain Res

Guillemare E, Honoré E, Pradier L, Lesage F, Schweitz H, Attali B,
Barhanin J, Lazdunski M (1992) Effects of the level of mRNA
expression on biophysical properties, sensitivity to neurotoxins,
and regulation of the brain delayed-rectifier K+ channels Kv1 2.
Biochemistry 31(49):12463-12468

Gundlah C, Pecins-Thompson M, Schutzer WE, Bethea CL (1999)
Ovarian steroid effects on serotonin 1A, 2A and 2C receptor
mRNA in macaque hypothalamus. Brain Res Mol Brain Res
63(2):325-339

Harvey AL, Karlsson E (1980) Dendrotoxin from the venom of
the green mamba, dendroaspis angusticeps. A neurotoxin that
enhances acetylcholine release at neuromuscular junction. Nau-
nyn Schmiedebergs. Arch Pharmacol 312(1):1-6

Hermle L, Gouzoulis-Mayfrank E, Spitzer M (1998) Blood flow and
cerebral laterality in the mescaline model of psychosis. Pharma-
copsychiatry 31(2):85-91

Hille B (2001) Ionic channels of excitable membranes. Sinauer, Sun-
derland (MA)

Hoffman BJ, Mezey E (1989) Distribution of serotonin 5-HT . recep-
tor mRNA in adult rat brain. FEBS Lett 247:453-462

Hoger JH, Walter AE, Vance D, Yu L, Lester HA, Davidson N (1991)
Modulation of a cloned mouse brain potassium channel. Neuron
6:227-236

Holmes TC, Fadool DA, Ren R, Levitan IB (1996) Association of Src
tyrosine kinase with a human potassium channel mediated by
SH3 domain. Science 274:2089-2091

Hung BCP, Loo DDF, Wright EM (1993) Regulation of mouse cho-
roids plexus apical CI~ and K* channels by serotonin. Brain Res
617:285-295

Imbrici P, Tucker SJ, D’ Adamo MC, Pessia M (2000) Role of RPTPa
and tyrosine phosphorylation in the serotonergic inhibition of
voltage-dependent potassium channels. Pfliigers Archiv-Eur J
Physiol 441:257-262

Isacoff EY et al (1990) Evidence for the formation of heteromultim-
eric potassium channels in Xenopus oocytes. Nature 345:530-534

Ji SP et al (2006) Disruption of PTEN coupling with 5-HT,. recep-
tors suppresses behavioral responses induced by drugs of abuse.
Nat Med 12:324-329

Jiang Y et al (2003a) X-ray structure of a voltage-dependent K+ chan-
nel. Nature 423:33-41

Jiang Y et al (2003b) The principle of gating charge movement in a
voltage-dependent K™ channel. Nature 423:42-48

Kavanaugh MP, Christie MJ, Osborne PB, Busch AE, Shen KZ, Wu
YN, Seeburg PH, Adelman JP, North RA (1991) Transmitter reg-
ulation of voltage-dependent K* channels expressed in Xenopus
oocytes. Biochem J 277:899-902

Klein L, Hopkins J (1981) Behavioral and cardiorespiratory responses
to 4-aminopyridine in healthy awake horses. Am J Vet Res
42(9):1655-1657

Lambe EK, Aghajanian GK (2001) The role of Kvl.2-containing
potassium channels in serotonin-induced glutamate release
from thalamocortical terminals in rat frontal cortex. J Neurosci
21(24):9955-9963

Lambe EK, Goldman-Rakic PS, Aghajanian GK (2000) Serotonin
induces EPSCs preferentially in layer V pyramidal neurons of the
frontal cortex in the rat. Cereb Cortex 10(10):974-980

Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM,
Plowman GD, Rudy B, Schlessinger J (1995) Protein tyrosine
kinase PYK?2 involved in Ca’>*-induced regulation of ion channel
and MAP kinase functions. Nature 376:737-745

Marion S et al (2004) RNA editing induces variation in desensitiza-
tion and trafficking of 5-hydroxytryptamine,, receptor isoforms. J
Biol Chem 279:2945-2954

Meller R, Harrison PJ, Sharp T (2002) Studies on the role of calcium
in the 5-HT-stimulated release of glutamate from C6 glioma cells.
Eur J Pharmacol 445(1-2):13-19

Millan MJ, Marin P, Bockaert J, Mannoury la Cour C (2008) Signal-
ing at G-protein-coupled serotonin receptors: recent advances and
future research directions. Trends Pharmacol Sci 29:454-464

Molineaux SM, Jessell TM, Axel R, Julius D (1989) 5-HT, receptor
is a prominent serotonin receptor subtype in the central nervous
system. Proc Natl Acad Sci USA 86:6793-6797

Moran O, Dascal N, Lotan I (1991) Modulation of a shaker potas-
sium A-channel by protein kinase C activation. FEBS Lett
279:256-260

Oberndorfer S, Saletu-Zyhlarz G, Saletu B (2000) Effects of selective
serotonin reuptake inhibitors on objective and subjective sleep
quality. Neuropsychobiology 42(2):69-81

Peretz T, Levin G, Moran O, Thornhill WB, Chikvashvili D, Lotan
I (1996) Modulation by protein kinase C activation of rat brain
delayed-rectifier K* channel expressed in Xenopus oocytes.
FEBS Lett 381:71-76

Pessia M, Jiang ZG, North RA, Johnson SW (1994) Actions of
5-hydroxytryptamine on ventral tegmental area neurons of the rat
in vitro. Brain Res 654(2.2):324-330

Petrone A, Battaglia F, Wang C, Dusa A, Su J, Zagzag D, Bianchi
R, Casaccia-Bonnefil P, Arancio O, Sap J (2003) Receptor
protein tyrosine phosphatase alpha is essential for hippocam-
pal neuronal migration and long-term potentiation. EMBO J
22(16):4121-4131

Ruppersberg JP et al (1990) Heteromultimeric channels formed by rat
brain potassium-channel proteins. Nature 345:535-537

Saltzman AG, Morse B, Whitman MM, Ivanshchenko Y, Jaye M,
Felder S (1991) Cloning of the human serotonin 5-HT, and
5-HT,. receptor subtypes. Biochem Biophys Res Commun
181:1469-1478

Sap J, D’Eustachio P, Givol D, Schlessinger J (1990) Cloning and
expression of a widely expressed receptor tyrosine phosphatase.
Proc Nat Acad Sci USA 87(16):6112-6116

Sheng M et al (1994) Contrasting subcellular localization of the
Kv1.2 K" channel subunit in different neurons of rat brain. J
Neurosci 14:2408-2417

Sia RL, Boonstra S, Westra P, Haenen HT, Wesseling H (1982) An
electroencephalographic study of 4-aminopyridine. Anesth Analg
61(4):354-357

Silveira R, Siciliano J, Abo V, Viera L, Dajas F (1988) Intrastriatal
dendrotoxin injection: behavioral and neurochemical effects.
Toxicon 26(11):1009-1015

Speake T, Kibble JD, Brown PD (2004) Kvl.l and Kv1.3 chan-
nels contribute to the delayed-rectifying K+ conductance in
rat choroid plexus epithelial cells. Am J Physiol Cell Physiol
286(3):C611-C620

Tempel BL, Papazian DM, Schwarz TL, Jan YN, Jan LY (1987)
Sequence of a probable potassium channel component encoded at
shaker locus of Drosophila. Science 237(4816):770-775

Tibbs GR, Dolly JO, Nicholls DG (1989) Dendrotoxin, 4-aminopyri-
dine, and B-bungarotoxin act at common loci but by two distinct
mechanisms to induce Ca’'-dependent release of glutamate
from guinea-pig cerebrocortical synaptosomes. J Neurochem
52:201-206

Tibbs GR, Dolly JO, Nicholls DG (1996) Evidence for the induc-
tion of repetitive action potentials in synaptosomes by K-channel
inhibitors: an analysis of plasma membrane ion fluxes. J Neuro-
chem 67:389-397

Trimmer JS, Rhodes KJ (2004) Localization of voltage-gated ion
channels in mammalian brain. Annu Rev Physiol 66:477-519

Tsai W, Morielli AD, Cachero TG, Peralta EG (1999) Receptor pro-
tein tyrosine phosphatase alpha participates in the m1 muscarinic
acetylcholine receptor-dependent regulation of Kv1.2 channel
activity. EMBO J 18:109-118

Veh RW, Lichtinghagen R, Sewing S, Wunder F, Grumbach IM,
Pongs O (1995) Immunohistochemical localization of five

@ Springer



Exp Brain Res

members of the Kvl channel subunits: contrasting subcellular Wang H et al (1993) Heteromultimeric Kt channels in terminal and

locations and neuron-specific co-localizations in rat brain. Eur J juxtaparanodal regions of neurons. Nature 365:75-79

Neurosci 7:2189-2205 Wang H, Kunkel DD, Schwartzkroin PA, Tempel BL (1994) Locali-
Vollenweider FX, Leenders KL, Scharfetter C, Maguire P, Stadel- zation of Kv1.1 and Kv1.2, two K channel proteins, to synaptic

mann O, Angst J (1997) Positron emission tomography and terminals, somata, and dendrites in the mouse brain. J Neurosci

fluorodeoxyglucose studies of metabolic hyperfrontality and psy- 14:4588-4599

chopathology in the psilocybin model of psychosis. Neuropsy-
chopharmacology 16(5):357-372

@ Springer


https://www.researchgate.net/publication/236907975

	5-HT2 receptors-mediated modulation of voltage-gated K+ channels and neurophysiopathological correlates
	Abstract 
	Introduction
	Voltage-gated potassium channels (Kv)
	5-HT2 receptors
	5-HT2ARs
	5-HT2CRs

	5-HT2AR modulation of Kv channels
	5-HT2CR modulation of Kv channels
	5-HT2R modulation of Kv channels in smooth muscle and epithelial cells
	Concluding remarks
	Acknowledgments 
	References


