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Abstract
How many different calcium channels does it take to make a nervous system? The 

answer: more than any of us predicted. In 1975 Hagiwara and colleagues published 
the first evidence that functionally different calcium channels are expressed in cells.1 By 
1999, the calcium channel family could boast ten members, each member defined by 
a unique set of attributes to support their cellular functions and by unique amino acid 
sequences.2 Although nine of these genes are expressed in the nervous system, that num-
ber still seemed insufficient to support the wide spectrum of neuronal functions controlled 
by voltage‑gated calcium channels. This discrepancy is probably explained by alternative 
pre-messenger RNA splicing which substantially expands the number of protein activities 
available from a limited number of genes. Like many other ion channel genes, each 
CaVa1 gene has the capacity to generate perhaps thousands of unique splice isoforms 
with unique functional properties.3 The high level of conservation among alternatively 
spliced exons in CaV2.2 genes of different species and in some cases closely related 
genes implies biological importance. A number of CaVa1 isoforms have been identified 
from neural tissue but until recently we lacked direct evidence linking a specific splice site 
in a calcium channel gene to a specific function in an identified neuron population.

Our recent studies show that alternative pre-mRNA splicing of a pair of 32 amino 
acid encoding exons in the C‑terminus of CaV2.2, e37a and e37b, underlie the expres-
sion of two mutually exclusive N‑type channel isoforms. The inclusion of e37a creates 
a module that couples the N‑type channel to a powerful form of G protein‑dependent 
inhibition.4 The inhibitory pathway that works through e37a is voltage‑independent, 
requires Gi/o and tyrosine kinase activation, and is used by mu opioid and GABAB 
receptors to downregulate N‑type channel activity. Combined with our previous studies 
that show enrichment of e37a in nociceptors,5 our data suggest a molecular basis for the 
high susceptibility of N‑type currents in sensory neurons to voltage‑independent inhibition 
following G protein activation.6

Opening the Gate to G Protein‑Mediated Inhibition

N‑type calcium channels in most neurons are susceptible to inhibition by G protein 
activation.7,8 This ubiquitous form of inhibition is voltage‑dependent and mediated 
by G protein Gbg dimers. Functionally, voltage‑dependent inhibition is analogous to 
a low pass filter. It inhibits brief stimuli but, because it is relieved by depolarization, 
voltage‑dependent inhibition of N‑type currents permits the passage of intense, high 
frequency stimuli.7 Some N‑type currents are also susceptible to voltage‑independent inhi-
bition.7,8 A Gi/o-dependent form of voltage‑independent inhibition of N‑type currents 
is well described in chick sensory neurons9 whereas Gq couples voltage‑independent 
inhibition to N‑type currents in sympathetic neurons.8,10 Voltage‑dependent inhibition 
and voltage‑independent inhibition are additive; they work in concert to dampen N‑type 
channel activity over a range of stimulus intensities and frequencies. Our studies explain 
why N‑type currents in sensory neurons are highly susceptible to voltage‑independent 
inhibition that uses Gi/o. We show that voltage‑independent inhibition mediated by Gi/o 
can only gain access to the N‑type channel if the CaV2.2 subunit contains e37a.4

What Took Us So Long?

We initially identified e37a in CaV2.2 in 2004 but did not immediately r ecognize 
its importance for G protein‑dependent, voltage‑independent inhibition of the N‑type 
channel in sensory neurons. In retrospect, the answer seems obvious given the elegant 
studies in the literature from several groups who defined the signaling pathways underlying 
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voltage‑dependent and voltage‑independent inhibition of native 
N‑type currents (refs. 7, 8 and 11). However, our early experiments 
threw us off track, initially we did not find differences in the respon-
siveness of CaV2.2e[37a] and CaV2.2e[37b] N‑type currents to 
GTPgS; both appeared to exhibit only voltage‑dependent inhibition. 
Later we discovered that the voltage‑independent inhibitory pathway 
targeting the e37a isoform of CaV2.2 appeared activated in our 
control recordings. The culprit, internal GTP, which appears to acti-
vate the voltage‑independent inhibitory pathway in cells expressing 
CaV2.2e[37a] channels (Fig. 1). In the absence of internal GTP, 
CaV2.2e[37a] currents were larger than CaV2.2e[37b] currents (see 
Fig. 2 in ref. 12 and Fig. 1 in ref. 4) and when stimulated by GTPgS, 
CaV2.2e[37a] currents exhibited voltage‑dependent and voltage‑in-
dependent inhibition (see Fig. 1 in ref. 4). By contrast, internal 
GTP had no effect on CaV2.2e[37b] currents, suggesting that GTP 
activates only the voltage‑independent, not the voltage‑dependent 
pathway to the N‑type channel (Fig. 1). Notably, we also showed 
that both inhibitory pathways to e37a‑containing N‑type channels 
were intact and could be activated by receptor stimulation using the 
perforated patch recording method (see Figs. 3 and 4 in ref. 4).

GTP (0.2–0.3 mM) is commonly included in internal recording 
solutions to ensure sufficient levels for G protein‑dependent signaling 
to ion channels. Our data suggest that GTP alone may be sufficient 
to activate certain G protein‑dependent signaling pathways. Our 
findings also suggest that the voltage‑independent pathway that 
requires e37a to inhibit the N‑type channel may be more sensitive to 
GTP and perhaps to G protein stimulation. Our data are consistent 
with studies from the Dunlap lab. They showed that voltage‑in-
dependent inhibition (which they called steady‑state inhibition) 

of native N‑type currents in chick sensory neurons is triggered by 
low concentrations of transmitter (GABA and norepinephrine), 
whereas higher concentrations of transmitter are needed to trigger 
voltage‑dependent inhibition (which they called kinetic slowing).6

How Important is e37a to Nociception?

N‑type channels in nociceptors are implicated in chronic pain. 
Inhibitors of N‑type currents are effective in treating neuropathic 
pain and several drugs and endogenous transmitters with analgesic 
actions in part act through inhibition of presynaptic N‑type channels 
of sensory neurons in the dorsal horn of the spinal cord. Do e37a and 
e37b‑containing N‑type channels contribute similarly to nocicep-
tion? A recent study from the lab of Gerald Zamponi that includes 
contributions from Dickenson, Vergnolle and our labs, conclude: 
no.13 Using splice isoform‑specific small interfering RNA, Zamponi 
and collaborators showed that only e37a‑containing N‑type channels 
appear to mediate transmission of thermal nociception both in basal 
conditions (undamaged tissues) and in inflammatory or neuropathic 
pain models.13 These studies suggest that selective inhibitors of 
e37a‑containing N‑type channels could be particularly effective in the 
treatment of certain forms of pain. More generally, they also suggest 
that e37a splice isoforms are present at presynaptic nociceptive nerve 
terminals to regulate synaptic transmission.

Can Single Cells Control their e37a:e37b Ratio?

In theory, nociceptors could increase the sensitivity of their 
N‑type channels to neurotransmitters and drugs by shifting from 
e37b‑containing to e37a‑containing CaV2.2 mRNAs (Fig. 2). This 
could be achieved by controlling inclusion of e37a at the level of 
pre-messenger RNA. An increase in CaV2.2e[37a] mRNA levels in 
nociceptors should increase N‑type channel sensitivity to opioids 
and GABA, particularly during periods of intense sensory input. 
Conversely, a decrease in CaV2.2e[37a] N‑type channels, which we 
showed recently occurs in dorsal root ganglia following peripheral 
nerve injury,13 could decrease N‑type channel sensitivity to drugs 

Figure 1. Internal GTP alone triggers voltage‑independent inhibition of 
CaV2.2[e37a] N‑type channels. Calcium currents recorded from cells 
expressing CaV2.2e[37b] (A) and CaV2.2e[37a] (B) channels under control 
conditions (con) and in the presence of 0.4 mM GTP (+pp, ‑pp). Currents 
were evoked by test pulses alone (con, ‑pp) or preceded by a prepulse to 
+80 mV (+pp). Exemplar CaV2.2e[37b] (A) and CaV2.2e[37a] (B) currents 
were evoked by test potentials of ‑5 mV, +10 mV and +25 mV. In the 
presence of GTP, prepulses to +80 mV did not recover any of inhibited 
CaV2.2e[37a] current (B). CaV2.2e[37b] currents (A) were unaffected by 
GTP. N values are n = 4 (con) and n = 6 (GTP; ‑pp, +pp) (A) and n = 5 (con) 
and n = 4 (GTP; ‑pp, +pp) (B).

Figure 2. Cells may control the sensitivity of their N‑type channels to G 
protein‑mediated voltage‑independent inhibition by adjusting the ratio of 
e37a to e37 b‑containing CaV2.2 mRNAs.
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and neurotransmitters. Currently, the cell‑specific splicing factors 
that promote e37a inclusion in CaV2.2 mRNA are unknown. 
Identifying these factors and determining how they are regulated 
promise to be exciting areas of future research.

What Does e37a do in Other CaV2 Genes?

The e37a/e37b splice junction is present in all three CaV2 genes 
although their sequences differ among the three genes.14,15 The func-
tional importance of splicing in CaV2.3 is not known but there is 
evidence that in CaV2.1 this site works in combination with a second 
site of alternative splicing in the C‑terminus (e47) to regulate calcium 
dependent facilitation in P‑type channels.16 It would be interesting 
to test the possibility that alternative splicing of equivalent exons in 
CaV2.1 and CaV2.3 also control G protein signaling to P‑type and 
R‑type channels, respectively. Our own studies of e37a in CaV2.2 
suggest this exon is multifunctional. It regulates G protein signaling 
to the N‑type channel as well as current density.12 Overall, e37a 
increases the dynamic range of the N‑type current by increasing the 
maximum current relative to e37b channels while also creating an 
additional inhibitory pathway for use by neurotransmitter and drugs 
to dampen channel activity. It is therefore possible that this domain in 
CaV2.1 and CaV2.3 subunits have similar multifunctional qualities.
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