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Neurotransmitter release from mammalian sensory neurons is controlled by CaV2.2 N-type calcium channels. N-type channels are

a major target of neurotransmitters and drugs that inhibit calcium entry, transmitter release and nociception through their specific

G protein–coupled receptors. G protein–coupled receptor inhibition of these channels is typically voltage-dependent and mediated

by Gbc, whereas N-type channels in sensory neurons are sensitive to a second G protein–coupled receptor pathway that inhibits

the channel independent of voltage. Here we show that preferential inclusion in nociceptors of exon 37a in rat Cacna1b (encoding

CaV2.2) creates, de novo, a C-terminal module that mediates voltage-independent inhibition. This inhibitory pathway requires

tyrosine kinase activation but not Gbc. A tyrosine encoded within exon 37a constitutes a critical part of a molecular switch

controlling N-type current density and G protein–mediated voltage-independent inhibition. Our data define the molecular origins

of voltage-independent inhibition of N-type channels in the pain pathway.

N-type calcium channels are located at presynaptic terminals of
nociceptive neurons that synapse in the dorsal horn of the spinal
cord. In this location, they control release of neurotransmitter and the
transmission of nociceptive information1. Furthermore, N-type
channels in nociceptors possess high sensitivity to inhibition by
neurotransmitters and drugs that act through G protein–coupled
receptors2–4. Endogenous transmitters including enkephalins, endo-
cannabinoids and GABA all inhibit N-type channels through their
respective G protein–coupled receptors to attenuate nociception1,2,5.
This inhibitory pathway has a key role in limiting transmitter release
from primary sensory afferents in the dorsal horn. Morphine and other
opiates co-opt this inhibitory pathway, explaining their powerful
analgesic actions at the spinal level6.

The most ubiquitous form of transmitter-initiated inhibition acting
on the N-type channel is fast, membrane delimited, voltage-dependent
and mediated by Gbg binding directly to the channel7–9. This form of
inhibition, seen throughout the nervous system, is thought to have a
key role in transmitter-mediated control of transmitter release10,11. It is
especially effective at attenuating low-frequency stimuli but less effec-
tive during periods of intense activity because depolarization relieves
voltage-dependent inhibition12,13. In some neurons, N-type channels
also possess a sustained form of inhibition that is independent of
voltage. Voltage-independent inhibition is particularly prominent and
well studied in neurons of dorsal root ganglia and sympathetic ganglia.
In sympathetic neurons, voltage-independent inhibition of N-type
current is relatively slow and is mediated by the Gq and G11 classes
of G protein and phospholipase C activation14. By contrast, in dorsal
root ganglia, voltage-independent inhibition of N-type current requires
protein tyrosine kinase activation15,16. The mechanisms that govern the

coupling of N-type channels to specific G protein signaling pathways
and the sensitivity of N-type channels to voltage-independent inhibi-
tion are unknown.

We recently discovered a splice isoform of the main a1 subunit of the
N-type calcium channel. Exons 37a and 37b are a pair of mutually
exclusive exons encoding two alternative 32–amino acid modules (e37a
and e37b, respectively) at the C terminus of CaV2.2. The protein
containing the former, CaV2.2e[37a], is notable for its enrichment in
nociceptors17. Previously, we showed that substitution of e37b with
e37a increases CaV2.2 current densities17 and consequently calcium
entry during action-potential waveforms18. However, the physiological
significance of CaV2.2e[37a] expression to nociceptor function is not
completely understood.

Here we report that selective inclusion of e37a in CaV2.2 creates an
inhibitory pathway that is voltage independent and that increases
substantially the sensitivity of CaV2.2 channels to opiates and GABA.
This pathway diverges from voltage-dependent inhibition downstream
of Gi- and Go-coupled receptors and requires tyrosine kinase. We
identify a tyrosine encoded within e37a and absent in e37b as essential
for voltage-independent inhibition of CaV2.2e[37a] channels. Cell-
specific alternative splicing of the mRNA encoding CaV2.2 thus serves
as a molecular switch that controls the sensitivity of N-type channels to
neurotransmitters and drugs that modulate nociception.

RESULTS

Exon 37a augments G protein–dependent inhibition

We first determined that e37a modulated the responsiveness of CaV2.2
to G proteins. We expressed CaV2.2e[37b] and CaV2.2e[37a] channels
in tsA201 cells (large T-antigen–transformed HEK293 cells) together
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with auxiliary subunits CaVb3 and CaVa2d1, and we determined their
sensitivity to internal GTP-gS, which globally activates G proteins
(0.4 mM; Fig. 1). By carefully optimizing transfections, we minimized
variability in expression (see Methods). Consistent with our previous
studies, current densities produced by N-type CaV2.2e[37a] were
significantly (1.8-fold; P ¼ 0.0039 at +10 mV) larger than those
produced by CaV2.2e[37b] (Fig. 1a,b)17,18. We showed that GTP-gS
inhibited both CaV2.2e[37b] and CaV2.2e[37a] currents relative to their
respective control currents recorded in the absence of internal GTP-gS
(Fig. 1a,b). Notably, we found that the extent of GTP-gS–mediated
inhibition differed greatly between splice isoforms. GTP-gS was about
twice as effective on CaV2.2e[37a] currents as it was on CaV2.2e[37b]
currents. It reduced peak CaV2.2e[37b] current densities on average to
63% of control levels, whereas it reduced CaV2.2e[37a] current den-
sities to only 34% of their respective controls (Fig. 1a,b). We also noted
that CaV2.2e[37b] and CaV2.2e[37a] current densities were indistin-
guishable from each other in the presence of internal GTP-gS. Next, we
asked whether G protein activation inhibited CaV2.2e[37b] and
CaV2.2e[37a] channels by the same mechanism.

Voltage-dependent inhibition is the most common form of
G protein–mediated modulation of CaV2.2 channels. This widely
studied inhibitory pathway involves Gbg binding to the intracellular
loop between transmembrane a-helices IS6 and IIS1 (the I–II loop), as
well as to other locations of the CaV2.2 subunit8,19–22. Hallmark
features of voltage-dependent inhibition include (i) significantly
greater inhibition of N-type currents at hyperpolarized voltages, (ii) a
concomitant depolarizing shift in channel activation, (iii) relief
of inhibition by strong depolarizing prepulses (facilitation) and
(iv) slowing of channel activation kinetics with prolonged depolariza-
tion, reflecting slow relief of inhibition7,8,22,23. A second voltage-
independent pathway also inhibits N-type currents, particularly
N-type currents in sensory neurons5,24. By definition, strong
depolarizing prepulses do not relieve G protein–mediated,
voltage-independent inhibition. We therefore used saturating de-
polarizing prepulses to determine the extent of voltage-dependent
and voltage-independent inhibition mediated by GTP-gS on
CaV2.2e[37b] and CaV2.2e[37a] channels.

Two distinct G protein–dependent inhibitory pathways

We found evidence that a voltage-dependent pathway inhibited
CaV2.2e[37b]. Depolarizing prepulses completely relieved the inhibi-
tory effects of internal GTP-gS on CaV2.2e[37b] currents (Fig. 1a).

CaV2.2e[37b] current densities that were evoked after prepulses and
measured in the presence of GTP-gS were indistinguishable from
control currents measured in the absence of GTP-gS. Our data imply
that CaV2.2e[37b] currents are inhibited by a purely voltage-dependent
mechanism (Fig. 1a). Consistent with this, we also found that outward
currents through CaV2.2e[37b] channels that were induced by step
depolarizations to +80 mV were resistant to the inhibitory actions of
GTP-gS (Fig. 1c), as predicted for voltage-dependent inhibition.

A similar voltage-dependent inhibitory mechanism also acted on
CaV2.2e[37a] channel currents, but we observed that GTP-gS induced
an additional component of inhibition that persisted even after pre-
pulses to +80 mV (Fig. 1b,c). CaV2.2e[37a] current densities measured
in the presence of GTP-gS but after a prepulse were significantly reduced
as compared with control recordings (Fig. 1b; P ¼ 0.0007 at +10 mV).
Similarly, outward currents through CaV2.2e[37a] channels induced by
step depolarizations to +80 mV recorded in the presence of GTP-gS
were significantly smaller than currents recorded in the absence of GTP-
gS (Fig. 1c; P¼ 0.0024). Under the same conditions as described above,
outward CaV2.2e[37b] current densities measured at +80 mV were
unaffected by GTP-gS (P ¼ 0.5629). Our data are consistent with the
hypothesis that a second, G protein–dependent, voltage-independent
inhibitory pathway couples to CaV2.2e[37a] channels.

To confirm that our prepulse protocols completely reversed all
voltage-dependent inhibition in both isoforms, we compared channel
activation curves from normalized tail currents generated from control
recordings with those recorded in the presence of GTP-gS with and
without prepulses to +80 mV (Fig. 2a,b). GTP-gS induced depolarizing
right shifts in channel-activation curves from both isoforms, a hallmark
of voltage-dependent inhibition7,8,12. In the continued presence of
GTP-gS, depolarizing prepulses shifted channel-activation curves of
both isoforms back to control values (Fig. 2a,b). Notably, the voltage
dependence of CaV2.2e[37a] channel activation in the presence of GTP-
gS was indistinguishable from that under control conditions if recorded
immediately after a prepulse, even though current density levels
recovered to only 50% of control values (Fig. 1b). We fit individual
data sets with the sum of two Boltzmann functions, with parameters
V11/2 and V21/2 being the activation midpoints (mV) and A1 and A2
the normalized amplitudes for each Boltzmann function. Average
parameters (mean ± s.e.m.) for CaV2.2e[37b] in the absence (n ¼ 4)
and in the presence of GTP-gS without (n ¼ 5) and with (n ¼ 5)
prepulse were, for V11/2, 2.68 ± 0.64 mV, 3.00 ± 1.09 mV and 3.31 ±
0.75 mV; for A1, 0.49 ± 0.03, 0.14 ± 0.08 and 0.53 ± 0.05; for V21/2,

Figure 1 G protein activation differentially

inhibits CaV2.2e[37b] and CaV2.2e[37a]

channels. Calcium currents from cells expressing

(a) CaV2.2e[37b] (e37b) and (b) CaV2.2e[37a]

(e37a) channels recorded with control (con)

internal solution and with 0.4 mM internal GTP-

gS. Currents were evoked by test pulses alone

(–pp) and preceded by a prepulse to +80 mV
(+pp). In the presence of GTP-gS, prepulses to

+80 mV recovered CaV2.2e[37b] currents fully

(a; current densities not significantly different

from control; P 4 0.5). Prepulses only partially

recovered inhibited CaV2.2e[37a] currents

(b; current densities significantly different from

control at test voltages between –5 mV and

+55 mV, P o 0.05). Prepulses did not induce

facilitation in the absence of internal GTP-gS. Values of n for panel a are 20 (con), 16 (–pp) and 16 (+pp). Values of n for panel b are 21 (con), 21 (–pp) and

21 (+pp). (c) Currents evoked by test pulses to +80 mV in control and in the presence of 0.4 mM internal GTP-gS. Exemplar currents are shown above average

(mean ± s.e.m. throughout) current densities for each isoform. Number of cells in each dataset is indicated. CaV2.2e[37a] current densities in the presence of

GTP-gS are significantly different from control (*P ¼ 0.0024).

a b cCon Con

25
10

e37a

–100

6040–20–40–60 –20–40–60

–200

10
25

+pp

e37b

20 604020

10
25 10

25

10
25

+pp

10
25
–5–5

–5
–5–5–5

–200
0

50

100

e37ae37b

GTP-γS
Con

GTP-γS
Con

*150

GTP-γSGTP-γS

GTP-γS (–pp)
GTP-γS (+ pp)

–pp –pp –pp –pp

50 pA pF–1 50 pA pF–1
50 pA pF–1

5 ms5 ms 5 ms

Test potential (mV) Test potential (mV)

/ (pA pF–1) / (pA pF–1)

Con (–pp)

I a
t +

80
 m

V
(p

A
 p

F
–1

)

Con
 (1

4)

GTP-γS
 (1

9)

Con
 (1

4)

GTP-γS
 (1

9)

286 VOLUME 10 [ NUMBER 3 [ MARCH 2007 NATURE NEUROSCIENCE

ART ICLES
©

20
07

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

en
eu

ro
sc

ie
nc

e



28.43 ± 1.09 mV, 27.34 ± 1.48 mV and 25.69 ± 2.63 mV; for A2, 0.55 ±
0.03, 0.89 ± 0.09 and 0.50 ± 0.05. Average parameters for CaV2.2e[37a]
in the absence (n ¼ 6) and in the presence of GTP-gS without (n ¼ 3)
and with (n ¼ 3) prepulse were, for V11/2, –0.47 ± 0.86 mV, –4.42 ±
1.00 mVand 0.24 ± 2.03 mV; for A1, 0.49 ± 0.01, 0.02 ± 0.03 and 0.54 ±
0.06; for V21/2, 23.17 ± 0.71 mV, 27.15 ± 2.40 mVand 23.09 ± 2.32 mV;
for A2, 0.53 ± 0.01, 1.03 ± 0.02 and 0.49 ± 0.06. The normalizing effect
of prepulses on channel activation kinetics in the presence of GTP-gS is
also apparent in the current-voltage relationships in Figure 1a,b.

These data showed that the prepulse protocol used in our studies
fully reversed voltage-dependent inhibition. Thus, a voltage-dependent
pathway inhibits CaV2.2e[37b] channels. However, both voltage-
dependent and voltage-independent pathways inhibit CaV2.2e[37a]
channels. Notably, in the presence of GTP-gS, average CaV2.2e[37b]
and CaV2.2e[37a] current densities were indistinguishable when
evoked either with or without prepulses (Fig. 1a,b).

l-opioid and GABAB receptors use both inhibitory pathways

Our studies using internal GTP-gS suggested that e37a created a
voltage-independent inhibitory pathway affecting the N-type channel
that was not present when e37b replaced e37a. To determine the
functional relevance of this pathway, we coexpressed CaV2.2e[37b] or
CaV2.2e[37a] channels with the m-opioid receptor as well as with the

heteromeric GABAB receptor (GABABR1a and GABABR2 subunits) in
tsA201 cells. These G protein–coupled receptors are important in
regulating N-type channel activity and transmitter release from sensory
neurons. We initially used the perforated-patch recording method to
avoid cell dialysis and minimize disruption of G protein–coupled
receptor signaling pathways. Later, we reached the same conclusions
using standard whole-cell recording (as discussed below).

We used 50 mM baclofen to activate the GABAB receptor, and we
limited agonist exposure to avoid receptor desensitization16,25. Baclofen
induced rapid and reversible inhibition of both CaV2.2e[37b] and
CaV2.2e[37a] currents (Fig. 3a,b). N-type current densities transiently
rebounded to values greater than those in the control immediately after
removing baclofen, as documented by others26. GABAB receptor
activation inhibited CaV2.2e[37b] and CaV2.2e[37a] current densities
to 61% (n¼ 11; Po 0.0001) and 45% (n¼ 10; Po 0.0001) of control
values, respectively. Prepulses to +80 mV reversed the effects of baclofen
on CaV2.2e[37b] current densities completely (107% of control; n¼ 11,
P¼ 0.502; Fig. 3c,d) whereas the same prepulses only partially reversed
the inhibitory effects of baclofen on CaV2.2e[37a] current densities
(69% of control; n ¼ 10, P o 0.0001; Fig. 3e,f). Consistent with our
studies using GTP-gS, inhibition of CaV2.2e[37b] channels by GABAB

receptor was exclusively voltage-dependent, but inhibition of
CaV2.2e[37a] channels was mediated by both voltage-dependent and
voltage-independent mechanisms.

We obtained very similar results in cells coexpressing the m-opioid
receptor using 10 mM [D-Ala2,N-methyl-Phe4,Gly5-ol]-enkephalin
(DAMGO) as the agonist (Fig. 4). Inhibition of CaV2.2e[37b] currents
was primarily voltage dependent, as indicated by nearly complete
recovery of receptor-mediated inhibition by a prepulses to +80 mV
(92% of control; Fig. 4c,d). By contrast, m-opioid receptor activation
was coupled to both voltage-dependent and voltage-independent
inhibition of CaV2.2e[37a] currents. Here, prepulses led to only
partial recovery of CaV2.2e[37a] currents in the presence of
DAMGO (Fig. 4e,f). DAMGO inhibition of CaV2.2e[37a] currents
also featured an initial fast block (o10 s, followed by a slower
inhibitory phase (100 s; Fig. 4b; see also Supplementary Fig. 1 online).
By comparison, DAMGO inhibited CaV2.2e[37b] currents rapidly
(Fig. 4a; see also Supplementary Fig. 1). Both isoforms recovered
slowly from m-opioid receptor–dependent inhibition, and complete
reversal took4100 s after agonist removal (Fig. 4a,b). We do not know
the significance of this biphasic onset of inhibition mediated by
DAMGO, which was only seen in cells expressing CaV2.2e[37a], not
CaV2.2e[37b].
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Our data show that G protein activation inhibits both CaV2.2e[37b]
and CaV2.2e[37a] channels by a voltage-dependent pathway. However,
sequences unique to e37a create a second G protein–dependent
inhibitory domain on CaV2.2e[37a] channels allowing G protein
receptor activation to suppress N-type currents through an additional
voltage-independent pathway.

Pertussis toxin occludes both inhibitory pathways

Gbg dimer released from activated pertussis toxin (PTX)-sensitive
Gi and Go proteins mediates voltage-dependent inhibition of native
N-type currents in sensory neurons16,27. We next confirmed that this
same signaling pathway mediates voltage-dependent inhibition of
CaV2.2e[37b] and CaV2.2e[37a] isoforms when activated by GTP-gS
or receptor stimulation (Fig. 5). CaV2.2e[37b] currents recorded from
cells pretreated with PTX were insensitive to internal GTP-gS; currents
showed no facilitation in response to a prepulse (Fig. 5a,b). Notably,
CaV2.2e[37a] currents recorded from cells pretreated with PTX were
also insensitive to internal GTP-gS, as neither voltage-dependent nor
voltage-independent inhibition was observed (Fig. 5c,d). CaV2.2e[37a]
currents recorded in the presence of GTP-gS not only lacked
prepulse facilitation but were twice as large in cells pretreated
with PTX (Fig. 5c,d).

Furthermore, PTX occluded both of the inhibitory pathways to
CaV2.2e[37a] channels in cells coexpressing m-opioid receptor and
challenged with DAMGO (Fig. 5e,f). Our data thus show that a
common class of Gi and Go protein couples to CaV2.2e[37b] and
CaV2.2e[37a] channels to mediate both voltage-dependent and voltage-
independent inhibition.

Distinct signaling pathways mediate inhibition

Voltage-dependent inhibition of native N-type currents is likely to
involve direct binding of Gbg. We therefore used a Gbg buffer to assess
the effectiveness of G protein stimulation on CaV2.2 isoforms. We
expressed a myristoylated C-terminal Gbg-binding domain of the
G protein-coupled receptor kinase 2 (MAS-GRK2-ct). This protein
fragment buffers Gbg and occludes voltage-dependent inhibition of
native N-type currents28. CaV2.2e[37b] currents in cells expressing
MAS-GRK2-ct were completely insensitive to G protein stimulation by
internal GTP-gS (Fig. 6a–c). We observed no significant difference
between control CaV2.2e[37b] current densities and those recorded
with internal GTP-gS (P ¼ 0.7632 at 0 mV), consistent with previous
reports that Gbg is essential for voltage-dependent inhibition of
N-type currents8. MAS-GRK2-ct also occluded voltage-dependent
inhibition of CaV2.2e[37a] currents, as illustrated by the lack of
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greater after PTX pretreatment than those in untreated cells (P ¼ 0.0154, +10 mV, +pp). (e,f) CaV2.2e[37a] currents in cells

coexpressing the m-opioid receptor. Recordings without and with prepulse to +80 mV are compared in untreated (n ¼ 7) and

PTX-treated (n ¼ 7) cells. (e) Representative time course of current amplitude as a percentage of current before exposure to

10 mM DAMGO of CaV2.2e[37a] currents from an untreated cell (con) and one preincubated with PTX. DAMGO inhibited

currents in untreated cells, and currents were significantly greater after prepulse (*P ¼ 0.007). (f) Average CaV2.2e[37a]

currents in the presence of 10 mM DAMGO expressed as a percentage of control currents. DAMGO had no effect on currents

in cells pretreated with PTX (not significantly different from 100%; P ¼ 0.66 without prepulse and P ¼ 0.23 with prepulse).
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prepulse facilitation in cells stimulated by
internal GTP-gS (Fig. 6d–f). However, vol-
tage-independent inhibition of CaV2.2e[37a]
channels by internal GTP-gS was intact and
unaffected by MAS-GRK2-ct (Fig. 6d–f).
CaV2.2e[37a] currents recorded in the
presence of internal GTP-gS were signif-
icantly inhibited as compared with control
(P ¼ 0.0068 at 0 mV). Thus, voltage-
dependent inhibition of CaV2.2e[37a] and
CaV2.2e[37b] channels uses a Gbg-dependent
signaling pathway. By contrast, an additional
Gbg-independent, Gi- and Go-dependent
pathway couples to CaV2.2e[37a] channels
to mediate voltage-independent inhibition.

Non-receptor tyrosine kinases mediate a
number of neuronal functions. Of special
significance here, research in chick sensory
neurons implicates src tyrosine kinases in
voltage-independent inhibition of native
N-type currents triggered by G protein–
coupled receptors29. Furthermore, nerve
terminals are enriched in pp60c-src tyrosine
kinase30,31. We therefore used a selective pep-
tide inhibitor of pp60c-src tyrosine kinase to
test for its involvement in G protein–mediated
inhibition of CaV2.2e[37a] and CaV2.2e[37b]
channels. We observed no significant effect of
the pp60c-src peptide on GTP-gS–mediated
inhibition of CaV2.2e[37b] currents; voltage-
dependent inhibition remained intact (Fig. 7a,b). This was supported
by the presence of robust prepulse facilitation of CaV2.2e[37b] in
recordings obtained in the presence of internal GTP-gS (P ¼ 0.0304
in the presence of pp60 peptide compared with and without prepulse,
n¼ 8 for each data set). We also found no effect of pp60c-src peptide on
voltage-dependent inhibition of CaV2.2e[37a] currents, as illustrated by
the presence of robust prepulse facilitation in cells stimulated by internal
GTP-gS (Fig. 7c,d). However, the pp60c-src peptide did prevent internal
GTP-gS from inducing voltage-independent inhibition of CaV2.2e[37a]
channels (Fig. 7c,d). These data are consistent with the hypothesis that
voltage-independent inhibition is absent when pp60c-src tyrosine
kinase is inhibited. Voltage-independent inhibition of N-type current
mediated by activation of m-opioid receptor (Fig. 7e–h) and GABAB

receptor (see Supplementary Fig. 2 online) was also selectively occluded
by the pp60c-src inhibitory peptide. CaV2.2e[37b] and CaV2.2e[37a]
currents in cells coexpressing m-opioid receptor showed robust voltage-
dependent inhibition in response to DAMGO, independent of the
presence of the pp60c-src peptide (Fig. 7e,f). By contrast, the pp60c-src
peptide reduced significantly receptor-mediated voltage-independent
inhibition of CaV2.2e[37a] channels (Fig. 7g,h). Parameters from
Boltzmann linear fits of current-voltage relationships are in Supple-
mentary Table 1 online. Voltage-dependent inhibition of CaV2.2e[37a]
and CaV2.2e[37b] channels thus occurs independent of src tyrosine
kinase. But voltage-independent inhibition is a feature unique to
CaV2.2e[37a] channels dependent on src tyrosine kinase.

Voltage-independent inhibition requires tyrosine 1747

Our data showed that voltage-independent inhibition of CaV2.2e[37a]
currents required pp60c-src tyrosine kinase. Which amino acids unique
to e37a mediate voltage-independent inhibition? Fourteen out of 32
amino acids differ between e37a and e37b. These differences include

two consensus sites for tyrosine kinase phosphorylation at positions
Y1743 and Y1747 (as numbered in GenBank sequence AF055477) in
e37a but not in e37b (Fig. 8a). Y1743 is present in e37b, but lacks a
neighboring lysine (K1744) that renders Y1743 in e37a a potential
substrate for tyrosine kinases. By contrast, phenylalanine replaces
tyrosine at position 1747 in e37b. Therefore, we generated
two CaV2.2e[37a] tyrosine mutants, CaV2.2e[37a]Y1743F and
CaV2.2e[37a]Y1747F, to test each tyrosine’s contribution to GTP-gS–
mediated inhibition. Both mutant channels expressed equally well
and were inhibited by internal GTP-gS (Fig. 8b,c). GTP-gS–
mediated inhibition of CaV2.2e[37a]Y1743F mutant channels was
indistinguishable from that of wild-type CaV2.2e[37a] channels.
CaV2.2e[37a]Y1743F showed both voltage-dependent and voltage-
independent inhibition (Fig. 8b). By marked contrast, the properties
of the CaV2.2e[37a]Y1747F mutant were significantly different from
wild-type CaV2.2e[37d] (P ¼ 0.0192) and were indistinguishable from
those of wild-type CaV2.2e[37b] channels (Fig. 8c). GTP-gS–mediated
inhibition of CaV2.2e[37a]Y1747F was exclusively voltage-dependent;
it was completely relieved by prepulses to +80 mV. We found no
evidence for voltage-independent inhibition of CaV2.2e[37a]Y1747F.
Furthermore, CaV2.2e[37a]Y1747F current densities were significantly
reduced compared with wild-type CaV2.2e[37a] (Fig. 1b; P o 0.05
over a range of voltages) but indistinguishable from wild-type
CaV2.2e[37b] (Fig. 1a). Parameters from Boltzmann linear fits of
current voltage relationships are in Supplementary Table 1. Effectively,
the Y1747F mutation converts the e37a phenotype to that of e37b.
These data identify Y1747 in CaV2.2e[37a] as a control point that sets
overall current density levels and renders the CaV2.2 channel permissive
to G protein–mediated, voltage-independent inhibition.

Our data implicate cell-specific expression of CaV2.2e[37a] in
controlling the pharmacological sensitivity of N-type channels in
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Figure 6 Voltage-dependent but not voltage-independent inhibition requires Gbg. Average current-voltage

relationships for currents recorded in cells expressing MAS-GRK2-ct (ref. 28) together with (a,b,c)

CaV2.2e[37b] and (d,e,f) CaV2.2e[37a] in the absence (a,d) and presence (b,e) of GTP-gS (0.4 mM).

Average (c) CaV2.2e[37b] and (f) CaV2.2e[37a] current densities recorded at 0 mV. CaV2.2e[37b]

currents recorded with internal GTP-gS were not significantly different (NS) from control currents at all

potentials with (+pp) or without (–pp) prepulse. CaV2.2e[37a] currents recorded in cells expressing MAS-

GRK2-ct were inhibited by internal GTP-gS (f; *P ¼ 0.00678), but inhibition was unaffected by a

prepulse. For a, n ¼ 10; b, n ¼ 10; c, n ¼ 11 and n ¼ 10 (GTP-gS); d, n ¼ 10; e, n ¼ 10; f, n ¼ 11

and n ¼ 12 (GTP-gS).
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nociceptors. Notably, the presence or absence of e37a modulates the
inhibitory actions of neurotransmitters and drug on N-type channels
by way of their respective G protein–coupled receptors. These results
offer a molecular explanation for the high sensitivity of native N-type
channels in sensory neurons to inhibition by opioid and GABAB

receptor activation4,24.

DISCUSSION

The majority of neural genes are subject to alternative splicing, but few
studies attribute cell-specific inclusion of a particular exon to a
particular process in an identified population of neurons. Here, we
uncover the function of exon 37a, the isoform containing which is
highly expressed in nociceptors17. Exon 37a creates a module in the
C terminus of CaV2.2 that controls the extent and type of inhibition
that can be mediated by G protein receptor activation. GABA, opiates
and probably other transmitters and drugs can utilize this pathway to
inhibit CaV2.2 channels by a mechanism that is independent of
stimulus intensity. Our results reveal the molecular process underlying
this important feature of CaV2.2 channels in sensory neurons24.

Cell-specific enrichment of e37a in nociceptors is likely to have
evolved to enable inhibition of nociceptive transmission under periods
of intense neuronal activity13,32. Available genome sequences indicate
that exons equivalent to e37a and e37b are highly conserved in
rat, mouse, human, chimpanzee, macaque and dog, indicating that
alternative splicing at the e37a and e37b site may confer functional

advantage to these organisms (Fig. 8a). In all these species,
e37a contains a tyrosine codon analogous to rat Y1747 in
CaV2.2, which e37b replaces with a codon for phenylalanine.
The chicken gene encoding CaV2.2 is of special interest because it
contains only one exon in this region of the gene and has a
sequence similar, but not identical, to mammalian e37a. Notably, this
single exon in chicken CaV2.2 contains a tyrosine equivalent to Y1747.
Consistent with our data, all sensory neurons in the chick show
both voltage-dependent and voltage-independent inhibition after
G protein activation24.

The N-type channel is the target of numerous G protein–coupled
neurotransmitter receptors at a variety of synapses. Consequently, its
presence permits neurotransmitters and drugs to modulate transmitter
release. In all neurons, CaV2.2 channels are inhibited by means of a
G protein–dependent voltage-dependent pathway, mediated by direct
interaction of Gbg subunit dimers with the CaV2.2 subunit, probably
by way of the I–II intracellular loop10,15. This pathway is common to
both CaV2.2 isoforms studied here and may be a feature of all CaV2.2
isoforms. By contrast, voltage-independent inhibition is observed in
select cell types and is a prominent feature of N-type channels in
sensory and also in sympathetic neurons24,28. Sensory neurons express
e37a-containing CaV2.2 channels, which are present at low abundances
elsewhere in the nervous system. Here, we show that e37a inclusion
is the molecular basis of voltage-independent inhibition of N-type
currents in these cells. Notably, PTX completely occluded
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Figure 7 pp60c-src tyrosine kinase peptide inhibitor prevents voltage-independent inhibition. (a–d) Averaged, peak current voltage-relationships from cells
expressing CaV2.2e[37b] (a, n ¼ 7; b, n ¼ 8) and CaV2.2e[37a] (c, n ¼ 9; d, n ¼ 10) in the presence of 0.4 mM internal GTP-gS with (+pp) and without (–pp)

prepulses to +80 mV. Currents recorded from cells without (a,c) and with (b,d) 70 mM pp60c-src peptide inhibitor (pp60c-src) in the pipette. CaV2.2e[37b]

currents with and without pp60c-src peptide are not significantly different at any test potential (P 4 0.05). Control CaV2.2e[37a] currents (c) compared with

recordings with 70 mM pp60c-src peptide (d) are significantly different at test potentials between –20 mV and +55 mV in presence or absence of the prepulse

(P o 0.05). (e–h) Average peak current density values at 0 mV from cells expressing m-opioid receptor together with CaV2.2e[37b] (e,f) and CaV2.2e[37a]

(g,h). Currents recorded using standard whole-cell method without (–pp) and with (+pp) prepulses to +80 mV in the absence (con) and presence of DAMGO

with and without pp60c-src tyrosine kinase peptide inhibitor. CaV2.2e[37a] currents recorded in the presence of DAMGO remained significantly inhibited after

a prepulse compared with control (g, *P ¼ 0.0076; voltage-independent inhibition), but the peptide inhibitor prevented this form of inhibition (h, not

significant (NS)). For e, n ¼ 7; f, n ¼ 7; g, n ¼ 10; h, n ¼ 10. Exemplar current traces are shown above bar graphs.
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GTP-gS–mediated inhibition of CaV2.2e[37a] and CaV2.2e[37b] iso-
forms in tsA201 cells, consistent with exclusive coupling of these
isoforms to the Gi and Go classes of G protein. However, other G
proteins, particularly Gq and G11 classes, mediate inhibition of N-type
channels in sympathetic neurons through phospholipase C activa-
tion14,28. It is therefore possible that other sites of alternative splicing in
CaV2.2 regulate coupling to Gq and G11 signaling pathways.

By studying naturally occurring CaV2.2 splice isoforms, we have
established that voltage-dependent and voltage-independent inhibition
utilize functionally and molecularly separable pathways24. The two
inhibitory pathways utilize the same receptors and PTX-sensitive Gi

and Go classes of G protein, but diverge downstream of the trimeric G
protein. Voltage-dependent inhibition requires Gbg, which binds
directly to CaV2.2 and is independent of pp60c-src tyrosine kinase.
We found the characteristics of voltage-dependent inhibition mediated
by G protein activation indistinguishable between isoforms, consistent
with the involvement of CaV2.2 domains outside of the e37a and e37b
region. In contrast, voltage-independent inhibition was unique to the
CaV2.2e[37a] isoform, independent of Gbg, dependent on pp60c-src
tyrosine kinase, and in particular required tyrosine at position 1747 in
the C terminus. Y1747 may be the site of src tyrosine kinase–mediated
phosphorylation that underlies voltage-independent inhibition of
CaV2.2 channels in sensory neurons, but it remains possible that
other residues are targets of this kinase.

Our studies of CaV2.2e[37a] agree with several reports implicating
kinase-dependent phosphorylation in voltage-independent inhibition
of N-type currents in sensory neurons. However, the nature of the
kinase implicated and the time course of inhibition of the N-type
current differ with the type of G protein–coupled receptor16,33,34.
Notably, src tyrosine kinase has been shown to form a complex with
the CaV2.2 subunit of rat hippocampal and chick dorsal root ganglia
neurons. Furthermore, rapid, reversible, GABAB-dependent and
voltage-independent inhibition of CaV2.2 channels in chick sensory
neurons uses src tyrosine kinase16,35,36. In addition, G protein–
mediated, voltage-independent inhibition of CaV2.2 channels in
sensory neurons controls channel internalization and removal from
the plasma membrane33,35,37. It will therefore be interesting to
determine whether e37a confers inhibition of current through channel
internalization. The critical Y1747 we identify in e37a is part of an
internalization motif (YXLL; Fig. 8). Evidence suggests that this motif
participates in rapid, clathrin-dependent internalization of a large
number of membrane proteins, including the NR2B subunit of the

NMDA receptor38,39. Our results demonstrate Y1747 as essential for
mediating voltage-independent inhibition, but they do not exclude
involvement of other amino acids unique to e37a.

In summary, by studying evolutionarily conserved natural variants
of CaV2.2, we uncovered a critical domain in N-type channels of
sensory neurons that makes these channels more sensitive to neuro-
transmitters and drugs. Cell-specific inclusion of e37a in CaV2.2 acts as
a molecular switch linking G protein–coupled receptors to voltage-
independent inhibition of the N-type calcium channel. Functionally,
voltage-independent inhibition in nociceptors allows for downregula-
tion of N-type channel activity by way of G protein–coupled receptors
even during periods of intense neuronal activity.

METHODS
Transient expression of CaV2.2 calcium channels in tsA201 cell line. We

expressed rat-derived cDNAs encoding calcium-channel isoforms CaV2.2e[37a]

(ref. 17) and CaV2.2e[37b] (ref. 40) together with CaVb3, CaVa2d1 (ref. 41) and

enhanced green fluorescent protein (eGFP; BD Bioscience) in tsA201 cells using

Lipofectamine 2000 (Invitrogen) as we described previously42. We also

expressed cDNAs encoding the myristoylated C-terminal Gbg binding domain

of the G protein–coupled receptor kinase MAS-GRK2-ct (ref. 28), the receptors

GABABR1a and GABABR2, and the m-opioid receptor (see Acknowledgments).

Single point mutants of CaV2.2e[37a] Y1743F and Y1747F were generated

using the Quik-Change Plus mutagenesis kit (Stratagene). We carefully mini-

mized variability in expression efficiency among transfections and recording

days. We only transfected cells at 70% confluence, controlled cDNA concentra-

tions and harvested all cells exactly 24 h after transfection for recording. Cells

were maintained at 4 1C in DMEM on the day of recording until needed.

Electrophysiology. We performed standard whole-cell patch clamp recording

as described previously42. The external solution for all recordings contained

1 mM CaCl2, 4 mM MgCl2, 10 mM HEPES, 135 mM choline chloride,

pH adjusted to 7.2 with CsOH. Internal control solution for standard whole-

cell recording contained 126 mM CsCl, 10 mM EGTA, 1 mM EDTA, 10 mM

HEPES, 4 mM Mg-ATP, pH 7.2 with CsOH. Note that our standard control

solution excludes internal GTP. We found that even relatively low con-

centrations of internal GTP (50 mM) induced tonic, agonist-independent,

voltage-independent inhibition of N-type currents in cells coexpressing G

protein–coupled receptors and CaV2.2 subunits.

We used the perforated-patch recording methods in Figures 3 and 4 to

assess the inhibitory effects of m-opioid and GABAB receptor activation,

essentially as described previously17. Perforated-patch pipette internal solution

contained 135 mM CsCl, 10 mM HEPES, 1 mM EGTA, 1 mM EDTA, 4 mM

MgCl2 and 1.2 mg ml–1 amphotericin B (Sigma-Aldrich), pH adjusted to 7.2

with CsOH. We applied agonist- and antagonist-containing solutions using a

Figure 8 Conservation of exon 37a and essential

role of Y1747 in voltage-independent inhibition.

(a) Amino acid sequence alignments for exons

e37a and e37b of human, chimpanzee (chimp),

macaque, dog, rat, mouse and chicken CaV2.2

genes. Arrows highlight two tyrosine kinase

consensus sites at positions 1743 and 1747 in

rat e37a. Bold font indicates 100% conservation
across species. The sequence encoding the first

amino acid of chimpanzee e37b was located close

to a gap in the chimpanzee genome sequence.

(b,c) Averaged peak current-voltage relationships

from cells expressing CaV2.2e[37a]Y1743F

mutant channels (b) and CaV2.2e[37a]Y1747F

mutant channels (c) with control internal solution

(con, n ¼ 9 and n ¼ 10) and with GTP-gS–

containing internal solution without (–pp; n ¼ 7 and n ¼ 8) and with (+pp; n ¼ 7 and n ¼ 8) prepulses to +80 mV. Upper panels show exemplar currents

evoked at +10 mV for each dataset. The prepulse did not fully relieve GTP-gS inhibition of CaV2.2e[37a] Y1743F current densities, which were significantly

different from control at test pulses between –15 mV and +35 mV (P o 0.05). The prepulse relieved GTP-gS inhibition of CaV2.2e[37a] Y1747F completely.

Control CaV2.2e[37a]Y1747F current densities were not significantly different from GTP-gS recordings with prepulses.
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microperfusion system that reduced dead time to within 1 s (ref. 41). Recording

electrodes had resistances of 2–4 MO when filled with internal solution and

were coated with Sylgard (Dow Corning) to reduce capacitance. Series

resistances (o6 MO for whole-cell recording and o10 MO for perforated-

patch recording) were compensated 70–80% with a 10-ms lag time. We evoked

calcium currents by voltage steps and leak-subtracted currents online using a

P/-4 protocol. Data were sampled at 20 kHz and filtered at 10 kHz (–3 dB)

using pClamp V8.1 software and the Axopatch 200A amplifier (Molecular

Devices). Tail currents were sampled at 100 kHz. All recordings were obtained

at room temperature (22-25 1C). Cells were typically held at –100 mV to

remove closed-state inactivation42. Test potentials 20–25 ms in duration were

applied every 6 s. Prepulses to +80 mV were 20 ms in duration and applied

10 ms before the test pulse. Prepulses maximally relieved voltage-dependent

inhibition mediated by 0.4 mM internal GTP-gS. We used the following

compounds: GTP-gS (Sigma-Aldrich), baclofen (Sigma-Aldrich), DAMGO

(Sigma-Aldrich), PTX (Sigma-Aldrich) and pp60c-src peptide (521–533)

corresponding to its C-terminal regulatory domain (Tocris). The peptide binds

pp60c-src at the SH2 domain, suppressing its tyrosine kinase activity43. All

average values in figures and in text are mean ± s.e.m. We used one- or two-

tailed t-tests for all statistical analyses.

Accession numbers. Cacna1b encoding CaV2.2e[37a], AY211499 (ref. 17);

Cacna1b encoding CaV2.2e[37b], AF055477 (ref. 40); Cacnb3 encoding

CaVb3, sequence same as M88751; Cacna2d1 encoding CaVa2d1,

AF286488 (ref. 41).

Note: Supplementary information is available on the Nature Neuroscience website.
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