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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 
CaV|1 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 CaV|1 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 G}~ 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 




