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Abstract 

Evidence is presented that Lymnaea contains homologues for mammalian Cav3 and NALCN 4-

domain ion channels, which retain key amino acid sequence motifs that differentiate these channels 

from other 4-domain types. Molecular cloning and heterologous expression of the first invertebrate 

Cav3 channel cDNA from Lymnaea confirms that it indeed is a true homologue to mammalian Cav3 

channels, retaining some hallmark biophysical and pharmacological features
1
. Interestingly, the 

Lymnaea Cav3 channel gene also exhibits alternative splicing that is conserved with mammalian 

Cav3.1 and Cav3.2 channels, with homologous exons 8b in the I-II linker (Cav3.1) and 25c in the III-

IV linker (Cav3.1 and Cav3.2), that can selectively be included or omitted from the full length channel 

(summary figure A). We show that the developmental and spatial expression patterns of these splice 

variants are remarkably conserved, and that these splice variants produce analogous changes in 

membrane localization and biophysical properties when channels are expressed in HEK-293T cells.  

     The Lymnaea Cav3 channel gene also undergoes alternative splicing in the domain II P-loop, with 

mutually exclusive exons 12A and 12B that code for a large portion of the P-loop just upstream of the 

selectivity filter (summary figure A). Such splicing is a novel discovery that is not conserved with 

vertebrates or any other deuterostome animal, all of which only contain 12A homologues of exon 12. 

However, protostome animals including Lymnaea stagnalis, Drosophila melanogaster, and C. 

elegans all have mutually exclusive 12A and 12B exons in their Cav3 channel genes. Evidence is 

presented that exon 12A is likely the ancestral exon for the domain II P-loop, and that alternate exon 

12B evolved later. Furthermore, although the two Lymnaea variants possess the same selectivity filter 

motifs characteristic for Cav3 channels (i.e. EEDD), they exhibit dramatic differences in calcium vs. 

sodium selectivity, without significant differences in biophysical properties. This is the first account 

of alternative splicing used to modulate ion selectivity in a Cav3 channel homologue, and given that 

calcium is such an important electrogenic signaling molecule, these alterations are expected to have 

profound physiological implications. 

     Amazingly, Lymnaea NALCN was also found to undergo alternative splicing in the domain II P-

loop, but in this case, the entire P-loop is replaced by mutually exclusive exons 15a and 15b such that 

the selectivity filter is converted from the proposed non-selective sodium-permeable configuration 

(15b/EKEE; EEKE in mammals, nematodes and insects), to a calcium channel-like pore (15a/EEEE; 

summary figure B). Thorough phylogenetic analysis reveals that NALCN is extremely 
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unconventional, in that alternative splicing has frequently and independently evolved to alter the 

selectivity filter in domains II or III, in multiple animal clades. Furthermore, the ancestral NALCN 

channel most likely contained an EEEE pore. This work brings into question NALCNôs proposed role 

as a major leak sodium conductance that depolarizes neurons to help set the resting membrane 

potential, since some species possess only an EEEE variant, and based on homology to other 4-

domain ion channels, this should render the channel calcium-selective. Unfortunately, heterologous 

expression and electrophysiological characterization of the two Lymnaea NALCN isoforms was 

unsuccessful, corroborating with others the inability to record NALCN ionic currents in heterologous 

systems. 
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Summary Figure. Conserved and divergent splicing of Lymnaea Cav3 and NALCN channel homologues. A) Schematic illustration 

depicting the protein structures influenced by conserved and divergent alternative splicing in Cav3 channel homologues. Lymnaea Cav3 

possesses an optional exon in the I-II cytoplasmic linker that is analogous to exon 8b in rodent Cav3.1. In both cases, the optional exon is 
removed by utilization of alternate 5ô donor splices site within exon 8, resulting in omission of a large protein sequence in the I-II linker, 

just downstream of the gating brake helix-loop-helix structure. LCav3 and mammalian Cav3.1 and Cav3.2 genes also undergo alternative 

splicing in the III-IV linker, with optional exon 25c that can also be removed by an alternate 5ô donor site within exon 25. Mammals also 
possess cassette exon 26, producing three possible configurations of +25c, +25c/+26, or -25c/-26 (i.e. ȹȹ). Mammalian Cav3.3 lacks 

optional exons in the III-IV linker, and thus always resembles ȹȹ variants. LCav3 also has divergent splicing from mammalian homologues, 

such as an alternate exon coding for a portion of the P-loop in domain II, just upstream of the selectivity filter. Remarkably, the ancestral 
version of this exon (12A) creates LCav3 channels with high permeability to monovalent cations such as sodium, while the 12B variant is 

much more selective for calcium. Phylogenetic analysis reveals that exon 12B evolved in a subset of invertebrates making up the 

protostome superphylum. B) Lymnaea NALCN also undergoes alternative splicing in the domain II pore, with alternate exon 15a inserting a 
glutamate (E) into the selectivity filter to produce an EEEE calcium channel-like selectivity filter. Exon 15b codes for a lysine (K) in the 

equivalent position, producing an EKEE selectivity filter which corresponds to the EEKE of humans and other model organisms such as 

Drosophila melanogaster and C. elegans. NALCN is a highly non-conventional 4-domain ion channel, in that it has frequently and 
independently evolved alternatively-spliced selectivity filters in domains II and III in various animal species. 
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Chapter 1 

Introduction 

1.1 The basis of metazoan electrical communication  

1.1.1 Animal multicellularity and the evolution of the nervous system 

The evolution towards multicellularity must have depended on the adaptation of cellular mechanisms 

already in place, whose initial purpose was to allow single-celled organisms to sense and interact with 

their environment and other organisms. Indeed, many of the molecules known today to form the 

lexicon of multicellular communication likely formed before, or at the very early stages of 

multicellularity
2,3

. Metazoans in particular, which move through and interact with their environments 

on a relatively rapid timescale, have undergone an arms race to evolve extremely fast and 

sophisticated cell-to-cell signaling, manifest as the electro-chemical coupling between nerves and 

muscle. The resulting communication systems rely on the rapid transfer of information across the 

relatively impermeable hydrophobic cell membrane, a challenge facilitated by proteinaceous 

structures that traverse the membrane and bridge the aqueous intracellular environment with the 

aqueous exterior, or with the cytoplasm of another cell. Some of these proteins transport specific 

molecules for metabolic purposes, to set up ionic gradients or for use as signaling molecules
4
. Others 

act as receptors that transmit a signal into the cell upon detection of a compatible ligand
5
. Some 

proteins allow cells to adhere to each other (and the extracellular matrix), allowing for direct 

interaction and communication between cells
6,7

. Yet others, and perhaps the most rapid transmitters of 

information, evolved to exploit ionic gradients, where they can selectively or non-selectively conduct 

ionized atoms along concentration and charge gradients at extremely high rates
8
. The latter group, 

known collectively as ion channels and ion channel receptors, are indispensable for the rapid 

transmission of electrical information between and along nerves; in some cases connecting 

microscopic cells or cell groups within one morphological location of an animal to others located 

meters away. 

1.1.2 Ions and excitability 

There are two fundamental processes that allow for electrical communication. The first is setting up 

ionic concentration and electric potential gradients across the cell membrane, whereby the inside is 

more negatively charged than the outside, and where sodium and calcium ions are more abundant 

outside while potassium and inorganic anions are more abundant inside
9
. A large amount of energy is 
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invested by cells to maintain homeostatic ionic gradients and electric potential across the membrane, 

and this is primarily achieved by ATP-hydrolyzing ion pumps in combination with ion exchangers.  

     The second process involves the controlled release of this stored electrical and chemical energy by 

ion-permeable channels and receptors, which become activated under specific conditions. Seminal 

work by Hodgkin, Huxley, and others revealed that the action potential, an electrical impulse that 

moves rapidly along axons, involves first an influx of sodium through voltage-gated sodium channels 

which depolarizes the axon, followed by an efflux of potassium through voltage-gated potassium 

channels that in turn restores the negative potential inside
10,11

. This dynamic system relies on the 

orchestrated activation of voltage-gated sodium and potassium channels. Sodium channels activate 

after slight depolarization from the resting membrane potential, where they open very quickly. 

Incoming sodium ions create an additional depolarization that traverses to adjacent regions and 

activates yet other sodium channels, propagating the signal. Sodium channels also quickly shut off or 

inactivate, and the slower to respond potassium channels take over allowing for potassium to leave 

the cell, restoring the net negative charge on the inside surface of the cell membrane. Importantly, 

although the bulk of electrical excitability in neurons and other excitable cells most often depends on 

sodium and potassium, other ions and ion channels are important, including: chloride and other 

inorganic anions, large organic anions, protons, and calcium.      

1.1.3 Calcium as an electrogenic biochemical effector 

Calcium, and proteins that conduct or handle calcium, have received particular attention by 

researchers. What separates calcium from other biologically relevant ions is its ability to strongly 

interact with other molecules, including proteins, via oxygen-containing carbonyl and carboxyl 

groups
12

. This feature, combined with the fact that all living cells tend to remove or chelate calcium 

from the cytoplasm due to toxicity (i.e. ~20,000-fold gradient)
13,12

, make cytosolic calcium influx an 

ideal mechanism for translating electrical information into biochemical information. Examples where 

such conversions take place include the synapse, where depolarization from an incoming action 

potential activates voltage-gated calcium channels to trigger calcium-dependent fusion of presynaptic 

vesicles and neurotransmitter release; muscle cells, where nerve input and depolarization trigger 

release of calcium from internal stores to flood the cytosol and activate contractile filaments; and 

excitation-transcription coupling, where voltage-gated calcium channel signaling complexes couple 

excitation at the cell soma to changes in transcription in the nucleus
14,15,16

 (for review see Senatore 

and Spafford 2007
17

).  The function of calcium is highly diverse, localized and contextual, where due 
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to strong cytosolic chelation
13,12

, calcium-sensitive signaling complexes are often positioned in close 

proximity to the cytoplasmic surface of calcium-conducting proteins
18

. Calcium-activated signaling 

proteins can perpetuate signals further than is permitted for chelated calcium ions, leading to the 

concept that calcium-conducting channels ñlink locally [but] act globallyò
19

. 

1.2 The 4-domain P-loop ion channel superfamily 

1.2.1 Evolutionary origins of channel structures  

Most metazoan ion channels that conduct sodium, potassium, and calcium are derived from modular 

structures that evolved long before multicellularity, in prokaryotes (i.e. bacteria and archaea). These 

modules include the ion conducting pore and the voltage sensor (discussed below; figures 1 and 2), as 

well as various other structures that serve to regulate the pore including the calcium sensor
20

, which 

mediates channel opening upon exposure to calcium; and the cyclic-nucleotide binding domain
21,22

, 

which activates channels upon interaction with cytosolic cAMP and/or cGMP. Channels containing 

these modules include inward-rectifying potassium channels, two-pore potassium channels, voltage-

gated potassium channels, transient receptor potential channels, calcium-activated potassium 

channels, cyclic-nucleotide gated channels, hyperpolarization-activated cyclic-nucleotide gated 

channels, glutamate-gated channels, voltage-gated sodium and calcium channels, invertebrate-specific 

SC1 voltage-gated calcium channels, and NALCN channels
23,24,25,26,27

 (figure 2).  

     Unlike prokaryotic and eukaryotic potassium channels, voltage-gated sodium and calcium channel 

pores are made up of only one polypeptide chain of four homologous repeat domains (termed 

domains I to IV; DI to DIV), with each domain resembling a single voltage-gated potassium channel 

subunit (figure 2). The 4-domain single peptide structure is thought to be a eukaryotic adaptation, 

involving first a tandem duplication of a single tetrameric subunit gene into two adjacent subunits, 

followed by a second duplication of the two tandem subunits into a four domain structure
28,29

 (figure 

2). In accordance with this hypothesis, tandem domains (i.e. I and II, III and IV), are more similar to 

their respective counterparts in the other half of the channel than they are to each other (i.e. I is more 

similar to III, II is more similar to IV)
28,29

. Also, plants
30,31

 as well as humans
32,26

 contain 2-domain 

channel subunits with two tandem repeat domains that dimerize to form functional channels (i.e. 

TPC1 in plants; TPCN1 and 2 in humans; figure 2), and human TPCN channels are more closely 

related to metazoan 4-domain channels than voltage-gated potassium channels
28,8

. To date, 4-domain 

channels have not been identified in prokaryotes or plants, however they are found in fungi (i.e. 
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CCH1
33

) and protists (i.e. CAV2
34,35

) (figure 2), indicating that this general structure arose before the 

metazoan divergence c.a. 1.6 billion years ago
36,37

.  

1.2.2 Ion permeation and selectivity 

Perhaps the most defining ion channel module, the ion-conducting pore, first appeared in prokaryotic 

potassium channels
38,39,40

. These are tetrameric complexes, with pores made up of four similar or 

identical subunits, each with two transmembrane alpha helices separated by an extracellular loop 

(figure 2). Eight pore alpha helices come together in an óinverted teepeeô structure, lined with 

hydrophilic amino acids along the second helix of each subunit to create an aqueous ion permeation 

pathway, gated at the apex by the distal (i.e. C-terminal) ends of the second helices
39,40

 (figure 1A). 

Channel opening involves conformational changes in the pore structure, culminating in the distancing 

between apex helices to create a transient permeation pathway
27,41,39

. The extracellular loops from 

each of the four subunits, termed pore- or P-loops, together form the óselectivity filterô (figure 1A), a 

structure that defines ion selectivity through specific interactions between particular amino acids in 

the P-loop, permeating ions and water
42,38,43,44,39,40

 .  

     The most conclusive molecular details underlying ion permeation and selectivity through P-loop-

containing ion channels have come from X-ray crystallographic studies of potassium 

channels
45,20,46,47

. Amino acid sequences of potassium channel selectivity filters are remarkably 

conserved; what the X-ray studies have shown is that backbone carbonyl oxygens from these 

conserved residues project into the pore to form a rigid structure that mimics hydration shell oxygen 

atoms that normally surround potassium ions in solution
39

. This arrangement makes it energetically 

feasible for surrogate carbonyl oxygen groups to displace hydrating water molecules as potassium 

ions pass through the pore; due to specificity in hydration shell properties, hydrated sodium or 

calcium ions cannot effectively permeate and thus selectivity for potassium is achieved. This 

fundamental pore structure was subsequently adapted to select for sodium and calcium
48,49,50,51,52,53,54

, 

evolutionary events which took place in prokaryotes before multicellularity.  

     Until very recently, a crystal structure of any sodium or calcium channel has been unavailable, and 

the mechanisms of ion permeation through these channels have been mostly inferred from mutational 

studies
55,56,57

 and structural modeling using potassium channels as reference scaffolds
43,42,44

. 

Phylogenetic studies suggest that 4-domain sodium channels evolved from calcium channels
58,9

 

before the evolution of the nervous system in very primitive animals
59

. In accordance, sodium and 

calcium permeabilities appear to be closely related
24,59

, and only slight alterations in key P-loop 
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residues can shift selectivity in favor of one these two cations over the other
55,56,24,51

. Calcium 

channels tend to have negatively charged acidic amino acids (i.e. glutamate or aspartate) in each of 

the four P-loops that together form a selectivity filt er óringô, with the signature motifs of EEEE or 

EEDD (DI-DIV; figure 3A and C). Carboxylate oxygens from these residues are expected be 

somewhat flexible, and are proposed to chelate calcium ions as they pass through the pore
43

. 

Permeation is facilitated by repulsive forces from incoming calcium ions attracted to the extracellular 

surface of the pore
43

, and selectivity for calcium over sodium is dependent on an optimized interplay 

between the balancing of negatively charged carboxyl oxygens in the pore by permeant cations, and 

geometrical constraints that define where these cations can reside
60,43

. In contrast to calcium channels, 

sodium channels tend to have a mixture of acidic, neutral, and positively charged residues in the 

selectivity filter ring, such as DEKA (aspartate
-
, glutamate

-
, lysine

+
, and alanine, respectively) in 

animals with bilateral symmetry (figure 3 A and C) and DKEA/DEEA in more primitive animals
59

.  

     A recent landmark publication documenting the first X-ray structure of a prokaryotic sodium 

channel, termed NavAb
52

, has provided some insights into the molecular mechanisms underlying 

sodium selectivity. The NavAb pore is wider than potassium channel pores, and unlike permeation 

through potassium channels, sodium passes in a hydrated state, with water molecules forming bridges 

between negatively charged glutamate residues in the pore and resident cations. Sodium is selected 

over potassium because the larger diameter of the potassium ion decreases the stability of water-

glutamate bridges
61

.  

1.2.3 Voltage-sensitivity 

The contribution that the various ion channel modules, in particular the voltage sensor, have made 

towards nervous system evolution cannot be understated. Indeed, the ability of voltage-gated sodium 

and potassium channels to sense slight changes in membrane potential and transiently open their gates 

is critical for the formation and propagation of action potentials, and neurotransmission that permits 

electro-chemical communication between cells relies on voltage-gated calcium channels. The voltage 

sensor structure, tethered to the N-terminal side of the two pore helices of the primitive potassium 

channel, is comprised of 4 transmembrane alpha helices, producing a 6-helix structure with helices 

named segments 1 to 6 (i.e. S1 to S6; figures 1 and 3). The fourth helix is key for voltage sensitivity 

of channel gating, as it contains repeating, positively-charged arginine or lysine residues; upon 

membrane depolarization, these charges impose an outward displacement of S4 helices and 

conformational changes in the voltage sensor module that transfer to the pore helices and the 
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activation gate via a S4-S5 linker
27,41,52

 (figures 1A and 3A). It is well established that óOnô gating 

currents can be observed just prior to channel activation, presumably due to an outward displacement 

of positive S4 charges across the plane of the membrane
27
. óOffô gating currents also occur after 

membrane repolarization, due to an inward movement of the same charges. The trajectory of 

positively charged S4 helices upon membrane depolarization is still quite controversial. Based largely 

on these gating currents, two competing models emerged suggesting that S4 charges either 

completely translocate from one surface of the plasma membrane to the other (i.e. the membrane 

translocation model), or the voltage sensor merely undergoes conformational changes that exposes 

them to either side of the membrane (i.e. the local field model)
27

. The two models have been 

somewhat consolidated into the sliding-helix model, which is gaining favor as the most likely 

mechanism for voltage-sensor activation. Here, upon membrane depolarization, positively charged S4 

helices rotate or corkscrew outwards while retaining their transmembrane localization; a process 

made energetically feasible through sequential ionic-pairing between cationic S4 residues and 

negatively charged counterparts present within S1-S3 helices of the voltage-sensor module 

(particularly two negative charges found in S2)
62
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Figure 1. Illustration of the pore and voltage-sensor modules of tetrameric and 4-domain voltage-gated ion channels. A) The channel 

pore is made up of four subunits or domains, each contributing two transmembrane alpha helices (labeled as helices/segments S5 and S6) 

and a pore-loop (P-loop; shown in purple) structure that defines ion selectivity. Descending helices of the P-loop are followed by a loop that 

forms the narrowest part of the pore filter, and contains key amino acids that help define selectivity (known collectively as the selectivity 

filter). Sodium channels (and likely calcium channels), have a second ascending helix following the selectivity filter52. The gate is formed at 

the apex of the four S6 helices, which form an inverted teepee structure that projects into the cytoplasm and restricts ion permeation in the 
closed state. Only two of four subunits/domains are illustrated for clarity (i.e. DI and DIII). For voltage-gated channels, each 

subunit/domain also contains a voltage sensor module, made up of four alpha helices, with the fourth helix containing positively charged 

arginine and lysine residues critical for voltage sensitivity (shown in red). Conformational changes in the voltage-sensor are thought to 
transfer to the pore module via an S4-S5 linker (L45), allowing the apical S6 helices to transiently create an ion permeation pathway. B) 

Rough illustration of the coming together of four subunits/domains (DI-DIV) to form a tetrameric ion conducting pore in voltage-gated 

channels (S4 helices in red). Permeation can occur in both directions depending on voltage and ionic gradients, however, mechanisms that 
establish preferential inward or outward currents are common, producing inward- or outward- rectifying channels, respectively. 
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Figure 2. Proposed evolutionary lineages of various ion channel types from ancestral prokaryotic homotetrameric potassium 

channels. The basic prokaryotic potassium channel consists of four subunits, each with two transmembrane pore-forming helices. This 
ancestral pore module is highly conserved in vertebrate inward-rectifying potassium channels, as well as many other eukaryotic and 

prokaryotic channels that conduct potassium, sodium, and/or calcium. Evolutionary alterations in the pore region allowed for selectivity for 

other cations such as sodium and calcium. The voltage sensor module, made up of four alpha helices, is also of prokaryotic origins, and is 

coupled to the N-terminus of the pore module in prokaryotic and eukaryotic voltage-gated channels (although some channels have lost their 

voltage-sensitivity, such as the transient receptor potential or TRP channels63). The fourth helix (red) of each voltage sensor contains 

positively charged amino acids critical for coupling voltage changes to channel gating. Additional modules, not shown here, couple the 
detection of ligands such as calcium (e.g. small conductance/SK and big conductance/BK potassium channels), cyclic nucleotides (e.g. 

HCN and CNG channels), or neurotransmitters (e.g. glutamate-gated channels GluR) to gating of the pore. Tandem duplication of the two-

helix pore module produced the dimeric two-pore potassium leak channels, and inversion plus addition of an additional helix gave rise to 
postsynaptic glutamate-gated channels. Duplication of the voltage-gated channel subunit, exclusively in eukaryotes, gave rise to two-pore 

channels in animals (TPCN) and plants (TPC), and a subsequent duplication of a similar two-pore ancestor gave rise to the four-domain 

voltage-gated sodium and calcium channels as well as NALCN. Only fungi (i.e. CCH1 calcium channel), protist choanoflagellates (i.e. 
CAV2 calcium channels), and metazoans (voltage-gated sodium and calcium channels, and NALCN cation channel) have been found to 

contain 4-domain ion channels.  
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1.3 Cav3 (T-type) voltage-gated calcium channels 

The following section highlights some key and defining features of Cav3 channels pertinent to this 

thesis. For a more detailed review, please see Senatore et al., 2012
64

. 

1.3.1 Classification of voltage-gated calcium channels 

Since Hodgkin and Huxleyôs initial description of the ionic basis of the action potential, much 

progress has been made to define the molecular elements underlying this and other bio-electrical 

phenomena, namely gene-encoded proteins such as ion channels, ion channel receptors, ion pumps, et 

cetera. Biochemical and molecular studies have been instrumental to this end, where researchers have 

been able to identify, clone and express specific cDNAs in semi-isolated conditions for 

characterization (e.g. mammalian Cav3 channels
65,66,67

). Additionally, the recent explosion of available 

genomic sequences is providing unprecedented insights into the relatedness and evolution of relevant 

genes and their products across the tree of life. With respect to voltage-gated calcium channels 

(VGCCs), mammals have ten genes, and these are grouped into 3 families (Cav1, Cav2, and Cav3) 

based on amino acid sequence similarity
68

 (figure 4A). Voltage-sensitivity provides another 

distinction, where channels that activate in response to only slight depolarizing inputs (i.e. low 

voltage-activated or LVA) comprise the Cav3 family, and channels that require stronger 

depolarizations (i.e. high voltage-activated or HVA) make up the Cav1 and Cav2 families (figure 4B). 

These divergent properties allow LVA and HVA channels to provide distinct contributions in cells 

(see figure 4B). Mammals have three Cav3 channel genes (Cav3.1, Cav3.2, and Cav3.3), whose 

products are otherwise known as óT-typeô channels since they conduct transient barium currents with 

tiny unitary conductances, four Cav1 or óL-typeô channels that have long lasting currents with large 

unitary barium conductances (Cav1.1-1.4), and three Cav2 or ónon-L-typeô channels further classified 

as óN-typeô for neuronal and of intermediate conductance (i.e. Cav2.2), óP/Q-typeô for cerebellar 

Purkinje and granular neurons (i.e. Cav2.1), and óR-typeô which are mostly resitant to Cav2 blockers 

and considered to conduct residual non-L-type currents (i.e. Cav2.3)
69

 (figure 4A). Invertebrates such 

as Lymnaea stagnalis possess only single copies from each of the three VGCC gene families
64

 (figure 

4A), including primitive extant animals lacking muscles and nerves (Trichoplax adhaerens)
2
, and 

animals with rudimentary nervous systems (Nematostella vectensis)
70

; multiple gene duplication 

events led to an enrichment of calcium and sodium channel genes in vertebrates
71,72

, presumably 

allowing for the specialization of gene functions inherent with more sophisticated nervous systems.   
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1.3.2 Distinguishing features of T-type channels 

Domain swapping experiments indicate that domains I, III, and IV, but not domain II (figure 3A), 

define low voltages of activation for the different Cav3 channels
73

, and account for differences in 

voltage sensitivity between LVA and HVA calcium channels
74

. Further fundamental distinctions can 

be found between Cav3 and HVA channels. The pore-forming subunits of HVA calcium channels 

(a.k.a. Ŭ1 subunits) physically interact with accessory ɓ and Ŭ2ŭ accessory subunits
75,76,77

, which are 

required for proper membrane localization of the Ŭ1 pore subunit
77

, as well as for protection from 

proteolytic degradation
78
. The ɓ subunit binds Ŭ1 via the alpha-interaction domain (AID) in the 

cytoplasmic I-II linker, and can alter how channels respond to voltage changes and the speed in which 

they open (i.e. activation kinetics) or transition to closed refractory states (i.e. inactivation kinetics). 

Interestingly, Cav3 channels have not been shown to require such associations, although a handful of 

publications suggest that these same accessory subunits might slightly, and perhaps indirectly, alter 

Cav3 channel functionality
79,80,81

. Instead, Cav3 channels lack an AID and possess a highly conserved 

helix-loop-helix structural motif in this analogous region (figure 3A and D), which is critical for 

preventing channel opening at even lower voltages than normal
82

. This ógating brakeô structure, when 

disrupted, creates recombinant channels with much faster gating kinetics
83

, bringing them even closer 

in this regard to voltage-gated sodium channels, which interestingly lack a gating brake structure.  

     Interestingly, Cav3 channels are also more permeable to sodium and other monovalent cations than 

HVA channels, and are less selective for calcium over other divalent cations such as strontium and 

barium
57,84,85,86

. The selectivity filters of Cav3 channels are distinct from HVA channels in that they 

contain aspartates rather than glutamates in the P-loops of domains III and IV (i.e. EEDD vs. EEEE; 

figure 3A and C). Mutating the EEDD motif of Cav3.1 to EEEE does not fully account for differences 

in permeation between LVA and HVA channels, indicating that although this particular locus is 

important, permeation properties are defined by additional aspects of the pore architecture. 

Unexpectedly, these same studies also reveal another distinction between LVA and HVA channels: 

Cav3.1 EEEE mutants exhibit altered biophysical properties
87,88

 (i.e. voltage-sensitivity and kinetics), 

indicating that gating of Cav3 channels is partly dependent upon the selectivity filter, in addition to 

the gate located at the apex of the óinverted teepeeô S6 helices (figure 1A). 

1.3.3 Physiological roles of T-type channels 

Members of the three VGCC families are often found to have distinct localization in neurons, as well 

as expression patterns in different cell types, that are in line with generalizations about their 
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physiological roles
89,90

. Neuronal Cav1 channels tend to be concentrated at the soma and proximal 

dendrites
90

 (figure 5), where they help regulate synaptic efficacy and cell survival
91

, and famously 

activate calcium-sensitive signaling pathways to couple excitation to changes in gene 

transcription
91,14,15,16,77

. Cav1 channels also have more general functions including roles in calcium 

homeostasis, and non-neuronal functions including contributions to hormone secretion and excitation-

contraction coupling
91,77

.  Cav2 channels are mostly neuronal and secretory, where they localize to 

pre-synaptic terminals (figure 5) and closely associate with calcium-sensitive vesicle release 

machinery to mediate exocytosis
77

.  

     Such generalized physiological roles have been more difficult to ascribe to Cav3 channels, partly 

because selective blockers have, until very recently
92,93

, been unavailable to help tease apart their 

contributions, and also because single and even double gene knockout studies have presented only 

mild phenotypes, indicating that Cav3 channels are not individually essential for any overt 

physiological process
64

 (although redundancy and compensation might account for this). Their most 

definitive contribution invokes their low voltages of activation to help regulate the excitability of 

various cell types, including neurons, muscle, and secretory cells
64,94

. In neurons, Cav3 channels often 

project distally from the soma into the dendritic arbor
89

 (figure 5), positioning them to effectively 

propagate and/or amplify incoming sub-threshold post-synaptic signals towards the soma to facilitate 

action potential initiation
64

. In thalamic (and other) neurons, Cav3 channels are critical for the 

formation of rhythmic firing patterns called low threshold spikes (LTSs), that gate sensory 

information from the cortex during non-REM sleep
64,94

. Here, Cav3 channels help cyclically 

depolarize the membrane potential above action potential threshold
94

, which triggers discreet bursts of 

sodium action potentials that propagate to the cortex. Disruption of thalamic Cav3 channel activity is 

associated with sleep disturbances in mice
95,96,97

, and augmented activity is associated with abnormal 

formation of LTSs during consciousness
98

 and idiopathic generalized epilepsies
99,100,101

. Importantly, 

gene knockout and overexpression studies have validated these causalities
95,102,96,97,103

. Cav3 channels 

are also important in regulating the excitability of peripheral neurons, such as dorsal root ganglion 

neurons that transmit nociceptive (pain) signals to the spinal cord towards the brain. Here, Cav3.2 

channels enhance somatic excitability, increasing the likelihood that nociceptive signals are 

transmitted
104,105,106

.  

     In addition to regulating excitability, Cav3 channels contribute to other processes including cell 

division, exocytotic secretion, smooth muscle tone, and excitation-contraction coupling in cardiac and 
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smooth muscle cells
94,64

; however the significance and degree of their involvement is debated. 

Mammalian embryonic cardiac myocytes have underdeveloped transverse tubules (T-tubules), 

structures that in adults functionally couple membrane-localized L-type VGCCs (Cav1.2) to 

endoplasmic reticulum (ER)-localized calcium-induced calcium release (CICR) machinery, an 

association critical for excitation-contraction coupling during heart contraction. Development of T-

tubules coincides with a dramatic reduction of Cav3 channel expression in cardiac myocytes from 

embryo to adult, and Cav3 channels are proposed to contribute to early forms of contractile activity, 

before T-tubule development
107,108

. Cardiac Cav3 channels persist somewhat in adults of smaller 

mammalian species
109

, where they are relegated to pace-making roles in the sinoatrial node
107,108

. 

Invertebrates might rely more heavily on Cav3 channels for contraction of both striated and smooth 

muscle cells. Significant LVA calcium currents have been recorded in jellyfish muscle
110

 and mature 

snail ventricular myocytes
111

, and the Caenorhabditis elegans T-type channel CCA-1 significantly 

contributes to excitation-contraction coupling and the shape of muscle cell action potentials
112,113

. 
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Figure 3. Key features of Cav3 voltage-gated calcium channels. A) Schematic illustration of the expected membrane topology and 

general secondary structure of Cav3 4-domain calcium channels. Four repeat domains (DI-DIV) each contain six transmembrane helices 
(S1-S6). S1-S4 make up the voltage sensor of each domain, with the S4 helix (red) bearing repeating positively charged arginine and lysine 

residues critical for voltage sensitivity, (B) conserved with Cav3 channels from other species (e.g. snail Lymnaea stagnalis and placozoan 

Trichoplax adhaerens Cav3 homologues) and other voltage-gated ion channels such as high voltage-activated calcium channels (e.g. human 
Cav1.2), voltage-gated sodium channels (e.g. human Nav1.1), and cation leak channel NALCN. C) The pore loops from each domain 

together form the selectivity filter, a region that forms the narrowest part of the permeation pathway and defines ion selectivity. The Cav3 

channel filter consists of an EEDD motif (underlined; also depicted in A); high voltage-activated channels have EEEE; while metazoan 
sodium channels have DEKA (e.g. Nav1.1) or DKEA (not shown). The NALCN cation leak channel has an EEKE motif in vertebrates and 

other invertebrates, in what is believed to be a hybrid between calcium (EEEE) and sodium (DEKA) filters. D) The gating brake, a 

predicted helix-loop-helix motif critical to restrict channel gating at very negative potentials82 (also depicted in A), is highly conserved 
amongst Cav3 channels from across the animal Kingdom (e.g. human, snail, fruit fly, nematode, cniderian, and placozoan). The boxes depict 

predicted alpha helices, separated by a loop to make the proposed helix-loop-helix motif (using PSIPRED: 

http://bioinf.cs.ucl.ac.uk/psipred/). Positively charged amino acids are shown in red, negatively charged in green, hydrophobic in orange, 
and hydrophilic/other in blue. This figure has been reproduced, with permission, from Senatore et al., 201264. Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA.  
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Figure 4. Classification of voltage-gated calcium channels. A) Based on amino acid sequence similarity, three families of metazoan 

voltage-gated calcium channels have been designated as L-type or Cav1, non-L-type or Cav2, and T-type or Cav3
68. Pond snail Lymnaea 

stagnalis, like most invertebrates, contains only a single representative for each of the three calcium channel families64. Gene/genomic 

duplications in vertebrates/mammals produced ten calcium channel genes (four L-type, 3 non-L-type, and three T-type), each adopting 

specialized functions. B) Another major classification scheme for voltage-gated channels is their voltages of activation. L-type and non-L-
type channels are mostly high voltage-activated (HVA), and require strong depolarizations from rest to become activated, while T-type/Cav3 

channels require only slight depolarizations and are thus referred to as low voltage-activated (LVA) channels. These properties endow the 

channels with distinct contributions to cellular excitability. Cav3 channels, due to their low voltages of activation, tend to enhance 
depolarization from rest towards action potential threshold (red star), are thus often associated with regulating excitability. HVA channels 

on the other hand play a prominent role after action potential initiation, where they conduct calcium to couple excitation to various 

processes such as secretion and contraction, as well as influence the shape of action potentials by contributing a more long lasting 
depolarization that serves to prolong depolarization and widen action potentials114,113. Conversely, LVA and HVA channels can activate 

calcium-sensitive potassium channels such as BK and SK114,64,113, which can lead to quick repolarization and constriction of action potential 

width. 
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Figure 5. Generalities in the localization and function of neuronal Cav channels. Cav2 channels (i.e. Cav2.1 and Cav2.2), are classically 

associated with presynaptic excitation-secretion coupling of neurotransmitters, via close association with calcium-sensitive exocytotic 

machinery77. Cav1 channels are often found in the soma and proximal dendrites, where they contribute to excitability and are important for 
excitation-transcription coupling that allows for adaptive changes in neurons16,14,15. Cav3 channels have prominent localization in the soma 

and dendrites, and in many neurons they are found far into the distal dendritic arbor89, where they are poised to regulate somatic excitability 

and amplify distal incoming synaptic excitatory signals to initiate action potentials64.  
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1.4 NALCN channels 

1.4.1 Discovery and initial characterization of the NALCN channel complex 

The first evidence for the existence of NALCN channels was provided by Drosophila geneticist 

Hermann Muller during his classical X-ray mutagenesis studies in the 1930s
115

. 70 years later, 

researchers identified the genetic locus for Mullerôs ónarrow abdomenô allele
116

, and found that the 

lesion deleted 9 nucleotides within the domain I S2 coding sequence of a unique homologue of 4-

domain P-loop channels, representing a distinct family designated as NALCN in the mammalian 

nomenclature
117,118,119,120

. Besides the narrow abdomen phenotype, the narrow abdomen allele also 

produced disrupted and uncoordinated movement, as well as abnormalities in locomotory responses 

to changing light conditions
116

. The latter was associated with accumulation of circadian clock 

effector neuropeptide pigment-dispersing factor (PDF) in circadian pacemaker neurons, which bear 

otherwise undisrupted molecular clocks, consistent with failed exocytosis of PDF
121

. Two other 

mutant alleles, previously associated with increased sensitivity to the immobilizing action of volatile 

anesthetics (i.e. har38 and har85; for altered halothane resistance)
122

, also mapped to the Drosophila 

NALCN channel gene
116

. Interestingly, both the har and the narrow abdomen alleles in Drosophila 

produce phenotypes akin to those in C. elegans bearing the mutant alleles unc-79 and unc-80, with 

analogous locomotory defects (hence uncoordinated or unc mutants) and increased sensitivity to 

volatile anesthetics
123,124,125

. Subsequent characterization of the unc-79 and unc-80 alleles revealed 

that the underlying lesions altered two previously unidentified genes, conserved in other invertebrate 

and vertebrate animals, termed respectively Unc-79
126

 and Unc-80
127,128

.  

     Notably, although genetic screens in Drosophila and Caenorhabditis identified multiple genes that 

alter sensitivity to anesthetics, mutations in NALCN (i.e. Drosohphilaôs narrow abdomen allele) and 

Unc-79/ Unc-80 in Caenorhabditis, distinguished themselves in that they produced little to no 

sensitivity to anesthetics with poor lipid solubility (e.g. enflurane), but considerable sensitivity to 

those with high lipid solubility (e.g. halothane)
129,123

. This phenotypic link, in addition to the similar 

defects in locomotion, prompted researchers to assess the possible epistatic relationships between 

NALCN, Unc-79, and Unc-80
130,131,132,127,128,126

. These studies have conclusively shown that 1) the 

three genes and their protein products are epistatic, and the proteins interact to form a functional 

unit
133,130,132,134,127,128,126

, 2) NALCN, UNC-79 and UNC-80 post-transcriptionally regulate each 

otherôs expression levels and subcellular localization (primarily non-synaptic along axons; punctate 

patterns suggestive of internal vesicular localization or clusters at the membrane)
127,128,126

, and 3) 
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UNC-80 serves as a scaffold for the recruitment of sarcoma tyrosine kinases (SRCs) to the channel 

complex, which directly interact with and phosphorylate NALCN to regulate its function
131,118,132

.  

1.4.2 Unique features of NALCN channels revealed by sequencing and cloning 

     PCR-screening of mammalian cDNA libraries, using degenerate primers designed against an in 

silico predicted and yet undefined 4-domain ion channel protein from the Caenorhabditis elegans 

genome (i.e. predicted protein C27f2), was used to successfully identify and clone the first NALCN 

channel cDNA from rat brain
135

. C27f2, another Caenorhabditis in silico-predicted protein C11D2, 

and the cloned rat homologue grouped into a novel 4-domain ion channel family (i.e. NALCN; 

figures 6A and 8), that was distinct but related to voltage-gated calcium and sodium channels
135

 

(Caenorhabditis elegans is extremely rare in that it has two NALCN genes, Nca-1/C11D2 and Nca-

2/C27f2, whereas most vertebrates and invertebrates have only one gene). In spite of this relatively 

early molecular identification, the NALCN family has proven extremely difficult to characterize in 

terms of its ion channel properties (i.e. voltage-dependence, kinetics, and ion selectivity)
65,136,127,121

, 

and it was not until 20 years later that researchers presented successful heterologous expression and 

characterization of NALCN as a voltage-independent, non-specific cation leak channel
137

.  

     Structurally, NALCN can be distinguished from related voltage-gated sodium and calcium 

channels by several means, most strikingly by differences in the P-loop selectivity filter residues that 

define ion selectivity (see below; figures 6A and 7), and by a significant reduction in the number of 

positively-charged residues in the voltage-sensor S4 helices, especially those from domains III and 

IV
65,137

 (figure 6A and B). In the closed state, cationic S4 charges (i.e. arginine and lysine) of voltage-

gated channels are proposed to interact with negatively charged glutamate and aspartate residues 

present in other helices of the voltage-sensor module (i.e. S1-S3; figures 6 and 7), stabilizing S4 

helices in the membrane as long as the cell interior is more negatively charged than the exterior
62

. 

Upon depolarization, electrostatic forces keeping the S4 helices in the membrane are relieved, and S4 

is proposed to ócorkscrewô in an outward direction, such that S4 cationic charges are sequentially 

counter-balanced by the negatively charged S1-S3 residues
62

. The force of this movement is expected 

to transfer to the S5 and S6 pore helices that gate the pore, leading to channel opening via kinking of 

the S6 helix
62

. Bearing this in mind, the characterization of NALCN as a completely voltage-

independent channel
120

 is slightly unexpected, given that although there is a reduction in positive S4 

charges, there still remain a significant number of these, as well as conserved negatively charged 

counter-ion residues in S1-S3
135

 (figure 7). The absent S4 charges in NALCN tend to occur in the 
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most extracellular positions along S4 helices (figure 6B), which when neutralized in voltage-gated 

sodium, calcium, and potassium channels, disrupt (but do not abrogate) voltage-sensitivity, and in 

addition create channels that conduct pathological proton
138

 and/or cation leak currents directly 

through the voltage sensors (termed gating pores)
139,140,141,62

. Such mutations in skeletal muscle Cav1.1 

and Nav1.4 are associated with small but constitutive monovalent cation leak currents at rest (i.e. 

negative membrane potentials)
142

 that are associated with the disease hypokalaemic periodic 

paralysis
139,62

. Whether cation or proton gating pore currents occur in NALCN channels remains to be 

shown. Indeed, the complete voltage-insensitivity reported for NALCN might result from additional 

structural features that have yet to be defined. 

     The first molecular characterization of NALCN also revealed that the selectivity filter is distinct 

from 4-domain calcium (EEEE and EEDD) and sodium (DEKA and DEEA) channels, bearing what 

has been proposed to be a hybrid between these two pore configurations
143,135,120

 (i.e. EEKE; figures 

6A and 7). Mutation of a HVA calcium channel EEEE pore to EEKE changes the selectivity from 

calcium to monovalent sodium and potassium
144

. Importantly, evolutionarily- and structurally-related 

sodium and calcium channel selectivities
59,24

 are determined not only by the nature of charged 

residues present within the filter and surrounding regions, but also by spatial constraints that define 

how ions are able to ófitô within the pore as they pass through
43,60

. The complexity of permeation is 

well exemplified by the prokaryotic tetrameric voltage-gated sodium channel NaChBac
48

, which, 

despite having four glutamate residues in the selectivity filter, conducts a sodium-selective current
25

. 

In addition, mutation of calcium-selective Cav3.1 from EEDD to EEDE/EEED unexpectedly renders 

the channel highly permeable to monovalent cations
57

. Given these exceptions, it is difficult to assess 

or predict permeability based purely on pore sequences, and functional characterization has been 

essential to define NALCN as a non-specific cation leak channel
143,120

.  

     Another interesting feature, that is difficult to speculate on but worth mentioning, is an apparent 

lack of glycine and/or proline residues in S6 helices from domains I and II of NALCN, which are 

conserved in most 4-domain voltage-gated sodium and calcium channels (figure 7), as well as 

tetrameric potassium and sodium channels
40,25

. Instead, NALCN homologues contain several glycine 

residues in domain III S6 (figure 7). X-ray crystallographic studies suggest that these amino acid 

motifs provide inflection points that allow S6 helices to bend upon channel activation, opening the 

ion permeation pathway
40,25

. Mutating these residues to alter S6 flexibility significantly impacts 
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channel gating
145,146,147

, however, the existence of channels that lack such motifs
147

 indicates that they 

are not an absolute requirement.  

1.4.3 Physiological roles of NALCN, Unc-79, and Unc-80 in invertebrates 

NALCN is abundantly expressed in the nervous systems of both mammals and 

invertebrates
148,135,118,120,127,128,121,116

, and moderately expressed in mammalian heart and some 

secretory glands/organs (e.g. pituitary gland and pancreas)
135,118

. Unfortunately, although knockouts 

of NALCN/Unc-79/Unc-80 produce strong and characteristic phenotypes, the molecular details 

underlying these physiological changes remain somewhat enigmatic. In invertebrates, NALCN 

mutants display uncoordinated movement, difficulty in transitioning to high frequency movements 

such as escape and swimming, abnormal circadian behaviors, and increased sensitivity to volatile 

anesthetics. It is notable that all of these phenotypes can be, directly or indirectly, correlated to 

decreased presynaptic activity and exocytosis (see below).  

     At the C. elegans neuromuscular junction, disruption of NALCN and Unc-80 reduces presynaptic 

excitability and exocytosis of neurotransmitter, resulting in attenuated postsynaptic responses (i.e. 

reduced spontaneous mini post-synaptic currents at rest and evoked postsynaptic currents during 

nerve stimulation)
148,127,128

. Mutation of another unc gene, unc-26/synaptojanin (a lipid phosphatase 

that degrades phosphatidylinositol 4,5 bisphosphate; required for synaptic vesicle recycling), results 

in presynaptic structural abnormalities, severe uncoordination, and a marked depletion of presynaptic 

vesicles presumably due to failed recycling
149,128

. Notably, the locomotory defects and loss of vesicles 

can be suppressed by concurrent knockout of NALCN, Unc-79, or Unc-80
128

, without alleviating 

structural abnormalities. Accordingly, knockout of just NALCN or its subunits increases presynaptic 

vesicles and reduces neuromuscular transmission in an otherwise wildtype background
128

. Taken 

together, these observations indicate that in the wildtype condition, NALCN activity enhances 

neurotransmission by promoting exocytosis, and in mutants, the absence of NALCN function causes 

reduced exocytosis and vesicle accumulation. Indeed, the role of NALCN in circadian control of 

locomotory behavior in Drosophila, attributed to presynaptic accumulation of circadian clock effector 

peptide PDF
121

, could be due to reduced exocytosis of PDF in NALCN knockouts. However, whether 

NALCNôs contribution is indirect (e.g. by conducting depolarizing leak currents to facilitate 

activation of presynaptic VGCCs that are coupled to the exocytotic machinery), or more direct (e.g. 

by regulating vesicle recycling/homeostasis or the exocytotic machinery), is not clear.  
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     In C. elegans, double knockout of NALCN subunits with various other genes intimately involved 

in exocytosis (i.e. VGCC Cav2/unc-2, syntaxin/unc-64, and synaptotagmin) does not consistently 

suppress nor enhance exocytotic defects
128

, suggesting that NALCN is not a central component of the 

secretory apparatus. However, overexpression of a gain-of-function NALCN, containing an arginine 

to glutamine mutation just downstream of domain I S6, causes overexcitability and developmental 

defects in presynaptic active zones
150,148,127

 (sites of vesicle docking and neurotransmitter release
151

). 

Interestingly, a similar phenotype can be created by knocking out unc-7, an invertebrate gap junction 

gene homologous to vertebrate pannexins, and concurrent knockout of NALCN alleviates the active 

zone abnormalities and overexcitability
148

. Here, NALCN seems to be more intimately associated 

with presynaptic exocytosis, where excessive NALCN activity leads to active zone defects and 

excessive neurotransmission. In the wildtype condition, gap junction protein Unc-7 likely opposes 

NALCNôs positive influence on secretion, and loss of unc-7, or expression of a gain-of-function 

NALCN, tips the balance in favor of NALCN leading to presynaptic abnormalities and 

overexcitability. Clearly, more research is needed to delineate NALCNôs presynaptic contributions to 

excitability and secretion; however, the data convincingly implicates the channel in these processes. It 

is interesting that one of the main actions proposed for volatile anesthetics, for which mutants of 

NALCN, Unc-80, and Unc-79 show increased susceptibility, is to attenuate presynaptic 

neurotransmitter release
152,153,154,155,156

. Researchers interested in the relationship between NALCNôs 

and halothaneôs presynaptic effects on exocytosis failed to show a link
156

, however, all of their 

electrophysiological recordings were carried out in low extracellular calcium (0.5 mM), a condition 

shown by others to mask NALCNôs contribution to synaptic transmission
128

.  

1.4.4 Physiological roles of NALCN, Unc-79, and Unc-80 in mammals 

Knockout of NALCN in mice does not produce drastic developmental defects in the embryo; 

however, mice die within 24 hours after birth and have severely disrupted respiratory rhythms, 

attributed to reduced electrical activity in spinal nerves that innervate the diaphragm
120

. Since 

multiple gene knockouts in mammals are far more difficult, there is no confirmatory evidence yet that 

the epistatic relationships, identified in invertebrates for NALCN, are evolutionarily conserved (e.g. 

Unc-79, Unc-80, synaptojanin, Unc-7, etc.
152,148,133,124,125,127,128,126

). However, ablation of just Unc-79 

is also perinatal lethal
157,130

, and interestingly, heterozygous knockout mice are more susceptible to 

alcohol
130

, a phenomenon also observed in C. elegans knockouts of Unc-79, Unc-80, and 

NALCN
158,130

. In addition, Unc-79 heterozygous knockout mice are smaller, have less body fat, and 
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consume more food than wildtype littermates, consistent with increased metabolic rates and energy 

usage. It is tantalizing to speculate that Unc-79 and the NALCN complex might have some link to 

mitochondrial function. Interestingly, mitochondria represent another key target for volatile 

anesthetics
159,152

, and in C. elegans, halothane is reported to accumulate more readily in the 

mitochondria of Unc-79 knockout animals than wildtype
152

.  

     Cultured rodent and snail neurons, possessing either a knockout of NALCN (i.e. mouse 

hippocampal neurons) or RNA-mediated gene knockdown (Lymnaea stagnalis RPeD1), have 

significantly hyperpolarized resting membrane potentials, suggesting that the channel has a role in 

depolarizing cells
160,120

. Also, the increased sensitivity of C. elegans NALCN mutants to anesthetics 

can be partially suppressed by depolarizing neurons with light-activatable channel rhodopsins
161

, so 

increased susceptibility is in part due to membrane hyperpolarization in NALCN knockouts. All of 

these data are consistent with assertions that wildtype NALCN conducts tonically depolarizing 

sodium leak currents into cells to help set the resting membrane potential of most neurons
143,120

. The 

most compelling evidence for this comes from the heterologous expression of rodent NALCN in 

cultured HEK-293T cells, where in the absence of accessory proteins Unc-79 and Unc-80, NALCN is 

reported to conduct constitutive leak currents
120,143

. However, an important caveat should be 

considered: even though NALCN-mediated constitutive leaks are proposed to be minute, in the long 

term they would be energetically costly, undermining the efforts of the ATP-dependent Na
+
/K

+
-

ATPase. In fact, excessive sodium influx is often associated with disease
162,139

, and as such leak 

conductances should be tightly regulated in vivo to prevent adverse effects. In accordance, the 

NALCN complex seems to be tightly regulated via G protein-coupled receptors (e.g. 

Takykinin/neurotensin receptor 1
132

 and muscarinic acetylcholine receptor M3
118

), which, upon ligand 

binding, activate the channel in non-canonical, G-protein independent pathways that recruit SRC 

kinases to phosphorylate NALCN and Unc-80
118,132,134

. Conversely, calcium-sensitive G protein-

coupled receptors have been reported to tonically inhibit NALCN, in this case, directly via activated 

G-proteins
134

. 

     Of note, even though the experimental evidence strongly supports a role for NALCN in directly 

mediating depolarizing leak currents, there are alternate explanations for the data that are worthy of 

examination. For example, it has yet to be assessed whether NALCN-mediated depolarization might 

be attributable to indirect consequences of NALCN function, such as alterations to mitochondria and 

ATP production, and/or altered activity of the Na
+
/K

+
-ATPase, or alterations in the activity of other 
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ionic conductances that influence resting membrane potential, such as potassium channels (e.g. see 

Lear et al., 2005
121

) or cationic hemichannels (e.g. see Bouhours et al., 2011
148

). In addition, some 

have argued that NALCN does not mediate constitutive leak currents into cells per se, but rather, 

mediates highly controlled and transient depolarizing currents when activated by G-protein coupled 

receptors
118

. In accordance, the completely voltage-independent and non-specific cation leak currents 

reported in HEK-293T cells expressing rat NALCN (evidenced by a linear current-voltage 

relationship, with a reversal of inward-to-outward current occurring at 0 mV)
120

, are inconsistent with 

the inward-rectifying, SRC-activated cation currents subsequently attributed to NALCN in cultured 

neurons
132

, and the SRC-activated and more sodium-selective currents observed in pancreatic ɓ-cell 

lines
118

. Clearly, NALCNôs conductance and physiological contributions remain controversial, and 

further study is required to definitively characterize these and other properties of the channel. 
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Figure 6. General features of the NALCN channel protein sequence. A) Schematic illustrating the expected membrane topology and 

some distinguishing features of NALCN homologues. NALCN channels belong to the 4-domain ion channel family, with each domain 
containing a voltage sensor module and a pore module. The selectivity filter of NALCN in mammals is EEKE, which is conserved with 

Drosophila and C. elegans (see figure 7). B) Amino acid sequences for the voltage sensor helices from various 4-domain ion channels 

including NALCN (i.e. snail, fruit fly, rat, and nematode; for accession numbers see figure 8), voltage-gated calcium channels 
Cav2.2/Cav1.2/Cav3.1 (from rat), and voltage-gated sodium channel Nav1.1. Note the highly conserved negatively charged amino acids in 

the S2 and S3 segments (glutamate E and aspartate D; arrows), proposed to form consecutive counter-ion pairs with positively charged 

lysine (K) and arginine (R) residues in the S4 helices while they corkscrew out of the membrane during voltage sensor activation. NALCN 
channels have lost some of the positively charged S4 residues, particularly in domains III and IV, which is expected to alter voltage 

sensitivity but not necessarily abolish it (see text). Amino acid key: red = positively charged; green = negatively charged; yellow = 

hydrophobic; blue = hydrophilic/other. Symbols below the aligned amino acids depict the degree of conservation: * identical, : highly 
similar, . similar.  
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Figure 7. Amino acid sequences for the pore helices and selectivity filters of various 4-domain ion channels. NALCN channels contain 

an EEKE filter (shaded residues with white arrow, see figure 6A), proposed to be a hybrid selectivity filter between calcium-selective 

channels (e.g. Cav2.2, Cav1.2, and Cav3.1; EEEE or EEDD), and sodium selective channels (e.g. Nav1.1; DEKA). Interestingly, snail 
NALCN has an inversion between domains II and III, with an EKEE filter. Note the general absence of glycine residues in S6 helices from 

domains I and II, but instead the presence of glycines in domain III (black arrows). Glycine and proline residues are proposed to be 

important for gating, by providing an inflection point in S6 to open the permeation pathway40,25 (see text). Amino acid key: red = positively 
charged; green = negatively charged; yellow = hydrophobic; blue = hydrophilic/other. 
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Figure 8. Phylogenetic tree depicting the three main types of metazoan 4-domain ion channels. NALCN, fist discovered in rats and C. 

elegans135, forms a distinct family of channels conserved across the animal Kingdom. Note the abundance of sodium and calcium channels 

in mammals (e.g. rat; 10 genes of each channel type), compared to the single copy nature of NALCN. C. elegans is extremely rare in that it 
has two NALCN channel genes, Nca-1 and Nca-2. The narrow abdomen Drosophila mutant, produced by Hermann Muller in the 1930s, 

had an X-ray-induced genetic lesion that was eventually mapped to the NALCN gene (named NA for narrow abdomen)116. GenBank ID 

numbers: 194294538 (Cav1.1); 158186633 (Cav1.2); 8393030 (Cav1.3); 16758518 (Cav1.4); 158138501 (Cav2.1); 145553966 (Cav2.2); 
304555571 (Cav2.3); 24429576 (Cav3.1); 84028181 (Cav3.2); 113195659 (Cav3.3); 116447 (Nav1.1); 6981506 (Nav1.2); 6981510 (Nav1.3); 

6981512 (Nav1.4); 6981514 (Nav1.5); 81886863 (Nav1.6); 55976160 (Nav1.7); 56748617 (Nav1.8); 56748616 (Nav1.9); 25742828 (NaX); 

24025650 (rat NALCN); 25144895 (C. elegans Nca-1); 373254060 (C. elegans Nca-2); and 158031818 (Drosophila NA). The multiple 
sequence alignment used to create the phylogenetic tree was generated with a CLUSTALW algorithm available at SDSC Workbench 

(http://workbench.sdsc.edu/). 
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1.5 Modulation of ion channels by alternative splicing  

1.5.1 Increasing the information content of genes 

Genome sequencing has elucidated an unexpectedly small number of genes for animals (e.g. 20,000 

to 25,000 in humans
163

), and no clear correlation between morphological complexity and gene 

number
164,165

, undermining our pre-genomic notion that increased complexity requires more genes. 

However, homologous genes from different species can encode differing amounts of 

information
164,163

, and complexity arises not only from gene number, but also from the amount of 

information that individual genes carry (i.e. diversity in how a gene product is expressed, its 

functionality, or its complexity of integration into protein-protein networks, etc.)
164,165

. There are 

many ways to diversify information content, at the levels of transcription (e.g. variability in chromatin 

structure and promoter expression, multiple promoters for one gene), RNA processing (variability in 

alternative splicing, polyadenylation, RNA editing, mRNA stability and localization), translation 

(variability in the rate or localization of translation), and post-translation (protein folding, trafficking, 

cleavage, degradation, phosphorylation/covalent modification, protein-protein interactions, and other 

molecular interactions). Human proteins tend to have greater functional capabilities (e.g. enzymes 

with multiple enzymatic activities) than homologues in Drosophila melanogaster and Caenorhabditis 

elegans
164,163

. Human genes also undergo more extensive alternative splicing than those in 

invertebrates (e.g. 90% in humans, 60% in Drosophila, 25% in Caenorhabditis
166,167,168,169,170

). Plant 

genes, although generally more numerous
171

, undergo considerably less alternative splicing than in 

animals
172,173

; and prokaryotes have very little alternative splicing
172,173

.   

     Alternative splicing provides the capacity to generate large (or small) alterations in protein 

structure, within specific tissues, and/or during specific developmental stages. Splicing-induced 

alterations can have intrinsic effects on a protein, influencing how it behaves (e.g. alterations in ion 

selectivity, gating, or voltage-sensitivity of ion channels), or can alter motifs used for modulation by 

other factors (e.g. phosphorylation, calcium-binding, or protein-protein interaction motifs that 

influence trafficking and/or complex formation, etc.)
174,175,176,177,178,179

. Alternative splicing can also 

introduce premature translation termination codons into the mRNA, resulting in downregulation of 

gene expression via nonsense-mediated decay
180

, or it can take place outside of the coding sequence, 

in 5ô or 3ô untranslated regions (UTRs), influencing mRNA stability and localization
181,182

. 

Importantly, challenges arise not only from documenting alternative splicing and other forms of gene 

diversification, but also in determining the physiological significance of these alterations. Often, 
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alternative splicing seems to have no clear functional purpose, and represents a form of stochastic 

noise (that can nonetheless serve as a substrate for the evolution of emergent features)
183,180

. In other 

instances alternative splicing is tightly regulated
180,170

, and coincides with changes in physiological 

states of an animal, such as development, or with distinctions between separate tissues or organs
180

. 

Also, developmental changes in alternative splicing are often conserved between species (e.g. 

mammalian vs. avian)
184,185

. Here, pertinent genes are being specifically tailored for different roles in 

different contexts, and evolutionary conservation of these splicing strategies underscores their 

physiological importance.  

1.5.2 General features of alternative splicing 

The spliceosome, a large ribonucleoprotein complex containing 5 highly conserved small nuclear 

ribonucleoproteins (snRNPs)
186

, is responsible for excising introns and ligating exons together, by 

recognizing four key cis elements on transcribed pre-mRNA: 1) the 5ô splice site (a.k.a donor splice 

site), typically a GU intronic sequence flanking the upstream exon, 2) the 3ô splice site (a.k.a. 

acceptor splice site), typically AG, flanking the downstream exon, 3) the branch site, an adenine 

nucleotide located ~40 base pairs upstream from the downstream exon, and 4) the polypyrimidine 

tract, located between the branch site and the 3ô acceptor splice site (figure 9A). Other auxiliary cis 

elements along the pre-mRNA are recognized by splicing factors that facilitate or inhibit formation 

the spliceosome complex to determine specific spatial and/or temporal splicing patterns. There are 

~50 of these RNA-binding regulatory proteins in mammals, including serine/arginine (SR) proteins, 

heterogeneous nuclear ribonucleoproteins (hnRNPs), polypyrimidine tract-binding proteins, and 

NOVA proteins
187,188,183,185

; alterations in their expression and functionality is responsible for large-

scale changes in the transcriptome
187,185

. Indeed, differences in alternative splicing tend to occur on a 

large scale, involving many different genes, and these differences often reflect physiological 

transitions or distinctions between various cell types, tissues, or organs
185

. The role of any particular 

alternatively-spliced gene isoform is therefore highly intertwined with the entire system of alternative 

splicing and the corresponding protein populations. 

     There are five main modes in which alternative splicing can take place: 1) exon skipping, where an 

optional cassette exon is either omitted or included, 2) alternative 5ô splice sites, where a second 

tandem donor splice site is present within the upstream exon, 3) alternative 3ô splice sites, where an 

alternate 3ô acceptor splice site is present within the downstream exon, 4) mutually exclusive exons, 

where either of two or more exons are included in the transcript, and 5) intron retention, where an 
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intron is retained
183

 (figure 9B). Interestingly, alternative splicing in lower metazoans, fungi, and 

protozoa tends to occur through intron retention, while exon skipping becomes more prominent in 

increasingly complex animals, suggesting that exon skipping contributes more greatly to phenotypic 

complexity
172

.   

1.5.3 Alternative splicing of Cav3 channel genes 

The human Cav3.1 channel gene is transcribed from two separate promoters that drive differential 

expression during neuronal differentiation
189

, producing pre-mRNAs with alternative 5ô UTRs. 

Interestingly, the 3ô UTR also contains two distinct polyadenylation sites
190,191

. Human Cav3.1 

mRNAs are processed from 38 exons (39 annotated on Evidence Viewer, NCBI), and alternative 

splicing has been documented in multiple loci along the pre-mRNA sequence
192,190,191,193

. These 

include optional cassette exons subject to exon skipping, and alternative donor or acceptor splice sites 

that selectively omit 3ô or 5ô portions of exons, respectively (figure 9). Rat and mouse Cav3.1 channel 

genes are also extensively alternatively spliced, and some loci are conserved with humans, while 

others appear to be specific for rodents
194,190,191,195

. One particularly interesting locus, alternatively 

spliced in rodents but not human, corresponds to the cytoplasmic I-II linker of the Cav3.1 channel 

protein. Exon 8, in rodents, contains alternative 5ô donor splice sites (figure 9B) that can be used to 

omit 134 amino acids from the I-II  linker
194,195

 (summary figure A). Exon 8b, the optional portion of 

exon 8, has a minimal impact on the biophysical properties of Cav3.1, however, when included it 

causes a marked reduction in membrane localization
195

. Analysis of the human and chicken Cav3.1 

exon 8 sequences (GenBank accessions NM_001256324 and XM_001232653.2), reveals that the 

upstream 5ô donor splice site, present within rodent exon 8, is absent, likely accounting for the lack of 

variability for humans in this region
192,190,191,193

. However, an imposed deletion within the I-II linker 

of human Cav3.1, mimicking omission of exon 8b, causes an analogous increase in membrane 

expression
196

, so the mechanisms that influence membrane trafficking via the I-II linker are likely 

conserved for Cav3.1 homologues. Whether some vertebrates have lost the ability to splice out exon 

8b, or this is an emergent feature within select vertebrate lineages, has yet to be addressed. 

Conversely, analogous deletions in the other two human Cav3 channel isotypes, Cav3.2 and Cav3.3, 

cause a dramatic increase and a moderate decrease in membrane expression, respectively
196,197

, 

indicating that although the I-II linker of all three Cav3 channel subtypes is used to regulate 

membrane expression, the mechanisms are different. Human Cav3.3 also has an optional exon in the 

I-II linker (cassette exon 9)
198

, however unlike 8b in Cav3.1, it has a strong impact on biophysical 
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properties and its role in membrane expression has not been assesed
199

. Notably, the I-II linker is also 

used to regulate trafficking and protein stability of HVA calcium channels, through interaction with 

accessory ɓ subunits that bind the I-II linker (in a similar position to the gating brake of Cav3 

channels) to facilitate membrane localization and protection from proteosomal degradation
78

. For a 

recent review detailing membrane trafficking of Cav3 channels, see Senatore et al., 2012
64

. 

     Both human Cav3.2 and Cav3.3 genes are reported to consist of 36 exons
198,200

 (35 and 37 reported 

on Evidence Viewer, NCBI, respectively), and similar to Cav3.1, both are subject to extensive 

alternative splicing
201,202,203,198,200,204

. Many of these splice isoforms have been shown to influence 

channel properties
203,200

, however, a particularly interesting locus for alternative splicing is found in 

the short III-IV cytoplasmic linker of Cav3.2 (and Cav3.1), but not in Cav3.3. Exon 25, in Cav3.1 and 

Cav3.2, contains alternative 5ô donor splice sites that can selectively omit 7 amino acids from the 

middle of this linker (termed exon 25c). These two genes also each possess an optional cassette exon 

downstream of exon 25, exon 26, which can be inserted in lieu of exon 25c (+26), with 25c 

(+25c/+26), or neither can be included (ȹ 25c/ȹ26, or ȹȹ)
192,190,193,200

 (summary figure A). Insertions 

in this region imposed by alternative splicing have dramatic influences on voltage sensitivity, such 

that channels activate and inactivate at more negative potentials
192,190,193,200

. In addition, exons 25c 

and/or 26 impose accelerated activation and inactivation kinetics, but slower deactivation 

kinetics
192,190,193,200

. Interestingly, ȹȹ variants of Cav3.1 and Cav3.2 are enriched in the embryo
200,190

, 

and resemble the embryonically-abundant Cav3.3 channel
204

, which lacks alternative exons in the III-

IV linker (hence always ȹȹ-like) and has depolarized sensitivities for activation and inactivation, and 

slower kinetics
205,206,65,207

. 

1.5.4 Alternative splicing of NALCN channel genes 

The human NALCN gene consists of ~46 exons (Evidence Viewer, NCBI). Functional documentation 

of alternative splicing is not available in the literature, however, according to The Protein 

Knowledgebase (http://www.uniprot.org/), the human NALCN gene expresses three mRNA variants 

(UniProtKB database IDs Q8IZF0, Q8IZF0.2, and Q8IZF0.3), two of which code for truncated 

proteins (Q8IZF0.2 and Q8IZF0.3). The larger of the two truncated isoforms (ID Q8IZF0.2), 

comprises half of the channel protein, from the N-terminus up until the beginning of the II-III linker. 

Interestingly, heterozygous mutations in humans that similarly truncate P/Q-type calcium channel 

Cav2.1, induce a dominant-negative effect over the wildtype allele by targeting its otherwise 

functional protein product for proteosomal degradation, leading to a pathological depletion of Cav2.1 
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in the cerebellum and motor dysfunction associated with episodic ataxia type-2
208

. This degradation 

process can be mimicked for human Cav3.2
208

, and the truncated NALCN splice isoform might 

mediate an endogenous downregulation of full length NALCN by exploiting this same mechanism. 

1.5.5 Challenges in understanding the physiological roles for alternative splicing in 

Cav3 and NALCN channel genes  

Developmental and tissue-specific differences in alternative splicing are often reflected by ratiometric 

differences rather than a complete switching between particular mRNA isoforms
180

. As such, two 

different physiological states, whether they are separated spatially or by some developmental 

timeline, can have a considerable amount of overlap in terms of alternative splicing (e.g. 6:4 isoform 

A/isoform B in state 1, vs. 2:8 isoform A/isoform B in state 2), which due to lack of contrast in 

expression, complicates our ability assess the roles for alternative splicing within these different 

states. In addition, genetic redundancy, which is high in vertebrates (e.g. multiple voltage-gated 

sodium and calcium channel genes; see above), establishes the presence of multiple proteins with 

overlapping functions that can mask the effects of alternative splicing in redundant genes. Even for 

alternative splicing with highly contrasting expression patterns, the functional consequences can be 

subtle and depend on other cellular factors. Alternative splicing tends to occurs at a systems level, and 

temporal or spatial alterations in the splicing program are expected to influence many genes
184,185,180

. 

Hence, the purpose for altering alternative splicing of a particular gene might be difficult to pinpoint, 

since its functionality might depend on coordinated alterations in other gene products. Finally, 

morphological complexity in vertebrates is exceedingly elaborate, especially within the nervous 

system, and correlating differences in alternative splicing of one gene to a functional output within 

such a complex background can be difficult. To illustrate this problem, despite the thorough 

characterization of developmentally-regulated splicing in the III-IV linkers of Cav3.1 and Cav3.2 

channel genes (see above), which are ratiometrically enriched in adults (and conversely ȹȹ is 

preferred in embryos)
192,190,193,200

,  little is known about the physiological purpose for these 

developmental changes in splicing. Even less is known about the physiological role for alternative 

splicing in NALCN. Arguably, model systems with less genetic complexity and simpler nervous 

systems might help to understand how permutations in alternative splicing fit into the context of real 

physiological processes, such as nervous system function, development, disease, etc. 
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Figure 9. Alternative splicing of pre-mRNA. A) The spliceosome, a massive RNA-protein complex containing highly conserved snRNPs 

(U1, U2, U4, U5, and U6), recognizes four key cis elements along the pre-mRNA for intron excision and exon-exon ligation. The 
polypyrimidine tract (PPT) facilitates formation of the spliceosome complex by recruiting splicing factors to the intron. 5ô and 3ô donor and 

acceptor splice sites (SS) flank the 5ô and 3ô exons (purple boxes), with consensus sequences of AG-GU and AG-G recognition sequences, 

respectively. The GU and AG sequences, located within the intron (black line), are highly conserved. The branch site, located ~40 base 
pairs upstream of the 3ô exon, contains an adenine (A) nucleotide that is ligated to the hydrolyzed 5ô donor splice site by the spliceosome 

complex into an intermediate lariat structure; subsequently, cleavage of the 3ô splice site and exon-exon ligation takes place. B) Five basic 

modes of alternative splicing. Optional exons are shown in red and blue. Green lines depict ligation of exons by the spliceosome. Exon 
skipping involves the omission of an optional exon along with flanking 5ô and 3ô intron sequences. Alternative 5ô donor splice sites can be 

used to omit a portion of the 5ô exon, and alternate 3ô acceptor sites can be used to omit a portion of a 3ô exon. Mutually exclusive exons are 
included in lieu of each other, and intron retention involves the optional inclusion/omission of an intron into the final mRNA.   
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1.6 Lymnaea stagnalis as a model to study ion channels 

The mammalian brain is made up of trillions of neurons and glia, organized into very complex 

networks, each expressing a different ensemble of genes, most subject to various modes of functional 

diversification (see above). To circumvent issues with complexity, some researchers have resorted to 

invertebrate model organisms, which often possess simpler and more tractable nervous systems. The 

freshwater pond snail Lymnaea stagnalis (a.k.a. the Great Pond Snail) is one such invertebrate model, 

with a proven utility for neuroscience applications
209

. However, before describing the advantages, it is 

worthwhile discussing some of the disadvantages. Lymnaea belongs to the phylum Mollusca, which 

includes other extant species commonly used for neuroscience research including marine snail 

Aplysia californica and terrestrial snail Heliosoma trivolvis. Unfortunately, the molecular tools 

available for Lymnaea and other molluscs are quite limited. Until only recently, very few snail cDNA 

or expressed sequence tag (EST) sequences were available
210,211

. Furthermore, the Lymnaea genome 

is not sequenced; however, the Aplysia californica genome (The Broad Institute Aplysia Genome 

Project) as well as other snail genomes are being sequenced and annotated (i.e. Lottia gigantea: JGI 

Genome Project; and Biomphalaria glabrata: The Biomphalaria glabrata Genome Initiative). Also, 

no vectors have been developed for heterologous expression of cDNAs in Lymnaea cells (pNEX 

vector has been developed for Aplysia, but its expression efficiency in Lymnaea has not been formally 

tested
212

). Finally, transgenic and gene knockout/knockin technologies have not been developed for 

Lymnaea or other molluscs. 

     Despite these significant disadvantages, Lymnaea does provide some very useful advantages. 

Remarkably, despite the millions of years of evolution separating vertebrates and molluscs (figure 

10), multiple genetic and morphological similarities persist. For example, a considerable number of 

genes associated with neuronal function are conserved between snails and vertebrates
210,211

, including 

genes for voltage-gated calcium channels
59,64

. Unlike in vertebrates, these genes are often retained at 

single copies
71,72

 (see figure 4), diminishing genetic redundancy. Moreover, these channels often play 

similar roles in their respective organisms. The Lymnaea Cav2 channel homologue LCav2, for 

example, has similar biophysical properties to mammalian Cav2 channels, and like them, mediates 

presynaptic neurotransmitter release
213

. The L-type homologue, LCav1, also has similar properties and 

functions as its mammalian counterparts
214,215

. Cav3 (and NALCN) channels from Lymnaea or other 

invertebrates, prior to this thesis, had not been successfully cloned and expressed in heterologous 

systems for electrophysiological characterization. 
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     Morphologically, snails have anatomical structures with vertebrate counterparts that can be 

exploited for research purposes, and in some cases, these organs/tissues provide elegant preparations 

for experimentation. The relatively simple Lymnaea stagnalis central nervous system, for example, 

contains roughly 20,000 neurons, the somas of which are arranged into large clusters of defined 

ganglia
210

. Within these ganglia, neurons can be uniquely identified, extracted, and cultured with 

relative ease, and these can be made to reconstruct functional, synaptically-connected neuronal 

circuits in vitro
209,216

.  Circuits can also be studied in semi-intact preparations, with access to specific 

central neurons still connected to peripheral neurons and muscle cells
217,218

. These reductionist 

approaches have provided powerful insights into the mechanisms that regulate oscillating circuits that 

drive simple rhythmic behaviors such as respiration and feeding
209

, and have allowed for a dissection 

of how external world information is encoded into these very neurons, at the molecular level, during 

learning and memory formation
219,217,218

.  Additionally, Lymnaea possesses a compartmentalized heart 

with an atrium and a ventricle (albeit with two chambers rather than four as in most vertebrates)
209

. 

Key voltage-gated channels, important for heart function in vertebrates (e.g. HVA and LVA calcium 

channels, A-type and delayed rectifier voltage-gated potassium channels
220

) are expressed in Lymnaea 

heart cells
111,221

. In addition, studying the Lymnaea heart provides insights into the evolution of heart 

function at the molecular level, where the contribution of specific ion channels to excitability and 

contraction can be compared. Lymnaea also contains a well-studied neuroendocrine system
209

, which 

can be similarly compared with the vertebrate neuroendocrine system. 

     Lymnaea stagnalis also provides some practical advantages. In contrast to Aplysia californica, that 

must be isolated from the wild, Lymnaea can be easily raised in a laboratory. Furthermore, since 

Lymnaea are poikilotherms (i.e. do not regulate their body temperature), electrophysiological studies 

of Lymnaea neurons or Lymnaea cDNAs expressed in heterologous systems are more representative 

of their true physiological environment, since most recordings are carried out at ambient room 

temperature. Actually, significant differences in mammalian calcium channel properties have been 

reported when experiments were carried out at 37
o
C rather than room 

temperature
222,223,224,225,226,227,228,229

. 
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Figure 10. Illustration of some key evolutionary branch points in animal phyla. Metazoans comprise a kingdom of multicellular 
eukaryotic organisms (a.k.a. Animalia) that diverged from single-celled eukaryotes such as protists (e.g. Choanoflagellates) c.a. 1.6 billion 

years ago36,37. Molecular clock studies indicate that the lineages that eventually led to humans and molluscs diverged from each other more 

than 1 billion years ago230. Porifera (i.e. sponge) represent some of the most primitive extant animals, followed by Placozoa (e.g. Trichoplax 
adhaerens) which lack muscles and nerves and Cnideria (e.g. Nematostella vectensis) that have a rudimentary nervous system and radial 

body symmetry. Further along the tree, animals with bilateral symmetry emerged (e.g. flatworms/Platyhelminthes) and subsequently 

subdivided into two groups based on distinctions in embryonic development, with protostome animal making up one group (e.g. nematodes 
such as C. elegans, arthropods such as Drosophila melanogaster, molluscs such as Lymnaea stagnalis, and annelids) and deuterostome 

animas making up the other (e.g. chordates including the subphylum Vertebrata, hemichordates such as acorn worms, and echinoderms such 

as starfish). The tree illustrated here was derived from phylogenetic relationships depicted on The Tree of Life Web Project 
(http://tolweb.org/tree/), and is not intended to be metric in terms of evolutionary relationships between Phyla. 
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1.7 Hypotheses 

The series of hypotheses addressed in this thesis are that: 

1) Lymnaea Cav3 and NALCN channel homologues possess features at the amino acid level (i.e. 

primary sequence, predicted secondary structures, predicted functional motifs) that are conserved 

or divergent from mammalian channels, and these structural features are reflected by respective 

similarities and differences in their properties when expressed in isolation and biophysically 

characterized by electrophysiology. 

2) The expression patterns of LCav3 and LNALCN mRNAs, in various organs/tissues and 

throughout development, resemble those of mammals. LCav3 transcripts are expected to be 

abundant in the central nervous system, heart, and in secretory cells, and are hypothesized to be 

similarly downregulated throughout development
64

, especially in the heart
231

. LNALCN is also 

expected to be abundant in the central nervous system, heart, and secretory cells, similar to 

mammals
118

. 

3) The LCav3 and LNALCN channel genes are subject to alternative splicing, some of which is 

conserved with mammalian channels, and some of which is unique to snails and closely related 

species. Conserved splicing imposes analogous changes in channel properties, while divergent 

splicing manifests as unique functional attributes. 

4) The alternative splice isoforms of LCav3 that are conserved with mammals are hypothesized to 

undergo similar changes in expression throughout development as reported for mammals, and to 

exhibit similar expression profiles in various organs/tissues such as the central nervous system, 

heart, and secretory cells.  

5) Expression patterns of conserved and divergent alternatively spliced LCav3 and NALCN mRNAs 

allude to their function, particularly if differences in splicing between two tissues or 

developmental stages are significant. 
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1.8 Objectives  

The initial objective was to clone and characterize two homologues of mammalian 4-domain ion 

channels from the freshwater snail Lymnaea stagnalis: a Cav3 (T-type) voltage-gated calcium 

channel, and a NALCN non-specific cation leak channel. Prior to this, invertebrate homologues of 

these channels had not been successfully cloned and expressed in heterologous systems for 

electrophysiological characterization. Determining the properties of these channels in such a way 

would provide insights into their adaptation in different species. Given the significant evolutionary 

distance separating molluscan invertebrates from mammals, the channels were expected to have 

undergone some degree of structural divergence, which would lead to differences in their ion-

conducting properties and in turn their physiological contributions. On the other hand, conserved 

features would point to functional constraints on these channels, alluding to key structural and 

functional elements that define them across the animal kingdom. Inherent to this work was to 

establish a foundation for studying these specific ion channel types within the simplified Lymnaea 

model, which has a tractable, well characterized, and relatively simple nervous system, and 

importantly, has only single-copy genes representing the major 4-domain ion channel subtypes such 

as Cav1, Cav2, Cav3, and NALCN (vertebrates possess multiple copies giving rise to redundancy 

issues; NALCN is single-copy is most animal species).  

     To this end, the first step was to determine the full length consensus sequences of Lymnaea Cav3 

and NALCN channel mRNAs (results chapters 2.1 and 2.4). The confirmed cDNA sequences were 

then used to construct mammalian expression vectors for heterologous expression in cultured 

mammalian cells, for the purpose of characterizing the ion conducting properties of these channels by 

electrophysiological recording. The latter was successfully done for the Lymnaea Cav3 homologue 

(results chapters 2.1 to 2.3), but not so for Lymnaea NALCN, corroborating with others the inability 

to electrophysiologically record NALCN cDNAs (mammalian or invertebrate) in heterologous 

expression systems
135,118,127

.  

     During consensus sequencing of the Lymnaea Cav3 and NALCN channel cDNAs, several 

alternative splice isoforms were identified. For LCav3, optional exons 8b in the I-II linker and 25c in 

the III-IV linker were found (summary figure A) and thought to be evolutionarily conserved with 

analogous exons found in mammalian Cav3 channels, while mutually exclusive exons 12A and 12B, 

in the domain II P-loop, were found to be unique to invertebrates. Lymnaea NALCN was also found 

to undergo alternative splicing in the domain II P-loop, with exons 15a and 15b that alter the 
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selectivity filter from a purported non-specific cation leak configuration
137

 (EKEE), to a calcium 

channel-like configuration (EEEE; summary figure B). The secondary objective of this thesis was 

thus to determine the evolutionary history of these splicing events by phylogenetic analyses (results 

chapters 2.2 to 2.4), to determine the expression profiles of these splice variants in Lymnaea tissues 

throughout development, and when possible, to determine the functional impacts of these splicing 

events in channels expressed in mammalian cells. The various splice isoforms were thus cloned into 

mammalian expression vectors for electrophysiological recording, a strategy that was successful for 

Lymnaea Cav3 splice variants (results chapters 2.2 and 2.3). Due to the inability to record Lymnaea 

NALCN currents in mammalian cells, the domain II splice isoforms of exons 15a and 15b could not 

be functionally characterized.  
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Chapter 2 

Results 

2.1 Cloning and characterization of a Lymnaea Cav3 channel homologue 

The research presented in the following section is published in The Journal of Biological Chemistry: 

Adriano Senatore and J. David Spafford. Transient and big are key features of an invertebrate T-

type channel (LCav3) from the central nervous system of Lymnaea stagnalis. J Biol Chem. 2010; 

285: 7447-58. © the American Society for Biochemistry and Molecular Biology. 

     This manuscript, containing research conducted by Adriano Senatore while in the laboratory of Dr. 

J. David Spafford, as well as in silico analyses conducted by Dr. Spafford, presents the first 

successful cloning, heterologous expression, and electrophysiological recording of an invertebrate 

Cav3 channel homologue. The major conclusion that can be drawn from this work is that the snail 

channel, despite millions of years of divergent evolution with mammalian homologues, retains some 

key defining features attributed to Cav3 or T-type channels. These include 1) characteristic protein 

sequences and predicted structural regions (e.g. the gating brake in the I-II linker, the EEDD 

selectivity filter, the voltage-sensors), 2) no obligatory association with high voltage-activated ɓ and 

Ŭ2ŭ accessory subunits for high-level expression in mammalian cells, 3) conducts calcium currents 

with low-voltages of activation, 4) contains a putative window current for minute but constitutive 

calcium influx near resting membrane potential, 5) rapid channel activation and inactivation upon 

depolarization, 6) slow deactivation or closing upon membrane hyperpolarization, and 7) similar 

sensitivity to non-selective T-type channel blockers nickel and mibefradil.  

The materials and methods for this manuscript can be found in Appendix A. 
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2.1.1 Abstract 

Here we describe features of the first non-mammalian T-type calcium channel (LCav3) expressed in 

vitro. This molluscan channel possesses combined biophysical properties that are reminiscent of all 

mammalian T-type channels. It exhibits T-type features such as ótransientô kinetics, but the ótinyô 

label, usually associated with Ba
2+

 conductance, is hard to reconcile with the óbignessô of this channel 

in many respects. LCav3 is 25% larger than any voltage-gated ion channel expressed to date. It codes 

for a massive, 322-kDa protein that conducts large macroscopic currents in vitro. LCav3 is also the 

most abundant Ca
2+

 channel transcript in the snail nervous system. A window current at typical 

resting potentials appears to be at least as large as that reported for mammalian channels. This distant 

gene provides a unique perspective to analyze the structural, functional, drug binding, and 

evolutionary aspects of T-type channels. 

2.1.2 Introduction 

T-type calcium channels open in response to slight depolarizations in the low voltage range. 

Paradoxically, they are also recruited after membrane hyperpolarization as occurs during rebound 

burst firing
232

. A window current of T-type channels is a feature that permits Ca
2+

 entry at rest
233

 and 

contributes to differentiation and growth promoting functions in both excitable and non-excitable 

cells
234

. T-type channels are also a leading pharmaceutical drug target and are implicated in a wide 

range of conditions such as epilepsy, pain, hypertension, cancer, and mental disorders
235

. 

     T-type Ca
2+

 currents were first measured in starfish eggs using a two-electrode voltage clamp
236

. 

Currents conducted by óChannel Iô were evoked by small depolarizations (low voltage-activated), 

visible as a hump in a current amplitude versus test potential plot beside the Channel II currents 

elicited by larger depolarizations (high voltage-activated). Ca
2+

 channel types would be discriminated 

further by Tsien and co-workers
237

 on the basis of properties where Ba
2+

 is the charge carrier. High 

voltage-activated L-type channels have a large unitary Ba
2+

 conductance with long-lasting openings, 

N-type (or non-L-type) channels are typically associated with neurons of intermediate unitary 

conductance, and the low voltage-activated, T-type channels produce transient currents that are of 

tiny unitary conductance in Ba
2+

 and close slowly upon membrane repolarization, producing a slowly 

deactivating tail current
237

. 

     T-type channels remain as the least understood among the Ca
2+

 channel families. Although most of 

the 10 mammalian Ca
2+

 channel genes were characterized in the late 1980s, an additional decade was 
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required for a description of the three T-type genes, Cav3.1 (Ŭ1G), Cav3.2 (Ŭ1H), and Cav3.3 (Ŭ1I)
94

. 

Progress in understanding T-type channel functions continues to be hampered by the lack of highly 

selective blockers that discriminate between Cav3 channel types or separate Cav3 channels from 

related L-type (Cav1) and non-L-type (Cav2) Ca
2+

 channels, which usually produce more robust Ca
2+

 

entry into the same cells
94

. 

     Here we describe the in vitro expression characteristics of the first non-mammalian T-type 

channel, LCav3, cloned from the pond snail, Lymnaea stagnalis. This structurally distant channel has 

quintessential features of T-types such as transient kinetics. LCav3 is big in many respects, such as its 

protein size; it expresses large macroscopic currents in human cells, it is the most abundant Ca
2+

 

channel transcript in the snail nervous system, and it generates window currents that appear to be at 

least as large as those reported for mammalian channels. LCav3 provides a unique perspective to 

analyze the structure, function, and drug binding of T-type channels and serves as a useful surrogate 

in residue swapping experiments. Searches for the fundamental mechanisms that regulate this 

singleton invertebrate T-type channel will be facilitated by the simple molluscan preparation, where 

accessible and identified neurons underlying well described behaviors can be studied in isolated 

Lymnaea neurons, cultured synapses, or within intact, identified networks in situ. Also, LCav3 

provides nourishment for evolutionary speculation. Although the first gastropods (500 million years 

ago) are likely quite distant from this ancestral branch point, the extant snail homolog, LCav3, is 

reminiscent of the gene that predates the speciation that led to the emergence of the three distinct, 

mammalian T-type channel genes. 

2.1.3 Results 

Identity of an Invertebrate T-type Channel (LCav3)  

A novel invertebrate T-type channel transcript (9031 bp) was assembled from cDNA derived from the 

central nervous system of the freshwater pond snail, L. stagnalis, with a coding region that starts as an 

almost perfect match to an Expressed Sequence Tag data base entry from the marine snail Aplysia 

californica (accession no. EB302921). The LCav3 open reading frame predicts a 2886-amino acid 

protein, with an estimated Ḑ322-kDa molecular mass. The start and end of the LCav3 amino acid 

sequence also resembles those of the human Cav3.1 channel (Fig. 1A). Consistent with other related 

cation channels of this type, LCav3 has four repeat domains (DI to DIV) with each domain containing 

six membrane-spanning segments similar to the voltage-gated K channels (Fig. 3A). LCav3 is the 

largest voltage-gated ion channel expressed to date, being 25% larger than the mammalian T-types, 

http://www.ncbi.nlm.nih.gov/nuccore/121426025
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F3/
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50% larger than a T-type homologue from Caenorhabditis elegans (cca-1b), and significantly larger 

than other Ca
2+

 channels (Cav1, Cav2), sodium channels (Nav), and NALCN (Fig. 1B). The extra size 

is mostly due to long cytoplasmic N and C termini and the cytoplasmic I-II and II-III linkers (Fig. 

1C). 

     Snails, like most invertebrates, appear to have branched before the genomic duplication events that 

led to the expansion of gene isoforms and as such bear only single representatives for each of the 

three Ca
2+

 channel gene families (Cav1, Cav2, and Cav3) compared with the 10 different Ca
2+

 channel 

genes in mammals (Fig. 2A). The snail T-type gene diverges dramatically in amino acid sequence 

from the mammalian genes (mean identity/similarity = 37.6/46.1), whereas the mammalian 

homologues are clustered closer together (mean identity/similarity = 50.7/57.9) (Fig. 2C). The single 

copy nature of the LCav3 gene in the genome is evidenced by Southern blotting, producing a single 

banding hybridization pattern, except for a gel lane where the restriction enzyme (EcoRV) cuts the 

genomic DNA within the probe sequence, leading to two bands of weaker intensity (lane a, Fig. 2B). 

The LCav3 transcript is more abundant than other Ca
2+

 channels (LCav1 and LCav2) or LNALCN in 

central nervous system tissue as measured by semiquantitative RT-PCR (Fig. 2D). The higher 

expression of LCav3 compared with these others was also found by single cell, quantitative real-time 

PCR of individual VD4 neurons in a previous study using different primer sets (see Spafford et al.
238

 

and Fig. 2). 

     Fig. 3A illustrates a running window of similarity between aligned LCav3 and human Cav3.3 

channel protein sequences. The strongest homology is observed in the six-transmembrane segments 

and pore (P)-loops of each domain (Fig. 3A). Side chains of conserved negative residues lining the 

four P-loops contribute to a DDEE selectivity filter in T-type channels
94

, including LCav3 (Fig. 3B). 

The pores of LCav3 and all voltage-gated Ca
2+

 channels also include a highly conserved aspartate 

adjacent to the selectivity-filter glutamate in Domain II (Fig. 3B), which may serve to attract 

incoming Ca
2+

 ions to the ion selective pore
43

. One noticeably conserved region outside of the 

membrane-spanning domains is the gating brake present in the proximal I-II cytoplasmic linker (Fig. 

3C). Comparison of LCav3 with Cav3.3 residues suggests conserved elements in the gating brake, 

including a putative helix-loop-helix hydrophobic core, a putative salt bridge, and potential protein-

protein interaction sites facing away from the hydrophobic core (Fig. 3C)
82

.  
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FIGURE 1. Full-length snail LCav3 is the largest identified voltage-gated ion channel expressed to date. It is coded by a 9031-bp 
cDNA transcript that forms a 2886-amino acid protein with a molecular mass of 322 kDa. A, the N terminus closely matches with a putative 

start site derived from marine snail A. californica EST (EB302921) and slightly resembles the N and C termini of human Cav3.1ï3.3. B, 

LCav3 is 1.25× larger than human Cav3 channels and 1.5× larger than nematode T-type, cca-1B, and all other four repeat ion channels. C, 
LCav3 is larger than human Cav3 channels in the N and C terminus and also the I-II and II-III cytoplasmic linkers. 
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FIGURE 2. Singleton, snail T-type Ca2+ channel gene is distantly related to vertebrate homologs and is the most abundant Ca2+ 

channel transcript in the snail brain. A, shown is the most parsimonious gene tree generated using multiple aligned sequences, analyzed 

in PAUP4.0 (D. L. Swofford) and illustrated with TreeView (R. D. M. Page). Sequences include official human sequences (IUPHAR 

database); LCav3 (GenBankTM accession no. AF484084) and yeast gene Cch1 from Schizosaccharomyces pombe (GenBankTM accession no. 

CAB11726) and Saccharomyces cerevisiae (GenBankTM accession no. CAA97244). Numbers at branch points represent bootstrap values 

based on 100 replicates in heuristic search. Phylogram branches are scaled by their length and rooted with Cch1 Ca2+ channel homologs 
from fungi species. C, percent amino acid similarity scores were generated from EMBOSS NEEDLE (EMBL). B, Southern blot indicates a 

single copy gene in the Lymnaea genome. A T-type probe hybridized to create a banding pattern (white arrows) on the blot was created 

from membrane transfer of genomic DNA digested with either EcoRV (a), HindIII (b), EcoRI (c), or XhoI (d). The probe contained an 
EcoRV restriction site, so the probe hybridized to two genomic DNA fragments digested with EcoRV. D, densitometric intensity of RT-

PCR bands (illustrated in the inset) was generated from Lymnaea brain tissue. 
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http://www.ncbi.nlm.nih.gov/protein/1323391
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FIGURE 3. Running window of similarity (A) and alignments (B and C) between amino acid sequences of distant T-type channel 

homologs (snail LCav3 and human Cav3.3) reveal that the invariant structures for T-type channels are harbored in six membrane-

spanning segments in all four domains (I, II, III, and IV), including an ion conducting pore (S5-P-loop-S6) and voltage sensor (S1-

S4). Illustrated is the position in the I-II linker where LCav3 polyclonal antibody (Ab) was generated in rabbits against a 200-amino acid 

peptide. B, shown is amino acid sequence alignment of the re-entrant P-loop located between S5 and S6 of each of the four domains 
illustrating the signature sequence (EEDD locus) that influences Ca2+ ion permeation and selectivity. The conserved aspartate residue (1097 

in LCav3) in a position downstream of the selectivity filter glutamate residue is positioned to attract incoming Ca2+ ions to the pore43. LCav3 

contains a neutral isoleucine in the outer pore at position 468 where mammalian T-type channels have a negatively charged residue (Glu or 
Asp) that influence pore blocking drugs. C, alignment of the cytoplasmic gating brake in proximal I-II linker is shown. The gating brake is 

thought to prevent T-type channel gating at more hyperpolarized potentials. 
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Expression Characteristics of LCav3 in HEK-293T Cells  

Transient transfection of LCav3 cDNA contained in pIRES2-EGFP vector reveals membrane-

delimited staining of HEK-293T cells (box, Fig. 4A) with a rabbit polyclonal antibody generated 

against the I-II cytoplasmic linker of LCav3 (see Fig. 3A for the relative location of the epitope). 

Antibody staining was not apparent in LCav1-transfected cells
214

 or when preimmune serum was used 

to detect LCav3 (Fig. 4A). Channel expression levels generally correspond to the EGFP intensity in 

HEK-293T cells, as would be expected with the LCav3 cDNA expressed on the same mRNA as EGFP 

using the bicistronic expression vector, pIRES2-EGFP. The optimal level of HEK-293T expression 

for electrophysiological recording (200 pA to 1.5 nA) corresponds to 3 days after transfection, 

whereas larger currents of up to 10 nA were possible by allowing protein expression to continue for 

up to 6 days (Fig. 4B). Typical transient kinetics of T-type currents are revealed in whole cell 

recordings of LCav3. Small voltage steps above threshold (ī70 to ī65 mV) are slow to activate and 

inactivate (requiring 10s of ms). Larger voltage steps elicit currents with progressively faster 

activation and inactivation kinetics that cross over each other with each successive step toward a 

maximal current for a voltage step of ī35 mV (Fig. 4C). Ű of inactivation kinetics follows the change 

in the time to peak and Ű of activation kinetics with increasing voltage steps (Fig. 4E) (see Table 1 for 

a detailed comparison of biophysical parameters between Cav3 channels). 

     The pairing of activation and inactivation with LCav3 is typical of T-type currents and has led 

some to suggest that T-type channel inactivation is voltage-independent
57

. The voltage sensitivity of 

LCav3 approximates a typical low threshold T-type current that peaks at ī35 mV (Fig. 4d), although 

technically LCav3 is slightly lower threshold than mammalian T-types (peak between ī30 and ī25 

mV). Channel availability at steady state was assessed after a 1-s prepulse protocol (Fig. 5A) and a 5-s 

prepulse protocol (data not shown), revealing a surprisingly steep and positively shifted availability 

curve compared with mammalian T-type channels (Fig. 5B). The combination of the very low 

threshold of channel activation and the large fraction of possible available channels creates a 

potentially large and persistent window current near the resting membrane potential of typical 

neurons
233

 (Fig. 5C). An estimated window current was gathered by the product of available channels 

under steady-state conditions and the relative peak conductance. As many as 1.8% of total T-type 

channels may contribute to this current at ī65 mV (Fig. 5C), a value at least as high as that calculated 

for recombinant mammalian channels gathered under similar conditions. A measure of the persistent, 

steady-state current amplitude was assessed after 1 s of sustained potentials held from a range of ī70 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F4/
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to ī50 mV in 5-mV increments. The largest, persistent current corresponded to the estimated 

maximal window current size at resting membrane potentials of ī65 mV (Fig. 5c, inset). 

     One of the characteristic features of T-type channels is a slow rate of deactivation
94

. Deactivation 

is measured as the rate of current decay from a tail current generated by the rapid return to lower, 

more hyperpolarized potentials with maximally opened channels (held at ī35 mV) (Fig. 6). 

Deactivation rates of LCav3 are fastest at hyperpolarized potentials (ī110 mV) and quickly slow with 

depolarization steps to resting potentials (ī60 mV) (Fig. 6). LCav3 fits within the faster end of the 

range of deactivation kinetics for mammalian T-type channels but is still manyfold slower than Cav1 

and Cav2 channels. The slowness of deactivation kinetics suggests that native LCav3 currents may 

pass a deactivating tail current upon membrane repolarization. 

     Macroscopic, native Ca
2+

 currents are typically equal or larger than Ba
2+

 currents at equimolar 

concentrations, although the unitary conductance is reported to be equal in high Ca
2+

 or Ba
2+239

. 

Macroscopic Ca
2+

 currents range from smaller, equal, or larger than Ba
2+

 currents for recombinant 

Cav3.2, Cav3.3, or Cav3.1 channels, respectively
204

. Reasons for the relative differences in Ca
2+

 and 

Ba
2+

 permeability of different channel types are not clearly understood. LCav3 resembles Cav3.2 and 

other high voltage-activated snail Ca
2+

 channels, conducting larger amplitude whole cell Ba
2+

 currents 

than Ca
2+

 currents (Fig. 7A)
94

. Ba
2+

 as a charge carrier results in a slight hyperpolarizing shift in the 

current-voltage relationships compared with Ca
2+

 (Fig. 7B), but there is still a Ḑ50% increase in 

whole cell Ba
2+

 conductance compared with Ca
2+

 in the absence of driving force changes (Fig. 7C). 

Kinetics are also faster when Ba
2+

 is the charge carrier, with faster time to peak (Fig. 7D) associated 

with more rapid inactivation kinetics (Fig. 7E). Ca
2+

-dependent inactivation typically associated with 

Cav1 channels is not a property of LCav3 or other T-type channels
204

. 

     Ni
2+

 traditionally has been considered to be a blocker that distinguishes T-types from other 

channels, but only one of the three cloned mammalian T-channels, Cav3.2, is strongly inhibited by 

Ni
2+240

. LCav3 is approximately equally sensitive to Ni
2+

 as Cav3.1 and Cav3.3, with an IC50 of 300 ± 

29.24 ɛm (Fig. 8A), but all of these T-type channels are Ḑ20ï60-fold less sensitive than Cav3.2
240

. 

Lee and co-workers
241

 identified that the unusual Ni
2+

 sensitivity of Cav3.2 critically involves His-

191, imbedded in a helix-turn-helix motif known as the S3b-S4 voltage sensor paddle in Domain I
242

 

(Fig. 8C). Interestingly, LCav3 does not have a corresponding His-191 residue of Cav3.2, but neither 

does the sequence of the S3b-S4 voltage sensor paddle of LCav3 compare well with any of the Cav3 

channels (Fig. 8C). LCav3 has an eight-amino acid insert in this short linker region and extra positive 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F5/
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and negative charges compared with the mammalian Cav3 channels (Fig. 8C). The Ni
2+

 dose-response 

curve does not perfectly fit the data (Fig. 8B), but a biphasic dose-response curve does, having a high 

affinity IC50 of 27.25 Ñ 2.74 ɛm (38%) and a lower affinity IC50 of 1064.54 Ñ 79.11 ɛm (62%) (Fig. 

8B, inset). 

     Mibefradil was marketed by Roche Applied Science as a drug for treatment of hypertension and 

angina
243

 before it was withdrawn in 1998 for its potential side effects. It is a non-selective antagonist 

but typically has a Ḑ10-fold greater selectivity for T-type channels over L-type Ca
2+

 channels. LCav3 

is in the range of sensitivity to mibefradil (680 ± 0.03 nm) as mammalian T-type channels (Fig. 8D). 

Caution must be heeded when directly comparing results from different studies as mibefradil is highly 

sensitive to the charge carrier, charge carrier concentration, and holding potential
244

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F8/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F8/


 

48 

 

 

FIGURE 4. Transient transfection of HEK-293T cells harboring the pIRES2-EGFP plasmid containing invertebrate T-type channel 

cDNA reveal highly abundant channels and characteristic T-type channel properties. A, membrane delimited staining of LCav3 (inset) 
is evident in EGFP-positive cells but only with LCav3-specific antibody and not with preimmune serum or with LCav1-transfected cells. B, 

the box chart indicates the current density (pA/pF (picofarads)) of LCav3 expression on 3 or 6 days after transfection. The box chart also 

illustrates mean, median ± 1 S.D., min/max current densities. C, sample LCav3 currents are shown in response to 5-ms voltage steps from a 
ī110 mV holding potential. Illustrated is an ensemble of rapidly activating and inactivating Ca2+ currents where each trace ócrosses overô 

the previous one from rest to peak, and the resulting normalized peak currents are plotted as a function of voltage step, indicating low 

threshold of activation (ī65 mV) and maximal currents generated at a step to ī35 mV (D). Current-voltage relationships were curve-fitted 
with an Ohmic-Boltzmann function. E, the increase in inactivation kinetics (Űinact) closely follows the increasing speed at which the current 

approaches peak (tpeak), also reflected in the faster rate of activation, curve-fitted and represented by Űact. 
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TABLE 1 Comparison of biophysical parameters for recombinant LCav3 and mammalian T-

type channels expressed in human cell lines. NA, not available. 
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FIGURE 5. Invertebrate LCav3 has a large, persistent window current up to 1.8% of the total current near the resting membrane 

potential. A, sample current traces of maximal Cav3 currents (step to ī35 mV) in response to a 1-s inactivating prepulse. B, a Boltzmann-

fitted inactivation curve was generated by plotting the fraction of maximal current as a function of prepulse voltage. The fraction of 
maximal conductance at each voltage was plotted as an activation curve, curve-fitted with a Boltzmann function. The activation curve was 

derived from the current-voltage relationship minus the ohm-changes due to the driving force (illustrated in Fig 4D). C, calculation of the 

window currents were based on the product of the fraction of the whole cell conductance and fraction of available, non-inactivated channels 
at each voltage. Inset, a window current was measured at the end of a long, 1-s voltage-step. At 1 s, the majority of open channels will have 

been inactivated, leaving only open channels that persist under steady-state conditions, with a maximum at the resting membrane potential 

(ī65 mV). 
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FIGURE 6. Invertebrate LCav3 slowly deactivates similar to mammalian T-type channels. Sample tail currents and curve fitting of 

decay rate of tail currents (Ű, ms) were generated by hyperpolarizing steps between ī110 and ī60 mV for 450 ms from a 7-ms depolarizing 

step to ī35 mV. 
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FIGURE 7. LCav3 currents are larger and faster when Ba2+ is the charge carrier. Sample traces (A) and current-voltage relationships 

(B) of LCav3 currents were generated from depolarizing voltage steps from a holding potential of ī110 mV while microperfusing 

extracellular solution containing either 5 mm Ba2+ or 5 mm Ca2+. Whole cell Ba2+ conductance was estimated to be Ḑ50% greater than Ca2+ 

conductance at all voltages (C). Kinetics of activation (time to peak current, ms) (D) and inactivation decay (tau curve fit, ms) (E) are faster 
when barium instead of calcium is the charge carrier. 
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FIGURE 8. Invertebrate T-type channels have similar Ni2+ and mibefradil sensitivity as mammalian T-types. A, shown is the time 

course of Ni2+ inhibition of normalized LCav3 peak currents (inset, representative traces). B, cumulative dose-response is illustrated, with an 

IC50 (300 Ñ 29.2 ɛm) value that overlaps with IC50 of Cav3.1 (304.8 Ñ 6.2 ɛm; Kang et al.241). Inset, a better fit illustrated with a biphasic 
dose-response curve is shown. C, T-type channel alignments in the region of the S3b-S4 paddle of Domain I illustrate the His-191 required 

for high Ni2+ sensitivity of Cav3.2 channels. LCav3 has an eight-amino acid insert with additional charged residues in the relative position of 

the His-191 residue in Cav3.2. D, shown is a cumulative dose-response curve of mibefradil block of LCav3 (inset, representative traces), 
indicating an IC50 (300 Ñ 29.2 ɛm) value that is reminiscent of the IC50 for mammalian Cav3 channels. 
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2.1.4 Discussion 

Introduction to LCav3  

Here we describe the first in vitro expression characteristics of a snail homolog of mammalian T-type 

channels and, also remarkable, is that LCav3 is only one of two full-length cDNA sequences 

determined for non-mammalian T-types to date. cDNAs are assembled from predicted exons from a 

number of invertebrate sequenced genomes (e.g. Drosophila melanogaster Ca-Ŭ1T-RB, accession no. 

NM_132068), but low homology outside of the conserved transmembrane domains indicates that the 

predicted transcript assemblies are likely erroneous when analyzed with multiple sequence alignments 

of cDNAs derived from mRNA (LCav3 and C. elegans cca-1B, human Cav3.1 to Cav3.3). LCav3 

codes for a 322-kDa protein of 2886 amino acids, which is the largest protein of any reported four-

repeat ion channel expressed to date, including 1.25 times larger than mammalian T-type channels 

and 1.5 times larger than cca-1B from C. elegans, the only other reported invertebrate cDNA coding 

for a T-type channel. Whether T-type channels in other phylogenetic groups are this large or possibly 

even larger is not known. 

Permeation and the DDEE Selectivity Filter  

The transmembrane regions are not responsible for most of the extra mass of LCav3 and include the 

highly conserved, voltage-sensor domain (S1 to S4) the outer helix (S5), the P-loop, and inner helix 

(S6) in all four repeat domains
94

. A unique DDEE selectivity filter
88

 and a gating brake
245

 are two 

trademarks of T-types that distinguish them from the Cav1 and Cav2 Ca
2+

 channel families. Flexible 

side chains of each domain harboring key glutamate residues (EEEE) contribute to the selectivity 

filter by extending into the permeation pathway, where they are expected to bridge Ca
2+

 ions as they 

pass through the pore of high voltage-activated Cav1 and Cav2 channels
43

. A highly conserved 

aspartate residue upstream in the selectivity filter and adjacent to the glutamate residue in Domain II 

may serve to attract incoming Ca
2+

 ions to the ion-selective pore of all Ca
2+

 channels, according to 

modeling studies by B. Zhorov
43

. T-type channels are reported to have a lower Ca
2+

 selectivity over 

monovalent cations as the estimated reversal potential is less positive than high voltage-activated 

Cav1 and Cav2 channels (+40 versus +60 mV)
246

. Shortened carbon side chains in Domains I and II of 

T-types (DDEE instead of EEEE) may bridge Ca
2+

 ions less stringently, resulting in lower pore 

selectivity for Ca
2+

 ions in favor of faster kinetics that is typical for T-type Ca
2+

 channels. 

Interestingly, inactivation kinetic changes mirror changes in activation kinetics in T-types
57

, and a 

modified EEDD locus alters gating properties
88

. 
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     No obvious conclusion can be drawn from differences in permeability for Ba
2+

 and Ca
2+

 ions 

among T-type channels. Only LCav3 and mammalian Cav3.2 channels have larger macroscopic Ba
2+

 

than Ca
2+

 currents. Interestingly, greater macroscopic currents in Ba
2+

 over Ca
2+

 are a consistent 

feature with snail Ca
2+

 channels expressed in HEK-293T cells including LCav1
214

 and LCav2
213

. 

Gating Brake  

A gating brake shared among T-type channels is considered to prevent channel opening at 

hyperpolarized potentials, as nucleotide polymorphisms in patients with childhood absence epilepsy 

or strategically placed deletions in this region produce channels that open at even more negative 

potentials than typical T-type channels
197

. The proximal I-II loop of LCav3 is predicted to contain the 

helix-loop-helix gating brake structure
245

, and more distally the I-II loop has been ascribed to 

regulating the surface expression of T-types
196

. It may be more than coincidence that the gating brake 

is in the equivalent position where ɓ subunits associate with and alter the biophysical properties of 

high voltage-activated Cav1 and Cav2 channels as well as regulate/modulate their expression (e.g. 

protein folding, turnover, and membrane trafficking)
247

. Indeed, invertebrate LCav3 does not require 

accessory ɓ or Ŭ2ŭ subunits and robustly expresses in human HEK-293T cells at an efficiency that 

rivals the mammalian T-type channels. Continued transfection in the presence of G418 antibiotic 

selection has generated a number of stable HEK-293T cell lines for LCav3. A high constitutive 

expression of LCav3 under the strong mammalian cytomegalovirus promoter argues in favor of 

greater transcriptional controls for T-type channel expression in native cells compared with perhaps 

more post-translational checkpoints regulating the expression of Cav1 and Cav2 channels that are 

known to form complex, multimeric assemblies along the secretory pathway. 

Overall Shared Features of T-type Channels  

Scoring of the overall amino acid conservation between invertebrate and mammalian genes can lead 

to overestimates of the degree of structural divergence, as a sequence not under selection will drift 

substantially over the hundreds of millions of years separating their evolution. Comparing the in vitro 

expression characteristics between LCav3 and mammalian T-types suggests a structural equivalency 

in core regions despite the overall sequence divergence of different channels, revealing a set of 

quintessential properties shared by all T-types. Voltage properties are tightly regulated with fast and 

transient kinetics, slow deactivation, window currents produced by overlapping activation, and 

availability curves and channel activity limited to a narrow window of subthreshold voltages where 

channels are available and conducting. Also, similar drug sensitivities of LCav3 for Ni
2+

 ions and 
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mibefradil suggest conserved residues in the outer pore and the aqueous permeation pathway between 

the selectivity filter and the aqueous, pore-lined, inner S6 helices (inverted tepee-shape) as predicted 

from the three-dimensional structure of crystallized K channels
45

. Probing the affinity of a number of 

different T-type channel drugs will assist in interpreting the structural variants in the snail channel 

pore versus the mammalian ones. 

Primitive Features in Invertebrate Channels  

Invertebrate Ca
2+

 channels of the high voltage variety are also highly conserved in their biophysical 

properties. Rat Cav1.2 and snail LCav1 channels, for example, are so alike that there are no reliable 

biophysical features outside of drug sensitivity that separate the two channels transfected in HEK-

293T cells
215

. Differences outside of biophysical features appear to reflect the primitiveness of the 

invertebrate homologue, reminiscent of a state preceding the evolution of specializations in 

electromechanical coupling, such as the tetrad organization in skeletal muscle where mammalian 

Cav1.1 channels are directly coupled to ryanodine receptors of the sarcoplasmic reticulum
248

. 

Invertebrate muscles lack tetrads or an equivalent Cav1.1 channel that mediates muscle contraction
248

. 

More indirect coupling, with Ca
2+

 serving as a short range transmitter, is also a feature of invertebrate 

neurotransmission. Invertebrate Cav2 channels that are responsible for transmitter release lack a II-III 

loop structure containing the synaptic protein binding site of Cav2.1 and Cav2.2 channels
238

 and also 

exhibit a synaptic organization lacking key structural proteins present in mammalian synapses (such 

as Bassoon and CAST) and a synaptic substructure, such as a Drosophila T-bar, which is unlike the 

mammalian presynaptic density
249

. 

T-type Channel Diversity  

T-type channels are modulated through intracellular signaling cascades and are coupled to other ion 

channels
250

, but there is little to indicate that T-types serve as instruments for electromechanical 

coupling in cell-type specific, multisubunit complexes in the manner of Cav1 and Cav2 channels
251

. 

Structural diversity in the three mammalian T-type channels arose out of genomic duplication, 

perhaps creating some overlapping redundancy in function. Yet the presence of unique biophysical 

properties, tissue specificity, modulation, and putative protein-protein interactions sites suggests 

otherwise, indicating that the different genes may provide specialized functions in mammals. 

Examples that illustrate this functional divergence include the contribution to rebound burst firing in 

thalamocortical neurons by Cav3.1, the involvement of Cav3.2 in pain sensitivity, relaxation of 

coronary arteries and secretion of aldosterone, and the involvement of Cav3.3 in long-lasting bursts in 
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the inferior olive and habenula served by its slower kinetics and a larger window current range 

compared with other T-type channels
94

. Distinct, regional antibody staining within individual central 

neurons suggests that each gene may serve particular roles within somatic, dendritic, and perinuclear 

compartments
89,252

. Whether the diversity of mechanisms in mammals is contained within a single 

invertebrate Cav3 gene and its alternative splicing has not been explored. 

Wide Range of Functions Expected for Abundant T-type Channel Transcript  

Here we show that LCav3 is the most abundant Ca
2+

 channel transcript in the Lymnaea nervous 

system, and our previous analysis indicates that this reflects a transcript profile in an individual snail 

neuron
238

. Quantitative RT-PCR of single identified respiratory VD4 neurons, measured in replicates 

of six neurons, indicated that LCav3 is manyfold more abundant than either LCav1 or LCav2 channel 

expression
238

. Their abundance in invertebrates may reflect a wide range of functions associated with 

T-type channels such as (a) shaping nerve action potentials and pacemaking, (b) a non-electrogenic 

role for T-types in providing Ca
2+

 through window currents
233

, and (c) roles in differentiating and 

proliferating cells (3) and (d) secretion
253

. Some invertebrates also appear to have additional roles that 

are not served by mammalian T-type channels, such as excitation contraction coupling in jellyfish 

muscle cells
110

 or facilitating the contraction of pharyngeal muscles in nematodes
254

. Interestingly, T-

type spikes can provide qualitatively different information than sodium spikes in the same 

invertebrate axons. Weak depolarizations initiate slow swimming via T-type spikes, whereas stronger 

pacemaking inputs initiate a fast escape swimming response mediated by overshooting sodium spikes 

in the same axons, presumably operating in the availability range outside of T-type channels
255

. 

Drug Binding; Nickel  

LCav3 has equal (Ḑ300 ɛm IC50) Ni
2+

 sensitivity as Cav3.1 and Cav3.3 channels. We report that the 

Ni
2+

 dose-response curve for LCav3 is biphasic, indicative of two components of drug block. A 

similar biphasic Ni
2+

 block is apparent in the dose-response data for mammalian recombinant 

channels (Fig. 3D in Ref. 
241

, Fig. 2B in Ref. 
240

, and Fig. 7B in Ref. 
256

) and in native currents (Fig. 

3A in Ref. 
257

, Fig. 6B in Ref. 
258

, and Fig. 7B in Ref. 
258

). A biphasic response might result from two 

Ni
2+

 binding sites. Jones and co-workers suggest that Cav3.1 indeed has two binding sites, one in the 

outer pore and another deeper site within the pore pathway that is strongly affected by the permeant 

ion
259

. 

http://www.ncbi.nlm.nih.gov/pubmed/16797068
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F7/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/figure/F7/
http://www.ncbi.nlm.nih.gov/pubmed/10882033
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     Unusually sensitive Ni
2+

 block (5ï10 ɛm IC50) is a property of Cav3.2 channels and critically 

involves a His-191 residue
241

 in what has been described as the S3b-S4 voltage sensor paddle for 

sodium channels based on the x-ray structure of potassium channels
260

. More than His-191 may be 

critical in the S3b-S4 voltage sensor paddle as a similar high affinity cation block of Cav3.2 channels 

by extracellular Zn
2+

 involves the His-191 residue and two residues directly upstream of His-191, in 

particular, Asp-189 and Gly-190
261

. 

     The S3b-S4 is considered to carry most of the gating charge and likely drives the conformational 

changes required for pore opening and closing. It seems probable that Ni
2+

 associates with the S3b-S4 

paddle motif of Cav3.2 in a manner similar to how tarantula and scorpion toxins immobilize the 

voltage sensor of sodium channels
242

. Cav3.2 is inhibited by Ni
2+

 independently of voltage and is 

similarly blocked with Ca
2+

 or Ba
2+

 as a charge carrier, which is consistent with an inhibition by a 

mechanism outside the permeation pathway
259

. Interestingly, LCav3 has an eight-amino acid insert in 

this short S3b-S4 region with extra positive and negative charges compared with Cav3 channels. The 

effect of the insert on Ni
2+

 block or voltage-gating, if any, is not known. 

     Other regions may also contribute to Ni
2+

 block. High affinity Zn
2+

 block in Cav3.2 channels also 

involves a neutral Ala-140 in IS2 that is negatively charged (Asp-140) in corresponding position of 

less sensitive Cav3.1 and Cav3.3 channels
262

. Future chimera work may be important to evaluate 

whether LCav3 with a positively charged His-140 at this position influences cation block. 

Drug Binding; Mibefradil  

A number of new and potent T-type channel blockers are being explored, and mibefradil serves as the 

first T-type channel blocker that was clinically available
243

. Interestingly, mibefradil block of snail 

LCav3 channel is in the range of potency of mammalian T-types. With doses spanning the mid-range 

of the IC50 (680 ± 0.03 nm), we observed that the mibefradil block of LCav3 would not readily 

stabilize, with accumulation of a slow but progressive block during long periods (tens of min) of 

continuous perfusion. We assume that this reflects a use-dependence often ascribed to mibefradil 

block
262

. A slow time course of mibefradil block may also be explained by a reported accumulation of 

a hydrolyzed metabolite and more membrane-impermeant form of mibefradil (dm-mibefradil) that 

has an affinity for calcium channels from the cytoplasm
263

. Further probing of different structures 

with mammalian and snail homologs will provide an opportunity for describing the high affinity drug 

binding in T-type channels. 
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Summary and Future Prospects  

Expression characteristics of an invertebrate T-type channel have combined features that are 

reminiscent of all mammalian Cav3.1, Cav3.2, and Cav3.3 channels (see Table 1). LCav3 is 25% larger 

than any voltage-gated ion channel expressed to date and is the most abundantly expressed Ca
2+

 

channel transcript in the snail nervous system. Window currents in invertebrate and mammalian T-

type channels suggest a likely non-electrogenic role for T-types in providing Ca
2+

 for proliferating 

and differentiating cells and in the developing embryo. Alternative splicing of the single invertebrate 

gene may provide the structural diversity for shaping the window current and firing patterns catered 

for individual network requirements. We anticipate that the snail will provide unique perspectives for 

probing T-type channel physiology. Much can be learned from the simple molluscan preparation 

where only a single T-type channel gene is expressed in native cells and where there is relative ease 

in probing the physiological mechanisms in single identified cultured neurons and intact networks in 

the brain that underlay well described behaviors
216

. An invertebrate channel also provides an 

opportunity to reflect on evolutionary mechanisms. Channel I as it was first described has turned out 

to be the most challenging Ca
2+

 channel to analyze since it was identified by Hagiwara et al.
236

 more 

than 35 years ago. There is some truth in the following summary statement by Gray and 

Macdonald
264

, reflecting on the present status of the T-type channel field: ñ[The] Physiologic 

regulation of T-type channels is simultaneously well documented and very obscure.ò 
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2844193/table/T1/
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2.2 Conserved alternative splicing between the invertebrate LCav3 channel 

gene and mammalian Cav3 homologues 

This research is published in the journal PLoS ONE: Adriano Senatore and J. David Spafford (2012). 

Gene Transcription and Splicing of T-Type Channels are Evolutionarily-Conserved Strategies 

for Regulating Channel Expression and Gating. PLoS ONE. 7(6):e37409. © Peter Binfield, 

Publisher, PLoS ONE and Community Journals. 

     The manuscript contains research conducted by Adriano Senatore while in the laboratory of Dr. J. 

David Spafford, in silico structural comparisons of several vertebrate and invertebrate 4-domain ion 

channels, and a comprehensive inventory of relevant biophysical data available for mammalian Cav3 

channels for comparison with Lymnaea Cav3 (conducted by Dr. Spafford). Here, we propose the 

existence of evolutionarily conserved splicing between Lymnaea and mammalian Cav3 channel 

homologues in their respective I-II and III-IV cytoplasmic linkers (i.e. optional exon 8b in the I-II 

linker and 25c in the III-IV linker). Remarkably, the temporal and spatial expression of these exons 

are highly analogous in their respective organisms, with similar expression patterns for LCav3 and 

mammalian Cav3.1 and Cav3.2 channel splice isoforms in the heart and CNS at different stages of 

development. Functionally, the alternative splicing-induced alterations in channel structure produce 

analogous influences on membrane expression (exon 8b) and biophysical properties (exon 25c). All 

of these features suggest that alternative splicing in the I-II and III-IV linkers are evolutionarily 

conserved, or at least arose through convergent evolution, and serve to modulate T-type channel 

function for different roles throughout development and in different tissues. 

Materials and methods, as well as supplementary materials and methods that are part of this 

manuscript, can be found in Appendix B.  
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2.2.1 Abstract 

T-type calcium channels operate within tightly regulated biophysical constraints for supporting 

rhythmic firing in the brain, heart and secretory organs of invertebrates and vertebrates. The snail T-

type gene, LCav3 from Lymnaea stagnalis, possesses alternative, tandem donor splice sites enabling a 

choice of a large exon 8b (201 aa) or a short exon 25c (9 aa) in cytoplasmic linkers, similar to 

mammalian homologs. Inclusion of optional 25c exons in the III-IV linker of T-type channels speeds 

up kinetics and causes hyperpolarizing shifts in both activation and steady-state inactivation of 

macroscopic currents. The abundant variant lacking exon 25c is the workhorse of embryonic Cav3 

channels, whose high density and right-shifted activation and availability curves are expected to 

increase pace-making and allow the channels to contribute more significantly to cellular excitation in 

prenatal tissue. Presence of brain-enriched, optional exon 8b conserved with mammalian Cav3.1 and 

encompassing the proximal half of the I-II  linker, imparts a ~50% reduction in total and surface-

expressed LCav3 channel protein, which accounts for reduced whole-cell calcium currents of +8b 

variants in HEK cells. Evolutionarily conserved optional exons in cytoplasmic linkers of Cav3 

channels regulate expression (exon 8b) and a battery of biophysical properties (exon 25c) for tuning 

specialized firing patterns in different tissues and throughout development. 

2.2.2 Introduction 

Cav3 channels are known for gating ótransientô currents at low voltages near the resting membrane 

potential, and often depolarize cells to threshold in a cyclical manner to promote rhythmic firing (for 

reviews see Senatore et al., 2012
64

 and Perez-Reyes 2003
94

).  Animals with Cav3 channels appear in 

relatives of extant multicellular organisms without tissues or organs (e.g. Trichoplax), and within 

Cnidarians, the simplest phlyum to harbor a nervous system (e.g. sea anemone Nematostella; Fig. 

1A).  Soft-bodied invertebrates, precursors to various animal phyla including molluscs, likely first 

appeared in the Late Vendian Period (650 to 543 mya), prior to the divergence of the single ancestral 

Cav3 channel gene into three mammalian genes CACNA1G (Cav3.1 or Ŭ1G), CACNA1H (Cav3.2 or 

Ŭ1H) and CACNA1I (Cav3.3 or Ŭ1I)
64

.  Recently, we have cloned and expressed the first non-

vertebrate Cav3 channel in vitro, LCav3, from the pond snail Lymnaea stagnalis
1
.  Here, we describe 

two optional exons in the I-II and III-IV cytoplasmic linkers of LCav3 that are evolutionarily 

conserved with vertebrate Cav3 channels and likely play critical roles in regulating membrane 

expression and an array of biophysical properties during development.  The evolutionarily distant 
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LCav3 channel highlights key and fundamental features for T-type channels, providing an important 

perspective for understanding Cav3 channel regulation. 

2.2.3 Results 

Structural conservation in Cav3 channels 

Comparisons between Cav3 channels reveal that mammalian genes cluster more closely in overall 

sequence similarity amongst themselves than to the more evolutionarily distant and solitary Cav3 gene 

in snails (Fig. 1 A and B).  Much of the divergence from the snail sequence lies in the tethered, 

cytoplasmic loops between transmembrane domains, which also bear surprisingly conserved islands 

of conservation (Fig. 1C).  A signature helix-loop-helix in the proximal I-II cytoplasmic linker forms 

a ógating brakeô that is unique to all Cav3 channels, which when deleted augments characteristic 

features by shifting low-voltages of activation to even more hyperpolarized potentials, and increases 

kinetics of channel opening and closure
245,196

.  Downstream of the gating brake in vertebrate Cav3.1 

and invertebrate Cav3 channels is a region that contains a large cluster of histidine residues, followed 

by an isolated and conserved óAPRASPExxD/Eô motif that is surrounded by unconserved sequences 

(Fig. 1D). 
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Figure 1.  LCav3 channel from snail is a distant homolog to mammalian Cav3.1, Cav3.2 and Cav3.3, with conserved structural 

features in the cytoplasmic loops.  (A)  Phylogeny of T-type calcium channels using maximum parsimony with bootstrap scores indicated 

on branches.  (B) Percent similarity of amino acid sequences of T-type channels (snail vs. human) using the Needleman-Wunsch global 
alignment algorithm.  (C) Running average of similarity of snail versus human T-type channel amino acid sequences using a window of 25 

aa (plotcon, EMBOSS http://emboss.open-bio.org/).  (D) Alignment of T-type channel sequences in the I-II linker.  Amino acids between 

the Histidine rich region and the APRASPE motif vary from 0 to 89 aa.   
 

http://emboss.open-bio.org/
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Conserved splicing of exons 8b and 25c 

Interestingly, the óAPRASPEô motif is contained within an optional portion of exon 8 that normally 

spans from Domain I segment 6 across ~70% of the cytoplasmic I-II linker.  The optional portion of 

exon 8 (termed exon 8b), is similarly spliced out in snail and mammalian
195

 Cav3 channel genes by 

use of alternative, upstream, intron donor splice sites within exon 8 that truncate the I-II linker coding 

sequences of LCav3 and Cav3.1 by 603 and 402 bp, respectively (Fig. S1).  Exon 8b occurs 

downstream of the gating brake, and its omission shortens the I-II linker of LCav3 channels by 201 aa 

(~50%) and Cav3.1 by 134 aa (~39%; Fig. 2A).  A second conserved region of alternative splicing 

corresponds precisely with the middle of the III-IV cytoplasmic linker (Fig. 2B), which is similarly 

short in closely related Nav and Cav channels (54 +/-1 aa; Fig. 2C).  Splicing at alternative and more 

upstream, phase 1 intron donor splice sites shortens the III-IV linker by between 7 and 11 aa in 

different snail Cav3 and mammalian Cav3.1 and Cav3.2  channels (Figs. 2B, S2, S3).  Cav3.1 and 

Cav3.2 genes also possess downstream, similarly short optional cassette exons, termed exon 26, that 

code for between 6 and 19 aa, and that may be included in lieu of exon 25c or appear in tandem with 

it (Figs. 2B and S4).  A consensus amino acid sequence or a number of positively or negatively 

charged residues is not a consistent feature of 25c exons.  The only consistent feature is the first 

residue coding serine (coded by AGT) that completes the consensus kinase phosphorylation site 

(KKRKS for LCav3), which also contributes to the consensus upstream 5ô donor splice site 

(GTRAGT; Figs. 2B and S4). 

     A simple evolutionary pattern has many invertebrate and mammalian Cav3.3 channel genes having 

óææô isoforms lacking exons 25c or 26.  Snail LCav3 possesses exon 25c besides ææ, but analyses of 

over 48 independent RT-PCR products from snail embryonic and adult RNA did not uncover an 

optional cassette exon 26 for LCav3 (Fig. S5).  Vertebrate Cav3.1 and Cav3.2 possess both exons 25c 

and 26, and have correspondingly larger intron sizes spanning these regions than genes lacking either 

exon 26 (e.g. snail Cav3), or both exons 25 and exons 26 (e.g. Cav3.3; Fig. 2D).  Larger intron sizes 

suggest more extensive regulation of alternative splicing for these short exons. 
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Supplementary Figure 1.  Genomic region spanning region surrounding tandem 5ô donor splice sites, that lead to the optional 

inclusion of exon 8b and a conserved APRASPE motif in the I-II linker of snail LCa v3 and mammalian Cav3.1 T-type channels. 

 

 

 


