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Trafficking of Neuronal Calcium 
Channels

Norbert Weiss and Rajesh Khanna

Abstract

Neuronal voltage-gated calcium channels 
(VGCCs) serve a wide range of complex yet 
critical physiological functions by converting 
electrical signals into intracellular calcium 
increase and subsequent activation of down-
stream signaling pathways. The magnitude to 
which VGCCs affect neuronal activities 
largely depends on their density in the plasma 
membrane. Ectopic expression at the cell sur-
face can lead to severe neurological condi-
tions. Hence, numerous efforts have been 
dedicated to identifying the molecular mecha-
nisms underlying the regulation of VGCCs 
which has led to the discovery of several inter-
acting proteins and posttranslational modifica-
tions that contribute to their trafficking to and 
from the plasma membrane. In this chapter, 
we synthesize the current state of knowledge 
of these underlying mechanisms that drive 

the expression of VGCCs at the plasma 
membrane and address their implications in 
pathophysiological circumstances, and their 
potential as therapeutic targets.
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AID alpha-interaction domain
CaM calmodulin
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DRG dorsal root ganglion
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HVA high-voltage-activated
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KO knockout
LVA low-voltage-activated
MIDAS metal ion adhesion
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rack-1 receptor for activated C kinase 1
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RRR triple arginine
SCAMP secretory carrier-associated mem-

brane protein
SNAP soluble NSF attachment protein
SNARE SNAP receptor
UPS ubiquitin-proteasome system
USP ubiquitin-specific protease
VGCC voltage-gated calcium channel
VWA Von Willebrand factor A

 Introduction

Within nerve cells, calcium ions (Ca2+) are 
required for a variety of cellular activities and, 
ultimately, physiological functions (Berridge, 
1998). Much has been learnt about the mecha-
nisms and molecular machinery involved in Ca2+ 
mobilization (Berridge et  al., 2003). Plasma 
membrane voltage-gated Ca2+ channels (VGCCs) 
that convert surface electrical signals into Ca2+ 
influx and subsequent intracellular Ca2+ eleva-
tions support a variety of neuronal functions, 
including synaptic integration, Ca2+-evoked gene 
transcription, and neurotransmitter release 
(Catterall, 2011; Zamponi et al., 2015). VGCCs 
are macromolecular complexes composed of a 
pore-forming Cavα1 subunit and in some circum-
stances several ancillary subunits including Cavβ, 
Cavα2δ, and Cavγ (Zamponi et  al., 2015). Here, 
we refer the readers to chapter “Subunit 
Architecture and Atomic Structure of Voltage 
Gated Ca2+ Channels” by Catterall for more 
details on the diversity, structure, and molecular 
composition of VGCCs.

A multitude of regulatory mechanisms acts on 
VGCCs to ensure that the amplitude, duration, 
and subcellular localization of the Ca2+ signal is 
dynamically controlled. These include regula-
tions by ancillary subunits (chapters “Voltage- 
Gated Calcium Channel Auxiliary β Subunits” by 
Colecraft, and “Regulation of Calcium Channels 
and Synaptic Function by Auxiliary α2δ 
Subunits” by Dolphin and Obermair), G-protein 
coupled receptors and second messengers (chap-
ter “Modulation of VGCCs by G- protein Coupled 
Receptors and Their Second Messengers” by 
Mark et al.), calcium itself (chapter “Calmodulin 

Regulation of Voltage- gated Calcium Channels” 
by Ben-Johny and Dick), formation of signaling 
complexes with other ion channels (chapter 
“Cav3 Calcium Channel Interactions with 
Potassium Channels” by Turner), and mRNA 
editing (chapter “Splicing and Editing to Fine- 
Tune Activity of High Voltage- Activated Calcium 
Channels” by Huang et al.). In this chapter, we 
focus on the molecular mechanisms controlling 
the expression of neuronal VGCCs in the plasma 
membrane. Although these mechanisms are by 
far the least understood, several recent studies 
have identified critical factors and signaling path-
ways that ensure an optimal density of channels 
in the plasma membrane. We look at how to 
channel ancillary subunits and other interacting 
proteins affect channel expression. The impor-
tance of post-translational modifications such as 
glycosylation and ubiquitination in the traffick-
ing and stability of the channel at the cell surface 
is also discussed. Finally, we discuss the implica-
tion of these regulatory systems in the context of 
chronic disorders associated with VGCCs and 
assess their potential as therapeutic targets.

 Regulation of VGCCs by Ancillary 
Subunits

 Cavβ-Subunit

The ancillary Cavβ-subunit belongs to the 
membrane- associated guanylate kinase (GK) 
family of proteins. It contains SH3 and GK 
domains that are substantially conserved among 
Cavβ isoforms (Cavβ1–4) and are linked by a vari-
able HOOK region (Maltez et al., 2005; McGee 
et  al., 2004; Buraei & Yang, 2010). The Cavβ- 
subunit directly binds with high affinity (in vitro 
Kd of about 5  nM) to a conserved motif 
(QQ-E–L–GY–WI–E) known as the alpha- 
interaction domain (AID) within the cytoplasmic 
linker between domains I and II of the Cavα1 sub-
unit of high-voltage-activated (HVA) channels 
(Pragnell et al., 1994) . The initial evidence for a 
role of Cavβ in the expression of VGCCs came 
from co-expression studies in Xenopus oocytes 
and mammalian cells, which revealed a range of 
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effects including an increase in Ca2+ current 
amplitude by orders of magnitude in the presence 
of Cavβ subunits (Singer et al., 1991; Hullin et al., 
1992; Stea et  al., 1993). Conversely, global 
knockdown of Cavβ subunits using a pan oligo-
nucleotide antisense in dorsal root ganglion 
(DRG) neurons resulted in a considerable, albeit 
partial, drop in the Ca2+ current (Berrow et  al., 
1995). In contrast, in cardiomyocytes lacking 
Cavβ2, only a minor decrease in Cav1.2 currents 
was observed (Meissner et al., 2011). While other 
Cavβ isoforms did not appear to have compen-
sated for the lack of Cavβ2, it is a possibility that 
alternative compensatory mechanisms may have 
taken place, therefore, masking the real effect of 
Cavβ2 deficiency on Cav1.2 currents. Despite the 
fact that Cavβ-dependent potentiation of the Ca2+ 
current is multifactorial and partly results from 
an increase in the channel opening probability 
(Wakamori et al., 1999; Jones et al., 1998; Shistik 
et  al., 1995; Luvisetto et  al., 2004; Colecraft 
et al., 2002), a role in the trafficking of Cavα1 to 
the cell surface quickly emerged as one of the 
major underlying mechanisms. Hence, based on 
the finding that a CD8 fusion construct contain-
ing the I-II linker of Cav2.1 is retained in the 
endoplasmic reticulum (ER) unless co-expressed 
with a Cavβ-subunit prompted the authors to pro-
pose that Cavβ could shield an ER retention sig-
nal within the I-II linker of Cavα1 thus enhancing 
the sorting of the channel to the plasma mem-
brane (Bichet et al., 2000). However, several sub-
sequent studies cast doubt on this hypothesis. 
First, no ER retention signal was found in the 
AID or adjacent areas, and removal of the AID 
domain in Cav2.1 failed to potentiate the expres-
sion of the channel at the cell surface (Maltez 
et al., 2005). Second, despite harboring the AID 
motif, not all fusion proteins containing the I-II 
linkers from diverse HVA Cavα1 are retained in 
the ER (Cornet et al., 2002; Altier et al., 2011). 
Third, replacing the I-II linker of Cav3.1 (which 
does not require the presence of Cavβ to translo-
cate to the cell surface) with the I-II linker of dif-
ferent HVA Cavα1 including Cav1.2, Cav2.1, and 
Cav2.2 did not result in the ER retention of the 
chimeric Cav3.1channel but in contrast resulted 
in an increase of the T-type current (Arias et al., 

2005; Fang & Colecraft, 2011). This effect was 
further evaluated in an elegant study where 
Cav3.1 intracellular linkers were sequentially 
swapped with corresponding regions of Cav1.2 
and surface expression of chimeric Cav3.1 was 
assessed in the presence of Cavβ (Fang & 
Colecraft, 2011). In contrast to initial observa-
tions, this study suggested that the I-II linker of 
Cav1.2 may rather contain an ER “export-like” 
signal. In an attempt to reconcile these contradic-
tory findings, it was postulated that binding of 
Cavβ onto Cavα1 could restructure the molecular 
organization of intracellular linkers rendering the 
channel more “willing” to exit the ER. In addi-
tion, several more recent studies have shown that 
Cavβ plays an important role in regulating 
proteasome- dependent degradation of the chan-
nel. This aspect is expanded below in the section 
dealing with the regulation of VGCCs by the 
ubiquitin-proteasome system.

Overall, these data suggest that Cavβ repre-
sents an important factor for the expression of the 
channel at the cell surface, on the one hand by 
potentiating the sorting of Cavα1 from the ER, 
and on the other hand by protecting Cavα1 from 
proteasomal degradation. Further research is 
needed to determine whether these two mecha-
nisms are independent or related. However, one 
possibility is that a pool of channels may sit dor-
mant in the ER, protected from degradation, and 
readily available to translocate to the cell surface 
in response to appropriate stimuli.

 Cavα2δ-Subunit

The Cavα2δ subunit is an extracellular component 
of the VGCC complex that contributes to the sur-
face expression and pharmacological regulation 
of HVA Cavα1 (Dolphin, 2013; Geisler et  al., 
2015; Mould et  al., 2004). Each of the four 
Cavα2δ isoforms (Cavα2δ1-4) is transcribed and 
translated from a single gene and goes through a 
series of post-translational modifications (see 
also chapter “Regulation of Calcium Channels 
and Synaptic Function by Auxiliary α2δ 
Subunits” by Dolphin and Obermair). Proteolytic 
cleavage of Cavα2δ produces α2 and δ peptides 
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that remain linked together by disulfide bonds. 
Second, a glycosylphosphatidylinositol (GPI) 
moiety is attached to the C-terminal region of the 
δ peptide which allows for the anchoring of 
Cavα2δ to the plasma membrane after it has been 
secreted (Davies et  al., 2010). Third, Cavα2δ 
undergoes extensive glycosylation which 
accounts for almost a third of its total molecular 
weight (the importance of Cavα2δ glycosylation 
in the expression of Cavα1 is discussed in the sec-
tion related to glycosylation) (Marais et  al., 
2001). A Von Willebrand factor A (VWF-A or 
VWA) domain is found in all Cavα2δ subunits and 
represents a dinucleotide binding fold with a 
metal ion adhesion (MIDAS) motif that is 
involved in several divalent cation interactions 
(Whittaker & Hynes, 2002). Two bacterial 
chemosensory- like domains (Cache) are also 
found downstream of the VWA domain 
(Anantharaman & Aravind, 2000). Cavα2δ is 
found in skeletal (Takahashi et al., 1987), cardiac 
(Chang & Hosey, 1988), and neuronal channel 
complexes (Witcher et al., 1993; Liu et al., 1996), 
and all HVA channels are predicted to bind to 
Cavα2δ. In co-expression studies as well as in 
native preparations, Cavα2δ boosts surface 
expression of several HVA Cavα1 isoforms includ-
ing Cav1.2 (Shistik et al., 1995; Felix et al., 1997; 
Gao et  al., 2000a; Yasuda et  al., 2004), Cav2.1 
(Yasuda et  al., 2004; Barclay et  al., 2001; 
Brodbeck et al., 2002; Cantí et al., 2005; Davies 
et  al., 2006), and Cav2.2 (Gao et  al., 2000a; 
Yasuda et al., 2004; Cantí et al., 2005; Hendrich 
et al., 2008), while this effect is less pronounced 
for Cav2.3 (Jones et al., 1998; Qin et al., 1998). In 
addition, Cavα2δ appears to slow down the inter-
nalization of the channels from the cell surface 
(Bernstein & Jones, 2007). The exact molecular 
mechanism by which Cavα2δ potentiates HVA 
Cavα1 surface expression is still unknown. The 
MIDAS motif in the VWA domain of Cavα2δ1 and 
Cavα2δ2 has been shown to be important in medi-
ating this process (Cantí et  al., 2005; Hoppa 
et  al., 2012). Given that the VWA domain is 
engaged in protein–protein interactions, it is pos-
sible that Cavα2δ interacts with proteins involved 
in channel trafficking, or directly with Cavα1 to 

promote the trafficking of the channel complex. 
The cryo-EM structure of the skeletal muscle 
Cav1.1 channel complex [61] supports this notion 
by shedding information on the molecular deter-
minants involved in Cavα2δ/Cavα1 interaction. In 
this structure, Cavα2δ interacts with the extracel-
lular loops of domains I to III of Cavα1 via VWA 
and Cache1 domains, which is consistent with 
prior biochemical investigations (Gurnett et  al., 
1997). Furthermore, there is pharmacological 
evidence for the role of Cavα2δ/Cavα1 interaction 
in the trafficking of HVA channels. For instance, 
the antiepileptic/antiallodynic drugs gabapentin 
and pregabalin (Field et al., 2007; Taylor et al., 
2007; Moore et  al., 2014) target Cavα2δ (Gee 
et  al., 1996; Gong et  al., 2001; Brown & Gee, 
1998; Wang et  al., 1999) not only prevent the 
trafficking of Cav2.1 and Cav2.2 to the cell sur-
face (Hendrich et  al., 2008) but also counteract 
the pathological increased expression of Cav2.2 
that occurs during chronic pain conditions (Bauer 
et  al., 2009). Gabapentin also inhibits rab11- 
dependent recycling of Cavα2δ2 from post-Golgi 
compartments to the cell surface which may in 
turn diminish cell surface expression of the chan-
nel complex (Tran-Van-Minh & Dolphin, 2010). 
Furthermore, the ability of Cavα2δ to enhance 
surface expression of the channel is abolished by 
mutation of the third arginine in the RRR motif 
(involved in the binding of gabapentinoids) 
located upstream of the VWA domain, suggesting 
that Cavα2δ-dependent expression of the channel 
relies on the coupling with Cavα1, and that gaba-
pentinoid drugs exert their effect by disrupting 
Cavα1/Cavα2δ interaction (Hendrich et al., 2008; 
Field et al., 2006).

Overall, there is unequivocal evidence that 
Cavα2δ is required for the trafficking and surface 
expression of HVA channels. However, and 
despite the fact that a biochemical contact 
between Cavα2δ and the Cavα1 appears to be 
essential, the cellular mechanism by which the 
Cavα1/Cavα2δ protein complex traffics to the cell 
surface and whether ER retention signals are 
involved in this regulation are yet to be fully 
elucidated.
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 Cavγ-Subunit

The Cavγ-subunit is a transmembrane protein that 
was first identified as a component of the skeletal 
muscle channel complex (Takahashi et al., 1987), 
but it was later shown that nerve cells also express 
multiple Cavγ isoforms. To date, eight mamma-
lian isoforms (Cavγ1–8) have been identified, 
although compared to Cavβ- and Cavα2δ-subunits, 
the Cavγ-subunit has received little attention, 
owing to its reportedly minor effect on recombi-
nant channels expressed in Xenopus oocytes and 
mammalian cells (Klugbauer et al., 2000; Rousset 
et al., 2001; Green et al., 2001; Kang et al., 2001; 
Moss et al., 2003; Black, 2003). However, there 
is evidence that Cavγ plays a role in modulating 
native channels. Indeed, in the stargazer mouse 
model of absence seizures where the expression 
of Cavγ2 is severely reduced due to a transposon 
insertion in the corresponding gene (Letts, 2005; 
Letts et al., 1998, 2003; Sharp et al., 2001), the 
current density of both HVA and LVA channels in 
thalamocortical relay nuclei is enhanced (Zhang 
et al., 2002). In vitro investigations, on the other 
hand, tend to point to a direct modification of 
channel activity rather than a change in channel 
trafficking (Moss et  al., 2002). While co- 
expression of Cavγ7 with recombinant Cav2.2 
reduced the Ca2+ conductance, this effect was not 
associated with a decreased channel expression 
in the plasma membrane. Similarly, the expres-
sion of Cavγ6 in an atrial cell line reduced Cav3.1 
currents without altering the expression of the 
channel at the cell surface (Hansen et al., 2004; 
Lin et al., 2008; Chen & Best, 2009). In the star-
gazer mouse model, however, altered trafficking 
of AMPA receptors from the Golgi apparatus to 
the plasma membrane was observed, demonstrat-
ing that Cavγ2 is required for surface expression 
and postsynaptic targeting of the receptor (Chen 
et  al., 2000; Tomita et  al., 2004). In addition, 
Cavγ4 which presents a high degree of homology 
with Cavγ2 is significantly more effective at traf-
ficking AMPA receptors (Körber et  al., 2007). 
Hence, neuronal Cavγ subunits appear to be a 
major element of AMPA and kainate receptors 
rather than having a primary role in the regula-
tion of VGCCs.

 Regulation of VGCCs by Other 
Interacting Proteins

 Calmodulin

Calmodulin (CaM) is a multifunctional interme-
diate Ca2+-binding protein that is necessary for 
neuronal signaling (Xia & Storm, 2005). CaM 
associates with nearly all HVA Cavα1 which has 
led to the notion that CaM should be considered 
as an intrinsic component of the Ca2+ channel 
complex per se, prompting some scientists to 
coin the term “calmodulation” to describe any 
CaM-dependent ion channel regulation (Xia & 
Storm, 2005). Over the last few years, the multi-
dimensional regulation of VGCCs by CaM has 
been widely explored (Ben-Johny & Yue, 2014; 
Ben-Johny et  al., 2015; Soong & Mori, 2016). 
Here, we concentrate solely on its involvement in 
the trafficking of the channel. Although several 
domains located in the C-terminal region of HVA 
Cavα1 have been shown to be involved in the 
binding of Ca2+/CaM, the IQ domain has emerged 
as a prerequisite for the binding of Ca2+ free Apo- 
CaM. However, the exact involvement of CaM in 
the trafficking of Cavα1 remains contentious. 
Indeed, CaM has no influence on the surface 
expression of recombinant Cav1.2  in HEK-293 
cells regardless of the presence or absence of 
ancillary Cav subunits (Bourdin et  al., 2010). 
However, the removal of the Pre-IQ3 region 
located upstream of the IQ domain and crucial 
for the binding of Ca2+/CaM totally abolished the 
surface expression of Cav1.2 (Gao et al., 2000b). 
Moreover, expression of Cav1.2  in distal den-
drites of hippocampal neurons is increased by 
Ca2+/CaM but not by Apo-CaM, indicating that 
CaM plays a role in the subcellular targeting of 
the channel (Brunet et  al., 2005). Moreover, 
mutations in the EF-hand domain of Cav1.2 chan-
nels have been shown to alter the Ca2+ conduc-
tance in a variety of experimental conditions 
(Dolmetsch et  al., 2001; Peterson et  al., 2000; 
Bernatchez et  al., 1998). Although these altera-
tions undoubtedly arose, at least partly, from the 
effect of CaM on the gating of the channel, it is 
also a possibility that CaM-dependent trafficking 
of the channel was impeded (Brunet et al., 2005, 
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2009). In addition to the CaM-binding domains 
in the C-terminal region, Cav1.2 contains two 
additional CaM binding loci within the N-terminal 
domain that are not present in Cav2.x channels 
(Benmocha et al., 2009; Dick et al., 2008; Simms 
et al., 2014). However, there is no evidence that 
these loci play a role in the trafficking of the 
channel. In contrast, a CaM kinase II (CaMKII) 
binding domain is located in the N-terminal 
region of Cav1.2 and plays a critical role in the 
expression of the channel at the cell surface 
(Simms et  al., 2015). It remains to be seen 
whether there is any regulatory cross-talk 
between Ca2+/CaM and CaMKII binding. It is 
worth noting that many studies looking into the 
role of CaM and/or CaMKII interactions rely on 
point mutations in the key binding regions of 
Cavα1. In that regard, it is crucial to consider the 
likelihood that these mutations may have broader 
effects on channel folding and/or trafficking 
when evaluating functional data acquired with 
mutant constructs. Nonetheless, these findings 
suggest that Ca2+/CaM may play a role in regulat-
ing the trafficking of VGCCs although the under-
lying mechanisms are yet to be established.

 Collapsin Response Mediator 
Proteins

Collapsin response mediator protein 2, or 
CRMP2, is the protein product of the gene 
Dihydropyrimidinase-related protein 2 (Dpysl2) 
found on chromosome 8p21, which is also known 
by the alternative names TOAD64/ULIP-2/Unc- 
33- like phosphoprotein (Khanna et  al., 2012). 
The homolog of CRMP2  in C. elegans, unc33, 
was first identified in a screen for mutations in 
genes relating to axonal outgrowth (Hedgecock 
et  al., 1985). The functional effects of CRMP2 
were first explored using Xenopus laevis oocytes, 
where inward currents in response to the extra-
cellular application of what was then called col-
lapsin were first recorded. These currents were 
blocked with intracellular administration of an 
anti-CRMP2 antibody, which pointed to an intra-
cellular protein that mediated the downstream 
action of collapsin binding (Hedgecock et  al., 
1985; Strittmatter et al., 1995). From these stud-

ies, we learned that CRMP2 is a cytosolic phos-
phoprotein of approximately 63  kDa that 
mediates semaphorin 3a (collapsin) induced axo-
nal growth cone collapse. This protein is 
expressed highly during development where it 
plays a pivotal role in the neurite fate determina-
tion and axonogenesis (Inagaki et  al., 2001; 
Quach et  al., 2004). As a microtubule-binding 
protein, it is intimately involved in the control of 
the cytoskeletal network and the transport of 
cargo along with this network (Gu & Ihara, 2000; 
Fukata et al., 2002). Specifically, CRMP2 binds 
tubulin heterodimers and promotes assembly at 
the microtubule plus end, which is thought to sta-
bilize growing microtubule networks during neu-
ronal polarization (Gu & Ihara, 2000). 
Overexpression of CRMP2 causes neurons to 
develop multiple axons-like neurites, which 
highlights the importance of CRMP2 for proper 
neuronal development and assembly of neuronal 
networks (Yoshimura et al., 2006). In addition to 
its binding of microtubules, CRMP2 has also 
been associated with the actin regulatory protein 
Rac1-associated protein 1 (Sra-1)/WASP family 
verprolin-homologous protein 1 (WAVE1), 
where it mediates the transport of this protein to 
the developing axon through an interaction with 
the light chain of kinesin −1 (Kawano et  al., 
2005). Loss of CRMP2 and kinesin-1 delocalized 
Sra-1 and WAVE1 away from the axonal growth 
cone, which suggests that CRMP2 transports the 
Sra-1/WAVE1 complex to the distal axonal com-
partment in a kinesin-1 dependent fashion. 
Furthermore, CRMP2 has been linked to the reg-
ulation of trafficking events via its association 
with dynein motors, where it functions to connect 
endocytic regulatory elements with target pro-
teins (Rahajeng et al., 2010). These findings point 
toward the involvement of CRMP2 in cytoskele-
tal dynamics and therefore its potential involve-
ment in channel internalization, which relies 
upon cytoskeletal anchoring proteins.

CRMP2 is a single member of a larger group 
of proteins, including CRMPs 1–5, that all share 
homology with the dihydropyrimidinase (DHP) 
enzyme but lack the DHP catalytic site. These 
homologous proteins are expressed throughout 
the nervous system with developmental regula-
tion of their expression profile controlling neuro-
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nal patterning (Wang & Strittmatter, 1996). There 
is significant homology between the members of 
the CRMP protein family and there is speculation 
that these proteins can form heterotetrameric 
complexes (Wang & Strittmatter, 1997; 
Ponnusamy & Lohkamp, 2013). They have com-
plementary roles in the formation of neuronal 
processes, with CRMP2 controlling the  formation 
of axonal processes, while its complementary 
partner CRMP3 is found at higher levels in den-
dritic compartments (Quach et  al., 2008). After 
birth, the levels of CRMP2 expression drop dra-
matically, however expression is still retained in 
neural tissues, such as in dorsal root ganglia and 
the hippocampus. This evidence points to 
CRMP2, and the CRMP family in general, as 
critical mediators of neuronal assembly, which 
could potentially be targeted to control the excit-
ability of neuronal networks.

All CRMP proteins are developmentally regu-
lated with high expression during embryogenesis 
that peaks during the first postnatal week of life 
followed by steep downregulation in adulthood 
(Minturn et al., 1995b). Despite the common pat-
tern, each CRMP protein has unique profiles of 
expression that are distinct. For example, while 
the expression of other CRMP proteins becomes 
weaker in adulthood, the expression level of 
CRMP2 remains relatively high. An example of 
the distinct expression profiles can be found in 
the external granule layer of the cerebellum, 
where CRMP2 is expressed but CRMP5 is never 
observed (Wang & Strittmatter, 1996). However, 
these two proteins do co-express in the internal 
granule layers of the cerebellum and are present 
in the fasciculi of neuronal fibers (Ricard et al., 
2001). CRMP2 is the most highly expressed 
CRMP in the adult brain, found most often in 
post-mitotic neurons, and is expressed in the 
olfactory system, cerebellum, hippocampus, and 
spinal dorsal horn (Veyrac et  al., 2005). Early 
studies showed that despite downregulation in 
adulthood after most axonal pathfinding is com-
plete, CRMP2 expression is enhanced following 
axotomy of the sciatic nerve, which has implica-
tions for CRMP2 in the development of pain fol-
lowing nerve injury (Minturn et  al., 1995a). In 
the hippocampus, CRMP2 expression remains 
abundant after maturation where it has been dem-

onstrated to participate in the formation of synap-
tic connections (Nishimura et  al., 2003). Since 
CRMP2 has an essential role in the regulation of 
the axonal growth cone, which is a highly spe-
cialized sensory apparatus for detecting external 
growth cues, it is reasonable to speculate that 
CRMP2 could serve a similar role in the special-
ized nociceptive sensory apparatus found in pri-
mary sensory neurons.

In addition to the established roles in regulat-
ing neuronal polarization during development, 
recent evidence has pointed to an important role 
for CRMP2  in regulating the trafficking of ion 
channels. Previous work has provided a post- 
translational modification code that directs 
CRMP2 toward different cellular functions, as 
outlined above. Since CRMP2 is primarily a syn-
aptic protein, it is logical to conclude that once 
the nervous system has developed and the role of 
CRMP2  in determining neuronal polarity is no 
longer necessary, this protein could be reoriented 
toward the regulation of other synaptic events, 
such as neurotransmitter release and electrogen-
esis. At synapses, the release of neurotransmitters 
is driven by the opening of calcium channels that 
allow calcium ions into the cytoplasm, which 
triggers the fusion of vesicles and the release of 
neurotransmitters into the synaptic cleft (Kavalali, 
2015). The voltage-gated calcium channel sub-
type Cav2.2 is a primary contributor to the flow of 
calcium ions across the membrane that triggers 
transmitter release in nociceptive synapses 
(Castiglioni et al., 2006). A connection between 
CRMP2 and the regulation of Cav2.2 channels 
was identified through phosphorylation of 
CRMP2 at Ser522 by the kinase Cdk5 (Brittain 
et  al., 2012). Normally, this phosphorylation 
event is thought to inactivate CRMP2 but investi-
gation of this regulatory event in primary sensory 
neurons revealed that it is instead a switch for 
directing the affinity of CRMP2 away from its 
function involving microtubules and toward a 
role in regulating protein interactions. The asso-
ciation between CRMP2 and Cav2.2 was first 
identified in a screen for Cav2.2 interacting part-
ners, which was followed up by a confirmatory 
study that demonstrated CRMP2 and Cav2.2 
associate to form a complex (Khanna et al., 2007; 
Brittain et  al., 2009). The interaction was con-
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firmed using a short 15 amino acid peptide 
derived from the Cav2.2 channel that was modi-
fied with a TAT domain (HIV-derived transacti-
vator of transcription), which allows the peptide 
to become cell penetrant. When primary sensory 
neurons were treated with this peptide a 
 significant reduction in Cav2.2 current density 
was observed in conjunction with reduced neu-
rotransmitter release and impaired neurotrans-
mission in vitro and in vivo (Brittain et al., 2011). 
Furthermore, Cav2.2 localization in the mem-
brane was impaired and nociceptive responses to 
formalin treatment were significantly reduced. 
Altogether, these findings implicate CRMP2  in 
the surface trafficking of Cav2.2 and point toward 
the relevance of this finding as a potential thera-
peutic avenue for treating chronic pain.

 Stac Adaptor Proteins

The functional role of Stac adaptor proteins is 
still not well characterized (Suzuki et al., 1996). 
Stacs are a family of SH3 and cysteine-rich 
domain-containing proteins. Stac1 and Stac2 are 
broadly distributed in the peripheral and central 
nervous systems, while Stac3 is mostly expressed 
in the skeletal muscle (Legha et al., 2010). Initial 
studies on the role of Stac3 in the assembly and 
function of the excitation–contraction coupling 
machinery (Cav1.1/RyR1), as well as in the 
development of skeletal muscles have shed light 
on their potential role in the regulation of VGCCs 
(Horstick et al., 2013; Nelson et al., 2013; Bower 
et  al., 2012; Polster et  al., 2016). Hence, Stac3 
was found to play a role in the trafficking of 
recombinant Cav1.1 channels to the cell surface 
(Polster et al., 2015; Weiss, 2015). These findings 
led to studies investigating whether Stac proteins 
could also have a role in the expression of neuro-
nal VGCCs, particularly T-type channels. In vitro 
studies revealed that Stac1 binds to the distal 
region of the N-terminus of Cav3.2 channels and 
potentiates T-type currents in tsA-201 cells 
(Rzhepetskyy et al., 2016). Although Stac1 had 
no effect on the gating properties of Cav3.2, it did 
increase surface expression of Cav3.2 implying 
that the increased T-type conductance was mostly 

due to an increased channel expression at the 
plasma membrane. It remains to be seen whether 
Stac1 enhances Cav3.2 trafficking to the cell sur-
face or stabilizes the channel in the plasma mem-
brane (Iftinca & Altier, 2017).

 Kelch-like 1

Kelch-like 1 (KLHL1) is a member of the actin- 
organizing protein family. It is expressed mostly 
in neural tissues and interacts with actin. When 
recombinant Cav2.1, Cav3.1, and Cav3.2 were 
co- expressed with KLHL1 in tsA-201 cells, the 
Ca2+ conductance was increased (Aromolaran 
et al., 2009, 2010). This effect was investigated 
further for Cav3.1 and Cav3.2 channels and was 
found to be attributable to an enhanced channel 
expression at the plasma membrane. In addition, 
KLHL1 can be immunoprecipitated with the 
channels, although the detailed molecular deter-
minants of the interaction have yet to be identi-
fied. Furthermore, whereas pharmacological 
disruption of actin filaments did not impair 
T-type channel activity per se, it did reduce 
KLHL1-dependent channel potentiation 
(Aromolaran et al., 2009). Similar findings were 
made when endosomal recycling was disrupted, 
implying that KLHL1 promotes T-type channel 
surface expression by potentiating their re-
insertion into the plasma membrane from recy-
cling endosomes (Aromolaran et al., 2009). The 
observation that shRNA knock-down of 
KLHL1  in cultured hippocampal neurons 
caused a dramatic decrease of both HVA and 
LVA Ca2+ currents further supports the role of 
KLHL1 in the expression of VGCCs (Perissinotti 
et al., 2014b). Moreover, hippocampal neurons 
isolated from KLHL1 knock-out mice show 
decreased expression of Cav2.1 and Cav3.2 
(Perissinotti et  al., 2014a). Interestingly, this 
alteration appears to be counterbalanced by the 
upregulation of Cav1.2 and Cav3.1 indicating the 
occurrence of compensatory mechanisms. 
Nonetheless, and consistent with the presynap-
tic role of Cav2.1 and Cav3.2 channels, the syn-
aptic activity of KLHL1−/− neurons remained 
altered (Perissinotti et al., 2014a).
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Overall, these findings highlight the role of 
KLHL1 and actin-binding proteins in the expres-
sion of VGCCs at the cell surface. It remains to 
be seen whether this regulation involves any of 
the channel molecular factors involved in their 
trafficking.

 Calnexin

Calnexin is a type I endoplasmic reticulum inte-
gral membrane protein and molecular chaperone 
involved in the folding, quality control, and sort-
ing of newly-synthetized (glycol)proteins 
(Ellgaard & Helenius, 2003). Consistent with the 
observation that T-type Ca2+ channels undergo 
asparagine-linked glycosylation (see next sec-
tion), it was shown that calnexin binds to and 
modulates the trafficking of Cav3.2 channels to 
the cell surface (Proft et al., 2017). This interac-
tion relies on the binding of calnexin onto the 
III-IV linker of the channel to retain the channel 
in the ER, therefore, limiting its expression in the 
plasma membrane. Importantly, this effect is 
more pronounced for exon 25-containing Cav3.2 
channels indicating that calnexin-dependent 
expression of Cav3.2 can be further modulated by 
alternative splicing of Cav3.2 III-IV linker. Along 
these lines, the GAERS mutation in the Cacna1H 
gene located in the III-IV linker of Cav3.2 and 
responsible for seizure-like behavior in the 
GAERS model of absence epilepsy disrupts 
calnexin- dependent regulation of channel leading 
to an increased expression of the channel at the 
plasma membrane (Proft et al., 2017).

Altogether, these data indicate that calnexin is 
an important determinant limiting the expression 
of Cav3.2 channels at the cell surface, a mecha-
nism that may have important pathophysiological 
implications.

 Secretory Carrier-Associated 
Membrane Proteins

Secretory carrier-associated membrane proteins 
(SCAMPs) are a family of integral membrane 
proteins found mostly in the trans-Golgi network 

and recycling endosome membranes, where they 
regulate vesicular trafficking and recycling 
(Castle & Castle, 2005). Of the five known mam-
malian SCAMPs, SCAMP2 is ubiquitously 
expressed and several reports have documented 
the role of SCAMP2  in the expression of ion 
channels and transporters including the sero-
tonin transporter (Müller et al., 2006), the Na+/
H+ exchanger (Diering et al., 2009), the NKCC2 
cotransporter (Zaarour et  al., 2011), and the 
dopamine transporter (Fjorback et  al., 2011). 
Recently, we have shown that SCAMP2 also 
plays an important role in the trafficking of 
T-type Ca2+ channels at the plasma membrane. 
For instance, we reported that SCAMP2 inter-
acts with Cav3.2 and co-expression of 
SCAMP2  in tsA-201 cells expressing recombi-
nant Cav3.1, Cav3.2, or Cav3.3 channels resulted 
in an almost complete reduction in whole cell 
T-type current and intramembrane charge move-
ment, indicating that SCAMP2 negatively regu-
lates the trafficking of the channels to the cell 
surface (Cmarko et al., 2022).

 Receptor for Activated C kinase 1

Receptor for activated C kinase 1 (Rack-1) is a 
member of the tryptophan-aspartate repeat 
(WD-repeat) family of proteins and represents 
an important adaptor protein to (1) shuttle bind-
ing partners to intracellular sites and (2) modu-
late the enzymatic activity of its binding partners 
(Adams et al., 2011). Recently, it was reported 
that Rack-1 forms a molecular complex with 
Cav3.2 channels and co-expression of Rack-1 in 
tsA-201 cells expressing recombinant Cav3.2 
led to a reduction in the magnitude of the whole-
cell Ca2+ conductance and expression of the 
channel at the cell surface (Gandini et al., 2021). 
Interestingly, the effect was abolished upon co- 
expression of PKCβII suggesting that Rack-1 
regulates Cav3.2 channels in a PKC-dependent 
manner.
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 Regulation of VGCCs by 
Posttranslational Modifications

 Ubiquitination

The ubiquitin-proteasome system (UPS) plays an 
essential role in the degradation of VGCCs in a 
ubiquitin-dependent manner, allowing the 
removal of channels expressed at the cell surface 
(Felix & Weiss, 2017). Ubiquitination is the 
 process of attaching a ubiquitin moiety to a pro-
tein by a ubiquitin ligase, which determines the 
destiny of the target protein (Hershko & 
Ciechanover, 1998). Polyubiquitinated proteins 
are targeted to the proteasome system for prote-
olysis, whereas monoubiquitinated proteins are 
frequently internalized and either degraded in 
lysosomes or recycled back to the plasma mem-
brane. Although ubiquitination is a common 
means of controlling protein destiny, it was only 
recently discovered that VGCCs are ubiquiti-
nated. For example, the ubiquitin ligase RFP2 
ubiquitinates Cav1.2 channels, and ubiquitinated 
channels interact with key proteins of the endo-
plasmic reticulum-associated protein degradation 
(ERAD) complex, such as derlin-1 and p97, 
which in turn triggers the targeting of the channel 
to the proteasome system (Altier et al., 2011). In 
cells expressing a dominant- negative RFP2 con-
struct, the Ca2+ current density and surface 
expression of Cav1.2 channels is dramatically 
increased (Altier et al., 2011). Furthermore, the 
Cavβ-subunit has been shown to prevent RFP2-
mediated ubiquitination of Cav1.2, preventing the 
channel from being degraded by the proteasome 
system (Altier et al., 2011). Likewise, the protea-
some inhibitor MG132 partially restores surface 
expression of the channel in the absence of Cavβ. 
According to other reports, Cav1.2 channels can 
be ubiquitinated by the ubiquitin ligase Nedd4-1 
(Rougier et al., 2011), which can be counteracted 
by the ubiquitin-specific protease (USP) 2-45 
(Rougier et al., 2015). Despite the fact that USP2-
45 may deubiquitinate the channel, Ca2+ currents 
were drastically reduced in tsA-201 cells express-
ing Cav1.2 with USP2-45, implying a more com-
plex regulatory mechanism (Rougier et al., 2015). 
Cav2.2 channel ubiquitination has also been 
described, a process that the Cavβ-subunit modu-

lates as part of its protective function (Waithe 
et  al., 2011; Page et  al., 2016). Cav2.2 has also 
been shown to interact with a macromolecular 
complex involving the microtubule-associated 
protein 1B (MAP 1B) light chain 1 subunit (LC1) 
and the ubiquitin conjugase UBE2L3 to modu-
late the expression of the channel at the cell sur-
face (Gandini et  al., 2014a, b). Furthermore, 
binding of the fragile X mental retardation pro-
tein (FMRP) to Cav2.2 enhances proteasome- 
dependent degradation of the channel, a 
mechanism that is deficient in fragile X syndrome 
(Macabuag & Dolphin, 2015). In addition, alter-
native splicing of the pre-mRNA influences 
ubiquitin- dependent degradation of the channel. 
For instance, exon 37b-containing Cav2.2 chan-
nels exhibit higher ubiquitination levels than 
exon 37a-containing channels and is associated 
with a lower expression of the channel 
(Marangoudakis et al., 2012). Because nocicep-
tors exhibit cell-specific alternative splicing of 
exon 37a, reduced ubiquitination of Cav2.2 e37a 
could have significant implications for pain pro-
cessing. The fact that the adaptor protein com-
plex- 1 (AP-1) potentiates the trafficking of 
Cav2.2 e37a channels from the trans-Golgi to the 
cell surface, but not of the e37b variant that lacks 
the AP-1 binding motif, may amplify this effect 
(Macabuag & Dolphin, 2015). Along these lines, 
ubiquitination of Cav3.2 channels has been shown 
to be an important mechanism for modulating 
pain signaling in primary afferent nociceptive 
neurons. For example, the ubiquitin ligase WWP1 
ubiquitinates Cav3.2 channels within the III-IV 
linker, whereas the ubiquitin protease USP5 
removes ubiquitin moieties, thus influencing the 
ubiquitination/deubiquitination levels of the 
channel and its expression at the cell surface 
(García-Caballero et  al., 2014). Furthermore, 
in vivo suppression of USP5 caused analgesia in 
both inflammatory and neuropathic rodent pain 
models of mechanical hypersensitivity, confirm-
ing the importance of Cav3.2 channels in pain 
signaling (García-Caballero et  al., 2014). 
Importantly, analgesia was induced in  vivo by 
disrupting the Cav3.2/USP5 interaction with 
interfering peptides or small organic molecules, 
revealing the therapeutic potential of targeting 
ubiquitination signaling as a new analgesic ave-
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nue (Garcia-Caballero et al., 2016; Gadotti et al., 
2015). Taken together, these findings strongly 
support the role of the UPS in the regulation of 
VGCC expression. While the pore-forming Cavα1 
subunit has received the most attention, Cav ancil-
lary subunits are likely to be ubiquitinated as 
well, providing an extra degree of control over 
the expression of the channel complex.

 Glycosylation

Another post-translational modification is known 
to be important for the expression and regulation 
of ion channels in general, and VGCCs in partic-
ular is asparagine (N)-linked glycosylation 
(Lazniewska & Weiss, 2014, 2017). The orches-
trated enzymatic conjugation of an oligosaccha-
ride tree (glycan) to an asparagine (N) residue in 
a consensus motif N-X-S/T (X being any residue, 
though the nature of this residue strongly influ-
ences the probability of glycosylation) within the 
target protein is referred to as N-glycosylation. 
While the involvement of N-glycosylation in the 
folding and ER quality control of nascent pro-
teins has received a lot of attention, the impor-
tance of N-glycosylation in the trafficking and 
stability of VGCCs at the plasma membrane has 
also been documented. Virtually all ten Cavα1- 
subunits are subject to N-glycosylation, and 
pharmacological or molecular disruption of 
canonical glycosylation sites in Cavα1 has 
revealed the relevance of the glycan tree in the 
trafficking of the channel. For example, disrupt-
ing Cav1.2 glycosylation in Xenopus oocytes 
resulted in a significant drop in the surface 
expression of the channel (Park et  al., 2015). 
There is also biochemical evidence for glycosyl-
ation of the skeletal channel homolog Cav1.1, but 
no functional data has been published yet (Wang 
et al., 2004). T-type channels have seen the most 
complete characterization so far. Biochemical 
studies of Cav3.1 and Cav3.3 provided the first 
evidence for T-type channel glycosylation. While 
the apparent molecular weight of Cav3.1 and 
Cav3.3 varies with their regional brain expression 
and during neuronal development (Yunker et al., 
2003), enzymatic deglycosylation of the chan-
nels with PNGase F was enough to eliminate 

these differences, implying that Cav3.1 and 
Cav3.3 are glycosylated, but that the degree of 
glycosylation varies with their regional and 
developmental expression patterns (Chen et  al., 
2007). The functional importance of 
N-glycosylation in T-type channel trafficking has 
only recently started to emerge. Glycosylation of 
Cav3.2 at certain loci is required for surface 
expression of the channel protein, as reported by 
us and others (Weiss et al., 2013; Orestes et al., 
2013). For instance, disruption of the glycosyl-
ation loci at asparagine N192 and N1466 in the 
human Cav3.2 channel resulted in a significant 
decrease in the channel surface density without 
alteration of the total expression implying that 
N-glycosylation plays a selective role in the traf-
ficking of the channel to the plasma membrane. 
Furthermore, studies of the kinetics of the chan-
nels at the plasma membrane revealed that 
increased internalization of glycosylation- 
deficient channels was mostly responsible for the 
decreased surface expression of Cav3.2 
(Lazniewska et al., 2016). In addition, we found 
that increased Cav3.2 surface expression after the 
persistent elevation of external glucose levels is 
dependent on the glycosylation of the channel 
(Weiss et al., 2013; Lazniewska et al., 2016). This 
finding could have important implications in 
chronic diseases such as peripheral painful dia-
betic neuropathy, where increased T-type channel 
expression is thought to have a role in the devel-
opment and maintenance of the disease (Jagodic 
et al., 2007; Messinger et al., 2009; Latham et al., 
2009; Duzhyy et al., 2015). The fact that periph-
eral injection of neuraminidase alleviated neuro-
pathic pain in an animal model of diabetes 
supports this theory (Orestes et  al., 2013; 
Joksimovic et  al., 2020). Although the mecha-
nism by which glycosylation potentially enhances 
the expression of T-type channels in diabetic con-
ditions remains to be analyzed, altered expres-
sion of glycan-processing enzymes could 
represent one of the potential mechanisms 
(Stringer et  al., 2020). Overall, these findings 
suggest that, in addition to affecting channel gat-
ing properties (Ondacova et  al., 2016), 
N-glycosylation of Cav3.2 contributes to the 
expression of the channel in the plasma mem-
brane, which could have substantial pathophysi-
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ological implications. Glycosylation has also 
been reported for Cav1 and Cav2 channels as well 
as for Cav ancillary subunits (Takahashi et  al., 
1987). As previously stated, Cavα2δ is heavily 
glycosylated, and early results showed that 
N-glycosylation might help to strengthen the 
interaction with Cavα1 (Gurnett et  al., 1996). 
Furthermore, it has been postulated that 
 glycosylation of Cavα2δ is required for the pro-
duction of Cav1.3 and Cav2.2 channels (Sandoval 
et al., 2004; Andrade et al., 2009). Sequential dis-
ruption of a number of glycosylation sites in the 
Cavα2δ1 followed by the analysis of its surface 
expression has revealed a number of glycosyl-
ation loci that are required for Cavα2δ1 expression 
at the cell surface (Tétreault et  al., 2016). 
However, it is unclear whether these effects are 
due to the trafficking of Cavα2δ1 to the cell sur-
face or to its stability in the plasma membrane. In 
addition, Ca2+ currents in HEK-293 cells express-
ing Cav1.2 were found to be decreased in the 
presence of glycosylation-deficient Cavα2δ1, con-
firming its chaperone role. However, it is not 
clear if this effect was due to the channel com-
plex being transported to the cell surface or due 
to direct modulation of the channel activity. 
Indeed, a number of additional glycosylation 
sites, such as asparagine N136 and N184, which 
were previously thought to be required for the 
functional production of Cav2.2 (Sandoval et al., 
2004), had minimal effects on the expression of 
Cavα2δ1 at the plasma membrane (Tétreault et al., 
2016; Lazniewska & Weiss, 2016). These glyco-
sylation sites are interestingly positioned inside 
the VWA-N region, suggesting that they may 
have a role in the functional interaction of Cavα2δ1 
with the channel. The disruption of a glycosyl-
ation locus in the VWA domain (N348) affected 
the expression of Cav1.2, which supports this 
theory (Tétreault et al., 2016). Although a parallel 
analysis of Cav1 subunit surface expression in the 
presence of glycosylation-deficient Cavα2δ1 
would be required to uncover the exact mecha-
nisms by which glycosylation of Cavα2δ1 influ-
ences channel expression, these findings clearly 
show that N-glycosylation is an important factor 
contributing to surface expression of Cavα2δ. It is 
worth mentioning that several glycosylation loci 

are found near the binding sites of gabapentinoid 
medicines, which could affect their pharmaco-
logical actions on these channels. Likewise, gly-
cosylation of the Cavγ-subunit appears to 
contribute to its expression at the plasma mem-
brane, and removal of the asparagine N48 in the 
first extracellular loop connecting the first and 
second transmembrane segments hindered cell 
surface trafficking (Price et al., 2005).

 Subcellular Targeting of VGCCs

Although VGCC trafficking and dynamics at the 
plasma membrane are important, their particular 
targeting of subcellular loci is critical for sup-
porting their neuronal functions. While VGCCs 
channels are found throughout cells in some 
cases (Obermair et  al., 2004; Tippens et  al., 
2008), they typically have a more restricted sub-
cellular expression pattern that permits to per-
form specialized roles. Cav1 channels, for 
example, are mostly found in proximal dendrites, 
where they play a role in dendritic Ca2+ signaling 
arising from back-propagating action potentials 
and synaptic plasticity, and on cell bodies, where 
they promote activity-dependent gene transcrip-
tion (Barbado et  al., 2009). Cav2.2 and Cav2.1 
channels, on the other hand, are largely found at 
presynaptic terminals and promote voltage- 
dependent neurotransmitter release (Westenbroek 
et al., 1992, 1995, 1998; Hell et al., 1993). The 
specific molecular mechanisms underlying sub-
cellular localization of VGCCs are still under 
study. The interaction of VGCCs with the Cavβ- 
subunit appears to contribute to the channel com-
plex’s subcellular localization. Cav2.1 channel 
interaction with Cavβ4-subunit appears to contrib-
ute to the presynaptic targeting of the channel 
(Brice & Dolphin, 1999; Wittemann et al., 2000; 
Etemad et al., 2014). The precise mechanisms of 
Cavβ-mediated channel targeting, on the other 
hand, are unknown. Cav2.1 and Cav2.2 channel 
interactions with a number of presynaptic pro-
teins were revealed to be critical for channel tar-
geting into nerve terminals. Some vesicular 
release machinery (SNARE) proteins, such as 
syntaxin 1A, SNAP-25, and synaptogamin, bind 
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to the synprint area within the cytosolic II-III 
linker of Cavα, allowing proper targeting of the 
channel (Jarvis & Zamponi, 2005; Szabo et al., 
2006; Zamponi, 2003; Khanna et  al., 2007). 
Cav2.2 splice mutants lacking the majority of the 
synprint region fail to cluster into presynaptic ter-
minals and, instead, exhibit an axonal expression 
profile (Szabo et al., 2006; Mochida et al., 2003). 
Cav3.2 also contains a synprint-like domain 
within the C-terminus that interacts with syntaxin 
1A and SNAP-25 (Weiss et al., 2012a) and may 
contribute to T-type channel targeting to presyn-
aptic terminals (Jacus et  al., 2012) where they 
may enable activity-dependent low-threshold 
exocytosis (Weiss et al., 2012a, b). Despite evi-
dence that Cavα1/SNARE interactions play a role 
in channel targeting, transplanting the synprint 
region of Cav2.2 into Cav1.2 did not result in axo-
nal expression or synaptic clustering of the chi-
mera channel, implying that other targeting 
mechanisms are involved in the incorporation of 
Cav2 channels into nerve terminals (Szabo et al., 
2006). The C-terminus of Cav2.2 contains PDZ 
and SH3 binding domains, which are necessary 
for its interaction with presynaptic adaptor pro-
teins Mint-1 and CASK, and contribute to, but 
are not required, for synaptic targeting (Maximov 
& Bezprozvanny, 2002; Hu et al., 2005). The pro-
cesses governing L-type channel somatodendritic 
targeting are less well understood, but they may 
involve interactions with structural proteins. 
Cav1.3 channels, for example, colocalize in post-
synaptic locations in hippocampal neurons and 
associate with the postsynaptic adaptor protein 
Shank via a motif located within the channel 
C-terminus (Zhang et al., 2005). Cav1.3 channels 
can also be detected in sensory hair cells at pre-
synaptic locations, where they interact with 
Ribeye (Sheets et  al., 2011). Cav1.4 channels 
colocalize with the presynaptic scaffolding pro-
tein bassoon at the ribbon synapse in photorecep-
tors (Morgans, 2001). It was also reported that 
the Cavβ-subunit has a role in the localization of 
L-type channels. For instance, point mutations in 
the AID region of Cav1.2 that disrupt the interac-
tion with the Cavβ-subunit abolished dendritic 
clustering of the channel in hippocampal neurons 
(Obermair et  al., 2010). Interestingly, Cav1.2 

channels are widely produced in the growth cone 
of growing nerve cells, despite the fact that they 
are localized to the soma and dendrites of adult 
neurons (Obermair et al., 2004). This change in 
the expression pattern of Cav1.2 could indicate 
the presence of a dynamic and reversible interac-
tion between the channel and various Cavβ- 
isoforms (Tanaka et  al., 1995; McEnery et  al., 
1998). Along these lines, the molecular makeup 
of the Cav2.2 channel complex is flipped during 
postnatal development, from Cavβ1b  >   
Cavβ3  >>  Cavβ2 at P2 to Cavβ3  >  Cavβ1b  =   
Cavβ4 at P14 and the adult stage (Vance et  al., 
1998). In skeletal muscles, a dynamic interaction 
of Cavβ-subunit with Cav1.1 also exists 
(Campiglio et al., 2013). Furthermore, it has been 
demonstrated that the assembly and disassembly 
of the Cav1/Cavβ2-1a complex modulate the chan-
nel (Voigt et al., 2016). Within the I-II linker of 
Cav1.2 channels, a polybasic plasma membrane 
binding motif comprised of a cluster of four argi-
nine residues was recently discovered. The posi-
tive charges face and interact with negatively 
charged phospholipids in the plasma membrane, 
forming a straight helix. This cluster was discov-
ered to be critical for maintaining the channel at 
the cell surface, and neutralization of the arginine 
residues resulted in a decrease in the expression 
of the channel in the plasma membrane (Kaur 
et al., 2015). Given the plasma membrane phos-
pholipid asymmetry and associated lipid-translo-
cating enzymes, it is plausible that this polybasic 
motif in Cav1.2 contributes to the channel subcel-
lular localization, similar to the clustering 
reported for cholinergic receptors (Scher & 
Bloch, 1993).

 Concluding Remarks 
and Perspectives

The trafficking of VGCCs to the plasma mem-
brane, and eventually into intracellular loci, is a 
crucial part of their dynamics. Nerve cells have 
access to large machinery that allows them to 
pick and create distinct signaling systems with 
the spatial and temporal features required to con-
trol certain functions. In this chapter, we have 
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highlighted some of the components of this 
machinery that underpins the expression of 
VGCCs, but there are likely to be many more 
actors that have yet to be discovered. Whether or 
not some level of redundancy exists to protect 
critical neurological functions, it is clear that 
these systems are not perfect, and that altered 
 signaling pathways frequently result in changes 
in VGCC expression and, as a result, contribute 
to multiple neurological disorders. However, new 
therapeutic avenues have opened up as a result of 
knowledge gained from studying the fundamen-
tal mechanisms that control the expression of 
these channels. One notable example is the treat-
ment of neuropathic pain with gabapentinoid 
medications, and recent findings have shown 
intriguing evidence that selective targeting of cal-
cium channel complex trafficking might be used 
as the basis for therapeutic intervention. This 
strategy differs from the traditional and fre-
quently ineffective ways of focusing on channel 
activity per se, and it likely offers new opportuni-
ties for the development of future medications for 
a variety of neurological illnesses associated with 
calcium channel malfunction (Zamponi, 2016).
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