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At the presynaptic active zone, voltage-gated Ca2+ channels
(CaVs) mediate Ca2+ entry for neurotransmitter release. CaVs
are a large family of proteins, and different subtypes have
distinct localizations across neuronal somata, dendrites and
axons. Here, we review how neurons establish and maintain a
specific CaV repertoire at their active zones. We focus on mo-
lecular determinants for cargo assembly, presynaptic delivery
and release site tethering, and we discuss recent work that has
identified key roles of the CaV intracellular C-terminus. Finally,
we evaluate how these mechanisms may differ between
different types of neurons. Work on CaVs provides insight into
the protein targeting pathways that help maintain neuronal
polarity.
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Introduction
In a nerve terminal, voltage-gated Ca2þ channels (CaVs)
translate the action potential into Ca2þ entry for the
triggering of neurotransmitter release. At conventional
synapses, CaVs are concentrated at the active zone, a
protein scaffold that forms secretory sites for synaptic
vesicles at the presynaptic plasma membrane [1]. The
spatial coupling of synaptic vesicles and the Ca2þ source
enables rapid vesicle fusion that completes within milli-
seconds of action potential onset [2]. Specialized release
sites within sensory cells and neuromodulatory neurons
also exhibit robust, Ca2þ-dependent neurotransmitter
secretion, suggesting similarities in release site architec-

ture [3,4]. Hence, effective neurotransmission requires
that neurons establish and maintain a CaV repertoire at
www.sciencedirect.com
their release sites, a task with significant logistical chal-
lenges. CaV biosynthesis primarily occurs in the soma, and
neurons need to transport CaVs to axonal release sites,
which may be up to hundreds of millimeters away, and
incorporate them into local release machineries
(Figure 1). How neurons supply their axon with CaVs and
prevent mistargeting to other compartments remains
largely unanswered. In this review, we highlight recent

advances on the interactions that tether CaVs to neuro-
transmitter release sites. We examine possible models for
CaV axonal transport, and we discuss how these mecha-
nisms may vary for different types of neurons.
CaV genetics, subunits, structure and
function
CaVs consist of a pore-forming CaVa1 subunit and, in
most cases, auxiliary CaVb and CaVa2d subunits [5,6].
Vertebrates encode ten CaVa1 subtypes that are classi-
fied by their genetic and functional properties into
CaV1s (CaV1.1e1.4, or L-type), CaV2s (CaV2.1e2.3, or
P/Q-, N- and R-type, respectively), and CaV3s
(CaV3.1e3.3, or T-type). CaVa1 subunits share a
common membrane topology comprised of four homol-
ogous domains with six transmembrane segments each.
The domains are interconnected by cytoplasmic linkers,
and the first and last domains are flanked by intracellular

N- and C-termini (Figure 2a).

In most central neurons, the high voltage-activated
CaV2.1s and CaV2.2s are the dominant channels at the
presynaptic active zone where they support neuro-
transmitter release [7,8]. CaV2.3s are also present and
contribute to plasticity [9]. CaV2s are well-conserved,
and the C. elegans and D. melanogaster homologs UNC-2
and Cac, respectively, are important for synaptic
exocytosis [10e13] (refs. [10**,11**,12*]). CaV1s
localize primarily to the somatodendritic compartment

for the regulation of gene transcription and excitability
[14]. CaV1s also mediate neurotransmitter release at
specialized sensory synapses and may contribute to
secretion from axons of dopamine neurons [15e17].
CaV3s have a relatively low activation threshold and do
not typically contribute to synaptic transmission, but
they are modulators of neuronal firing [18].

CaV1s and CaV2s assemble into multi-subunit com-
plexes with one each of four CaVb (CaVb1-4) and four
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Figure 1
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Forward trafficking of CaVs. Most CaVs share a common site of biosynthesis in the soma. After progressing through the ER and the Golgi apparatus,
CaVs for neurotransmitter release diverge from somatodendritic CaVs and undergo several key trafficking checkpoints for effective targeting to axonal
release sites.

Figure 2
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Targeting determinants of CaVs. (a) Schematic of the pore-forming CaV2.1 a1 subunit, which is composed of four domains (I-IV) of six transmembrane
segments. Cytoplasmic sequences include linkers between the domains, the N- terminus, and the C-terminus. We subdivide the C-terminus into a
proximal and a distal segment. Important sequence elements are marked, and corresponding protein interactions are discussed in the text. (b) The
intracellular CaV C-termini are key determinants for compartment sorting. Endogenous CaV2.1 channels are targeted to the presynaptic active zone, while
CaV1.3 channels are retained within the soma and dendrites. Experiments with chimeric channels and truncations revealed important targeting motifs
within the CaV2.1 C-terminus [8,27] (ref.27**).
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CaVa2d (CaVa2d1-4) subunits that contribute to surface
expression [6]. The mechanisms through which the
auxiliary subunits facilitate CaV forward trafficking have
Current Opinion in Neurobiology 2024, 89:102931
not been resolved and may differ between CaVa1 sub-
types. CaVb, for example, may promote channel export
from the endoplasmic reticulum (ER) by occluding an
www.sciencedirect.com
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ER retention signal or may shield the channels from
proteasomal degradation [19e21]. CaVa2d interacts
with the CaVa1 extracellular interface to regulate sur-
face expression in heterologous cells and abundance in
neurons [11,22,23] (ref. [11**]). However, the exact
trafficking steps controlled by CaVa2d remain uncertain.
They may occur early in CaV biosynthesis because per-
turbations of CaVa2d occlude CaVs from neurites, and in

nerve terminals, CaVa2d may not be associated with
CaVa1 and may have independent functions [8,23,24].
Importantly, CaVb and CaVa2d co-assemble with CaVa1
without bias for subtypes. CaVb subunits are distributed
across axonal and somatodendritic compartments [25],
and CaVa2d interacts with both CaV1s and CaV2s
[22,23]. Finally, not all CaV2 axonal trafficking requires
auxiliary subunits, and some targeting persists without
them [10] (ref. [10**]). Taken together, the auxiliary
subunits may regulate early trafficking checkpoints that
are shared by axonal and somatodendritic CaVs but likely

do not contribute to compartment-specific targeting.

Overall, CaVs exhibit diverse roles across cellular com-
partments. Given their similarities in structure and
sequence, it is not apparent how neurons target specific
subtypes to the presynaptic active zone. In principle,
CaV2 specificity at the active zone could be achieved
through selective sorting into the axon, or multiple CaVs
may be trafficked into the axon, with only CaV2s selec-
tively retained at the active zone. For either model, the
underlying mechanisms should satisfy two points: 1)

specific tethering interactions should recruit CaV2s to
axonal release sites and stabilize them there; and 2)
somatic CaV cargo assembly should enable access to the
axon. We will discuss the current understanding of the
mechanisms that target CaVs to nerve terminals in light
of these two points.
Determinants for tethering CaVs to
neurotransmitter release sites
The CaV C-terminus specifies compartment targeting
The CaV intracellular C-terminal tail is mostly disor-
dered and accounts for 20e40 % of the protein. Apart
from a short proximal stretch immediately following the
last transmembrane segment and a few key distal
sequence elements, C-terminal sequences are poorly
conserved, even across CaVs that localize to the same
compartment [8,22]. Recent work has established the

C-terminus as a major determinant for CaV target-
ing (Figure 2).

First, replacement of CaV2s in hippocampal neurons with
a CaV2.1 that lacks its entire C-terminus depleted CaV2.1
from the active zone [8], and partial truncations of the
distal C-terminus also led to CaV2.1 localization defects
at the Calyx of Held [26]. In hippocampal neurons,
endogenous CaV1.3 is distributed somatodendritcally and
www.sciencedirect.com
is absent from axon terminals, and chimeric channels
with the pore-forming sequences of CaV2.1 and the C-
terminus of CaV1.3 were not targeted to the active zone
[27] (ref. [27**]). Similarly, a chimeric CaV2.1 with the
C-terminus of CaV2.3, a subtype with some presynaptic
localization but limited roles in evoked release, failed to
rescue CaV function at the Calyx of Held after knock-out
of CaV2.1 and CaV2.2 [28] (ref. [28*]). Hence, CaV2.1

requires its endogenous C-terminal sequences for correct
targeting and to support release.

Remarkably, the CaV2.1 C-terminus is also instructive
for active zone targeting (Figure 2b). Translocation of
the CaV2.1 C-terminus onto the pore-forming part of
CaV1.3 generated chimeric channels with robust active
zone localization [27] (ref. [27**]). These channels
restored synaptic transmission in CaV2 knockout neu-
rons but retained CaV1 functional properties and blocker
sensitivity. In summary, the CaV C-terminus has

emerged as a key trafficking determinant. Sequences
within the CaV2.1 C-terminus are together sufficient to
specify CaV axonal transport and tethering at the active
zone. Consequently, other CaV sequences must either
be dispensable for presynaptic targeting or be redundant
with C-terminal sequences.

Active zone scaffolding sequences in the distal C-
terminus
The active zone mediates rapid and efficient neuro-
transmitter release. Its chief functions include the
docking and priming of synaptic vesicles, and the teth-

ering of CaVs nearby (Figure 3). Several protein families
comprise the main components of the active zone: these
are RIM, RIM-BP, Munc13, liprin-a, ELKS, and
bassoon/piccolo [1]. Multiple CaV tethering interactions
with these active zone proteins converge within the CaV
distal C-terminus.

RIM-BPand RIMdirectly bind to a proline-rich sequence
and a PDZdomain-bindingmotif in theCaV2C-terminus,
respectively (Figure 2a) [29e31]. Together, RIM and
RIM-BP tether CaVs to the active zone and control the

coupling of CaVs to synaptic vesicles, as established
through genetic experiments that delete RIMs and/or
RIM-BPs and through mutations of the CaV2 C-terminal
interaction sites [8,29,32e35] (ref. [33**]). Bassoon
might further contribute to CaV targeting by binding to
RIM-BP [36]. ELKS may also contribute, but its roles
remain unclear. Inmouse hippocampal neurons and at the
C. elegans neuromuscular junction, channel numbers are
not affected by ELKS deletions, but ELKS may control
CaV2 function and subtype contributions at other synap-
ses [33,37,38] (ref. [33**]). In whole, these interactions

are important for CaV tethering because chimeric CaV1.3s
with the distal active zone scaffoldingmotifs of CaV2.1 are
localized to the active zone [27] (ref. [27**]).
Current Opinion in Neurobiology 2024, 89:102931
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Figure 3
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CaV repertoires at conventional synapses, at sensory ribbon synapses, and in neuromodulatory axons. (a) Schematic of the active zone of a
conventional synapse, where CaV2s are tethered by scaffolding proteins. The exocytic machinery is organized into at least two distinct protein assemblies
[41] (ref.41*). (b) Illustration of the CaVs that trigger neurotransmitter release at conventional synapses (left), at ribbon synapses of sensory cells (middle),
and at axonal release sites in modulatory neurons (right).
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Notably, single deletions of active zone proteins or of
their respective interaction sites within the CaV C-ter-
minus do not fully disrupt CaV active zone abundance,
and in some cases have mild effects
[8,26,29,32e34,36e38] (ref. [33**]). This resilience
implies substantial redundancy in the mechanistic
pathways for CaV tethering. Compound deletions of
active zone proteins or of their interaction sequences
produce stronger defects in CaV localization, but some
CaVs persist in axon terminals even after these extreme

perturbations [8,32e34,39,40] (refs. [33**,40*]).
Hence, tethering is likely mediated by multiple parallel
interactions. These interactions may be dynamic and
organized into various sub-assemblies [1,31,41] (ref.
[41*]). They may recruit CaVs to the active zone and
stabilize them within the presynaptic release apparatus,
and this might involve both known interactors and
binding partners that are yet to be determined. In
conclusion, active zone scaffolding motifs are major
contributors to CaV2 localization, but they are unlikely
the only determinants within the C-terminus important

for targeting CaVs to release sites.

EF hands and IQ motif in the proximal C-terminus
The CaV proximal C-terminus contains two EF hands
and an IQ motif (Figure 2a). The IQ motif binds
Current Opinion in Neurobiology 2024, 89:102931
calmodulin, and alongside the two EF hands, these
structures have been implicated in Ca2þ-dependent CaV
modulation [42e44]. In recent work, the CaV2.1 prox-
imal C-terminus, which contains the EF hands and IQ
motif, was translocated onto CaV1.3. This resulted in a
chimeric CaV1.3 channel with some presynaptic locali-
zation despite the lack of the CaV2 distal scaffolding
motifs (Figure 2b) [27] (ref. [27**]). Correspondingly,
deletion of the first EF hand from the CaV2.1 proximal
C-terminus abolished CaV2.1 active zone localization.

These results established a role for the proximal C-
terminus in CaV2 active zone delivery and indicated that
the proximal sequences operate in concert with the
distal motifs that tether CaV2s to release machinery.

The mechanisms of the EF hands in CaV trafficking are
not understood. CaV EF hands may not bind Ca2þ but
may support functions of calmodulin binding at the IQ
motif [42,43]. Calmodulin, for example, regulates CaV1
surface clustering [45,46]. The first EF hand may sup-
port a similar trafficking interaction for CaV2s, but it

remains unclear whether a calmodulin-dependent traf-
ficking checkpoint can specify compartment sorting.
Future studies should further probe the CaV proximal C-
terminus for involvement in trafficking and clarify its
mechanisms of action.
www.sciencedirect.com
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Potential targeting mechanisms via intracellular loops
or extracellular interactions
CaV2.1 and CaV2.2 bind to SNARE proteins via a
synprint motif in the intracellular II-III linker, and
peptide inhibition experiments suggested that these
interactions control CaV2 positioning [47,48]. These
early reports generated a promising model wherein
SNARE proteins may recruit CaV2s and couple them to
synaptic vesicle fusion. This model was challenged by
later findings that the peptides that inhibited CaV2
targeting also impaired the targeting of channels

without a synprint motif and that CaV2.2 splice variants
lacking a majority of the motif retained axon targeting
[49,50]. Furthermore, the C-terminus of CaV2.1 suffices
to target CaV1.3, which does not have a synprint motif,
to release sites [27] (ref. [27**]). Hence, the synprint
motif is not the primary determinant of CaV2 active
zone targeting.

Synaptic vesicle exocytosis is aligned to postsynaptic
receptors [51]. Scaffolding material within the synaptic
cleft interacts with pre- and postsynaptic compartments

to control this transsynaptic organization, and these in-
teractions may also recruit and tether CaVs to the active
zone. Neurexins are presynaptic cell adhesion proteins
that contribute to CaV2 targeting, and neurexin triple
knockout reduces presynaptic CaV2 abundance [52,53].
The mechanism of action has yet to be fully defined, and
it might include CaV2 tethering through CaVa2d
[53,54]. CaV2s may also form scaffolding complexes with
the synaptic cleft protein laminin-b2. Disruption of the
laminin-b2 interaction with the CaV2 extracellular
interface inhibits CaV2.1 clustering and impairs the

maintenance and development of functional active
zones [55,56]. Altogether, extracellular tethering in-
teractions may contribute to presynaptic CaV2 localiza-
tion, but they are likely not sufficient to mediate it and
may not be CaV subtype specific.
Axonal transport of voltage-gated calcium
channels
How CaVs navigate the trafficking junctures prior to
their tethering at the active zone remains an open
question. CaV2s leaving the ER-to-Golgi biosynthetic
pathway should be packaged into transport vesicles that
must then pass through the axonal cargo filters, traverse
the axon arbor, and be captured in nerve terminals
before their CaV2 cargoes are incorporated into the
release machinery (Fig. 1). As discussed above, the

CaV2.1 C-terminus may instruct the assembly of CaVs
into axonal transport vesicles. Trafficking determinants
within the CaV2.1 C-terminus may do so by interacting
with cytoskeletal motors, adaptor proteins or co-
transported cargoes.

Given the extensive interactions of the CaV2.1 C-ter-
minus with active zone proteins, one possibility is that
www.sciencedirect.com
CaVs and active zone proteins are trafficked together.
Initial characterization of the axonal trafficking of active
zone material identified cargo carriers that may co-
transport much of the needed secretory apparatus. In
this model, vesicles derived from the Golgi may carry
piccolo and bassoon, as well as RIM and ELKS2
[57e59]. Immuno-isolation and analyses of these vesi-
cles yielded evidence that CaV2s may also be present as

a cargo [58].

Recent work, however, suggests that the trafficking of
CaVs and active zone proteins is more complex than
through transport by a unitary precursor vesicle. Brp and
Cac, the D. melanogaster homologs of ELKS and CaV2,
accumulate at distinct rates and developmental time-
points at the larval neuromuscular junction [11] (ref.
[11**]). Furthermore, active zone formation and pre-
synaptic morphology remain intact when CaV2s are ab-
lated [8,11] (ref. [11**]). Conversely, strong active zone

perturbations only partially disrupt CaV2 localization
[32e34,39,40] (refs. [33**,40*]). Finally, deletion of
the cytoskeletal motor KIF1A or of its adaptor Arl8
selectively inhibits the delivery of synaptic vesicles and
active zone material to axon terminals, but CaV2.1
abundance was unaffected [60,61] (ref. [60*]). Alto-
gether, it is likely that the active zone is assembled in a
step-wise fashion. ELKS1, for example, may arrive early
to capture later-arriving cargo [62,63].

How might the CaV2.1 C-terminus instruct axonal

transport if not by mediating co-transport with active
zone proteins? A conserved binding site for the cargo
adaptor protein AP-1 was identified in the proximal EF
hand of CaV2.2. Mutagenesis of this site produced def-
icits in CaV2.2 delivery to distal neurites of dorsal root
ganglion neurons and inhibited CaV2.2 surface traf-
ficking in heterologous cells [64], raising the model that
the CaV2 proximal C-terminus nucleates the assembly
of axon-bound transport vesicles via AP-1. However,
dorsal root ganglion neurons do not exhibit a typical
axon-dendrite division, and AP-1 is also an adaptor for
somatodendritic cargo [65,66]. Ultimately, mechanisms

of the CaV2.1 C-terminus in axonal targeting remain to
be determined.
Specialized secretory systems and their
CaV dependence
Not all neurons fully rely on CaV2s for neurotransmitter
release. Specialized sensory cells and some neuro-
modulatory neurons use other channels at their release
sites, which raises the possibility that CaV trafficking is
differentially regulated in these cell types (Figure 3b).

Retinal photoreceptors and auditory hair cells release
neurotransmitter in response to sensory stimuli and they
support high volumes of tonic vesicle fusion [3]. Their
release machinery is arranged at plasma membrane-
Current Opinion in Neurobiology 2024, 89:102931
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adjacent ribbons that tether synaptic vesicles and feed
them towards the ribbon base where CaVs are anchored
for Ca2þ-triggering of exocytosis. Here, CaV1.3 or CaV1.4
are the dominant channels, and in contrast to CaV2s at
conventional synapses, they support the structure of
this specialized synapse [15,17,67,68]. While the ribbon
itself is composed of Ribeye, a protein specific to it
[69,70], the release site scaffolds underneath the ribbon

bear striking similarities to active zones at conventional
synapses. RIM, RIM-BP and bassoon play central roles
in organizing release and CaV1s [71e74]. A key feature
of these sensory cells is that they do not have a classical
axon; instead, release is either from the soma or from a
short neurite. The CaV1-dependence of the release
machinery might in part be explained by direct in-
teractions between CaV1s and RIM-BP [30,74] and by
the absence of axonal trafficking filters.

Monoaminergic systems project throughout the brain to

modulate synaptic circuits. These modulatory axons
often do not form synapses, but instead release trans-
mitter from varicosities into the extracellular space for
volume transmission [4]. The release is action potential-
and Ca2þ-dependent, and CaV2-dependence has been
described for many monoaminergic transmitters, but the
low spatiotemporal resolution of the release measure-
ments in early studies did not establish that these
channels directly trigger release [4]. Striatal dopamine
axons, for example, are under direct regulation of
cholinergic axons. Experiments using CaV2 blockers

over-estimated the roles of CaV2s in dopamine axons
because these blockers also inhibited acetylcholine
release, which in turn prevented cholinergic triggering
of dopamine release [75,76]. When dopamine axons
were optogenetically stimulated, or when CaV2s were
selectively ablated in dopamine neurons, it was found
that other channels robustly contribute to release, and
both CaV1s and CaV3s may be part of the axonal CaV
repertoire that triggers dopamine release [16,77].

For these neuromodulatory systems, many questions
remain unanswered. First, while dopamine release

strongly depends on the active zone proteins RIM and
Munc13, these proteins are only present in a subset of
varicosities, and many varicosities may not release
dopamine in response to stimulation [78e80]. In
contrast, Ca2þ entry appears to be present in most var-
icosities [80]. The distribution of axonal CaVs in
neuromodulatory neurons is not known, and their spatial
relationship to active zone proteins remains unclear.
RIM domains that bind to CaV2s are important for
neurotransmitter release at conventional synapses, but
in dopaminergic neurons, they may be dispensable

[29,79]. Future work should probe the distribution of
CaV subtypes in dopamine axons and test whether active
zone scaffolds are needed for their localization. Similarly,
it is unclear how channels that are typically retained
Current Opinion in Neurobiology 2024, 89:102931
somatodendritically access the axon in dopaminergic
neurons. Finally, the exact CaV repertoires that gate
neurotransmitter release in other monoaminergic neu-
rons remain to be defined.
Conclusions and outlook
Effective trafficking and targeting of CaVs to neuro-
transmitter release sites is essential for brain function.
Recent work has established the CaV C-terminus as a
molecular determinant for CaV compartment targeting.
However, major questions remain. How do the CaV C-
terminal sequences permit axonal transport of CaV
cargoes? Is the cargo carrier shared with other presyn-

aptic proteins or are CaVs transported on their own?
Which CaVs trigger release in neuromodulatory neurons?
In dopaminergic neurons, how do CaV1 and CaV3
channels pass through the axonal sorting pathways? In
summary, while past work has produced significant
insight into the interactions that tether CaV2s at the
active zone, further work is required to elucidate the
mechanisms for CaV transport into axons and for teth-
ering channels other than CaV2s at axonal release sites.
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