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Voltage-gated calcium channels are the primary mediators of depolarization-induced calcium entry into
neurons. There is great diversity of calcium channel subtypes due to multiple genes that encode calcium
channel a1 subunits, coassembly with a variety of ancillary calcium channel subunits, and alternative
splicing. This allows these channels to fulfill highly specialized roles in specific neuronal subtypes and at
particular subcellular loci. While calcium channels are of critical importance to brain function, their inappro-
priate expression or dysfunction gives rise to a variety of neurological disorders, including, pain, epilepsy,
migraine, and ataxia. This Review discusses salient aspects of voltage-gated calcium channel function,

physiology, and pathophysiology.

Introduction

The electrical activity of neurons and other excitable cells relies
on a number of different types of voltage- and ligand-gated ion
channels that are permeable to inorganic ions such as sodium,
potassium, chloride, and calcium. While the former three ions
support a predominantly electrogenic role, calcium ions are
different in that they can not only alter membrane potential
but also serve as important signaling entities (Clapham, 2007).
Under normal resting conditions, intracellular calcium con-
centrations lie in the 100 nM range due to calcium-buffering
molecules and sequestration into intracellular calcium stores
(Clapham, 2007). Opening of voltage-gated calcium channels
results in calcium influx along the electrochemical gradient,
thus giving rise to a localized elevation of intracellular calcium
into the high micromolar range (Wadel et al., 2007). This in
turn triggers a wide range of calcium-dependent processes
that include gene transcription, neurotransmitter release, neu-
rite outgrowth, and the activation of calcium-dependent
enzymes, such as calmodulin-dependent protein kinase ||
(CaMKIl) and protein kinase C (PKC) (Wheeler et al., 1994,
2008, 2012) (for review, see Clapham, 2007). On the other
hand, prolonged elevation of intracellular calcium levels is cyto-
toxic (Stanika et al., 2012) and, as a result, the activities of
voltage-gated and other types of calcium-permeable channels
are tightly regulated both by intrinsic gating processes, as well
as by cell signaling pathways that control channel activity and
trafficking to and from the plasma membrane (Simms and
Zamponi, 2012). Dysregulation of these processes and asso-
ciated alterations in calcium channel activity have been linked
to various types of neurological disorders, including epilepsy,
migraine, and chronic pain (for review, see Cain and Snutch,
2011). Therefore, voltage-gated calcium channels are important
pharmacological targets for these and other conditions (Belar-
detti and Zamponi, 2012). Here, we will provide an overview
of the physiological and pathophysiological roles of voltage-
gated calcium channels in the central and peripheral nervous
systems and highlight selected aspects of their structure, func-
tion, and modulation.
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Subtypes, Pharmacology, and Structure of Voltage-
Gated Calcium Channels

Voltage-gated calcium channels fall into two major categories:
high voltage-activated (HVA) channels that open in response to
large membrane depolarizations and low voltage-activated
(LVA) channels that are activated by smaller voltage changes
(Armstrong and Matteson, 1985; Bean, 1985) near typical
neuronal resting membrane potentials. Based on biochemical
and molecular analyses (Curtis and Catterall, 1984), we now
know that HVA channels are heteromultimeric protein com-
plexes that are formed through the coassembly of a pore-form-
ing Cavel subunit, plus ancillary Cavp and Cave2d subunits,
whereas LVA channels appear to lack these ancillary subunits
(Catterall et al., 2005). The Cave.1 subunit is the key determinant
of calcium channel subtype. There are three major families of
Cava1 subunits (termed Cavi, Cav2, and Cav3), each of which
have several members (Catterall et al., 2005). The Cav1 channel
family encodes three different neuronal L-type channels (termed
Cav1.2, Cav1.3, and Cav1.4) plus a skeletal muscle-specific
isoform, Cav1.1 (Bech-Hansen et al., 1998; Mikami et al., 1989;
Tanabe et al., 1987; Williams et al., 1992b). These channels
display slow voltage-dependent gating characteristics and are
sensitive to a number of different dihydropyridine (DHP) antago-
nists and agonists (Randall and Tsien, 1995). The Cav2 channel
family includes three members (Cav2.1, Cav2.2, and Cav2.3).
Through alternative splicing and assembly with specific ancillary
subunits, Cav2.1 gives rise to P- and Q-type channels (Bourinet
et al., 1999; Richards et al., 2007), which are both blocked (albeit
with different affinities) by w-agatoxin IVA—a peptide isolated
from American funnel web spider venom (Adams et al., 1993).
Cav2.2 encodes N-type channels (Dubel et al., 1992; Williams
et al., 1992a) that are selectively inhibited by w-conotoxins
GVIA and MVIIA, toxins isolated from the venom of marine
fish-hunting mollusks Conus geographus and Conus magus,
respectively (McCleskey et al., 1987; Olivera et al., 1987).
Cav2.3 corresponds to R-type channels (Soong et al., 1993)
that can be inhibited by SNX-482, a peptide from Hyristocrates
Gigas Tarantula venom (Bourinet et al., 2001; Newcomb et al.,
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Figure 1. Subunit Composition and
Transmembrane Topology of Voltage-
Gated Calcium Channel Subunits

HVA channels are heteromultimers comprised of a
pore-forming Cavel subunit that coassembles
with ancillary Cavp, Cava23, and possibly Cavy
subunits, plus calmodulin (CaM); LVA channels on
the other hand function as Caval subunit mono-
mers. The Caval subunit is comprised of four
major transmembrane domains (I-IV) that are
connected by cytoplasmic linkers. Each of these
domains contains six membrane-spanning heli-
ces, plus a re-entrant pore loop (shown in green).
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1998). There are three types of Cav3 channels (Cav3.1, Cav3.2,
and Cav3.3), all of which represent T-type calcium channels
(Cribbs et al., 1998; Lee et al.,, 1999b; Perez-Reyes et al.,
1998). Cav3 channels can be distinguished by their sensitivity
to nickel and relative resistance to block by cadmium ions, which
block all HVA channels in the low micromolar range (for review,
see Perez-Reyes, 2003).

All ten Caval subunits share a common transmembrane
topology of four major transmembrane domains, each of which
contain six membrane-spanning helices (termed S1-S6), a
positively charged S4 segment that controls voltage-dependent
activation (Catterall, 2010), and a re-entrant P loop motif
between S5 and S6 that forms the permeation pathway
(Figure 1). Each of the P loop regions contains highly conserved
negatively charged amino acid residues (in the case of HVA
channels, glutamic acids) that cooperate to form a pore that is
highly selective for permeant cations such as calcium (Ellinor
et al., 1995; Tang et al., 2014; Yang et al., 1993), barium, and
strontium (Bourinet et al., 1996) and that interact with non-
permeant divalents such as cadmium (Lansman et al., 1986).
Different types of calcium channels display different single-
channel conductances that vary over one order of magnitude,
with Cav1.4 channels showing the smallest conductance (Doer-
ing et al., 2005; Fox et al., 1987; Weber et al., 2010). The major
membrane domains are connected by large cytoplasmic linker
regions and are bracketed by cytoplasmic N and C termini (Cat-
terall et al., 2005). These cytoplasmic regions show the greatest
sequence variation among channel subtypes and not only are
important for second messenger regulation of channel function
but also contain important sites for protein-protein interactions
with regulatory elements, such as G proteins and protein kinases
(Dai et al., 2009; Hall et al., 2013; Zamponi et al., 1997). Each of
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The fourth transmembrane segment in each
domain contains positively charged amino acids in
every third position and forms the voltage sensor.
Key protein interaction sites with the Caval sub-
units are indicated by numbers: (1) N-terminal
calmodulin association site in L-type channels, (2)
Cavp interaction domain in all HVA channels, (3)
synaptic protein interaction site (synprint) present
in Cav2 channels, (4) PrelQ-IQ and 1Q motifs in
Cavl and Cav2 channels that associate with
calmodulin, and (5) scaffolding protein interaction
sites in Cav2 channels. The Cava23 subunit is
attached to the extracellular leaflet of the plasma
membrane via a GPI anchor. The CavB subunit
contains conserved interacting GK and SH3 do-
mains that are separated by regions that are more
variable among different Cavp subunit isoforms.
The Cavy subunit contains four membrane-span-
ning helices; CaM has been omitted for simplicity.

.............

the known Cavail subunits can undergo alternative splicing,
which may occur in a tissue- and age-dependent manner
(Chaudhuri et al., 2004; Liao et al., 2005; Lipscombe, 2005;
Lipscombe et al., 2013; Tan et al., 2011, 2012). Furthermore,
RNA editing has been reported for Cav1.3 channels (Bazzazi
et al.,, 2013; Huang et al., 2012), thus giving rise to additional
functional diversity.

There are four known genes that encode Cavp subunits
(Cavp1-Cavp4), again with multiple alternative splice transcripts
(for review, see Buraei and Yang, 2010). They are cytoplasmic
proteins that contain conserved GK and SH3 domains and asso-
ciate with the Cava1 subunit at the domain I-ll linker (Opatowsky
et al., 2004; Pragnell et al., 1994; Van Petegem et al., 2004)
(Figure 1). This results in alterations of the gating properties of
the Cava1 subunit, and perhaps more importantly, in increased
cell surface trafficking (Brice and Dolphin, 1999; Buraei and
Yang, 2010). The latter phenomenon is due to an inhibition of
ubiquitination and degradation of the channels in the protea-
some and perhaps in part due to masking of intrinsic ER reten-
tion signals in the Cavel subunit (Altier et al., 2011; Bichet
et al., 2000; Waithe et al., 2011). In addition, it has been sug-
gested that the Cav1.2 domain I-Il linker contains an ER export
signal that facilitates membrane expression (Fang and Colecraft,
2011) and that the Cavp subunits act as a switch that shifts
the balance between the export mechanism and ER retention
signals in other parts of the channel, such as the C terminus
(Altier et al., 2011).

There are also four different types of Cava23 subunits
(Cava251-Cava284) that are each transcribed and translated
as a single protein, posttranslationally cleaved, and then recon-
nected by a disulfide bond (for review, see Dolphin, 2013). It was
originally thought that the Cavd portion spanned the plasma
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membrane, but more recent evidence indicates that the entire
Cava2d subunit is attached to the extracellular leaflet of the
plasma membrane via a glycophosphatidylinositol (GPI) anchor
(Davies et al., 2010; Kadurin et al., 2012) (Figure 1). While there
appears to be only a small effect of Cava23d on channel function
(Yasuda et al., 2004), its coexpression typically results in
augmented channel cell surface density. These changes in
channel cell surface density are critically dependent on a metal
ion binding site located within a von Willebrand factor domain
of the a2 portion of this subunit (Canti et al., 2005). In neurons,
increased expression of Cava2d results in improved synaptic
targeting of voltage-gated calcium channels and enhanced
release probability, which occurs independently of the trafficking
effect (Hoppa et al.,, 2012). Recent evidence indicates that
Cava2d subunits act as thrombospondin receptors and it is
possible that interactions with thrombospondin are involved
in the aforementioned modulation of synaptic release (Eroglu
et al., 2009).

Skeletal muscle L-type channels also contain an ancillary
Cavy subunit that contains four transmembrane helices (Arikkath
and Campbell, 2003; Sharp and Campbell, 1989). As many as
seven potential Cavy isoforms have been identified in neuronal
tissue, including Cavy2, which is also known as “stargazin”
(Chenetal., 2007; Chu et al., 2001). However, while certain types
of Cavy subunits can have profound effects on whole-cell
current density, it is not clear whether they should be considered
true neuronal calcium channels subunits (Letts et al., 1998;
Rousset et al.,, 2001). Moreover, subunits such as stargazin
have been associated with other cellular functions such as
AMPA receptor trafficking (Bats et al.,, 2007; Matsuda et al.,
2013; Tomita et al., 2005). There is however considerable
evidence that all HVA channels associate with calmodulin
(CaM), suggesting that CaM should be considered as the fourth
calcium channel subunit (Minor and Findeisen, 2010; Peterson
etal., 1999; Zihlke et al., 1999). Given the importance of ancillary
subunits for HVA channels, it is surprising that the trafficking and
overall biophysical properties of Cav3 channels in heterologous
expression systems are reconstituted well with only the Cava
subunit (Perez-Reyes, 2003). Whether T-type channels include
specific membrane-targeting motifs that are absent in HVA
channels or lack ER retention and proteasomal-targeting motifs
remains to be determined.

The majority of the structure/function information about
voltage-gated calcium channels has been deduced from site-
directed mutagenesis and generation of chimeric calcium
channel subunits. Based on the crystal structures of potassium
channels, several homology models of Caval subunits have
been constructed and used to model drug interactions, in partic-
ular with L-type channels (Huber et al., 2000; Lipkind and
Fozzard, 2003; Zamponi et al., 2003). Cryo-EM structures have
revealed crude structural information about this channel subtype
(Serysheva et al., 2002; Walsh et al., 2009a, 2009b; Wolf et al.,
2003), however, not at a resolution high enough to gain insights
into the structural basis of channel function. Unlike potassium
and bacterial sodium channels, it has not yet been possible to
obtain crystal structure information concerning entire mamma-
lian Cavel subunits. Crystal structures of the Cavp subunit
bound to a fragment of the Cava1 subunit |-l linker have been
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solved by multiple groups, however (Chen et al., 2004; Opatow-
sky et al., 2004; Van Petegem et al., 2004). Furthermore, cocrys-
tal structure studies and even NMR structures of calmodulin
bound to Cav1.2 and Cav2.1 have been reported (Fallon et al.,
2005, 2009; Kim et al., 2008, 2010; Liu and Vogel, 2012; Mori
et al., 2008; Van Petegem et al., 2005). While these works have
provided some advance in our understanding of subunit regula-
tion of voltage-gated calcium channels, it remains to be deter-
mined whether the observed interactions are relevant to actual
conformations in holochannels or perhaps modified by the pres-
ence of transmembrane regions and other intracellular domains.

Determinants of Calcium Channel Inactivation
To prevent calcium overload in response to prolonged mem-
brane depolarization, voltage-gated calcium channels possess
voltage- and/or calcium-dependent inactivation mechanisms.
Voltage-dependent inactivation (VDI) is a property that is com-
mon to all voltage-gated calcium channel subtypes, although
the extent of voltage-dependent inactivation varies with calcium
channel isoform and is potently modulated in HVA channels by
the Cavp subunit (for review, see Stotz et al., 2004). Unlike
voltage-gated potassium and sodium channels where there is
evidence of a pore blocking, inactivation gating particle for
N-type inactivation mechanisms (i.e., “ball and chain” and
*hinged-lid”) (Hoshi et al., 1990; West et al., 1992), it has proven
somewhat more difficult to identify the mechanistic basis of VDI
in calcium channels. Numerous studies have identified amino
acid residues that appear to modulate inactivation, and many
of them are found in either the domain I-1l linker region or in the
S6 regions of the major transmembrane domains (Berrou et al.,
2001; Herlitze et al., 1997; Kraus et al., 1998; Stotz and Zamponi,
2001a). Based on extensive mutagenesis and chimeric work on
HVA channels (Spaetgens and Zamponi, 1999; Stotz et al., 2000;
Stotz and Zamponi, 2001b), we proposed a model in which the
S6 segments undergo structural rearrangement in response to
prolonged membrane depolarization (Figure 2). This then may
expose a docking site for the domain |-l linker to act as a
hinged-lid-like gating particle (Stotz et al., 2004). In Cav1.3
channels, this docking process may be modulated by an addi-
tional inhibitory element, termed the inactivation shield (Tadross
et al., 2010). Interestingly, Cav3 (T-type) channels appear to be
different from HVA channels with regard to VDI, such that the
domain llI-IV linker and C terminus appear to be important struc-
tural determinants in this channel family (Hamid et al., 2006;
Ohkubo et al., 2005; Staes et al., 2001). It is thus possible that
Cav3 channels contain a domain IlI-IV linker inactivation particle
analogous to what is seen with sodium channel VDI. Whether
these channels also contain an inactivation shield remains to
be determined. Ultimately, crystal structure information will be
required to gain precise insights into how calcium channels inac-
tivate in response to voltage. Understanding how inactivation
works at the molecular level is particularly important given that
many clinically used drug compounds, such as DHPs and anti-
epileptics, show strong inactivated state dependences of block
(Berjukow et al., 2000; Gomora et al., 2001).

A much more complete picture has emerged in the area of
calcium-dependent inactivation (CDI), although it is by no means
less complicated. CDI becomes apparent when comparing
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Figure 2. Schematic Representation of
Possible Voltage-Dependent Inactivation and
Calcium-Dependent Inactivation
Mechanisms in HVA Channels

(A) Left: membrane depolarizations trigger a
conformational change in the channel that results in
a transition from closed to open (i.e., calcium-con-
ducting state). Prolonged membrane depolarization
triggers a further change in channel conformation
(potentially mediated by the S6 segments in the four
membrane domains, not shown). This may reposi-
tion a channel structure termed an “inactivation
shield” (yellow), thus exposing a docking site for the
inactivation gate that is formed by the domain I-ll
linker (blue ball-like structure). The inactivation gate
then physically obstructs calcium entry. Right:
calcium influx upon membrane depolarization also
created a calcium domain near the inner mouth of
the pore. Calcium binds to calmodulin (CaM, indi-
cated by dumbbell structure in red with its high- [H]
affinity and low- [L] affinity calcium binding sites) that
is preassociated with the C terminus of the channel,
which in turn causes molecular repositioning of
CaM in the C terminus region and additional in-
teractions with sites in the N terminus region of the
channel when fully loaded with calcium (small or-
ange dots). This leads to an inactivated (noncon-
ducting) conformation of the channel.

(B) Calcium influx though an individual Cav1 chan-
nels creates a calcium nanodomain that is sufficient

INACTIVATED

to activate the high-affinity sites on calmodulin, which in turn goes on to cause CDI (this process is EGTA insensitive). In contrast, for Cav2 channels, a concerted
opening of multiple channels gives rise to a calcium microdomain that activates the low-affinity binding sites of CaM to trigger CDI (this can be blocked by EGTA).

channel current kinetics in the presence of barium to that of
calcium, with the latter charge carrier imparting pronounced
speeding of current decay kinetics (Imredy and Yue, 1994).
This effect is critically dependent on CaM and blocked by over-
expressing a dominant-negative mutant of CaM that lacks the
ability to bind calcium (Lee et al., 1999a; Peterson et al., 1999;
Zuhlke et al., 1999). From a mechanistic standpoint, it is believed
that calcium-free CaM is preassociated or anchored to the C
terminus of the channel such that the C-terminal lobe of CaM
interacts with the “IQ” domain and the N-terminal lobe with an
upstream EF-hand region (Ben Johny et al., 2013; Liu et al.,
2010) (Figure 2). Upon a rise in intracellular calcium, channel-
anchored CaM binds calcium, which in turn promotes a confor-
mational change in the C terminus/CaM complex and gives rise
to CDI (Ben Johny et al., 2013; Erickson et al., 2001, 2003; Peter-
son et al., 2000) (Figure 2). For many years CDI was thought to
only occur with L-type channels because no calcium-induced
speeding of current decay kinetics was observed with native or
cloned N-, R-, or T-type channels. However, whole-cell record-
ings during this era were typically performed with 10 mM EGTA
in the patch pipette, which produces significant reduction in
intracellular calcium. On the other hand, when intracellular
calcium buffering is made less stringent with 0.5 mM EGTA,
CDI also becomes apparent for the three members of the Cav2
channel family (Liang et al., 2003). In other words, CDI of
Cav1.2 and Cav1.3 channels is supported by a local rise in
calcium near the inner mouth of the pore, or rather, calcium entry
through an individual channel is sufficient to mediate its own CDI
(Zamponi, 2003a). In contrast, CDI of Cav2 channels requires a
global rise in intracellular calcium, which is supported by the
concerted calcium influx of a population of channels, hence
explaining the EGTA sensitivity of this process (Dick et al,

2008; Erickson et al., 2003; Tadross et al., 2008; Zamponi,
2003a). This differential sensitivity to local and global calcium
rises is due to the differential involvement of the high- and low-
affinity calcium binding lobes on the CaM molecule, respectively,
as revealed by site-directed mutagenesis of the calcium binding
sites on CaM.

There are several additional twists to CDI: first, although
Cav1.4 channels can bind calmodulin, they lack CDI (McRory
et al.,, 2004), the latter because of an autoinhibitory domain in
the distal C terminus that occludes upstream CaM binding
sequences (Griessmeier et al., 2009; Singh et al., 2006; Wahl-
Schott et al., 2006). From a mechanistic point of view, this auto-
inhibitory domain appears to act like an enzyme competitive
inhibitor that regulates the affinity of calcium-free calmodulin
for the channel (Liu et al., 2010). The resulting resistance to inac-
tivation is probably necessary because these channels support
tonic glutamate release in photoreceptor synapses (Morgans,
2000) and must therefore show sustained activity at depolarized
potentials. Second, there is a curious absence of CDI for native
Cav1.3 currents in auditory hair cells. This absence appears to
be due to calcium-binding protein 4 (CaBP4), a CaM homolog
with reduced calcium binding ability that is expressed in these
cells and antagonizes the CDI process (Yang et al., 2006). It
was originally suggested, based on studies on channel frag-
ments, that competition between CaBP4 and CaM for the C
terminus of Cav1.2 may lay at the root of the disruption of CDI
by CaBP (Findeisen et al., 2013; Oz et al., 2013). However,
more recent evidence based on work in intact channels indicates
that CaBP may modulate CaM affinity by an allosteric mecha-
nism (Yang et al., 2014). Third, recent evidence shows that CDI
of Cav1.2 channels requires two different CaM molecules bound
to the C terminus (Kim et al.,, 2010). Fourth, Cav1.3 shows
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distinct modes of CDI that differentially depend on the high-
(C-lobe) and low- (N-lobe) affinity calcium binding sites of CaM
(Ben Johny et al., 2013). Cav1 channel CDI that depends on
the high-affinity C-lobe of CaM appears to require only C-termi-
nal regions of the channel, while low-affinity N-lobe CDI involves
interactions of CaM with several N-terminal regions, as well as
the C terminus (Dick et al., 2008; Simms et al., 2013) (Figure 2).
Fifth, crystal structure information reveals that CaM interacts
with the Cav2.1 C terminus in an opposite orientation compared
to Cav1.2 (Kim et al., 2008), whereas Cav2.3 and Cav2.1 seem to
bind CaM in the same orientation (Mori et al., 2008). The physio-
logical significance of this finding is unclear.

Finally, Cav2.1 channels show a second form of calcium regu-
lation (calcium-dependent facilitation [CDF]) that involves the
high-affinity sites on CaM (DeMaria et al., 2001; Lee et al.,
20083). Single-channel recording demonstrates that unlike CDI
of these channels, which requires global calcium increase, cal-
cium entry through an individual Cav2.1 channel is sufficient to
promote CDF (Chaudhuri et al., 2007). Furthermore, this example
highlights how Cav2.1 channels can be differentially regulated by
two opposing calcium-dependent processes while using the
same calcium sensor, CaM. Interestingly, L-type channels can
exhibit CDF but only with substantial C-terminal mutations in
the same region that natively promotes CDF of Cav2 channels
(Hudmon et al., 2005; Ziihlke et al., 1999) and appears to be
stronger for channels expressed in oocytes compared to
mammalian cells. Whether CDF and CDI are mediated by distinct
binding conformations, orientations of CaM, or separate CaM
molecules bound at different regions of Cav1 and Cav2 channels
remains to be determined.

Altogether, CDI and VDI are important processes that limit
excessive calcium entry into the cytosol. While VDI is intrinsic
to the channel and only depends on voltage, CDI is a tunable
process that provides feedback inhibition in response to rising
intracellular calcium levels.

Role of Voltage-Gated Calcium Channels in Synaptic
Transmission

Voltage-gated calcium channels are important mediators of
depolarization-evoked release of neurotransmitters. To ensure
efficient coupling of calcium influx to rapid vesicle release,
calcium channels must be localized within the active zones of
presynaptic nerve terminals. Most CNS synapses rely on
Cav2.2 and Cav2.1 calcium channels for fast synaptic transmis-
sion (Wheeler et al., 1994) and both of these channel subtypes
contain a synaptic protein interaction (synprint) site within the
intracellular domain lI-ll linker region. This synprint site interacts
with proteins of the synaptic vesicle release complex, such as
syntaxin 1 and SNAP-25, thus placing the channels in close
proximity to synaptic vesicles (Rettig et al., 1996; Sheng et al.,
1994, 1996). Interactiocn of the vesicle release complex with
the channels alters calcium channel function by promoting
voltage-dependent inactivation and Gy modulation (Bezproz-
vanny et al., 1995; Jarvis and Zamponi, 2001). Cav2.3 channels
are also capable of interacting with synaptic vesicle release
proteins, however, with different channel and syntaxin structural
determinants (Davies et al., 2011). The interactions between
Cav2 channels and SNARE proteins have been subject to
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numerous reviews (Weiss and Zamponi, 2012; Zamponi,
2003b) and, hence, we will not further belabor the molecular
details. It is however interesting to note that invertebrate Cav2
channels do not possess a synprint-like motif (Spafford et al.,
2003), and splice isoforms of mammalian Cav2.2 and Cav2.1
channels that lack the synprint have been reported (Kaneko
etal., 2002; Rajapaksha et al., 2008). Hence, it appears as if there
are redundant or perhaps more important mechanisms that
localize Cav2 channels to presynaptic sites. Indeed, adaptor
proteins such as Mint-1 and CASK (Maximov and Bezprozvanny,
2002; Spafford et al., 2003), Rab3-interacting molecules (RIMs)
(Graf et al., 2012; Kaeser et al., 2011; Kiyonaka et al., 2007),
and RIM binding proteins such as DRBP (Liu et al., 2011) all
are important for organizing Cav2 channels within active zones.
Whether this is mediated through direct binding of these proteins
to the Cav2 channel has, however, been subject to some debate
(Wong and Stanley, 2010).

At the majority of CNS synapses, Cav1 channels are localized
postsynaptically rather than presynaptically (Tippens et al.,
2008) and may be anchored to postsynaptic sites via adaptor
proteins such as Shank (Zhang et al., 2005). Cav1.3 and
Cav1.4 channels are, however, important players on the presyn-
aptic side of ribbon synapses in cochlear hair cells and in photo-
receptor terminals (Striessnig, 2013), where their functions are
modulated by other interacting proteins such as CaBP4 (Haesel-
eer et al., 2004). Unlike the Cav2 family, Cav1 channels do not
possess a synprint-like motif for interactions with SNARE
proteins, and they lack the Mint-1 and CASK interaction domains
present in Cav2 channels. Instead, the organization of Cav1
channels in these synapses is critically dependent on bassoon
(Frank et al., 2010; Jing et al., 2013). This different molecular
organization may reflect the fact that the requirement for calcium
channel function in postsynaptic photoreceptor nerve termini
compared with, for example, a presynatpic cortical synapse,
are fundamentally different. In the latter case, calcium channels
need to open transiently in response to an incoming action
potential to generate a large but temporally precise calcium
influx, for which N-type channels with their high single-channel
conductance are particularly well suited (Weber et al., 2010). In
contrast, photoreceptors are depolarized in the dark where
they tonically release glutamate (Morgans, 2000), requiring
sustained calcium channel activity that is terminated upon
light-induced membrane hyperpolarization. Not only does this
require calcium channels to be noninactivating (as ensured by
autoinhibitory elements and interactions with calcium binding
proteins, see preceding section), but it may also demand a
completely different architecture of calcium channels and
associated synaptic, anchoring proteins. This underscores the
importance for mammalian neurons to have a palette of different
calcium channels and interacting partners that are tailored for
specific neurophysiological functions.

L-type calcium channels are also important in hormone secre-
tion. This has been particularly well studied in adrenal chromaffin
cells where calcium entry via Cav1.2 and Cav1.3 drives much of
the release of catecholamines (for review, see Vandael et al,,
2013). An interesting twist to the role of calcium channels in
secretion has been observed in these cells (Hagalili et al.,
2008). Hagalili and colleagues reported that Cav1.2 channel
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Figure 3. T-type Channel-Mediated

Regulation of Neuronal Excitability

(A) Schematic representation of steady-state
activation and inactivation curves for a T-type
calcium channel. Note the overlap between these
two curves that gives rise to a “window current”
(indicated in blue). Note also that the exact posi-
tion of the window current depends on neuronal
subtype. At a typical neuronal resting potential of
—70 mV, a large fraction of T-type channels are
inactivated and thus unavailable for opening. A
transient hyperpolarization will recover these
channels from inactivation, thus increasing their
availability. An ensuing depolarization will then
activate a greater number of channels, thereby
giving rise to a rebound burst. Such rebound
bursting is exemplified in this current-clamp
recording from a Golgi cell, which was mediated
by Cav3.1 (taken from Molineux et al., 2006)
(copyright by the National Academy of Sciences).
(B) Calcium influx via T-type channels (blue) gen-
erates a local calcium domain (orange). KCa3.1
channels that are physically associated with
T-type channels are activated by this rise in
intracellular calcium. This hyperpolarization in-
hibits the temporal summation of parallel fiber
excitatory postsynaptic potentials (EPSPs; re-
flected in a small upward spike in the current-
clamp recording, see arrow) in Purkinje neurons,
thus preventing action potential firing. Blocking
T-type channel activity with nickel (indicated by

mV

—I 10
mVv

1 sec

red dot inside the channel pore) prevents calcium influx and thus reduces KCa3.1 channel activity. This allows temporal summation of parallel fiber EPSPs to
trigger action potential (AP) discharges (see bottom current-clamp trace). These recordings were taken from Engbers et al. (2012) (copyright by the National

Academy of Sciences).

mutants that are impermeant to calcium ions can partake in cate-
cholamine release by direct coupling of the channel activation
machinery to the vesicle release apparatus (see also Marom
et al., 2010). Whether this mechanism is specific to chromaffin
cells or perhaps also applicable to nerve terminals is unclear.

There is also increasing evidence that Cav3 calcium channels
can contribute to exocytosis, specifically catecholamine release
from chromaffin cells (Carabelli et al., 2007). They have also been
implicated in neurotransmitter release in both the retina and
olfactory bulb (Egger et al., 2003; Pan et al., 2001) (for review,
see Carbone et al., 2006) and may contribute to synaptic trans-
mission in hippocampal interneurons (Tang et al., 2011). More
recent evidence has implicated T-type calcium channels in
spontaneous synaptic release in dorsal horn synapses (Jacus
et al., 2012) and in trans-glial chemical communication between
dorsal root ganglion neurons (Rozanski et al., 2013). T-type
calcium channels are particularly well suited for supporting
low-threshold exocytosis because of their biophysical char-
acteristics (specifically their low voltage dependence of acti-
vation and inactivation), which give rise to a small window
current near resting neuronal membrane potentials (Figure 3).
This in turn allows calcium entry via these channels in response
to small voltage changes and hence activation of the release
machinery.

Like Cav2 channels, all members of the Cav3 calcium channel
family associate with the SNARE proteins syntaxin 1 and
SNAP25; however, they do so via their C terminus, rather than
the domain llI-1V linker region (Weiss et al., 2012). Interestingly,
coexpression with syntaxin 1A mediates a strong hyper-
polarizing shift in half inactivation potential that is abolished

upon coexpression with SNAP25, or alternatively when syntaxin
is locked in its “open” conformation (Weiss et al., 2012). The
significance of modulating channel availability in this manner is
not clear, although it suggests that channels that are associated
exclusively with syntaxin 1A, rather than the full complement of
t-SNAREs, are less likely to support calcium entry and, thus,
vesicle release. Exogenous expression of Cav3.2 channels in a
chromaffin cell line induces low-threshold release, which can
be blocked by coexpressing a peptide corresponding to the
syntaxin interaction domain of the channel (Weiss et al., 2012).
This indicates that physical association of Cav3.2 with syntaxin
is of critical importance for T-type channel-mediated, low-
threshold exocytosis.

Altogether, it is remarkable that all known types of neuronal
calcium channels have been implicated in supporting secre-
tion/neurotransmitter release, with specific roles being fulfilled
by all major classes of calcium channels (i.e., fast synaptic trans-
mission for Cav2 channels, tonic and slower release by Cav1
channels, and low-threshold exocytosis by Cav3 channels).

Calcium Channels and Neuronal Firing

Both HVA and LVA channels are important regulators of neuronal
firing properties. As noted earlier, T-type channels are activated
by small membrane depolarizations. At typical neurcnal resting
membrane potentials, however, a large fraction of T-type
channels are inactivated (i.e., unavailable for opening) (Coulter
et al., 1989). A transient membrane hyperpolarization can be
sufficient to recover T-type channels from their inactivated
state (Figure 3), such that an ensuing depolarization activates a
larger population of T-type channels, leading to a dramatic
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augmentation in whole-cell T-type current amplitude. This
causes a low-threshold calcium potential that facilitates the
activation of voltage-gated sodium channels to give rise to a
burst of action potentials (Alvina et al., 2009; Destexhe et al.,
1998). This phenomenon is termed “rebound bursting” and is
of critical importance for the output of many different types of
neurons (Molineux et al., 2006), perhaps most notably in thala-
mocortical relay neurons and in thalamic reticular neurons
(Huguenard, 1998; Ulrich and Huguenard, 1997) (Figure 3). It
should also be noted that Cav1.3 calcium channels display a
relatively hyperpolarized range of activation (Xu and Lipscombe,
2001), and given their dendritic localization, it is possible that
these channels could act like T-type channels in regulating post-
synaptic activity.

There are other ways by which voltage-gated calcium chan-
nels can control neuronal firing frequency, and these are related
to their calcium permeability rather than their electrogenic func-
tion. In cerebellar stellate cells and perhaps other types of neu-
rons, all types of Cav3 channels are able to associate with
Kv4.2 calcium-activated potassium channels into a large macro-
molecular signaling complex that also includes K channel-inter-
acting protein 3 (KChIP3) (Anderson et al., 2010a, 2010b). This
interaction bestows calcium sensitivity onto Kv4.2 inactivation,
leading to increased Kv4.2 channel availability upon T-type
current activation and a decrease in output gain (Anderson
et al., 2010a). This phenomenon is exquisitely calcium sensitive
such that the Kv4.2/Cav3/KChIP3 complex can act as a detector
of extracellular changes in calcium concentration (Anderson
et al., 2013) and mediate adaptive changes to maintain synaptic
fidelity under conditions where extracellular calcium drops into
the submillimolar range. Similarly, Cav3 channels can physi-
cally and functionally interact with intermediate conductance
calcium-activated potassium channels (KCa3.1) in cerebellar
Purkinje neurons. Calcium entry via Cav3 channels activates
KCa3.1, which helps control temporal summation of synaptic
inputs (Engbers et al.,, 2012) (Figure 3). Cav3 channels also
form physical signaling complexes with large conductance cal-
cium-activated potassium (KCa1.1) channels in medial vestib-
ular neurons (Rehak et al., 2013). In these neurons calcium entry
via T-type channels helps activate KCa1.1 channels to slow firing
frequency. Along these lines, it has been reported that calcium
entry via T-type channels modulates small conductance cal-
cium-activated potassium (KCa2.1) channels in thalamic retic-
ular neurons (Cueni et al., 2008) to regulate oscillatory behavior.
This suggests that thalamic reticular neurons exhibit both
electrogenic (i.e., rebound burst) and calcium-dependent mech-
anisms by which T-type channels shape their firing properties.
Finally, the ability to regulate neuronal output via calcium-depen-
dent activation of potassium conductances is also observed
with members of the HVA calcium channel family. For example,
Cav1.2, Cav2.1, and Cav2.2 channels physically associate
with KCa1.1 channels to shape action potential repolarization
(Berkefeld and Fakler, 2008; Berkefeld et al., 2006; Miller
et al.,, 2010) and, in the case of chromaffin cells, pacemaking
(Vandael et al., 2012). Hence, members of all three major classes
of calcium channels are important regulators of neuronal firing
properties, by virtue of their control over calcium-sensitive
potassium channels.
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Calcium Channels and Gene Transcription

It is well established that increases in intracellular calcium
contribute to the initiation of gene transcription. As voltage-
gated calcium channels are a major source of calcium influx, it
is not surprising that these channels contribute to gene regula-
tion. However, they do so in an intricate and regulated manner
and in some cases independently of calcium influx. Below, we
give an overview of the role of Caval and Cavp subunits in this
process.

Cav1 Channels

L-type calcium channels were the first voltage-gated channels
shown to regulate gene transcription and there is an extensive
body of literature on this topic. L-type channel agonists and
antagonists were shown to, respectively, promote and inhibit
gene transcription of immediate early genes over 20 years ago
in cortical neurons (Murphy et al., 1991). CaM kinase was recog-
nized shortly thereafter as a critical signaling intermediate
between L-type channels at the cell membrane and gene tran-
scription in the nucleus (Bading et al., 1993). A brief KCl-induced
depolarization of hippocampal neurons (i.e., 1 min) promotes
translocation of calmodulin to the nucleus (Deisseroth et al.,
1998), which in turn promotes the phosphorylation and activation
of CREB (Thompson et al., 1995). Both the translocation of
calmodulin and CREB activation are perturbed by L-type
calcium channel blockers (Eickelberg et al., 1999; Wheeler
et al., 2006). Interestingly, neuronal depolarization activates
CREB gene transcription by two temporally distinct signaling
cascades. Brief depolarization (1-10 min) activates CREB
through a CaM/CaM kinase-dependent pathway, while sus-
tained depolarization (=30 min) was shown to recruit a second-
ary Ras/MAPK pathway (Wu et al., 2001).

Additional evidence for L-type channel involvement in CREB
transcription came from LTP studies in hippocampal neurons
that demonstrated that CREB transcription critically depended
on L-type calcium channel activity, with relatively little involve-
ment from AMPA and NMDA receptors (Impey et al.,, 1996;
Rajadhyaksha et al., 1999). This was recently confirmed with a
conditional hippocampus/neocortex Cavi.2 knockout mouse
that demonstrates an essential role of Cav1.2 in CREB signaling
during LTP and spatial learning (Moosmang et al., 2005). NMDA
receptors can however induce excitatory cell death by promot-
ing transcription of genes controlled by another transcription
factor, C/EBPB, a process opposed by L-type calcium channels
(Marshall et al., 2003). L-type channels also oppose nicotinic
signaling to CREB in ciliary ganglion neurons, although the
underlying mechanism is unclear (Chang and Berg, 2001). This
suggests that L-type channels can both promote and antagonize
aspects of gene transcription.

By expressing exogenous DHP-insensitive Cavi1.2 channel
variants in hippocampal neurons, while at the same time elimi-
nating the contributions from the endogenous channels with
DHPs, Dolmetsch and colleagues were able to examine the
channel structural determinants that underlie the coupling be-
tween Cav1.2 channels and CREB activation (Dolmetsch et al.,
2001). An extended depolarization (30 min) supported CREB
gene transcription via the aforementioned Ras/MAPK pathway
whose activation was shown to depend on the 1Q domain that
anchors CaM to the C terminus of the channel (Figure 4). This
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Figure 4. Pathways Involved in Calcium Channel Induced Changes
in Gene Transcription

Prolonged calcium influx via Cav1 channels activates gene transcription via
Ras and MAP kinase. In addition, brief calcium activation of calmodulin (CaM)
stimulates CREB activation though direct signaling to the nucleus, or via
activation of CaM kinase that is located in close proximity of the channel. The C
terminus of Cav1.2 channels contains a transcription factor (CCAT) that can be
expressed independently of full-length calcium channels and that can trans-
locate to the nucleus. In contrast, Cav2 channel-mediated gene activation
requires the concerted action of multiple channels to give rise to a larger
calcium microdomain that is augmented by calcium release from mitochondria
and ER (not shown). This directly activates more distantly localized CaM
kinase clusters that in turn stimulate CREB. A calmodulin-mediated activation
of NFAT has been shown to occur via calcineurin. Cavf subunits can also be
targeted to the nucleus where they appear to act as transcriptional repressors.

allows CaM to be situated close to the source of calcium influx,
and after channel opening, CaM is thought to translocate to the
nucleus to promote CREB activation (Deisseroth et al., 1998).
How exactly CaM translocates to the nucleus in response to
channel opening vis a vis the role of this interaction in CDI of
the channel is unclear. It was subsequently shown that Cav1.3
channels couple to CREB more effectively than Cav1.2 channels
in hippocampal neurons, especially during brief periods of
neuronal activity, whereas they appear to be the exclusive driver
of CREB activation in striatal medium spiny neurons (Zhang et al.,
2006). In the nucleus accumbens, acute cocaine treatment acti-
vates CREB via Cav1.3 channels, but when mice are sensitized
to cocaine, Cavl.2 overrides Cav1.3-mediated CREB activity
(Giordano et al., 2010). The functional redundancy (and occa-
sionally competition) of L-type channel signaling to CREB under-
scores the importance of this process for neuronal function.

While CaM promotes CREB-mediated gene transcription in
response to prolonged neuronal activity, CaM kinase appears
to underlie a more rapid L-type channel-mediated signaling
process (Wu et al., 2001). Brief periods of channel activity result
in the translocation of CaM kinase puncta to the vicinity of the
channel, which then rapidly signal to the nucleus to activate
CREB (Wheeler et al., 2008). This phenomenon appears to be
tightly linked to the open probability of the channels rather than
a mere rise in bulk intracellular calcium, suggesting that specific
associations with L-type channels are necessary to support this
signaling process.

Another twist in understanding L-type channel-mediated gene
transcription is the observation that the Cav1.2 C terminus region
can translocate to the nucleus and act as a transcription factor
that was termed CCAT (calcium channel-associated transcrip-
tion) (Gomez-Ospina et al., 2006). CCAT modulates transcription
of gap junction proteins, NMDA and potassium channel sub-
units, and regulatory proteins such as kinases and chemokine
ligands (Gomez-Ospina et al., 2006). Furthermore, CCAT pro-
motes neurite outgrowth (Gomez-Ospina et al., 2013). Initially
believed to result from proteolytic cleavage of the Cavi.2
C terminus, similar to what had been reported in cardiac cells
(Hulme et al., 2006), CCAT is actually controlled by a cryptic
promoter in exon 46 of the Cav1.2 gene (Gomez-Ospina et al.,
2013). Expression analysis shows that CCAT is present in cortex,
cerebellum, and diencephalon and, more importantly, can be
expressed independently of full-length Cav1.2 mRNA (Gomez-
Ospina et al., 2013). This unexpected, nonelectrogenic function
needs to be borne in mind when considering the effects of muta-
tions in Cav1.2 channels that are linked to human disease.

Although L-type channel-mediated activation of CREB has
received perhaps the most attention, these channels also
promote activation of other transcription factors. This includes
activation of NFAT (specifically the NFATc4 isoform) in hippo-
campal neurons and is mediated by the calcium-dependent
phosphatase calcineurin (Graef et al., 1999). This process is
improved by AKAP79/150 expression in part because of
enhanced calcineurin targeting to the channels (Oliveria et al.,
2007) and also because AKAP can regulate release of calcineurin
more effectively (Li et al., 2012). Whether the CaM/IQ interaction
is involved in calcineurin/NFAT-mediated gene transcription is
unknown, although the distal C terminus of Cav1.2 is known to
bind calcineurin (Tandan et al., 2009).

Cav2 Channels

Cav2 channels also promote NFAT- and CREB-mediated gene
transcription, although the molecular underpinnings are not
well understood. One overriding theme for Cav2-mediated
gene transcription is the requirement for a global calcium rise
(reminiscent of Cav2 CDI), which is not the case for Cavil-
mediated gene transcription. For instance, Cav2.1 channels
promote expression of syntaxin 1A by a CaM kinase-, PKA-,
and MAPK-sensitive pathway (likely CREB), but not if cytosolic
calcium is buffered with EGTA (Sutton et al., 1999). Syntaxin
1A expression can also be triggered by thapsigargin, or caffeine
in the presence of w-agatoxin IVA, suggesting that although
Cav2.1 channels can promote syntaxin 1A expression, a global
rise in calcium from other sources is as effective (Sutton et al.,
1999). N-type calcium channels have been shown to promote
NFAT (NFATc1 isoform) nuclear localization in sympathetic
ganglion neurons in response to 10 Hz stimulation (Hernandez-
Ochoa et al, 2007). A slower 1 Hz stimulation was not
sufficient to promote NFAT translocation to nucleus, probably
because global calcium did not reach sufficiently high levels
(Hernandez-Ochoa et al., 2007).

The most thorough investigation into Cav2-mediated gene
transcription has been reported by Wheeler and colleagues
(2012), who showed that Cav2 channels promote CREB activa-
tion, via CaM kinase, but that this occurs much more slowly
compared with L-type calcium channels and that this process
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requires much stronger membrane depolarizations (Wheeler
et al.,, 2012). This group also showed that Cav2 signaling to
CREB can be interrupted by calcium chelation and that effi-
ciency of Cav2/CREB signaling is intimately tied to mitochondrial
and ER calcium buffering (Wheeler et al., 2012). Although we are
only beginning to understand Cav2-mediated gene transcription,
it appears that global calcium elevation from vigorous neuronal
activity, such as trains of action potentials, is required for Cav2
channel-mediated CREB activation.

Cavp Subunits

Cavp3/4 subunits have also emerged as transcriptional regula-
tors, independently of their abilities to regulate calcium influx
via the Cava1 subunit. Cavp3 was recently identified as a binding
partner for a novel isoform of the transcription factor Pax6
(Zhang et al., 2010). The Pax6(S) isoform is transcriptionally
active, but its function is suppressed by Cavp3 in the nucleus
(Zhang et al., 2010). The physiological relevance of this inter-
action is not yet known, but it is suspected to be important early
in embryonic development.

The Cavp4c splice isoform was first identified as a transcrip-
tional regulator after yeast two-hybrid assays from chicken brain
and cochlea, and later human vestibular neurons (Xu et al.,
2011), and shows a strong interaction with the gene silencing
protein CHCB2/HP1y (Hibino et al., 2003). Coexpression of
CHCB2/HP1y recruits Cavp4c to the nucleus, leading to disrup-
tion of CHCB2/HP1y-mediated gene silencing (Hibino et al.,
2003). Another isoform, Cavp4b, is found in the nucleus of cere-
bellar granule and Purkinje cells and is exported from the nucleus
following calcium influx or neuronal excitation (Subramanyam
et al., 2009). On the other hand, a recent study by Tadmouri
and colleagues (2012) in hippocampal neurons found that
Cavp4 is imported to the nucleus in an activity-dependent
manner alongside a regulatory subunit of PP2A phosphatase.
Once in the nucleus, association of Cavp4/PP2A with HP1y
and the thyroid hormone receptor « («TH) leads to the repression
of thyroid hormone production (Tadmouri et al., 2012). This asso-
ciation of Cavp4 and PP2A is ablated in a prematurely truncated
Cavp4 isoform that has been associated with juvenile myclonic
epilepsy (Tadmouri et al., 2012). Interestingly, the thyroid hor-
mone derivative thyroxine exacerbates absence seizures in juve-
nile myclonic epileptic patients (Obeid et al., 1996); altogether
suggesting that Cavp4 can suppress seizure activity by downre-
gulating thyroid hormone levels. This highlights an example in
which dysfunction in an ancillary calcium channel subunit can
affect human disease independently of calcium channel func-
tion, per se.

From the data available to date, it appears that Cavf} subunits
act as repressors of gene transcription, in contrast with the roles
of various calcium channel «1 subunits that tend to promote
gene activation by supporting a rise in intracellular calcium.

Calcium Channel Knockouts and Pathophysiology

A number of knockout mouse lines that lack specific calcium
channel subunits have been constructed and their behavioral
phenotypes analyzed. Moreover, a number of genetic abnormal-
ities in calcium channels have been identified in both rodents and
humans and have revealed important insights into the roles of
these channels in both physiology and pathophysiology.
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Cav1 Family

Mice lacking the skeletal muscle Cav1.1 isoform die at birth due
to asphyxiation, as Cav1.1 null pups cannot contract their dia-
phragms (Tanabe et al., 1988). This severe phenotype under-
scores the importance of the Cav1.1 channel for skeletal muscle
function and the fact that its highly specific role in excitation
contraction coupling cannot be compensated by other calcium
channels subtypes. In humans, mutations in the Cav1.1 channel
have been linked to hypokalemic periodic paralysis, a transient
form of paralysis that is triggered by low serum potassium and
characterized by interepisode muscle weakness (Fouad et al.,
1997; Ptacek et al., 1994). These mutations are typically local-
ized to the voltage sensor regions in domains Il, lll, or IV (Fouad
et al., 1997; Hirano et al., 2011) and appear to alter the voltage
dependence of activation of the channels (Morrill et al., 1998;
Morrill and Cannon, 1999), which in turn affects excitation
contraction coupling and hence muscle function. A recently
developed mouse model of hypokalemic periodic paralysis
carrying an R528H mutation in the domain Il voltage sensor reca-
pitulates the human disease phenotype and reveals an abnormal
gating pore current that appears to lie at the root of skeletal
muscle dysfunction for this mutant channel (Wu et al., 2012)
and that was first suggested by Sokolov and colleagues (Soko-
lov et al., 2007).

Cav1.2 null mice die in utero at day 14.5 post coitum, as this
calcium channel subtype is critical for cardiac muscle contrac-
tion (Seisenberger et al., 2000). It is not clear to what extent brain
development is also altered in these animals. This issue has been
addressed with a conditional knockout mouse that lacks Cav1.2
in both hippocampus and cortex. This mouse shows impairment
of spatial memory (White et al., 2008) and produces anxiety-like
behavior (Lee et al., 2012). Interestingly, Cav1.2 conditional
knockouts do not learn from fearful stimuli, a behavior attributed
to L-type channel function in the amygdala (Jeon et al., 2010;
Langwieser et al., 2010).

Mutations in the human CACNA1C gene have been linked to
Timothy syndrome, a debilitating condition that includes mental
retardation, lethal cardiac arrhythmias, various developmental
abnormalities, and autism (Splawski et al., 2004, 2005). This is
due to mutations at the beginning of the domain I-l linker region
that interfere with both VDI and CDI (Barrett and Tsien, 2008,
Depil et al., 2011) and is consistent with the role of this linker
as a possible inactivation particle as outlined earlier in this
Review. The autism phenotype associated with Timothy syn-
drome has been successfully recapitulated in a mouse model
(Bader et al., 2011). Furthermore, isolation of pluripotent stem
cells from Timothy syndrome patients has been used to examine
the effect of these mutations on neural development (Krey et al.,
2013; Pasca et al., 2011). These authors found that mutant
channels from Timothy syndrome patients produce activity-
dependent retraction of neuronal processes via a RhoA pathway,
thus suggesting that Cav1.2 channels are critical for proper
neuronal circuit formation that may be compromised in autistic
patients. The role of Cacv1.2 channels in mental health is further
supported by findings that SNPs located in CACNA1C are linked
to development of other psychiatric disorders such as bipolar
disorder, Schizophrenia, and depression (Dao et al., 2010; Green
et al., 2010; He et al., 2014; Strohmaier et al., 2013) (for review,
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see Giusti-Rodriguez and Sullivan, 2013). fMRI studies in
patients with the noncoding CACNAITC risk allele Rs1006737
indicate altered amygdala function (Tesli et al., 2013), which
fits with the phenotype of the Cav1.2 conditional KO mouse.

Mice deficient for Cav1.3 are deaf (Platzer et al., 2000), as this
channel subtype is critical for auditory hair cell synaptic trans-
mission. These mice also show abnormal auditory brain stem
development (Hirtz et al., 2011), perhaps due to lack of auditory
inputs. Independently of compromised hearing, these animals
exhibit reduced immobility in forced swimming tests, suggesting
that they are somewhat resistant to depression and implicating
these channels in hippocampal function (Busquet et al., 2010).
Cav1.3 channels expressed in the ventral tegmental area have
been linked to the development of cocaine-induced long-term
behavioral changes (Schierberl et al., 2011, 2012). In the nucleus
accumbens, cocaine appears to activate CREB via Cav1.3 chan-
nels, which in turn gives rise to locomotor sensitization (Giordano
et al., 2010). Interestingly, in animals that are pre-exposed to
cocaine, there is switch from Cavi1.3 to Cav1.2 channels that
ablates the CREB activation. These data indicate an important
role for Cav1.3 channels in neurological responses to psychoac-
tive drugs and underscore the importance of L-type channels in
gene regulation as discussed earlier. It is tempting to speculate
that mutations in Cav1.3 channels in the human population could
affect susceptibility to substances such as cocaine. A clear link
between Cav1.3 channels and human disease has been estab-
lished for two families with familial deafness. These individuals
carry a glycine insertion mutation near the Cav1.3 pore that
results in nonconducting channels (Baig et al., 2011). Affected
individuals also display sinoatrial node dysfunction, consistent
with the importance of this channel in cardiovascular function;
however, no information is available about the neurological
phenotype of these patients. It is also worth noting that Cav1.3
channel expression is upregulated in brains of early-stage
Parkinson's patients (Hurley et al., 2013); however, it is not clear
if this is coincident with disease or an epiphenomenon. Nonethe-
less, Cav1.3 calcium channel blockers have been suggested as
a potential therapeutic for Parkinson’s disease (Kang et al.,
2012), in part based on earlier observations showing that
Cav1.3 channels regulate the pacemaking of dopaminergic
neurons in the substantia nigra in an age-dependent manner,
with older neurons increasingly relying on this channel type
(Chan et al., 2007). Interestingly, blocking Cav1.3 channels was
sufficient to “reset” neurons to their juvenile state. Altogether,
data from mice and humans confirm a critical role of Cav1.3
channels in audition but also suggest an involvement of this
channel type in other neurophysiological functions, in particular
in the dopaminergic system.

Mice lacking Cav1.4 are blind due to the importance of this
channel in rod photoreceptor synaptic transmission (Chang
et al., 2006; Lodha et al., 2010). These mice also show defects
in ribbon synapse structure (Liu et al., 2013). Interestingly, mice
deficient in CaBP4 have a phenotype that is qualitatively similar
to those of Cav1.4 null mice (Haeseleer et al., 2004), consistent
with the notion that CaBP4 is an essential functional regulator
of Cav1.4 channels. Many different mutations in the CACNATF
gene that encodes Cavi.4 have been identified in human
patients with congenital stationary night blindness-2 (for review,

see Lodha et al., 2012). In some cases, these mutations lead to a
loss of functional protein (Bech-Hansen et al., 1998), in others
the mutations result in gain of function (Hemara-Wahanui et al.,
2005), and yet another set of mutations causes a clinical pheno-
type, without any discernible effects on the biophysical proper-
ties of the channel (McRory et al., 2004). How such a variety of
Cav1.4 mutations produce essentially the same clinical pheno-
type is not clear; however, insights may be gleaned from trans-
genic mouse models that recapitulate human congenital night
blindness-2 (Knoflach et al., 2013).

Cav2 Family

Mice with a deletion of the gene encoding Cav2.1 display
severe ataxia and develop absence seizures before they die
approximately 4 weeks postnatal (Jun et al., 1999). The ataxic
phenotype observed with these animals is consistent with the
importance of P-/Q-type channels in cerebellar physiology. In
hippocampal neurons and motor neuron endplates, there is
functional compensation by Cav2.2 and Cav2.3 channels that
allows for continued synaptic transmission (Jun et al., 1999;
Urbano et al., 2003), although the notion that these animals
experience seizures indicates that this compensation is in-
complete. Several mouse lines with mutations in Cav2.1 chan-
nels have been identified, including “leaner,” “tottering,” and
“rocker” mice, which have overlapping phenotypes that include
ataxia and absence seizures (for review, see Pietrobon, 2002), in
many ways similar to those observed with knockout of the entire
gene. Mice in which Cav2.1 channels are selectively knocked out
in Purkinje cells (postnatal) do not initially present with the full
spectrum of neurological dysfunctions but instead develop
them during adulthood (Mark et al., 2011). This suggests an
important role of these channels in early development.

In humans, alterations of Cav2.1 channels produce a range of
phenotypes. Gain-of-function mutations in the CACNA1A gene
have been linked to familial hemiplegic migraine (Tottene et al.,
2009), with mutation loci determining a wide range of disease
severity (Pietrobon and Moskowitz, 2013). Two representative
mutations have been incorporated into mouse models and reca-
pitulate remarkably well the human disease phenotype and
severity (van den Maagdenberg et al., 2004, 2010). Of particular
note is a recent study that showed that the pathophysiological
effects of the $218L mutation can be offset by tert-butyl dihydro-
quinone, a compound that counteracts the gain-of-function
effects of this mutation on channel gating (Inagaki et al., 2014).
In contrast, loss-of-function mutations in Cav2.1 including
some that lead to truncations, frame shifts, and aberrant splicing
(Kipfer et al., 2013) have been identified in patients with episodic
ataxia-type 2 (Pietrobon, 2010). Several of these loss-of-function
mutations result in dominant-negative effects on normal Cav2.1
channels (Jeng et al., 2006) through a direct protein degradation
mechanism (Mezghrani et al., 2008) that is dependent on an 11
amino acid stretch in the channel N terminus (Page et al.,
2010). One episodic ataxia patient bearing a Cav2.1 mutation
that causes a premature truncation of the channel protein also
experienced seizures (Jouvenceau et al., 2001). This is reflective
of what is observed with Cav2.1-deficient mice and is in line with
more recent reports that identified Cav2.1 channels as a risk
allele for seizures (albeit via complex interactions with other
genes) (Klassen et al., 2011). Overall, it appears that mutations
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that decrease Cav2.1 channel function/expression produce
episodic ataxia and/or absence seizures, while gain-of-function
mutations lead to spreading cortical depression and migraine.

A different from of cerebellar ataxia (spinal cerebellar ataxia
type 6) is caused by polyglutamine expansions in the Cav2.1 C
terminus (Jodice et al., 1997). There are conflicting reports on
the functional effects of these expansions in various heterolo-
gous systems. In Purkinje cells, the channels appear to function
normally (Saegusa et al., 2007) and yet in a mouse model, they
seem to give rise to progressive neuronal dysfunction (Watase
et al., 2008). Neuronal defects can occur by mechanisms that
are similar to polyglutamine expansion disorders (i.e., through
the formation of aggregates) but perhaps require specific biolog-
ical conditions not currently understood.

In contrast with Cav2.1, mice lacking the other major presyn-
aptic channel Cav2.2 show a much milder phenotype. They are
hyposensitive to inflammatory and neuropathic pain (Hata-
keyama et al., 2001; Kim et al., 2001a; Saegusa et al., 2001),
which fits with the importance of these channels in synaptic
transmission between sensory fibers and dorsal horn neurons.
These mice also show deficits for sympathetic control of heart
rate and blood pressure (Mori et al., 2002) and are hyperactive
(Beuckmann et al.,, 2003). Most interestingly, these animals
exhibit reduced voluntary ethanol intake and reduced hypnotic
response to alcohol (Newton et al., 2004). Cav2.3 null mice
also have a mild phenotype that includes hyposensitivity to
pain (Saegusa et al., 2002) and resistance to chemically induced
seizures (Weiergraber et al., 2007). We are not aware of any
mutations in Cav2.2 or Cav2.3 in humans and this is likely
because mutations in these channels generate only mild, medi-
cally undetected phenotypes.

Cav3 Family

Cav3.1 null mice show bradycardia due to slowing of sinoatrial
node pacemaking and reduced atrioventricular conduction
(Mangoni et al., 2006). Their nervous system phenotype includes
a resistance to baclofen-induced seizures (Kim et al., 2001b).
Furthermore, ablation of this channel isoform also protects
from seizures in Cav2.1 null or mutant mice such as “tottering”
(Song et al., 2004). This fits well with the known role of T-type
channels in the thalamocortical circuitry. The key function of
Cav3 channels in thalamic neurons is underscored by the cbser-
vations that targeted deletion of Cav3.1 in the thalamus results in
increased arousal and altered sleep/wake patterns (Anderson
et al., 2005) and that Cav3.3 null mice exhibit compromised sleep
spindles in thalamic reticular neurons (Astori et al., 2011).

Cav3.2 null mice show compromised corenary function due to
a permanent constriction of coronary arterioles (Chen et al,,
2003). These mice also show reduced sensitivity to noxious
pain (consistent with the expression of these channels in a
subset of afferent pain fibers), but not chronic neuropathic pain
(Choi et al., 2007). This contrasts with the potent analgesic
actions of intrathecally delivered Cav3.2 channel blockers in
neuropathic pain models, suggesting that there is compensation
from other types of (calcium) channels in the afferent fibers of
Cav3.2 null mice that maintain pain transmission. On the flip
side, mice subjected to nerve injury, colonic inflammation (Jago-
dic et al., 2008; Marger et al., 2011), or chronic diabetic condi-
tions (Jagodic et al., 2007) show increased T-type channel
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conductance in sensory neurons, which then contributes to the
development of chronic pain. The underlying mechanisms for
this remain to be elucidated but may involve posttranslational
modification of the channels (Orestes et al., 2013). In this regard,
T-type calcium channels serve as a unique example where
disorders can be triggered by misregulation of channel expres-
sion, rather than mutations in the channels.

In humans, a number of mutations in Cav3.2 have been linked
to generalized epilepsies (Heron et al., 2004, 2007). When intro-
duced into recombinant channels, the vast majority of these
mutations have only small effects on channel biophysics and
cell surface density (Khosravani et al., 2004, 2005; Vitko et al.,
2005). However, when expressed in neurons, at least one of
these mutations (C456S) increased neuronal firing by reducing
the threshold for rebound bursting (Eckle et al., 2014). The
C456S channel mutant also enhances neurite outgrowth and
dendritic arborization (Eckle et al., 2014), possibly explaining
why some mutations appear to lack disease phenotypes in
recombinant systems. One study reported Cav3.1 polymor-
phisms in families with juvenile myoclonic epilepsy (Singh
et al.,, 2007), but no detailed linkage analysis was performed
and it is thus not unclear if these mutations truly segregate
with phenotype.

Finally, all three Cav3 channels have been linked to autism
spectrum disorders (Lu et al., 2012; Splawski et al., 2006). The
functional consequence of three autism mutations in the
CACNA1H gene have been examined in heterologous systems
and shown to result in reduced T-type currents (Splawski
et al., 2006). How this contributes to autism, and if interactions
with other autism risk alleles are necessary, remains to be deter-
mined.

Altogether, Cav3 channels appear to play important roles in
regulating neuronal excitability, whereas their elimination (and
inhibition) protects from hyperexcitability disorders such as
absence epilepsy and certain forms of pain.

Ancillary Calcium Channel Subunits

Several knockout mouse lines lacking ancillary calcium channels
have been generated. Mice lacking the Cav31 subunit display a
phenotype that is similar to that of Cav1.1 knockout mice (Gregg
et al., 1996; Strube et al., 1996), as this subunit is essential for
skeletal muscle L-type calcium channel function. Along these
lines, deletion of the Cavp2 subunit produces an embryonic
lethal phenotype due to reduced expression of Cav1.2 channels
in the heart (Meissner et al., 2011; Weissgerber et al., 2006).
These are two examples in which the absence of an ancillary
subunit is directly associated with compromised function of an
interacting Cava subunit. Mice in which Cavp1 or Cavp2 deletion
is limited to the CNS are viable, allowing some insights into the
function of these subunits in the nervous system. Findings with
this region-specific Cavp2 mouse reveals malformation of the
outer plexiform layer of the retina (Ball et al., 2002), suggesting
that this subunit may be an important regulator of retinal
L-type calcium channels. CavB3 knockout mice show improved
glucose homeostasis (Berggren et al., 2004), and increased
epinephrine release from the adrenal gland (Ohta et al., 2010).
Targeted deletion of Cav3 subunits in neurons yields no overall
behavioral or gross morphological phenotype but results in alter-
ations of N-type and P-/Q-type currents in superior cervical
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ganglion neurons (Namkung et al., 1998). In contrast, deletion of
Cavp4 results in a phenotype termed the “lethargic mouse”
(Burgess et al., 1997). Here, a naturally occurring mutation
produces a premature stop codon and a de facto knockout of
the subunit. This results in the development of absence seizures
and ataxia, similar to what is observed upon deletion of Cav2.1
channels, suggesting that Cavp4 could be a specific and neces-
sary component of P-/Q-type calcium channel complexes (Mich
and Horne, 2008). While there is partial functional compensation
from other Cavp subunits in these mice (Burgess et al., 1999),
this does not appear to be able to overcome the absence of
Cavp4.

Ducky 2J mice carry a mutation in the Cave232 subunit-
encoding gene that leads to a premature stop codon and thus
a truncated protein. These mice show severe seizure activity,
ataxia, and uncoordinated gait, as well as compromised den-
dritic arborization of their cerebellar Purkinje neurons (Barclay
et al., 2001). The Ducky 2J mouse phenotype must be consid-
ered with some reservation, however, because a truncated
Cava2d2 is still produced and, therefore, is not a bona fide
knockout animal (Brodbeck et al., 2002). Knockout of Cava251
is embryonic lethal to our knowledge, perhaps because this
subunit is essential for targeting multiple types of calcium chan-
nels in various tissues to the plasma membrane. However, a
recent targeted deletion of this subunit in the heart results in
reduced cardiac L-type channel amplitude and decreased
contractility (Fuller-Bicer et al., 2009). Finally, loss-of-function
mutations in mouse Cavy2 (stargazin) give rise to absence
seizures (Letts et al., 1998) and although stargazin has small
effects on Cav2.1 channel function, it is likely that the epileptic
phenotype of the mouse is related to alterations in AMPA recep-
tor expression (Payne et al., 2006; Ryu et al., 2008).

In humans, variations in coding and noncoding regions of
Cavp4 have been associated with juvenile myoclonic epilepsy
(Escayg et al., 2000). One of these mutations produces a short
C-terminal truncation in the Cavf4 protein, and its coexpression
with Cav2.1 channels results in altered gating kinetics of the
channel. As discussed earlier, the association of Cavp4 with
Ppp2r5d, a regulatory subunit of phosphatase 2A, results in
translocation of this complex to the nucleus in order to regulate
gene expression, for which this process is compromised with
truncated Cavp4 subunits (Tadmouri et al., 2012). The gene
encoding Cavp2 has been linked to bipolar disorder in the Chi-
nese Han population (Lee et al., 2011), hypertension (Lin et al.,
2011), and cardiac conduction disease (Hu et al., 2010). Finally,
a single nucleotide change in Cava234 has been associated with
cone dystrophy in humans (Wycisk et al., 2006). This mutation
introduces a premature stop codon that leads to truncation of
the full-length protein by about 30%. Progressive cone dystro-
phy has also been observed with Cavi.4 channel mutations
that lead to truncated channels (Jalkanen et al., 2006), suggest-
ing that the Cave234 mutation may result in altered Cavi.4
currents in cones, which ultimately mediates the dystrophic
phenotype.

Altogether, there is growing body of literature that reveals an
association between mutations of various calcium channel
subunits and a wide spectrum of neurological and nonneurolog-
ical diseases that range from mild to extremely severe. Below,

we shall discuss some additional considerations pertaining to
the mechanisms by which mutations in these subunits generate
the observed phenotypes.

Additional Considerations and Caveats

Information gained from knockout mouse models and genetic
abnormalities in humans can provide important insights into
the physiological roles and functions of calcium channels and
their ancillary subunits. For some calcium channelopathies,
there is a clear understanding of how mutations perturb channel
function at the molecular level to give rise to a disease pheno-
type. For example, Cav1.2 Timothy syndrome mutations can
disable the putative inactivation gate hinge of the channel
(Barrett and Tsien, 2008; Depil et al., 2011). This then slows
both calcium and voltage-dependent inactivation, leading to
persistent L-type currents that alter the cardiac action potential
and produce tonic calcium entry into neurons. The latter process
can then affect neuronal excitability and augment calcium-
dependent gene transcription. Along these lines, a mutation
in the domain 1IS6 region of Cav1.4 linked to night blindness
dramatically slows inactivation, while concomitantly enhancing
activation gating of the channel. The net functional result is
an altered window current that affects tonic glutamate release
in the dark and ultimately vision (Hemara-Wahanui et al.,
2005). In other words, some calcium channel mutations create
compelling links between channel biophysics and physiological
output.

In other cases, however, channel biophysics do not equate
well with the physiological outcome. Several Cav3.2 absence
epilepsy mutations, for instance, have mild biophysical abnor-
malities yet somehow impart profound changes in neuronal
excitability, especially in thalamic neurons. While these mutant
channels should increase seizure activity in neurons, it is unclear
how they do this at the molecular level. Some of the mutations
may not affect Cav3.2 channel function at all but instead modu-
late interactions with other regulatory proteins or ion channels,
such as the calcium-activated potassium channel family, which
secondarily affect neuronal firing (Anderson et al., 2010a; Engb-
ers et al., 2012). Another potential explanation is that some
Cav3.2 mutations are only functionally relevant when present in
a specific splice isoform (Powell et al., 2009), and thus choosing
the correct channel backbone for phenotypic evaluation is crit-
ical. This idea may also explain why gain-of-function mutations
in Cav3.2, which are linked to absence seizures, do not produce
hyperexcitability in other nervous system regions, such as
afferent pain fibers. Splice isoform-specific unmasking of mutant
phenotypes has also been demonstrated for Cav2.1 (Adams
et al., 2009) and may very well apply to other calcium channels
subunits. Finally, it is important to reiterate that mutations in
calcium channels and their ancillary subunits that are linked to
gene transcription may result in complex changes in protein
expression that ultimately determine the disease phenotype.
This is true for mouse lines such as “lethargic” or “tottering”
where mutations in ancillary subunits somehow result in
increased thalamic T-type currents and absence seizures
(Zhang et al., 2002). This cautionary example, along with the
possibility of compensatory changes in channel expression, is
a reminder that any observed phenotype may not be directly
related to the gene in question.
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Concluding Remarks

Since the discovery of calcium currents nearly half a century ago,
tremendous progress has been made in understanding the
structure, function, and physiology of voltage-gated calcium
channels. Since the groundbreaking work of Katz and Miledi
(1967), Hagiwara and Nakajima (1966), and Reuter (1967), there
have been many memorable milestones. This includes the iden-
tification of multiple native calcium channel subtypes (Nowycky
et al., 1985), evidence that HVA calcium channels are multimeric
protein complexes (Curtis and Catterall, 1984), the cloning and
expression of the first calcium channel gene (Tanabe et al,
1987, 1988), and the generation of various calcium channel
knockout mouse lines and the crystallization of the Cavp subunit
(Chen et al., 2004; Opatowsky et al., 2004; Van Petegem et al.,
2004). We now have an in-depth understanding of calcium chan-
nel pharmacology (for review, see Doering and Zamponi, 2005),
their regulation by second messengers such as G proteins and
protein kinases (Fuller et al., 2010; Tedford and Zamponi,
2006), and, as discussed here, their roles in neuronal physiology
and pathophysiology. Future milestones may include the crystal-
lization of a Cava1 subunit (perhaps Cav3, as it does not asso-
ciate with ancillary subunits), in-depth analysis of splice varia-
tions, and the roles of these variants in specific areas of
the nervous system. Future research should also bring a better
understanding of mechanisms underlying calcium channel
dysregulation during disease, with perhaps a focus on posttrans-
lational modifications and alterations in channel trafficking.
Generation of novel mouse models that allow inducible and
region-specific changes in calcium channel expression would
also elevate our understanding of calcium channel physiology
in the central and peripheral nervous systems.

ACKNOWLEDGMENTS

G.W.Z.is a Canada Research Chair and an Alberta Innovates-Health Solutions
(AIHS) Scientist. B.A.S. holds an AIHS doctoral studentship.

REFERENCES

Adams, M.E., Myers, R.A., Imperial, J.S., and Olivera, B.M. (1993). Toxityping
rat brain calcium channels with omega-toxins from spider and cone snail
venoms. Biochemistry 32, 12566-12570.

Adams, P.J., Garcia, E., David, L.S., Mulatz, K.J., Spacey, S.D., and Snutch,
T.P. (2009). Ca(V)2.1 P/Q-type calcium channel alternative splicing affects
the functional impact of familial hemiplegic migraine mutations: implications
for calcium channelopathies. Channels (Austin) 3, 110-121.

Altier, C., Garcia-Caballero, A., Simms, B., You, H., Chen, L., Walcher, J.,
Tedford, HW., Hermosilla, T., and Zamponi, G.W. (2011). The Cavf subunit
prevents RFP2-mediated ubiquitination and proteasomal degradation of
L-type channels. Nat. Neurosci. 74, 173-180.

Alvina, K., Ellis-Davies, G., and Khodakhah, K. (2009). T-type calcium channels
mediate rebound firing in intact deep cerebellar neurons. Neuroscience 158,
635-641.

Anderson, M.P., Mochizuki, T., Xie, J., Fischler, W., Manger, J.P., Talley, E.M.,
Scammell, T.E., and Tonegawa, S. (2005). Thalamic Cav3.1 T-type Ca2+ chan-
nel plays a crucial role in stabilizing sleep. Proc. Natl. Acad. Sci. USA 102,
1743-1748.

Anderson, D., Mehaffey, W.H., Iftinca, M., Rehak, R., Engbers, J.D., Hameed,

S., Zamponi, G.W., and Turner, R.W. (2010a). Regulation of neuronal activity
by Cav3-Kv4 channel signaling complexes. Nat. Neurosci. 13, 333-337.

36 Neuron 82, April 2, 2014 ©2014 Elsevier Inc.

Neuron

Anderson, D., Rehak, R., Hameed, S., Mehaffey, W.H., Zamponi, G.W., and
Turner, RW. (2010b). Regulation of the KV4.2 complex by CaV3.1 calcium
channels. Channels (Austin) 4, 163-167.

Anderson, D., Engbers, J.D., Heath, N.C., Bartoletti, T.M., Mehaffey, W.H.,
Zamponi, G.W., and Turner, R.W. (2013). The Cav3-Kv4 complex acts as a
calcium sensor to maintain inhibitory charge transfer during extracellular
calcium fluctuations. J. Neurosci. 33, 7811-7824.

Arikkath, J., and Campbell, K.P. (2003). Auxiliary subunits: essential compo-
nents of the voltage-gated calcium channel complex. Curr. Opin. Neurobiol.
13, 298-307.

Armstrong, C.M., and Matteson, D.R. (1985). Two distinct populations of
calcium channels in a clonal line of pituitary cells. Science 227, 65-67.

Astori, S., Wimmer, R.D., Prosser, H.M., Corti, C., Corsi, M., Liaudet, N.,
Volterra, A., Franken, P., Adelman, J.P., and Luthi, A. (2011). The Ca(V)3.3
calcium channel is the major sleep spindle pacemaker in thalamus. Proc.
Natl. Acad. Sci. USA 108, 13823-13828.

Bader, P.L., Faizi, M., Kim, L.H., Owen, S.F., Tadross, M.R., Alfa, R.W., Bett,
G.C., Tsien, R.W., Rasmusson, R.L., and Shamloo, M. (2011). Mouse model
of Timothy syndrome recapitulates triad of autistic traits. Proc. Natl. Acad.
Sci. USA 108, 15432-15437.

Bading, H., Ginty, D.D., and Greenberg, M.E. (1993). Regulation of gene
expression in hippocampal neurons by distinct calcium signaling pathways.
Science 260, 181-186.

Baig, S.M., Koschak, A, Lieb, A., Gebhart, M., Dafinger, C., Nimberg, G., Ali,
A., Ahmad, |., Sinnegger-Brauns, M.J., Brandt, N., et al. (2011). Loss of Ca(v)
1.3 (CACNA1D) function in a human channelopathy with bradycardia and
congenital deafness. Nat. Neurosci. 74, 77-84.

Ball, S.L., Powers, P.A., Shin, H.S., Morgans, C.W., Peachey, N.S., and Gregg,
R.G. (2002). Role of the beta(2) subunit of voltage-dependent calcium chan-
nels in the retinal outer plexiform layer. Invest. Ophthalmol. Vis. Sci. 43,
1595-1603.

Barclay, J., Balaguero, N., Mione, M., Ackerman, S.L., Letts, V.A., Brodbeck,
J., Canti, C., Meir, A., Page, K.M., Kusumi, K., et al. (2001). Ducky mouse
phenotype of epilepsy and ataxia is associated with mutations in the
Cacna2d?2 gene and decreased calcium channel current in cerebellar Purkinje
cells. J. Neurosci. 21, 6095-6104.

Barrett, C.F., and Tsien, R.W. (2008). The Timothy syndrome mutation differen-
tially affects voltage- and calcium-dependent inactivation of CaV1.2 L-type
calcium channels. Proc. Natl. Acad. Sci. USA 105, 2157-2162.

Bats, C., Groc, L., and Choguet, D. (2007). The interaction between Stargazin
and PSD-95 regulates AMPA receptor surface trafficking. Neuron 53, 719-734.

Bazzazi, H., Ben Johny, M., Adams, P.J., Soong, T.W., and Yue, D.T. (2013).
Continuously tunable Ca(2+) regulation of RNA-edited CaV1.3 channels. Cell
Rep. 5, 367-377.

Bean, B.P. (1985). Two kinds of calcium channels in canine atrial cells. Differ-
ences in kinetics, selectivity, and pharmacology. J. Gen. Physiol. 86, 1-30.

Bech-Hansen, N.T., Naylor, M.J., Maybaum, T.A., Pearce, W.G., Koop, B.,
Fishman, G.A., Mets, M., Musarella, M.A., and Boycott, K.M. (1998). Loss-
of-function mutations in a calcium-channel alphai-subunit gene in Xp11.23
cause incomplete X-linked congenital stationary night blindness. Nat. Genet.
19, 264-267.

Belardetti, F., and Zamponi, G.W. (2012). Calcium channels as therapeutic
targets. Wiley Interdiscip. Rev. Membr. Transp. Signal. 7, 433-451.

Ben Johny, M., Yang, P.S., Bazzazi, H., and Yue, D.T. (2013). Dynamic switch-
ing of calmodulin interactions underlies Ca2+ regulation of CaV1.3 channels.
Nat. Commun. 4, 1717.

Berggren, P.O., Yang, S.N., Murakami, M., Efanov, A.M., Uhles, S., Kéhler, M.,
Moede, T., Fernstrom, A., Appelskog, |.B., Aspinwall, C.A., et al. (2004).
Removal of Ca2+ channel beta3 subunit enhances Ca2+ oscillation frequency
and insulin exocytosis. Cell 119, 273-284.

Berjukow, S., Marksteiner, R., Gapp, F., Sinnegger, M.J., and Hering, S.
(2000). Molecular mechanism of calcium channel block by isradipine. Role of



Neuron

a drug-induced inactivated channel conformation. J. Biol. Chem. 275, 22114—
22120.

Berkefeld, H., and Fakler, B. (2008). Repolarizing responses of BKCa-Cav
complexes are distinctly shaped by their Cav subunits. J. Neurosci. 28,
8238-8245.

Berkefeld, H., Sailer, C.A., Bildl, W., Rohde, V., Thumfart, J.O., Eble, S., Klug-
bauer, N., Reisinger, E., Bischofberger, J., Oliver, D., et al. (2006). BKCa-Cav
channel complexes mediate rapid and localized Ca2+-activated K+ signaling.
Science 314, 615-620.

Berrou, L., Bernatchez, G., and Parent, L. (2001). Molecular determinants of
inactivation within the I-Il linker of alphalE (CaV2.3) calcium channels.
Biophys. J. 80, 215-228.

Beuckmann, C.T., Sinton, C.M., Miyamoto, N., Ino, M., and Yanagisawa, M.
(2003). N-type calcium channel alphaiB subunit (Cav2.2) knock-out mice
display hyperactivity and vigilance state differences. J. Neurosci. 23, 6793
6797.

Bezprozvanny, |., Scheller, R.H., and Tsien, R.W. (1895). Functional impact of
syntaxin on gating of N-type and Q-type calcium channels. Nature 378,
623-626.

Bichet, D., Cornet, V., Geib, S., Carlier, E., Volsen, S., Hoshi, T., Mori, Y., and
De Waard, M. (2000). The I-1l loop of the Ca2+ channel alpha1 subunit contains
an endoplasmic reticulum retention signal antagonized by the beta subunit.
Neuron 25, 177-190.

Bourinet, E., Zamponi, G.W., Stea, A., Soong, T.W., Lewis, B.A., Jones, L.P.,
Yue, D.T., and Snutch, T.P. (1996). The alpha 1E calcium channel exhibits
permeation properties similar to low-voltage-activated calcium channels.
J. Neurosci. 16, 4983—-4993.

Bourinet, E., Soong, T.W., Sutton, K., Slaymaker, S., Mathews, E., Monteil, A.,
Zamponi, G.W., Nargeot, J., and Snutch, T.P. (1999). Splicing of alpha 1A
subunit gene generates phenotypic variants of P- and Q-type calcium chan-
nels. Nat. Neurosci. 2, 407-415.

Bourinet, E., Stotz, S.C., Spaetgens, R.L., Dayanithi, G., Lemos, J., Nargeot,
J., and Zamponi, G.W. (2001). Interaction of SNX482 with domains lIl and IV
inhibits activation gating of alpha(1E) (Ca(V)2.3) calcium channels. Biophys.
J. 81, 79-88.

Brice, N.L., and Dolphin, A.C. (1999). Differential plasma membrane targeting
of voltage-dependent calcium channel subunits expressed in a polarized
epithelial cell line. J. Physiol. 515, 685-694.

Brodbeck, J., Davies, A., Courtney, J.M., Meir, A., Balaguero, N., Canti, C.,
Moss, F.J., Page, K.M., Pratt, W.S., Hunt, S.P., et al. (2002). The ducky muta-
tion in Cacna2d?2 results in altered Purkinje cell morphology and is associated
with the expression of a truncated alpha 2 delta-2 protein with abnormal func-
tion. J. Biol. Chem. 277, 7684-7693.

Buraei, Z., and Yang, J. (2010). The B subunit of voltage-gated Ca2+ channels.
Physiol. Rev. 90, 1461-1506.

Burgess, D.L., Jones, J.M., Meisler, M.H., and Noebels, J.L. (1997). Mutation
of the Ca2+ channel beta subunit gene Cchb4 is associated with ataxia and
seizures in the lethargic (lh) mouse. Cell 88, 385-392.

Burgess, D.L., Biddlecome, G.H., McDonough, S.1., Diaz, M.E., Zilinski, C.A.,
Bean, B.P., Campbell, K.P., and Noebels, J.L. (1999). beta subunit reshuffling
modifies N- and P/Q-type Ca2+ channel subunit compositions in lethargic
mouse brain. Mol. Cell. Neurosci. 13, 293-311.

Busquet, P., Nguyen, N.K., Schmid, E., Tanimoto, N., Seeliger, M.W., Ben-
Yosef, T., Mizuno, F., Akopian, A., Striessnig, J., and Singewald, N. (2010).
CaV1.3 L-type Ca2+ channels modulate depression-like behaviour in mice
independent of deaf phenotype. Int. J. Neuropsychopharmacol. 13, 499-513.

Cain, S.M., and Snutch, T.P. (2011). Voltage-gated calcium channels and
disease. Biofactors 37, 197-205.

Canti, C., Nieto-Rostro, M., Foucault, |., Heblich, F., Wratten, J., Richards,
M.W., Hendrich, J., Douglas, L., Page, K.M., Davies, A., and Dolphin, A.C.
(2005). The metal-ion-dependent adhesion site in the VVon Willebrand factor-
A domain of alpha2delta subunits is key to trafficking voltage-gated Ca2+
channels. Proc. Natl. Acad. Sci. USA 102, 11230-11235.

Carabelli, V., Marcantoni, A., Comunanza, V., and Carbone, E. (2007). Fast
exocytosis mediated by T- and L-type channels in chromaffin cells: distinct
voltage-dependence but similar Ca2+ -dependence. Eur. Biophys. J. 36,
753-762.

Carbone, E., Marcantoni, A., Giancippoli, A., Guido, D., and Carabelli, V.
(2006). T-type channels-secretion coupling: evidence for a fast low-threshold
exocytosis. Pflugers Arch. 453, 373-383.

Catterall, W.A. (2010). lon channel voltage sensors: structure, function, and
pathophysiology. Neuron 67, 915-928.

Catterall, W.A., Perez-Reyes, E., Snutch, T.P., and Striessnig, J. (2005). Inter-
national Union of Pharmacology. XLVIIl. Nomenclature and structure-function
relationships of voltage-gated calcium channels. Pharmacol. Rev. 57,
411-425.

Chan, C.S., Guzman, J.N., llijic, E., Mercer, J.N., Rick, C., Tkatch, T., Meredith,
G.E., and Surmeier, D.J. (2007). ‘Rejuvenation’ protects neurons in mouse
models of Parkinson'’s disease. Nature 447, 1081-1086.

Chang, K.T., and Berg, D.K. (2001). Voltage-gated channels block nicotinic
regulation of CREB phosphorylation and gene expression in neurons. Neuron
32, 855-865.

Chang, B., Heckenlively, J.R., Bayley, P.R., Brecha, N.C., Davisson, M.T.,
Hawes, N.L., Hirano, A.A., Hurd, R.E., Ikeda, A., Johnson, B.A., et al. (2006).
The nob2 mouse, a null mutation in Cacnaif: anatomical and functional abnor-
malities in the outer retina and their consequences on ganglion cell visual
responses. Vis. Neurosci. 23, 11-24.

Chaudhuri, D., Chang, S.Y., DeMaria, C.D., Alvania, R.S., Soong, T.W., and
Yue, D.T. (2004). Alternative splicing as a molecular switch for Ca2+/calmod-
ulin-dependent facilitation of P/Q-type Ca2+ channels. J. Neurosci. 24, 6334—
6342.

Chaudhuri, D., Issa, J.B., and Yue, D.T. (2007). Elementary mechanisms
producing facilitation of Cav2.1 (P/Q-type) channels. J. Gen. Physiol. 729,
385-401.

Chen, C.C., Lamping, K.G., Nuno, D.W., Barresi, R., Prouty, S.J., Lavoie, J.L.,
Cribbs, L.L., England, S.K., Sigmund, C.D., Weiss, R.M., et al. (2003).
Abnormal coronary function in mice deficient in alphalH T-type Ca2+ chan-
nels. Science 302, 1416-1418.

Chen, Y.H., Li, M.H., Zhang, Y., He, L.L., Yamada, Y., Fitzmaurice, A., Shen, Y.,
Zhang, H., Tong, L., and Yang, J. (2004). Structural basis of the alphal-beta
subunit interaction of voltage-gated Ca2+ channels. Nature 429, 675-680.

Chen, R.S., Deng, T.C., Garcia, T., Sellers, Z.M., and Best, P.M. (2007).
Calcium channel gamma subunits: a functionally diverse protein family. Cell
Biochem. Biophys. 47, 178-186.

Choi, S., Na, H.S., Kim, J., Lee, J., Lee, S., Kim, D., Park, J., Chen, C.C., Camp-
bell, K.P., and Shin, H.S. (2007). Attenuated pain responses in mice lacking
Ca(V)3.2 T-type channels. Genes Brain Behav. 6, 425-431.

Chu, P.J., Robertson, H.M., and Best, P.M. (2001). Calcium channel gamma
subunits provide insights into the evolution of this gene family. Gene 280,
37-48.

Clapham, D.E. (2007). Calcium signaling. Cell 137, 1047-1058.

Coulter, D.A., Huguenard, J.R., and Prince, D.A. (1989). Characterization of
ethosuximide reduction of low-threshold calcium current in thalamic neurons.
Ann. Neurol. 25, 582-593.

Cribbs, L.L., Lee, J.H., Yang, J., Satin, J., Zhang, Y., Daud, A., Barclay, J.,
Williamson, M.P., Fox, M., Rees, M., and Perez-Reyes, E. (1998). Cloning
and characterization of alpha1H from human heart, a member of the T-type
Ca2+ channel gene family. Circ. Res. 83, 103-109.

Cueni, L., Canepari, M., Lujan, R., Emmenegger, Y., Watanabe, M., Bond, C.T.,
Franken, P., Adelman, J.P., and Liithi, A. (2008). T-type Ca2+ channels, SK2
channels and SERCAs gate sleep-related oscillations in thalamic dendrites.
Nat. Neurosci. 717, 683-692.

Curtis, B.M., and Catterall, W.A. (1984). Purification of the calcium antagonist

receptor of the voltage-sensitive calcium channel from skeletal muscle trans-
verse tubules. Biochemistry 23, 2113-2118.

Neuron 82, April 2, 2014 ©2014 Elsevier Inc. 37



Dai, S., Hall, D.D., and Hell, J.W. (2009). Supramolecular assemblies and local-
ized regulation of voltage-gated ion channels. Physiol. Rev. 89, 411-452.

Dao, D.T., Mahon, P.B., Cai, X., Kovacsics, C.E., Blackwell, R.A., Arad, M., Shi,
J., Zandi, P.P., O'Donnell, P., Knowles, J.A., et al.; Bipolar Genome Study
(BiGS) Consortium (2010). Mood disorder susceptibility gene CACNA1C
modifies mood-related behaviors in mice and interacts with sex to influence
behavior in mice and diagnosis in humans. Biol. Psychiatry 68, 801-810.

Davies, A., Kadurin, |., Alvarez-Laviada, A., Douglas, L., Nieto-Rostro, M.,
Bauer, C.S., Pratt, W.S., and Dolphin, A.C. (2010). The alpha2delta subunits
of voltage-gated calcium channels form GPI-anchored proteins, a posttrans-
lational modification essential for function. Proc. Natl. Acad. Sci. USA 107,
1654-1659.

Davies, J.N., Jarvis, S.E., and Zamponi, G.W. (2011). Bipartite syntaxin 1A
interactions mediate CaV2.2 calcium channel regulation. Biochem. Biophys.
Res. Commun. 4717, 562-568.

Deisseroth, K., Heist, E.K., and Tsien, R.W. (1998). Translocation of calmodulin
to the nucleus supports CREB phosphorylation in hippocampal neurons.
Nature 392, 198-202.

DeMaria, C.D., Soong, T.W., Alseikhan, B.A., Alvania, R.S., and Yue, D.T.
(2001). Calmodulin bifurcates the local Ca2+ signal that modulates P/Q-type
Ca2+ channels. Nature 477, 484-489.

Depil, K., Beyl, S., Stary-Weinzinger, A., Hohaus, A., Timin, E., and Hering, S.
(2011). Timothy mutation disrupts the link between activation and inactivation
in Ca(V)1.2 protein. J. Biol. Chem. 286, 31557-31564.

Destexhe, A., Neubig, M., Ulrich, D., and Huguenard, J. (1998). Dendritic low-
threshold calcium currents in thalamic relay cells. J. Neurosci. 18, 3574-3588.

Dick, .E., Tadross, M.R., Liang, H., Tay, L.H., Yang, W., and Yue, D.T. (2008). A
modular switch for spatial Ca2+ selectivity in the calmodulin regulation of CaV
channels. Nature 457, 830-834.

Doering, C.J., and Zamponi, G.W. (2005). Molecular pharmacology of non-L-
type calcium channels. Curr. Pharm. Des. 77, 1887-1898.

Doering, C.J., Hamid, J., Simms, B., McRory, J.E., and Zamponi, G.W. (2005).
Cav1.4 encodes a calcium channel with low open probability and unitary
conductance. Biophys. J. 89, 3042-3048.

Dolmetsch, R.E., Pajvani, U., Fife, K., Spotts, J.M., and Greenberg, M.E.
(2001). Signaling to the nucleus by an L-type calcium channel-calmodulin
complex through the MAP kinase pathway. Science 294, 333-339.

Dolphin, A.C. (2013). The 223 subunits of voltage-gated calcium channels.
Biochim. Biophys. Acta 7828, 1541-1549.

Dubel, S.J., Starr, T.V., Hell, J., Ahlijanian, M.K., Enyeart, J.J., Catterall, W.A.,
and Snutch, T.P. (1992). Molecular cloning of the alpha-1 subunit of an omega-
conotoxin-sensitive calcium channel. Proc. Natl. Acad. Sci. USA 89, 5058—
5062.

Eckle, V.S., Shcheglovitov, A., Vitko, I., Dey, D., Yap, C.C., Winckler, B., and
Perez-Reyes, E. (2014). Mechanisms by which a CACNA1H mutation in
epilepsy patients increases seizure susceptibility. J. Physiol. 592, 795-809.

Egger, V., Svoboda, K., and Mainen, Z.F. (2003). Mechanisms of lateral inhibi-
tion in the olfactory bulb: efficiency and modulation of spike-evoked calcium
influx into granule cells. J. Neurosci. 23, 7551-7558.

Eickelberg, O., Roth, M., Mussmann, R., Rudiger, J.J., Tamm, M., Perruchoud,
A.P., and Block, L.H. (1999). Calcium channel blockers activate the interleukin-
6 gene via the transcription factors NF-IL6 and NF-kappaB in primary human
vascular smooth muscle cells. Circulation 99, 2276-2282.

Ellinor, P.T., Yang, J., Sather, W.A., Zhang, J.F., and Tsien, R.W. (1995). Ca2+
channel selectivity at a single locus for high-affinity Ca2+ interactions. Neuron
15, 1121-1132.

Engbers, J.D., Anderson, D., Asmara, H., Rehak, R., Mehaffey, W.H., Hameed,
S., McKay, B.E., Kruskic, M., Zamponi, G.W., and Turner, R.W. (2012). Inter-
mediate conductance calcium-activated potassium channels modulate
summation of parallel fiber input in cerebellar Purkinje cells. Proc. Natl.
Acad. Sci. USA 109, 2601-2606.

38 Neuron 82, April 2, 2014 ©2014 Elsevier Inc.

Neuron

Erickson, M.G., Alseikhan, B.A., Peterson, B.Z., and Yue, D.T. (2001). Preasso-
ciation of calmodulin with voltage-gated Ca(2+) channels revealed by FRET in
single living cells. Neuron 317, 973-985.

Erickson, M.G., Liang, H., Mori, M.X., and Yue, D.T. (2003). FRET two-hybrid
mapping reveals function and location of L-type Ca2+ channel CaM preasso-
ciation. Neuron 39, 97-107.

Eroglu, C., Allen, N.J., Susman, M.W., O'Rourke, N.A., Park, C.Y., Ozkan, E.,
Chakraborty, C., Mulinyawe, S.B., Annis, D.S., Huberman, A.D., et al. (2009).
Gabapentin receptor alpha2delta-1 is a neuronal thrombospondin receptor
responsible for excitatory CNS synaptogenesis. Cell 139, 380-392.

Escayg, A., De Waard, M., Lee, D.D., Bichet, D., Wolf, P., Mayer, T., Johnston,
J., Baloh, R., Sander, T., and Meisler, M.H. (2000). Coding and noncoding vari-
ation of the human calcium-channel beta4-subunit gene CACNB4 in patients
with idiopathic generalized epilepsy and episodic ataxia. Am. J. Hum. Genet.
66, 1531-1539.

Fallon, J.L., Halling, D.B., Hamilton, S.L., and Quiocho, F.A. (2005). Structure
of calmodulin bound to the hydrophobic IQ domain of the cardiac Ca(v)1.2
calcium channel. Structure 13, 1881-1886.

Fallon, J.L., Baker, M.R., Xiong, L., Loy, R.E., Yang, G., Dirksen, R.T., Hamil-
ton, S.L., and Quiocho, F.A. (2009). Crystal structure of dimeric cardiac
L-type calcium channel regulatory domains bridged by Ca2+* calmodulins.
Proc. Natl. Acad. Sci. USA 106, 5135-5140.

Fang, K., and Colecraft, H.M. (2011). Mechanism of auxiliary B-subunit-medi-
ated membrane targeting of L-type (Ca(V)1.2) channels. J. Physiol. 589, 4437-
4455,

Findeisen, F., Rumpf, C.H., and Minor, D.L., Jr. (2013). Apo states of calmod-
ulin and CaBP1 control CaV1 voltage-gated calcium channel function through
direct competition for the IQ domain. J. Mol. Biol. 425, 3217-3234.

Fouad, G., Dalakas, M., Servidei, S., Mendell, J.R., Van den Bergh, P., Angelini,
C., Alderson, K., Griggs, R.C., Tawil, R., Gregg, R., et al. (1997). Genotype-
phenotype correlations of DHP receptor alpha 1-subunit gene mutations
causing hypokalemic periodic paralysis. Neuromuscul. Disord. 7, 33-38.

Fox, A.P., Nowycky, M.C., and Tsien, R.W. (1987). Single-channel recordings
of three types of calcium channels in chick sensory neurones. J. Physiol. 394,
173-200.

Frank, T., Rutherford, M.A., Strenzke, N., Neef, A., Pangrsic, T., Khimich, D.,
Fejtova, A., Gundelfinger, E.D., Liberman, M.C., Harke, B., et al. (2010).
Bassoon and the synaptic ribbon organize Ca®* channels and vesicles to
add release sites and promote refilling. Neuron 68, 724-738.

Fuller, M.D., Emrick, M.A., Sadilek, M., Scheuer, T., and Catterall, W.A. (2010).
Molecular mechanism of calcium channel regulation in the fight-or-flight
response. Sci. Signal. 3, ra70.

Fuller-Bicer, G.A., Varadi, G., Koch, S.E., Ishii, M., Bodi, |., Kadeer, N., Muth,
J.N., Mikala, G., Petrashevskaya, N.N., Jordan, M.A., et al. (2009). Targeted
disruption of the voltage-dependent calcium channel alpha2/delta-1-subunit.
Am. J. Physiol. Heart Circ. Physiol. 297, H117-H124.

Giordano, T.P., Tropea, T.F., Satpute, S.S., Sinnegger-Brauns, M.J., Striess-
nig, J., Kosofsky, B.E., and Rajadhyaksha, A.M. (2010). Molecular switch
from L-type Ca v 1.3 to Ca v 1.2 Ca2+ channel signaling underlies long-term
psychostimulant-induced behavioral and molecular plasticity. J. Neurosci.
30, 17051-17062.

Giusti-Rodriguez, P., and Sullivan, P.F. (2013). The genomics of schizophrenia:
update and implications. J. Clin. Invest. 7123, 4557-4563.

Gomez-Ospina, N., Tsuruta, F., Barreto-Chang, O., Hu, L., and Dolmetsch, R.
(20086). The C terminus of the L-type voltage-gated calcium channel Ca(V)1.2
encodes a transcription factor. Cell 127, 591-606.

Gomez-Ospina, N., Panagiotakos, G., Portmann, T., Pasca, S.P., Rabah, D.,
Budzillo, A., Kinet, J.P., and Dolmetsch, R.E. (2013). A promoter in the coding
region of the calcium channel gene CACNA1C generates the transcription
factor CCAT. PLoS ONE 8, e60526.

Gomora, J.C., Daud, A.N., Weiergraber, M., and Perez-Reyes, E. (2001). Block
of cloned human T-type calcium channels by succinimide antiepileptic drugs.
Mol. Pharmacol. 60, 1121-1132.



Neuron

Graef, I.A., Mermelstein, P.G., Stankunas, K., Neilson, J.R., Deisseroth, K.,
Tsien, R.W., and Crabtree, G.R. (1999). L-type calcium channels and GSK-3
regulate the activity of NF-ATc4 in hippocampal neurons. Nature 407,
703-708.

Graf, E.R., Valakh, V., Wright, C.M., Wu, C., Liu, Z., Zhang, Y.Q., and DiAnto-
nio, A. (2012). RIM promotes calcium channel accumulation at active zones of
the Drosophila neuromuscular junction. J. Neurosci. 32, 16586-16596.

Green, E.K., Grozeva, D., Jones, |., Jones, L., Kirov, G., Caesar, S., Gordon-
Smith, K., Fraser, C., Forty, L., Russell, E., et al.; Wellcome Trust Case Control
Consortium (2010). The bipolar disorder risk allele at CACNA1C also confers
risk of recurrent major depression and of schizophrenia. Mol. Psychiatry 15,
1016-1022.

Gregg, R.G., Messing, A., Strube, C., Beurg, M., Moss, R., Behan, M., Sukhar-
eva, M., Haynes, S., Powell, J.A., Coronado, R., and Powers, P.A. (1996).
Absence of the beta subunit (cchb1) of the skeletal muscle dihydropyridine
receptor alters expression of the alpha 1 subunit and eliminates excitation-
contraction coupling. Proc. Natl. Acad. Sci. USA 93, 13961-13966.

Griessmeier, K., Cuny, H., Rotzer, K., Griesbeck, O., Harz, H., Biel, M., and
Wahl-Schott, C. (2009). Calmodulin is a functional regulator of Cav1.4 L-type
Ca2+ channels. J. Biol. Chem. 284, 29809-29816.

Haeseleer, F., Imanishi, Y., Maeda, T., Possin, D.E., Maeda, A., Lee, A., Rieke,
F., and Palczewski, K. (2004). Essential role of Ca2+-binding protein 4, a
Cav1.4 channel regulator, in photoreceptor synaptic function. Nat. Neurosci.
7,1079-1087.

Hagalili, Y., Bachnoff, N., and Atlas, D. (2008). The voltage-gated Ca(2+) chan-
nel is the Ca(2+) sensor protein of secretion. Biochemistry 47, 13822-13830.

Hagiwara, S., and Nakajima, S. (1966). Effects of the intracellular Ca ion
concentration upon the excitability of the muscle fiber membrane of a barna-
cle. J. Gen. Physiol. 49, 807-818.

Hall, D.D., Dai, S., Tseng, P.Y., Malik, Z., Nguyen, M., Matt, L., Schnizler, K.,
Shephard, A., Mohapatra, D.P., Tsuruta, F., et al. (2013). Competition between
a-actinin and Ca®*-calmodulin controls surface retention of the L-type Ca®*
channel Ca(V)1.2. Neuron 78, 483-497.

Hamid, J., Peloquin, J.B., Monteil, A., and Zamponi, G.W. (2006). Determi-
nants of the differential gating properties of Cav3.1 and Cav3.3 T-type chan-
nels: a role of domain IV? Neuroscience 143, 717-728.

Hatakeyama, S., Wakamori, M., Ino, M., Miyamoto, N., Takahashi, E., Yoshi-
naga, T., Sawada, K., Imoto, K., Tanaka, |., Yoshizawa, T., et al. (2001). Differ-
ential nociceptive responses in mice lacking the alpha(1B) subunit of N-type
Ca(2+) channels. Neuroreport 12, 2423-2427.

He, K., An, Z., Wang, Q., Li, T., Li, Z., Chen, J., Li, W., Wang, T., Ji, J., Feng, G.,
et al. (2014). CACNA1C, schizophrenia and major depressive disorder in the
Han Chinese population. Br. J. Psychiatry 204, 36-39.

Hemara-Wahanui, A., Berjukow, S., Hope, C.l., Dearden, P.K., Wu, S.B.,
Wilson-Wheeler, J., Sharp, D.M., Lundon-Treweek, P., Clover, G.M., Hoda,
J.C., et al. (2005). A CACNA1F mutation identified in an X-linked retinal disor-
der shifts the voltage dependence of Cav1.4 channel activation. Proc. Natl.
Acad. Sci. USA 102, 7553-7558.

Herlitze, S., Hockerman, G.H., Scheuer, T., and Catterall, W.A. (1997). Molec-
ular determinants of inactivation and G protein modulation in the intracellular
loop connecting domains | and Il of the calcium channel alphalA subunit.
Proc. Natl. Acad. Sci. USA 94, 1512-1516.

Hernéndez-Ochoa, E.O., Contreras, M., Cseresnyés, Z., and Schneider, M.F.
(2007). Ca2+ signal summation and NFATc1 nuclear translocation in sympa-
thetic ganglion neurons during repetitive action potentials. Cell Calcium 47,
559-571.

Heron, S.E., Phillips, H.A., Mulley, J.C., Mazarib, A., Neufeld, M.Y., Berkovic,
S.F., and Scheffer, |.E. (2004). Genetic variation of CACNA1H in idiopathic
generalized epilepsy. Ann. Neurol. 55, 595-596.

Heron, S.E., Khosravani, H., Varela, D., Bladen, C., Williams, T.C., Newman,
M.R., Scheffer, I.E., Berkovic, S.F., Mulley, J.C., and Zamponi, G.W. (2007).
Extended spectrum of idiopathic generalized epilepsies associated with
CACNA1H functional variants. Ann. Neurol. 62, 560-568.

Hibino, H., Pironkova, R., Onwumere, O., Rousset, M., Charnet, P., Hudspeth,
A.J., and Lesage, F. (2003). Direct interaction with a nuclear protein and regu-
lation of gene silencing by a variant of the Ca2+-channel beta 4 subunit. Proc.
Natl. Acad. Sci. USA 100, 307-312.

Hirano, M., Kokunali, Y., Nagai, A., Nakamura, Y., Saigoh, K., Kusunoki, S., and
Takahashi, M.P. (2011). A novel mutation in the calcium channel gene in a
family with hypokalemic periodic paralysis. J. Neurol. Sci. 309, 9-11.

Hirtz, J.J., Boesen, M., Braun, N., Deitmer, J.W., Kramer, F., Lohr, C., Mdller,
B., Nothwang, H.G., Striessnig, J., Léhrke, S., and Friauf, E. (2011). Cav1.3
calcium channels are required for normal development of the auditory brain-
stem. J. Neurosci. 31, 8280-8294.

Hoppa, M.B., Lana, B., Margas, W., Dolphin, A.C., and Ryan, T.A. (2012). «23
expression sets presynaptic calcium channel abundance and release proba-
bility. Nature 486, 122-125.

Hoshi, T., Zagotta, W.N., and Aldrich, R.W. (1990). Biophysical and molecular
mechanisms of Shaker potassium channel inactivation. Science 250, 533-538.

Hu, D., Barajas-Martinez, H., Nesterenko, V.V., Pfeiffer, R., Guerchicoff, A.,
Cordeiro, J.M., Curtis, A.B., Pollevick, G.D., Wu, Y., Burashnikov, E., and
Antzelevitch, C. (2010). Dual variation in SCN5A and CACNB2b underlies the
development of cardiac conduction disease without Brugada syndrome.
Pacing Clin. Electrophysiol. 33, 274-285.

Huang, H., Tan, B.Z., Shen, Y., Tao, J., Jiang, F., Sung, Y.Y., Ng, C.K., Raida,
M., Kéhr, G., Higuchi, M., et al. (2012). RNA editing of the IQ domain in Ca(v)1.3
channels modulates their Ca®*-dependent inactivation. Neuron 73, 304-316.

Huber, I., Wappl, E., Herzog, A., Mitterdorfer, J., Glossmann, H., Langer, T.,
and Striessnig, J. (2000). Conserved Ca2+-antagonist-binding properties
and putative folding structure of a recombinant high-affinity dihydropyridine-
binding domain. Biochem. J. 347, 829-836.

Hudmon, A., Schulman, H., Kim, J., Maltez, J.M., Tsien, R.W., and Pitt, G.S.
(2005). CaMKII tethers to L-type Ca2+ channels, establishing a local and dedi-
cated integrator of Ca2+ signals for facilitation. J. Cell Biol. 171, 537-547.

Huguenard, J.R. (1998). Anatomical and physiological considerations in
thalamic rhythm generation. J. Sleep Res. 7 (Suppl! 1), 24-29.

Hulme, J.T., Yarov-Yarovoy, V., Lin, T.W., Scheuer, T., and Catterall, W.A.
(2006). Autoinhibitory control of the CaV1.2 channel by its proteolytically
processed distal C-terminal domain. J. Physiol. 576, 87-102.

Hurley, M.J., Brandon, B., Gentleman, S.M., and Dexter, D.T. (2013). Parkin-
son's disease is associated with altered expression of CaV1 channels and
calcium-binding proteins. Brain 136, 2077-2097.

Impey, S., Mark, M., Villacres, E.C., Poser, S., Chavkin, C., and Storm, D.R.
(1996). Induction of CRE-mediated gene expression by stimuli that generate
long-lasting LTP in area CA1 of the hippocampus. Neuron 16, 973-982.

Imredy, J.P., and Yue, D.T. (1994). Mechanism of Ca(2+)-sensitive inactivation
of L-type Ca2+ channels. Neuron 712, 1301-1318.

Inagaki, A., Frank, C.A., Usachev, Y.M., Benveniste, M., and Lee, A. (2014).
Pharmacological correction of gating defects in the voltage-gated Ca(v)2.1
Ca®* channel due to a familial hemiplegic migraine mutation. Neuron 817,
91-102.

Jacus, M.O., Uebele, V.N., Renger, J.J., and Todorovic, S.M. (2012). Presyn-
aptic Cav3.2 channels regulate excitatory neurotransmission in nociceptive
dorsal horn neurons. J. Neurosci. 32, 9374-9382.

Jagodic, M.M., Pathirathna, S., Nelson, M.T., Mancuso, S., Joksovic, P.M.,
Rosenberg, E.R., Bayliss, D.A., Jevtovic-Todorovic, V., and Todorovic, S.M.
(2007). Cell-specific alterations of T-type calcium current in painful diabetic
neuropathy enhance excitability of sensory neurons. J. Neurosci. 27, 3305-
3316.

Jagodic, M.M., Pathirathna, S., Joksovic, P.M., Lee, W., Nelson, M.T., Naik,
A.K., Su, P., Jevtovic-Todorovic, V., and Todorovic, S.M. (2008). Upregulation
of the T-type calcium current in small rat sensory neurons after chronic
constrictive injury of the sciatic nerve. J. Neurophysiol. 99, 3151-3156.

Jalkanen, R., Mantyjarvi, M., Tobias, R., Isosomppi, J., Sankila, E.M., Alitalo,

T., and Bech-Hansen, N.T. (2006). X linked cone-rod dystrophy, CORDXS, is
caused by a mutation in the CACNA1F gene. J. Med. Genet. 43, 699-704.

Neuron 82, April 2, 2014 ©2014 Elsevier Inc. 39



Jarvis, S.E., and Zamponi, G.W. (2001). Distinct molecular determinants
govern syntaxin 1A-mediated inactivation and G-protein inhibition of N-type
calcium channels. J. Neurosci. 27, 2939-2948.

Jeng, C.J., Chen, Y.T., Chen, Y.W., and Tang, C.Y. (2006). Dominant-negative
effects of human P/Q-type Ca2+ channel mutations associated with episodic
ataxia type 2. Am. J. Physiol. Cell Physiol. 290, C1209-C1220.

Jeon, D., Kim, S., Chetana, M., Jo, D., Ruley, H.E., Lin, S.Y., Rabah, D., Kinet,
J.P., and Shin, H.S. (2010). Observational fear learning involves affective pain
system and Cav1.2 Ca2+ channels in ACC. Nat. Neurosci. 13, 482-488.

Jing, Z., Rutherford, M.A., Takago, H., Frank, T., Fejtova, A., Khimich, D.,
Moser, T., and Strenzke, N. (2013). Disruption of the presynaptic cytomatrix
protein bassoon degrades ribbon anchorage, multiquantal release, and sound
encoding at the hair cell afferent synapse. J. Neurosci. 33, 4456-4467.

Jodice, C., Mantuano, E., Veneziano, L., Trettel, F., Sabbadini, G., Calandriello,
L., Francia, A., Spadaro, M., Pierelli, F., Salvi, F., et al. (1997). Episcdic ataxia
type 2 (EA2) and spinocerebellar ataxia type 6 (SCAB) due to CAG repeat
expansion in the CACNA1A gene on chromosome 19p. Hum. Mol. Genet. 6,
1973-1978.

Jouvenceau, A., Eunson, L.H., Spauschus, A., Ramesh, V., Zuberi, S.M., Kull-
mann, D.M., and Hanna, M.G. (2001). Human epilepsy associated with
dysfunction of the brain P/Q-type calcium channel. Lancet 358, 801-807.

Jun, K., Piedras-Renteria, E.S., Smith, S.M., Wheeler, D.B., Lee, S.B., Lee,
T.G., Chin, H., Adams, M.E., Scheller, R.H., Tsien, R.W., and Shin, H.S.
(1999). Ablation of P/Q-type Ca(2+) channel currents, altered synaptic trans-
mission, and progressive ataxia in mice lacking the alpha(1A)-subunit. Proc.
Natl. Acad. Sci. USA 96, 15245-15250.

Kadurin, 1., Alvarez-Laviada, A., Ng, S.F., Walker-Gray, R., D'Arco, M., Fadel,
M.G., Pratt, W.S., and Dolphin, A.C. (2012). Calcium currents are enhanced by
«25-1 lacking its membrane anchor. J. Biol. Chem. 287, 33554-33566.

Kaeser, P.S., Deng, L., Wang, Y., Dulubova, I., Liu, X., Rizo, J., and Sldhof,
T.C. (2011). RIM proteins tether Ca2+ channels to presynaptic active zones
via a direct PDZ-domain interaction. Cell 144, 282-295.

Kaneko, S., Cooper, C.B., Nishioka, N., Yamasaki, H., Suzuki, A., Jarvis, S.E.,
Akaike, A., Satoh, M., and Zamponi, G.W. (2002). Identification and character-
ization of novel human Ca(v)2.2 (alpha 1B) calcium channel variants lacking the
synaptic protein interaction site. J. Neurosci. 22, 82-92.

Kang, S., Cooper, G., Dunne, S.F., Dusel, B., Luan, C.H., Surmeier, D.J., and
Silverman, R.B. (2012). CaV1.3-selective L-type calcium channel antagonists
as potential new therapeutics for Parkinson’s disease. Nat. Commun. 3, 1146.

Katz, B., and Miledi, R. (1967). The timing of calcium action during neuromus-
cular transmission. J. Physiol. 789, 535-544.

Khosravani, H., Altier, C., Simms, B., Hamming, K.S., Snutch, T.P., Mezeyova,
J., McRory, J.E., and Zamponi, G.W. (2004). Gating effects of mutations in the
Cav3.2 T-type calcium channel associated with childhood absence epilepsy.
J. Biol. Chem. 279, 9681-9684.

Khosravani, H., Bladen, C., Parker, D.B., Snutch, T.P., McRory, J.E., and
Zamponi, G.W. (2005). Effects of Cav3.2 channel mutations linked to idiopathic
generalized epilepsy. Ann. Neurol. 57, 745-749.

Kim, C., Jun, K., Lee, T., Kim, S.S., McEnery, M.W., Chin, H., Kim, H.L., Park,
J.M., Kim, D.K., Jung, S.J., etal. (2001a). Altered nociceptive response in mice
deficient in the alpha(1B) subunit of the voltage-dependent calcium channel.
Mol. Cell. Neurosci. 18, 235-245.

Kim, D., Song, |., Keum, S., Lee, T., Jeong, M.J., Kim, S.S., McEnery, M.W.,
and Shin, H.S. (2001b). Lack of the burst firing of thalamocortical relay neurons
and resistance to absence seizures in mice lacking alpha(1G) T-type Ca(2+)
channels. Neuron 37, 35-45.

Kim, E.Y., Rumpf, C.H., Fujiwara, Y., Cooley, E.S., Van Petegem, F., and Minor,
D.L., Jr. (2008). Structures of CaV2 Ca2+/CaM-IQ domain complexes reveal
binding modes that underlie calcium-dependent inactivation and facilitation.
Structure 76, 1455-1467.

Kim, E.Y., Rumpf, C.H., Van Petegem, F., Arant, R.J., Findeisen, F., Cooley,
E.S., Isacoff, E.Y., and Minor, D.L., Jr. (2010). Multiple C-terminal tail Ca(2+)/
CaMs regulate Ca(V)1.2 function but do not mediate channel dimerization.
EMBO J. 29, 3924-3938.

40 Neuron 82, April 2, 2014 ©2014 Elsevier Inc.

Neuron

Kipfer, S., Jung, S., Lemke, J.R., Kipfer-Kauer, A., Howell, J.P., Kaelin-Lang,
A., Nyffeler, T., Gutbrod, K., Abicht, A., and Miri, R.M. (2013). Novel CACNA1A
mutation(s) associated with slow saccade velocities. J. Neurol. 260, 3010-
3014.

Kiyonaka, S., Wakamori, M., Miki, T., Uriu, Y., Nonaka, M., Bito, H., Beedle,
AM., Mori, E., Hara, Y., De Waard, M., et al. (2007). RIM1 confers sustained
activity and neurotransmitter vesicle anchoring to presynaptic Ca2+ channels.
Nat. Neurosci. 10, 691-701.

Klassen, T., Davis, C., Goldman, A., Burgess, D., Chen, T., Wheeler, D.,
McPherson, J., Bourquin, T., Lewis, L., Villasana, D., et al. (2011). Exome
sequencing of ion channel genes reveals complex profiles confounding
personal risk assessment in epilepsy. Cell 145, 1036-1048.

Knoflach, D., Kerov, V., Sartori, S.B., Obermair, G.J., Schmuckermair, C., Liu,
X., Sothilingam, V., Garrido, M.G., Baker, S.A., Glésmann, M., et al. (2013).
Cav1.4 IT mouse as model for vision impairment in human congenital station-
ary night blindness type 2. Channels (Austin) 7, 7.

Kraus, R.L., Sinnegger, M.J., Glossmann, H., Hering, S., and Striessnig, J.
(1998). Familial hemiplegic migraine mutations change alphalA Ca2+ channel
kinetics. J. Biol. Chem. 273, 5586-5590.

Krey, J.F., Pasca, S.P., Shcheglovitov, A., Yazawa, M., Schwemberger, R.,
Rasmusson, R., and Dolmetsch, R.E. (2013). Timothy syndrome is associated
with activity-dependent dendritic retraction in rodent and human neurons. Nat.
Neurosci. 716, 201-209.

Langwieser, N., Christel, C.J., Kleppisch, T., Hofmann, F., Wotjak, C.T., and
Moosmang, S. (2010). Homeostatic switch in hebbian plasticity and fear
learning after sustained loss of Cav1.2 calcium channels. J. Neurosci. 30,
8367-8375.

Lansman, J.B., Hess, P., and Tsien, R.W. (1986). Blockade of current through
single calcium channels by Cd2+, Mg2+, and Ca2+. Voltage and concentration
dependence of calcium entry into the pore. J. Gen. Physiol. 88, 321-347.

Lee, A., Wong, S.T., Gallagher, D., Li, B., Storm, D.R., Scheuer, T., and Catter-
all, W.A. (1999a). Ca2+/calmodulin binds to and modulates P/Q-type calcium
channels. Nature 399, 155-159.

Lee, J.H., Daud, A.N., Cribbs, L.L., Lacerda, A.E., Pereverzev, A., Kléckner, U.,
Schneider, T., and Perez-Reyes, E. (1999b). Cloning and expression of a novel
member of the low voltage-activated T-type calcium channel family.
J. Neurosci. 19, 1912-1921.

Lee, A., Zhou, H., Scheuer, T., and Catterall, W.A. (2003). Molecular determi-
nants of Ca(2+)/calmodulin-dependent regulation of Ca(v)2.1 channels. Proc.
Natl. Acad. Sci. USA 100, 16059-16064.

Lee, M.T., Chen, C.H., Lee, C.S., Chen, C.C., Chong, M.Y., Ouyang, W.C.,
Chiu, N.Y., Chuo, L.J., Chen, C.Y., Tan, HK., et al. (2011). Genome-wide
association study of bipolar | disorder in the Han Chinese population. Mol.
Psychiatry 16, 548-558.

Lee, A.S., Gonzales, K.L., Lee, A., Moosmang, S., Hofmann, F., Pieper, A.A.,
and Rajadhyaksha, A.M. (2012). Selective genetic deletion of cacnaic in the
mouse prefrontal cortex. Mol. Psychiatry 17, 1051.

Letts, V.A., Felix, R., Biddlecome, G.H., Arikkath, J., Mahaffey, C.L., Valen-
zuela, A., Bartlett, F.S., 2nd, Mori, Y., Campbell, K.P., and Frankel, W.N.
(1998). The mouse stargazer gene encodes a neuronal Ca2+-channel gamma
subunit. Nat. Genet. 19, 340-347.

Li, H., Pink, M.D., Murphy, J.G., Stein, A., Dell'’Acqua, M.L., and Hogan, P.G.
(2012). Balanced interactions of calcineurin with AKAP79 regulate Ca2+-calci-
neurin-NFAT signaling. Nat. Struct. Mol. Biol. 19, 337-345.

Liang, H., DeMaria, C.D., Erickson, M.G., Mori, M.X., Alseikhan, B.A., and Yue,
D.T. (2003). Unified mechanisms of Ca2+ regulation across the Ca2+ channel
family. Neuron 39, 951-960.

Liao, P., Yong, T.F., Liang, M.C., Yue, D.T., and Soong, T.W. (2005). Splicing
for alternative structures of Cav1.2 Ca2+ channels in cardiac and smooth
muscles. Cardiovasc. Res. 68, 197-203.

Lin, Y., Lai, X., Chen, B., Xu, Y., Huang, B, Chen, Z., Zhu, S., Yao, J., Jiang, Q.,
Huang, H., et al. (2011). Genetic variations in CYP17A1, CACNB2 and
PLEKHAY are associated with blood pressure and/or hypertension in She
ethnic minority of China. Atherosclerosis 219, 709-714.



Neuron

Lipkind, G.M., and Fozzard, H.A. (2003). Molecular modeling of interactions of
dihydropyridines and phenylalkylamines with the inner pore of the L-type Ca2+
channel. Mol. Pharmacol. 63, 498-511.

Lipscombe, D. (2005). Neuronal proteins custom designed by alternative
splicing. Curr. Opin. Neurobiol. 75, 358-363.

Lipscombe, D., Andrade, A., and Allen, S.E. (2013). Alternative splicing: func-
tional diversity among voltage-gated calcium channels and behavioral conse-
quences. Biochim. Biophys. Acta 1828, 1522-1529.

Liu, Z., and Vogel, H.J. (2012). Structural basis for the regulation of L-type
voltage-gated calcium channels: interactions between the N-terminal cyto-
plasmic domain and Ca(2+)-calmodulin. Front. Mol. Neurosci. 5, 38.

Liu, X., Yang, P.S., Yang, W., and Yue, D.T. (2010). Enzyme-inhibitor-like
tuning of Ca(2+) channel connectivity with calmodulin. Nature 463, 968-972.

Liu, K.S., Siebert, M., Mertel, S., Knoche, E., Wegener, S., Wichmann, C.,
Matkovic, T., Muhammad, K., Depner, H., Mettke, C., et al. (2011). RIM-bind-
ing protein, a central part of the active zone, is essential for neurotransmitter
release. Science 334, 1565-1569.

Liu, X., Kerov, V., Haeseleer, F., Majumder, A., Artemyev, N., Baker, S.A., and
Lee, A. (2013). Dysregulation of Cav 1.4 channels disrupts the maturation of
photoreceptor synaptic ribbons in congenital stationary night blindness type
2. Channels (Austin) 7, 7.

Lodha, N., Bonfield, S., Orton, N.C., Doering, C.J., McRory, J.E., Mema, S.C.,
Rehak, R., Sauvé, Y., Tobias, R., Stell, W.K., and Bech-Hansen, N.T. (2010).
Congenital stationary night blindness in mice - a tale of two Cacna1f mutants.
Adv. Exp. Med. Biol. 664, 549-558.

Lodha, N., Loucks, C.M., Beaulieu, C., Parboosingh, J.S., and Bech-Hansen,
N.T. (2012). Congenital stationary night blindness: mutation update and clinical
variability. Adv. Exp. Med. Biol. 723, 371-379.

Lu, A.T., Dai, X., Martinez-Agosto, J.A., and Cantor, R.M. (2012). Support for
calcium channel gene defects in autism spectrum disorders. Mol. Autism 3, 18.

Mangoni, M.E., Traboulsie, A., Leoni, A.L., Couette, B., Marger, L., Le Quang,
K., Kupfer, E., Cohen-Solal, A., Vilar, J., Shin, H.S., et al. (2006). Bradycardia
and slowing of the atrioventricular conduction in mice lacking CaV3.1/alphalG
T-type calcium channels. Circ. Res. 98, 1422-1430.

Marger, F., Gelot, A., Alloui, A., Matricon, J., Ferrer, J.F., Barrére, C., Pizzoc-
caro, A., Muller, E., Nargeot, J., Snutch, T.P., et al. (2011). T-type calcium
channels contribute to colonic hypersensitivity in a rat model of irritable bowel
syndrome. Proc. Natl. Acad. Sci. USA 108, 11268-11273.

Mark, M.D., Maejima, T., Kuckelsberg, D., Yoo, J.W., Hyde, R.A., Shah, V.,
Gutierrez, D., Moreno, R.L., Kruse, W., Noebels, J.L., and Herlitze, S. (2011).
Delayed postnatal loss of P/Q-type calcium channels recapitulates the
absence epilepsy, dyskinesia, and ataxia phenotypes of genomic Cacnala
mutations. J. Neurosci. 37, 4311-4326.

Marom, M., Hagalili, Y., Sebag, A., Tzvier, L., and Atlas, D. (2010). Conforma-
tional changes induced in voltage-gated calcium channel Cav1.2 by BayK
8644 or FPL64176 modify the kinetics of secretion independently of Ca2+
influx. J. Biol. Chem. 285, 6996-7005.

Marshall, J., Dolan, B.M., Garcia, E.P., Sathe, S., Tang, X., Mao, Z., and Blair,
L.A. (2003). Calcium channel and NMDA receptor activities differentially regu-
late nuclear C/EBPbeta levels to control neuronal survival. Neuron 39,
625-639.

Matsuda, S., Kakegawa, W., Budisantoso, T., Nomura, T., Kohda, K., and
Yuzaki, M. (2013). Stargazin regulates AMPA receptor trafficking through
adaptor protein complexes during long-term depression. Nat. Commun. 4,
2759.

Maximov, A., and Bezprozvanny, |. (2002). Synaptic targeting of N-type
calcium channels in hippocampal neurons. J. Neurosci. 22, 6939-6952.

McCleskey, E.W., Fox, A.P., Feldman, D.H., Cruz, L.J., Olivera, B.M., Tsien,
R.W., and Yoshikami, D. (1987). Omega-conotoxin: direct and persistent
blockade of specific types of calcium channels in neurons but not muscle.
Proc. Natl. Acad. Sci. USA 84, 4327-4331.

McRory, J.E., Hamid, J., Doering, C.J., Garcia, E., Parker, R., Hamming, K.,
Chen, L., Hildebrand, M., Beedle, A.M., Feldcamp, L., et al. (2004). The

CACNAT1F gene encodes an L-type calcium channel with unique biophysical
properties and tissue distribution. J. Neurosci. 24, 1707-1718.

Meissner, M., Weissgerber, P., Londofo, J.E., Prenen, J., Link, S., Ruppenthal,
S., Molkentin, J.D., Lipp, P., Nilius, B., Freichel, M., and Flockerzi, V. (2011).
Moderate calcium channel dysfunction in adult mice with inducible cardiomyo-
cyte-specific excision of the cacnb2 gene. J. Biol. Chem. 286, 15875-15882.

Mezghrani, A., Monteil, A., Watschinger, K., Sinnegger-Brauns, M.J., Barrére,
C., Bourinet, E., Nargeot, J., Striessnig, J., and Lory, P. (2008). A destructive
interaction mechanism accounts for dominant-negative effects of misfolded
mutants of voltage-gated calcium channels. J. Neurosci. 28, 4501-4511.

Mich, P.M., and Horne, W.A. (2008). Alternative splicing of the Ca2+ channel
beta4 subunit confers specificity for gabapentin inhibition of Cav2.1 trafficking.
Mol. Pharmacol. 74, 904-912.

Mikami, A., Imoto, K., Tanabe, T., Niidome, T., Mori, Y., Takeshima, H., Naru-
miya, S., and Numa, S. (1989). Primary structure and functional expression of
the cardiac dihydropyridine-sensitive calcium channel. Nature 340, 230-233.

Minor, D.L., Jr., and Findeisen, F. (2010). Progress in the structural under-
standing of voltage-gated calcium channel (CaV) function and modulation.
Channels (Austin) 4, 459-474.

Molineux, M.L., McRory, J.E., McKay, B.E., Hamid, J., Mehaffey, W.H., Rehak,
R., Snutch, T.P., Zamponi, G.W., and Turner, R.W. (2006). Specific T-type
calcium channel isoforms are associated with distinct burst phenotypes in
deep cerebellar nuclear neurons. Proc. Natl. Acad. Sci. USA 703, 5555-5560.

Moosmang, S., Haider, N., Klugbauer, N., Adelsberger, H., Langwieser, N.,
Mudiller, J., Stiess, M., Marais, E., Schulla, V., Lacinova, L., et al. (2005). Role
of hippocampal Cav1.2 Ca2+ channels in NMDA receptor-independent synap-
tic plasticity and spatial memory. J. Neurosci. 25, 9883-9892.

Morgans, C.W. (2000). Neurotransmitter release at ribbon synapses in the
retina. Immunol. Cell Biol. 78, 442-448.

Mori, Y., Nishida, M., Shimizu, S., Ishii, M., Yoshinaga, T., Ino, M., Sawada, K.,
and Niidome, T. (2002). Ca(2+) channel alpha(1B) subunit (Ca(V) 2.2) knockout
mouse reveals a predominant role of N-type channels in the sympathetic regu-
lation of the circulatory system. Trends Cardiovasc. Med. 72, 270-275.

Mori, M.X., Vander Kooi, C.W., Leahy, D.J., and Yue, D.T. (2008). Crystal struc-
ture of the CaV2 |Q domain in complex with Ca2+/calmodulin: high-resolution
mechanistic implications for channel regulation by Ca2+. Structure 716,
607-620.

Morrill, J.A., and Cannon, S.C. (1999). Effects of mutations causing hypokalae-
mic periodic paralysis on the skeletal muscle L-type Ca2+ channel expressed
in Xenopus laevis oocytes. J. Physiol. 520, 321-336.

Morrill, J.A., Brown, R.H., Jr., and Cannon, S.C. (1998). Gating of the L-type Ca
channel in human skeletal myotubes: an activation defect caused by the hypo-
kalemic periodic paralysis mutation R528H. J. Neurosci. 78, 10320-10334.

Muiller, C.S., Haupt, A., Bildl, W., Schindler, J., Knaus, H.G., Meissner, M.,
Rammner, B., Striessnig, J., Flockerzi, V., Fakler, B., and Schulte, U. (2010).
Quantitative proteomics of the Cav2 channel nanc-environments in the
mammalian brain. Proc. Natl. Acad. Sci. USA 107, 14950-14957.

Murphy, T.H., Worley, P.F., and Baraban, J.M. (1991). L-type voltage-sensitive
calcium channels mediate synaptic activation of immediate early genes.
Neuron 7, 625-635.

Namkung, Y., Smith, S.M., Lee, S.B., Skrypnyk, N.V., Kim, H.L., Chin, H.,
Scheller, R.H., Tsien, R.W., and Shin, H.S. (1998). Targeted disruption of the
Ca2+ channel beta3 subunit reduces N- and L-type Ca2+ channel activity
and alters the voltage-dependent activation of P/Q-type Ca2+ channels in
neurons. Proc. Natl. Acad. Sci. USA 95, 12010-12015.

Newcomb, R., Szoke, B., Palma, A., Wang, G., Chen, Xh., Hopkins, W., Cong,
R., Miller, J., Urge, L., Tarczy-Hornoch, K., et al. (1998). Selective peptide
antagonist of the class E calcium channel from the venom of the tarantula
Hysterocrates gigas. Biochemistry 37, 15353-15362.

Newton, P.M., Orr, C.J., Wallace, M.J., Kim, C., Shin, H.S., and Messing, R.O.

(2004). Deletion of N-type calcium channels alters ethanol reward and reduces
ethanol consumption in mice. J. Neurosci. 24, 9862-9869.

Neuron 82, April 2, 2014 ©2014 Elsevier Inc. 41



Nowycky, M.C., Fox, A.P., and Tsien, R.W. (1985). Three types of neuronal
calcium channel with different calcium agonist sensitivity. Nature 376,
440-443.

Obeid, T., Awada, A., al Rajeh, S., and Chaballout, A. (1996). Thyroxine exac-
erbates absence seizures in juvenile myoclonic epilepsy. Neurology 47,
605-606.

Ohkubo, T., Inoue, Y., Kawarabayashi, T., and Kitamura, K. (2005). Identifica-
tion and electrophysiological characteristics of isoforms of T-type calcium
channel Ca(v)3.2 expressed in pregnant human uterus. Cell. Physiol. Biochem.
16, 245-254.

Ohta, T., Ohba, T., Suzuki, T., Watanabe, H., Sasano, H., and Murakami, M.
(2010). Decreased calcium channel currents and facilitated epinephrine
release in the Ca2+ channel beta3 subunit-null mice. Biochem. Biophys.
Res. Commun. 394, 464—-469.

QOlivera, B.M., Cruz, L.J., de Santos, V., LeCheminant, G.W., Griffin, D., Zeikus,
R., Mcintosh, J.M., Galyean, R., Varga, J., Gray, W.R., et al. (1987). Neuronal
calcium channel antagonists. Discrimination between calcium channel
subtypes using omega-conotoxin from Conus magus venom. Biochemistry
26, 2086-2090.

Oliveria, S.F., Del’Acqua, M.L., and Sather, W.A. (2007). AKAP79/150
anchoring of calcineurin controls neuronal L-type Ca2+ channel activity and
nuclear signaling. Neuron 55, 261-275.

Opatowsky, Y., Chen, C.C., Campbell, K.P., and Hirsch, J.A. (2004). Structural
analysis of the voltage-dependent calcium channel beta subunit functional
core and its complex with the alpha 1 interaction domain. Neuron 42, 387-399.

Orestes, P., Osuru, H.P., Mcintire, W.E., Jacus, M.0., Salajegheh, R., Jagodic,
M.M., Choe, W., Lee, J., Lee, S.S., Rose, K.E., et al. (2013). Reversal of neuro-
pathic pain in diabetes by targeting glycosylation of Ca(V)3.2 T-type calcium
channels. Diabetes 62, 3828-3838.

Oz, S., Benmocha, A., Sasson, Y., Sachyani, D., Almagor, L., Lee, A., Hirsch,
J.A,, and Dascal, N. (2013). Competitive and non-competitive regulation of
calcium-dependent inactivation in CaV1.2 L-type Ca2+ channels by calmod-
ulin and Ca2+-binding protein 1. J. Biol. Chem. 288, 12680-12691.

Page, K.M., Heblich, F., Margas, W., Pratt, W.S., Nieto-Rostro, M., Chaggar,
K., Sandhu, K., Davies, A., and Dolphin, A.C. (2010). N terminus is key to the
dominant negative suppression of Ca(V)2 calcium channels: implications for
episodic ataxia type 2. J. Biol. Chem. 285, 835-844.

Pan, Z.H., Hu, H.J., Perring, P., and Andrade, R. (2001). T-type Ca(2+) chan-
nels mediate neurotransmitter release in retinal bipolar cells. Neuron 32,
89-98.

Pasca, S.P., Portmann, T., Voineagu, |., Yazawa, M., Shcheglovitov, A., Pasca,
AM., Cord, B., Palmer, T.D., Chikahisa, S., Nishino, S., et al. (2011). Using
iPSC-derived neurons to uncover cellular phenotypes associated with Timothy
syndrome. Nat. Med. 717, 1657-1662.

Payne, H.L., Donoghue, P.S., Connelly, W.M., Hinterreiter, S., Tiwari, P., Ives,
J.H., Hann, V., Sieghart, W., Lees, G., and Thompson, C.L. (2006). Aberrant
GABA(A) receptor expression in the dentate gyrus of the epileptic mutant
mouse stargazer. J. Neurosci. 26, 8600-8608.

Perez-Reyes, E. (2003). Molecular physiology of low-voltage-activated t-type
calcium channels. Physiol. Rev. 83, 117-161.

Perez-Reyes, E., Cribbs, L.L., Daud, A., Lacerda, A.E., Barclay, J., Williamson,
M.P., Fox, M., Rees, M., and Lee, J.H. (1998). Molecular characterization of a
neuronal low-voltage-activated T-type calcium channel. Nature 397, 896-900.

Peterson, B.Z., DeMaria, C.D., Adelman, J.P., and Yue, D.T. (1999). Calmod-
ulin is the Ca2+ sensor for Ca2+ -dependent inactivation of L-type calcium
channels. Neuron 22, 549-558.

Peterson, B.Z., Lee, J.S., Mulle, J.G., Wang, Y., de Leon, M., and Yue, D.T.
(2000). Critical determinants of Ca(2+)-dependent inactivation within an
EF-hand motif of L-type Ca(2+) channels. Biophys. J. 78, 1906-1920.

Pietrobon, D. (2002). Calcium channels and channelopathies of the central
nervous system. Mol. Neurobiol. 25, 31-50.

Pietrobon, D. (2010). Cav2.1 channelopathies. Pflugers Arch. 460, 375-393.

42 Neuron 82, April 2, 2014 ©2014 Elsevier Inc.

Neuron

Pietrobon, D., and Moskowitz, M.A. (2013). Pathophysiology of migraine.
Annu. Rev. Physiol. 75, 365-391.

Platzer, J., Engel, J., Schrott-Fischer, A., Stephan, K., Bova, S., Chen, H.,
Zheng, H., and Striessnig, J. (2000). Congenital deafness and sinoatrial node
dysfunction in mice lacking class D L-type Ca2+ channels. Cell 102, 89-97.

Powell, K.L., Cain, S.M., Ng, C., Sirdesai, S., David, L.S., Kyi, M., Garcia, E.,
Tysen, J.R., Reid, C.A., Bahlo, M., et al. (2009). A Cav3.2 T-type calcium chan-
nel point mutation has splice-variant-specific effects on function and segre-
gates with seizure expression in a polygenic rat model of absence epilepsy.
J. Neurosci. 29, 371-380.

Pragnell, M., De Waard, M., Mori, Y., Tanabe, T., Snutch, T.P., and Campbell,
K.P. (1994). Calcium channel beta-subunit binds to a conserved motif in the I-II
cytoplasmic linker of the alpha 1-subunit. Nature 368, 67-70.

Ptacek, L.J., Tawil, R., Griggs, R.C., Engel, A.G., Layzer, R.B., Kwieciriski, H.,
McManis, P.G., Santiago, L., Moore, M., Fouad, G., et al. (1994). Dihydropyr-
idine receptor mutations cause hypokalemic periodic paralysis. Cell 77,
863-868.

Rajadhyaksha, A., Barczak, A., Macias, W., Leveque, J.C., Lewis, S.E., and
Konradi, C. (1999). L-Type Ca(2+) channels are essential for glutamate-medi-
ated CREB phosphorylation and c-fos gene expression in striatal neurons.
J. Neurosci. 19, 6348-6359.

Rajapaksha, W.R., Wang, D., Davies, J.N., Chen, L., Zamponi, G.W., and
Fisher, T.E. (2008). Novel splice variants of rat CaV2.1 that lack much of the
synaptic protein interaction site are expressed in neuroendocrine cells.
J. Biol. Chem. 283, 15997-16003.

Randall, A., and Tsien, R.W. (1995). Pharmacological dissection of multiple
types of Ca2+ channel currents in rat cerebellar granule neurons.
J. Neurosci. 15, 2995-3012.

Rehak, R., Bartoletti, T.M., Engbers, J.D., Berecki, G., Turner, R.W., and
Zamponi, G.W. (2013). Low voltage activation of KCa1.1 current by Cav3-
KCal.1 complexes. PLoS ONE 8, e61844.

Rettig, J., Sheng, Z.H., Kim, D.K., Hodson, C.D., Snutch, T.P., and Catterall,
W.A. (1996). Isoform-specific interaction of the alphalA subunits of brain
Ca2+ channels with the presynaptic proteins syntaxin and SNAP-25. Proc.
Natl. Acad. Sci. USA 93, 7363-7368.

Reuter, H. (1967). The dependence of slow inward current in Purkinje fibres on
the extracellular calcium-concentration. J. Physiol. 792, 479-492.

Richards, K.S., Swensen, A.M., Lipscombe, D., and Bommert, K. (2007). Novel
CaV2.1 clone replicates many properties of Purkinje cell CaV2.1 current. Eur.
J. Neurosci. 26, 2950-2961.

Rousset, M., Cens, T., Restituito, S., Barrere, C., Black, J.L., 3rd, McEnery,
M.W., and Charnet, P. (2001). Functional roles of gamma2, gamma3 and
gammad, three new Ca2+ channel subunits, in P/Q-type Ca2+ channel
expressed in Xenopus oocytes. J. Physiol. 532, 583-593.

Rozanski, G.M., Nath, A.R., Adams, M.E., and Stanley, E.F. (2013). Low
voltage-activated calcium channels gate transmitter release at the dorsal
root ganglion sandwich synapse. J. Physiol. 597, 5575-5583.

Ryu, M.J., Lee, C., Kim, J., Shin, H.S., and Yu, M.H. (2008). Proteomic analysis
of stargazer mutant mouse neuronal proteins involved in absence seizure.
J. Neurochem. 104, 1260-1270.

Saegusa, H., Kurihara, T., Zong, S., Kazuno, A., Matsuda, Y., Nonaka, T., Han,
W., Toriyama, H., and Tanabe, T. (2001). Suppression of inflammatory and
neuropathic pain symptoms in mice lacking the N-type Ca2+ channel.
EMBO J. 20, 2349-2356.

Saegusa, H., Matsuda, Y., and Tanabe, T. (2002). Effects of ablation of N- and
R-type Ca(2+) channels on pain transmission. Neurosci. Res. 43, 1-7.

Saegusa, H., Wakamori, M., Matsuda, Y., Wang, J., Mori, Y., Zong, S., and
Tanabe, T. (2007). Properties of human Cav2.1 channel with a spinocerebellar
ataxia type 6 mutation expressed in Purkinje cells. Mol. Cell. Neurosci. 34,
261-270.

Schierberl, K., Hao, J., Tropea, T.F., Ra, S., Giordano, T.P., Xu, Q., Garraway,
S.M., Hofmann, F., Moosmang, S., Striessnig, J., et al. (2011). Cav1.2 L-type
Ca®* channels mediate cocaine-induced GluA1 trafficking in the nucleus



Neuron

accumbens, a long-term adaptation dependent on ventral tegmental area
Ca(v)1.3 channels. J. Neurosci. 37, 13562-13575.

Schierberl, K., Giordano, T., Satpute, S., Hao, J., Kaur, G., Hofmann, F., Moos-
mang, S., Striessnig, J., and Rajadhyaksha, A. (2012). Cav 1.3 L-type Ca ( 2+)
channels mediate long-term adaptation in dopamine D2L-mediated GluA1
trafficking in the dorsal striatum following cocaine exposure. Channels (Austin)
6, 11-17.

Seisenberger, C., Specht, V., Welling, A., Platzer, J., Pfeifer, A., Kiihbandner,
S., Striessnig, J., Klugbauer, N., Feil, R., and Hofmann, F. (2000). Functional
embryonic cardiomyocytes after disruption of the L-type alphaiC (Cav1.2)
calcium channel gene in the mouse. J. Biol. Chem. 275, 39193-39199.

Serysheva, l.l., Ludtke, S.J., Baker, M.R., Chiu, W., and Hamilton, S.L. (2002).
Structure of the voltage-gated L-type Ca2+ channel by electron cryomicro-
scopy. Proc. Natl. Acad. Sci. USA 99, 10370-10375.

Sharp, A.H., and Campbell, K.P. (1989). Characterization of the 1,4-dihydro-
pyridine receptor using subunit-specific polyclonal antibodies. Evidence for
a 32,000-Da subunit. J. Biol. Chem. 264, 2816-2825.

Sheng, Z.H., Rettig, J., Takahashi, M., and Catterall, W.A. (1994). |dentification
of a syntaxin-binding site on N-type calcium channels. Neuron 13, 1303-1313.

Sheng, Z.H., Rettig, J., Cook, T., and Catterall, W.A. (1996). Calcium-depen-
dent interaction of N-type calcium channels with the synaptic core complex.
Nature 379, 451-454.

Simms, B.A., and Zamponi, G.W. (2012). Trafficking and stability of voltage-
gated calcium channels. Cell. Mol. Life Sci. 69, 843-856.

Simms, B.A., Souza, |.A., and Zamponi, G.W. (2013). A novel calmodulin site in
the Cav1.2 N-terminus regulates calcium-dependent inactivation. Pflugers
Arch. Published online December 19, 2013. http://dx.doi.org/10.1007/
s00424-013-1423-9.

Singh, A., Hamedinger, D., Hoda, J.C., Gebhart, M., Koschak, A., Romanin, C.,
and Striessnig, J. (2006). C-terminal modulator controls Ca2+-dependent
gating of Ca(v)1.4 L-type Ca2+ channels. Nat. Neurosci. 9, 1108-1116.

Singh, B., Monteil, A., Bidaud, I., Sugimoto, Y., Suzuki, T., Hamano, S., Oguni,
H., Osawa, M., Alonso, M.E., Delgado-Escueta, A.V., et al. (2007). Mutational
analysis of CACNA1G in idiopathic generalized epilepsy. Mutation in brief
#962. Online. Hum. Mutat. 28, 524-525.

Sokolov, S., Scheuer, T., and Catterall, W.A. (2007). Gating pore current in an
inherited ion channelopathy. Nature 446, 76-78.

Song, ., Kim, D., Choi, S., Sun, M., Kim, Y., and Shin, H.S. (2004). Role of the
alpha1G T-type calcium channel in spontaneous absence seizures in mutant
mice. J. Neurosci. 24, 5249-5257.

Soong, T.W., Stea, A., Hodson, C.D., Dubel, S.J., Vincent, S.R., and Snutch,
T.P. (1993). Structure and functional expression of a member of the low
voltage-activated calcium channel family. Science 260, 1133-1136.

Spaetgens, R.L., and Zamponi, G.W. (1999). Multiple structural domains
contribute to voltage-dependent inactivation of rat brain alpha(1E) calcium
channels. J. Biol. Chem. 274, 22428-22436.

Spafford, J.D., Munno, D.W., Van Nierop, P., Feng, Z.P., Jarvis, S.E., Gallin,
W.J., Smit, A.B., Zamponi, G.W., and Syed, N.l. (2003). Calcium channel struc-
tural determinants of synaptic transmission between identified invertebrate
neurons. J. Biol. Chem. 278, 4258-4267.

Splawski, 1., Timothy, K.W., Sharpe, L.M., Decher, N., Kumar, P., Bloise, R.,
Napolitano, C., Schwartz, P.J., Joseph, R.M., Condouris, K., et al. (2004).
Ca(V)1.2 calcium channel dysfunction causes a multisystem disorder including
arrhythmia and autism. Cell 779, 19-31.

Splawski, I., Timothy, K.W., Decher, N., Kumar, P., Sachse, F.B., Beggs, A.H.,
Sanguinetti, M.C., and Keating, M.T. (2005). Severe arrhythmia disorder
caused by cardiac L-type calcium channel mutations. Proc. Natl. Acad. Sci.
USA 102, 8089-8096, discussion 8086-8088.

Splawski, I., Yoo, D.S., Stotz, S.C., Cherry, A., Clapham, D.E., and Keating,
M.T. (2006). CACNA1TH mutations in autism spectrum disorders. J. Biol.
Chem. 281, 22085-22091.

Staes, M., Talavera, K., Klugbauer, N., Prenen, J., Lacinova, L., Droogmans,
G., Hofmann, F., and Nilius, B. (2001). The amino side of the C-terminus deter-
mines fast inactivation of the T-type calcium channel alpha1G. J. Physiol. 530,
35-45.

Stanika, R.l., Villanueva, |., Kazanina, G., Andrews, S.B., and Pivovarova, N.B.
(2012). Comparative impact of voltage-gated calcium channels and NMDA
receptors on mitochondria-mediated neuronal injury. J. Neurosci. 32, 6642—
6650.

Stotz, S.C., and Zamponi, G.W. (2001a). Identification of inactivation determi-
nants in the domain IIS6 region of high voltage-activated calcium channels.
J. Biol. Chem. 276, 33001-33010.

Stotz, S.C., and Zamponi, G.W. (2001b). Structural determinants of fast inac-
tivation of high voltage-activated Ca(2+) channels. Trends Neurosci. 24,
176-181.

Stotz, S.C., Hamid, J., Spaetgens, R.L., Jarvis, S.E., and Zamponi, G.W.
(2000). Fast inactivation of voltage-dependent calcium channels. A hinged-
lid mechanism? J. Biol. Chem. 275, 24575-24582.

Stotz, S.C., Jarvis, S.E., and Zamponi, G.W. (2004). Functional roles of cyto-
plasmic loops and pore lining transmembrane helices in the voltage-depen-
dent inactivation of HVA calcium channels. J. Physiol. 554, 263-273.

Striessnig, J. (2013). Lonely but diverse: Cav1.3 L-type Ca(2+) channels in
cochlear inner hair cells. Channels (Austin) 7, 133-134.

Strohmaier, J., Amelang, M., Hothorn, L.A., Witt, S.H., Nieratschker, V.,
Gerhard, D., Meier, S., Wist, S., Frank, J., Loerbroks, A., et al. (2013). The
psychiatric vulnerability gene CACNA1C and its sex-specific relationship
with personality traits, resilience factors and depressive symptoms in the
general population. Mol. Psychiatry 18, 607-613.

Strube, C., Beurg, M., Powers, P.A., Gregg, R.G., and Coronado, R. (1996).
Reduced Ca2+ current, charge movement, and absence of Ca2+ transients
in skeletal muscle deficient in dihydropyridine receptor beta 1 subunit.
Biophys. J. 71, 2531-2543.

Subramanyam, P., Obermair, G.J., Baumgartner, S., Gebhart, M., Striessnig,
J., Kaufmann, W.A., Geley, S., and Flucher, B.E. (2009). Activity and calcium
regulate nuclear targeting of the calcium channel betadb subunit in nerve
and muscle cells. Channels (Austin) 3, 343-355.

Sutton, K.G., McRory, J.E., Guthrie, H., Murphy, T.H., and Snutch, T.P. (1999).
P/Q-type calcium channels mediate the activity-dependent feedback of
syntaxin-1A. Nature 407, 800-804.

Tadmouri, A., Kiyonaka, S., Barbado, M., Rousset, M., Fablet, K., Sawamura,
S., Bahembera, E., Pernet-Gallay, K., Arnoult, C., Miki, T., et al. (2012). Cacnb4
directly couples electrical activity to gene expression, a process defective in
juvenile epilepsy. EMBO J. 31, 3730-3744.

Tadross, M.R., Dick, I.E., and Yue, D.T. (2008). Mechanism of local and global
Ca2+ sensing by calmodulin in complex with a Ca2+ channel. Cell 133, 1228-
1240.

Tadross, M.R., Ben Johny, M., and Yue, D.T. (2010). Molecular endpoints of
Ca2+/calmodulin- and voltage-dependent inactivation of Ca(v)1.3 channels.
J. Gen. Physiol. 135, 197-215.

Tan, B.Z,, Jiang, F., Tan, M.Y., Yu, D., Huang, H., Shen, Y., and Soong, T.W.
(2011). Functional characterization of alternative splicing in the C terminus of
L-type CaV1.3 channels. J. Biol. Chem. 286, 42725-42735.

Tan, G.M., Yu, D., Wang, J., and Soong, T.W. (2012). Alternative splicing at C
terminus of Ca(V)1.4 calcium channel modulates calcium-dependent inactiva-
tion, activation potential, and current density. J. Biol. Chem. 287, 832-847.

Tanabe, T., Takeshima, H., Mikami, A., Flockerzi, V., Takahashi, H., Kangawa,
K., Kojima, M., Matsuo, H., Hirose, T., and Numa, S. (1987). Primary structure
of the receptor for calcium channel blockers from skeletal muscle. Nature 328,
313-318.

Tanabe, T., Beam, K.G., Powell, J.A., and Numa, S. (1988). Restoration of exci-
tation-contraction coupling and slow calcium current in dysgenic muscle by
dihydropyridine receptor complementary DNA. Nature 336, 134-139.

Tandan, S., Wang, Y., Wang, T.T., Jiang, N., Hall, D.D., Hell, J.W., Luo, X.,
Rothermel, B.A., and Hill, J.A. (2009). Physical and functional interaction

Neuron 82, April 2, 2014 ©2014 Elsevier Inc. 43



between calcineurin and the cardiac L-type Ca2+ channel. Circ. Res. 105,
51-60.

Tang, A.H., Karson, M.A., Nagode, D.A., Mcintosh, J.M., Uebele, V.N., Renger,
J.J., Klugmann, M., Milner, T.A., and Alger, B.E. (2011). Nerve terminal nico-
tinic acetylcholine receptors initiate quantal GABA release from perisomatic
interneurons by activating axonal T-type (Cav3) Ca®* channels and Ca*
release from stores. J. Neurosci. 37, 13546-13561.

Tang, L., Gamal EI-Din, T.M., Payandeh, J., Martinez, G.Q., Heard, T.M., Sche-
uer, T., Zheng, N., and Catterall, W.A. (2014). Structural basis for Ca2+ selec-
tivity of a voltage-gated calcium channel. Nature 505, 56-61.

Tedford, H.W., and Zamponi, G.W. (2006). Direct G protein modulation of Cav2
calcium channels. Pharmacol. Rev. 58, 837-862.

Tesli, M., Skatun, K.C., Ousdal, O.T., Brown, A.A., Thoresen, C., Agartz, |.,
Melle, I., Djurovic, S., Jensen, J., and Andreassen, O.A. (2013). CACNA1C
risk variant and amygdala activity in bipolar disorder, schizophrenia and
healthy controls. PLoS ONE 8, e56970.

Thompson, M.A., Ginty, D.D., Bonni, A., and Greenberg, M.E. (1995). L-type
voltage-sensitive Ca2+ channel activation regulates c-fos transcription at
multiple levels. J. Biol. Chem. 270, 4224-4235.

Tippens, A.L., Pare, J.F., Langwieser, N., Moosmang, S., Milner, T.A., Smith,
Y., and Lee, A. (2008). Ultrastructural evidence for pre- and postsynaptic local-
ization of Cav1.2 L-type Ca2+ channels in the rat hippocampus. J. Comp.
Neurol. 506, 569-583.

Tomita, S., Adesnik, H., Sekiguchi, M., Zhang, W., Wada, K., Howe, J.R.,
Nicoll, R.A., and Bredt, D.S. (2005). Stargazin modulates AMPA receptor
gating and trafficking by distinct domains. Nature 435, 1052-1058.

Tottene, A., Conti, R., Fabbro, A., Vecchia, D., Shapovalova, M., Santello, M.,
van den Maagdenberg, A.M., Ferrari, M.D., and Pietrobon, D. (2009).
Enhanced excitatory transmission at cortical synapses as the basis for facili-
tated spreading depression in Ca(v)2.1 knockin migraine mice. Neuron 67,
762-773.

Ulrich, D., and Huguenard, J.R. (1997). GABA(A)-receptor-mediated rebound
burst firing and burst shunting in thalamus. J. Neurophysiol. 78, 1748-1751.

Urbano, F.J., Piedras-Renteria, E.S., Jun, K., Shin, H.S., Uchitel, O.D., and
Tsien, R.W. (2003). Altered properties of quantal neurotransmitter release at
endplates of mice lacking P/Q-type Ca2+ channels. Proc. Natl. Acad. Sci.
USA 100, 3491-3496.

van den Maagdenberg, A.M., Pietrobon, D., Pizzorusso, T., Kaja, S., Broos,
L.A., Cesetti, T., van de Ven, R.C., Tottene, A., van der Kaa, J., Plomp, J.J.,
et al. (2004). A Cacnala knockin migraine mouse model with increased
susceptibility to cortical spreading depression. Neuron 47, 701-710.

van den Maagdenberg, A.M., Pizzorusso, T., Kaja, S., Terpolilli, N., Shapova-
lova, M., Hoebeek, F.E., Barrett, C.F., Gherardini, L., van de Ven, R.C.,
Todorov, B., et al. (2010). High cortical spreading depression susceptibility
and migraine-associated symptoms in Ca(v)2.1 S218L mice. Ann. Neurol.
67, 85-98.

Van Petegem, F., Clark, K.A., Chatelain, F.C., and Minor, D.L., Jr. (2004). Struc-
ture of a complex between a voltage-gated calcium channel beta-subunit and
an alpha-subunit domain. Nature 429, 671-675.

Van Petegem, F., Chatelain, F.C., and Minor, D.L., Jr. (2005). Insights into
voltage-gated calcium channel regulation from the structure of the CaV1.2
1Q domain-Ca2+/calmodulin complex. Nat. Struct. Mol. Biol. 72, 1108-1115.

Vandael, D.H., Zuccotti, A., Striessnig, J., and Carbone, E. (2012). Ca(V)1.3-
driven SK channel activation regulates pacemaking and spike frequency
adaptation in mouse chromaffin cells. J. Neurosci. 32, 16345-16359.

Vandael, D.H., Mahapatra, S., Calorio, C., Marcantoni, A., and Carbone, E.
(2013). Cav1.3 and Cav1.2 channels of adrenal chromaffin cells: emerging
views on cAMP/cGMP-mediated phosphorylation and role in pacemaking.
Biochim. Biophys. Acta 7828, 1608-1618.

Vitko, I., Chen, Y., Arias, J.M., Shen, Y., Wu, X.R., and Perez-Reyes, E. (2005).
Functional characterization and neuronal modeling of the effects of childhood
absence epilepsy variants of CACNA1H, a T-type calcium channel.
J. Neurosci. 25, 4844-4855.

44 Neuron 82, April 2, 2014 ©2014 Elsevier Inc.

Neuron

Wadel, K., Neher, E., and Sakaba, T. (2007). The coupling between synaptic
vesicles and Ca2+ channels determines fast neurotransmitter release. Neuron
53, 563-575.

Wabhl-Schott, C., Baumann, L., Cuny, H., Eckert, C., Griessmeier, K., and Biel,
M. (2006). Switching off calcium-dependent inactivation in L-type calcium
channels by an autoinhibitory domain. Proc. Natl. Acad. Sci. USA 103,
15657-15662.

Waithe, D., Ferron, L., Page, K.M., Chaggar, K., and Dolphin, A.C. (2011). Beta-
subunits promote the expression of Ca(V)2.2 channels by reducing their
proteasomal degradation. J. Biol. Chem. 286, 9598-9611.

Walsh, C.P., Davies, A., Butcher, A.J., Dolphin, A.C., and Kitmitto, A. (2009a).
Three-dimensional structure of CaV3.1: comparison with the cardiac L-type
voltage-gated calcium channel monomer architecture. J. Biol. Chem. 284,
22310-22321.

Walsh, C.P., Davies, A., Nieto-Rostro, M., Dolphin, A.C., and Kitmitto, A.
(2009b). Labelling of the 3D structure of the cardiac L-type voltage-gated
calcium channel. Channels (Austin) 3, 387-392.

Watase, K., Barrett, C.F., Miyazaki, T., Ishiguro, T., Ishikawa, K., Hu, Y., Unno,
T., Sun, Y., Kasai, S., Watanabe, M., et al. (2008). Spinocerebellar ataxia type 6
knockin mice develop a progressive neuronal dysfunction with age-dependent
accumulation of mutant CaV2.1 channels. Proc. Natl. Acad. Sci. USA 105,
11987-11992.

Weber, A.M., Wong, F.K,, Tufford, A.R., Schlichter, L.C., Matveev, V., and
Stanley, E.F. (2010). N-type Ca2+ channels carry the largest current: implica-
tions for nanodomains and transmitter release. Nat. Neurosci. 13, 1348-1350.

Weiergraber, M., Henry, M., Radhakrishnan, K., Hescheler, J., and Schneider,
T. (2007). Hippocampal seizure resistance and reduced neuronal excitotoxicity
in mice lacking the Cav2.3 E/R-type voltage-gated calcium channel.
J. Neurophysiol. 97, 3660-3669.

Weiss, N., and Zamponi, G.W. (2012). Regulation of voltage-gated calcium
channels by synaptic proteins. Adv. Exp. Med. Biol. 740, 759-775.

Weiss, N., Hameed, S., Fernandez-Fernandez, J.M., Fablet, K., Karmazinova,
M., Poillot, C., Proft, J., Chen, L., Bidaud, |., Monteil, A., et al. (2012). A Ca(v)
3.2/syntaxin-1A signaling complex controls T-type channel activity and low-
threshold exocytosis. J. Biol. Chem. 287, 2810-2818.

Weissgerber, P., Held, B., Bloch, W., Kaestner, L., Chien, K.R., Fleischmann,
B.K., Lipp, P., Flockerzi, V., and Freichel, M. (2006). Reduced cardiac L-type
Ca2+ current in Ca(V)beta2-/- embryos impairs cardiac development and
contraction with secondary defects in vascular maturation. Circ. Res. 99,
749-757.

West, J.W., Patton, D.E., Scheuer, T., Wang, Y., Goldin, A.L., and Catterall,
W.A. (1992). A cluster of hydrophobic amino acid residues required for fast
Na(+)-channel inactivation. Proc. Natl. Acad. Sci. USA 89, 10910-10914.

Wheeler, D.B., Randall, A., and Tsien, R.W. (1994). Roles of N-type and Q-type
Ca2+ channels in supporting hippocampal synaptic transmission. Science
264, 107-111.

Wheeler, D.G., Barrett, C.F., and Tsien, R.W. (2006). L-type calcium channel
ligands block nicotine-induced signaling to CREB by inhibiting nicotinic recep-
tors. Neuropharmacology 57, 27-36.

Wheeler, D.G., Barrett, C.F., Groth, R.D., Safa, P., and Tsien, R.W. (2008).
CaMKIl locally encodes L-type channel activity to signal to nuclear CREB in
excitation-transcription coupling. J. Cell Biol. 183, 849-863.

Wheeler, D.G., Groth, R.D., Ma, H., Barrett, C.F., Owen, S.F., Safa, P., and
Tsien, R.W. (2012). Ca(V)1 and Ca(V)2 channels engage distinct modes of
Ca(2+) signaling to control CREB-dependent gene expression. Cell 749,
1112-1124.

White, J.A., McKinney, B.C., John, M.C., Powers, P.A., Kamp, T.J., and
Murphy, G.G. (2008). Conditional forebrain deletion of the L-type calcium
channel Ca V 1.2 disrupts remote spatial memories in mice. Learn. Mem. 75,
1-5.

Williams, M.E., Brust, P.F., Feldman, D.H., Patthi, S., Simerson, S., Maroufi, A.,
McCue, A.F., Veligelebi, G., Ellis, S.B., and Harpold, M.M. (1992a). Structure
and functional expression of an omega-conotoxin-sensitive human N-type
calcium channel. Science 257, 389-395.



Neuron

Williams, M.E., Feldman, D.H., McCue, A.F., Brenner, R., Velicelebi, G., Ellis,
S.B., and Harpold, M.M. (1992b). Structure and functional expression of alpha
1, alpha 2, and beta subunits of a novel human neuronal calcium channel
subtype. Neuron 8, 71-84.

Wolf, M., Eberhart, A., Glossmann, H., Striessnig, J., and Grigorieff, N. (2003).
Visualization of the domain structure of an L-type Ca2+ channel using electron
cryo-microscopy. J. Mol. Biol. 332, 171-182.

Wong, F.K., and Stanley, E.F. (2010). Rab3a interacting molecule (RIM) and the
tethering of pre-synaptic transmitter release site-associated CaV2.2 calcium
channels. J. Neurochem. 172, 463-473.

Wu, G.Y., Deisseroth, K., and Tsien, R.W. (2001). Activity-dependent CREB
phosphorylation: convergence of a fast, sensitive calmodulin kinase pathway
and a slow, less sensitive mitogen-activated protein kinase pathway. Proc.
Natl. Acad. Sci. USA 98, 2808-2813.

Wu, F., Mi, W., Hernandez-Ochoa, E.Q., Burns, D.K., Fu, Y., Gray, H.F., Struyk,
A.F., Schneider, M.F., and Cannon, S.C. (2012). A calcium channel mutant
mouse model of hypokalemic periodic paralysis. J. Clin. Invest. 122, 4580-
4591.

Wycisk, K.A., Zeitz, C., Feil, S., Wittmer, M., Forster, U., Neidhardt, J.,
Wissinger, B., Zrenner, E., Wilke, R., Kohl, S., and Berger, W. (2006). Mutation
in the auxiliary calcium-channel subunit CACNA2D4 causes autosomal reces-
sive cone dystrophy. Am. J. Hum. Genet. 79, 973-977.

Xu, W., and Lipscombe, D. (2001). Neuronal Ca(V)1.3alpha(1) L-type channels
activate at relatively hyperpolarized membrane potentials and are incom-
pletely inhibited by dihydropyridines. J. Neurosci. 21, 5944-5951.

Xu, X., Lee, Y.J., Holm, J.B., Terry, M.D., Oswald, R.E., and Horne, W.A. (2011).
The Ca2+ channel betadc subunit interacts with heterochromatin protein 1 via
a PXVXL binding motif. J. Biol. Chem. 286, 9677-9687.

Yang, J., Ellinor, P.T., Sather, W.A., Zhang, J.F., and Tsien, R.W. (1993).
Molecular determinants of Ca2+ selectivity and ion permeation in L-type
Ca2+ channels. Nature 366, 158-161.

Yang, P.S., Alseikhan, B.A., Hiel, H., Grant, L., Mori, M.X., Yang, W., Fuchs,
P.A., and Yue, D.T. (2006). Switching of Ca2+-dependent inactivation of

Ca(v)1.3 channels by calcium binding proteins of auditory hair cells.
J. Neurosci. 26, 10677-10689.

Yang, P.S., Johny, M.B., and Yue, D.T. (2014). Allostery in Ca(2+) channel
modulation by calcium-binding proteins. Nat. Chem. Biol. 70, 231-238.

Yasuda, T., Chen, L., Barr, W., McRory, J.E., Lewis, R.J., Adams, D.J., and
Zamponi, G.W. (2004). Auxiliary subunit regulation of high-voltage activated
calcium channels expressed in mammalian cells. Eur. J. Neurosci. 20, 1-13.

Zamponi, G.W. (2003a). Calmodulin lobotomized: novel insights into calcium
regulation of voltage-gated calcium channels. Neuron 39, 879-881.

Zamponi, G.W. (2003b). Regulation of presynaptic calcium channels by synap-
tic proteins. J. Pharmacol. Sci. 92, 79-83.

Zamponi, G.W., Bourinet, E., Nelson, D., Nargeot, J., and Snutch, T.P. (1997).
Crosstalk between G proteins and protein kinase C mediated by the calcium
channel alphal subunit. Nature 385, 442-446.

Zamponi, G.W., Stotz, S.C., Staples, R.J., Andro, T.M., Nelson, J.K., Hulubei,
V., Blumenfeld, A., and Natale, N.R. (2003). Unigue structure-activity relation-
ship for 4-isoxazolyl-1,4-dihydropyridines. J. Med. Chem. 46, 87-96.

Zhang, Y., Mori, M., Burgess, D.L., and Noebels, J.L. (2002). Mutations in high-
voltage-activated calcium channel genes stimulate low-voltage-activated
currents in mouse thalamic relay neurons. J. Neurosci. 22, 6362—-6371.

Zhang, H., Maximov, A., Fu, Y., Xu, F,, Tang, T.S., Tkatch, T., Surmeier, D.J.,
and Bezprozvanny, |. (2005). Association of CaV1.3 L-type calcium channels
with Shank. J. Neurosci. 25, 1037-1049.

Zhang, H., Fu, Y., Altier, C., Platzer, J., Surmeier, D.J., and Bezprozvanny, |.
(2006). Cal.2 and CaV1.3 neuronal L-type calcium channels: differential
targeting and signaling to pCREB. Eur. J. Neurosci. 23, 2297-2310.

Zhang, Y., Yamada, Y., Fan, M., Bangaru, S.D., Lin, B., and Yang, J. (2010).
The beta subunit of voltage-gated Ca2+ channels interacts with and regulates
the activity of a novel isoform of Pax6. J. Biol. Chem. 285, 2527-2536.

Zuhlke, R.D., Pitt, G.S., Deisseroth, K., Tsien, R.W., and Reuter, H. (1999).

Calmodulin supports both inactivation and facilitation of L-type calcium chan-
nels. Nature 399, 159-162.

Neuron 82, April 2, 2014 ©2014 Elsevier Inc. 45



