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native splicing in the voltage-sensing region of N-type Ca, 2.2 chan-
nels modulates channel kinetics. J Neurophysiol 92: 2820-2830,
2004. First published June 16, 2004; 10.1152/jn.00048.2004. The
Ca,2.2 gene encodes the functional core of the N-type calcium
channel. This gene has the potential to generate thousands of Ca,2.2
splice isoforms with different properties. However, the functional
significance of most sites of alternative splicing is not established. The
IV S3-1V 4 region contains an alternative splice site that is conserved
evolutionarily among Ca,«,; genes from Drosophila to human. In
Ca, 2.2, inclusion of exon 3lain the IV S3-1VS4 region isrestricted to
the peripheral nervous system, and its inclusion slows the speed of
channel activation. To investigate the effects of exon 31a in more
detail, we generated four tsA201 cell lines stably expressing Ca, 2.2
spliceisoforms. Coexpression of auxiliary Ca,, 8 and Ca,, a,6 subunits
was required to reconstitute currents with the kinetics of N-type
channels from neurons. Channels including exon 31a activated and
deactivated more slowly at al voltages. Current densities were high
enough in the stable cell lines co-expressing Ca,, a8 to resolve gating
currents. The steady-state voltage dependence of charge movement
was not consistently different between splice isoforms, but on gating
currents from the exon 3la-containing Ca,, 2.2 isoform decayed with
a dower time course, corresponding to slower movement of the
charge sensor. Exon 31a-containing Ca, 2.2 is restricted to peripheral
ganglia; and the slower gating kinetics of Ca,2.2 splice isoforms
containing exon 3la correlated reasonably well with the properties of
native N-type currents in sympathetic neurons. Our results suggest
that aternative splicing in the S3-$4 linker influences the kinetics but
not the voltage dependence of N-type channel gating.

INTRODUCTION

Calcium is a ubiquitous second messenger that regulates a
wide range of cellular functions. In all excitable cells, voltage-
gated calcium channels couple membrane depolarization to
calcium entry. Functional and structural diversity among volt-
age-gated calcium channels is an important mechanism em-
ployed by cells to optimize calcium-dependent signaling. Ten
genes encode the core Ca,«, subunits. Auxiliary Ca,8 and
Ca, a,6 subunits and additional associated proteins modulate
surface expression efficiency, subcellular targeting, biophysi-
cal properties, and pharmacology of the Ca,«a, subunit (Birn-
baumer et al. 1998; Helton et al. 2002; Hering 2002; Walker
and De Waard 1998).

Alternative splicing of Ca,a; premRNAS is extensive,
endowing individual Ca,, «; geneswith the capacity to generate
multiple functionally specialized proteins (Lipscombe et a.
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2002). The mammalian nervous system in particular uses
alternative splicing to produce an array of functionally distinct
and finely tuned proteins (Black 2000; Grabowski 1998). Sites
of regulated aternative splicing occur in key functional do-
mains of proteins (Garciaet a. 2004). The IVS3-1V$4 domain
of Ca,«, isaconserved site of alternative splicing. It is found
in multiple Ca, genes and different species from Drosophila to
human (Barry et al. 1995; Bourinet et al. 1999; Hans et al.
1999; Iharaet al. 1995; Ligon et al. 1998; Lin et al. 1997, 1999,
Lipscombe et al. 2002; Peixoto et al. 1997; Perez-Reyes et a.
1990; Smith et al. 1996, 1998; Snutch et al. 1991; Starr et al.
1991; Takimoto et a. 1997). Splice isoforms with different
IVS3-1V$4 linkers can open at different rates and at different
voltages and have different drug sensitivities (Bourinet et al.
1999; Hans et a. 1999; Krovetz et a. 2000; Lin et a. 1997,
1999; Lipscombe and Castiglioni 2004). The expression of
exons in the IVS3-1V$4 region of at least two genes, Ca,1.3
and Ca,, 2.2, depends on tissue type (Lin et a. 1999; Takimoto
et al. 1997). Evolutionary conservation, modification of chan-
nel function, and tissue-specific expression combine to suggest
that aternative splicing in the IVS3-1V4 region of Ca,a is
physiologically important.

In the Ca,2.2 gene, exon 24a (€24a) encodes a tetrapeptide
sequence, SFMG, in domain [11S3-111$4 and exon 31a (e314), the
dipeptide sequence ET in domain IVS3-1VS$4 (Lipscombe et al.
2002). The expression pattern of these exons differs. In sympa:
thetic neurons, dl Ca,2.2 mRNAs contain €31a, whereas this
exon is absent in Ca, 2.2 mRNAs of brain and spinal cord. Exon
€24a is present in an approximate reciprocal distribution. Most
Ca,2.2 mRNAsin brain and spinal cord contain e24a, whereasin
sympathetic and dorsal gangliaa dight magjority lack e24a (Lin et
al. 1997). In previous studies, we characterized some aspects of
aternative splicing in the S3-$4 linkers of the Ca,2.2 channel in
the Xenopus oocyte expression system. Our functional analysesin
Xenopus oocytes showed that the peripheral-dominant
Ca,2.2eA243a, 314 splice form activated more dowly and at
voltages dightly more depolarized compared with the central-
dominant form, Ca,2.2e[24a, A31a] (Lin et al. 1997, 1999).
Subsequently, we showed that the presence of €31a in domain
IV S3-1V$4 accounts fully for the dower activation time course of
the Ca,2.2e[A24a, 314] splice isoform, whereas both e24a and
€31a contributed to the difference in activation thresholds (Lin et
al. 1999).

In the present study, we generate mammalian cell lines
(tsA201) stably expressing the N-type Ca, 2.2 splice forms

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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FIG. 1. Ca,a,0 speeds N-type channel activation and deac-
tivation. A: N-type channel currents recorded in tsA201 cells
expressing Ca, 2.2e[24a, A31a], Ca,3; with (@) and without
(a) exogenous Ca,a,8,. Activation and deactivation time
courses are shown on an expanded time scale in C and D
normalized to peak inward currents or peak tail currents.
Average macroscopic activation and deactivation time con-
stants from currents expressed with and without Ca, a5, are
compared in Table 1. B: voltage dependence of channel open-
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with Ca,, 35 alone or Ca,3; and Ca, .0, the full complement
of auxiliary subunits. We show that the presence of Ca, a6 is
necessary to reconstitute native-like ionic currents and confirm
that Ca, 2.2 splice isoforms activate at different rates but find
no difference in ionic activation thresholds as reported in
previous studies using the oocyte expression system. Gating
currents measured from heterologously expressed Ca,2.2
splice forms decay with significantly different rates, but acti-
vation thresholds of gating currents are identical. Our analysis
of ionic and gating currents in these stable cell lines correlates
with native currents recorded from sympathetic and hippocam-
pal pyramidal neurons. Our findings support the conclusion
that alternative splicing in the S3-$4 linkers of Ca,, 2.2 primar-
ily serves to modify channel gating kinetics.

Note on nomenclature

In this paper, we use Ca, 2.2 for the alphal subunit of the
N-type calcium channel (Ertel et al. 2000). There is no ac-
cepted nomenclature to identify splice isoforms. We know the
structure of the human Ca,2.2 gene (Lipscombe et al. 2002)
and therefore use specific exon numbers to distinguish splice
isoforms. The SFMG splice site in domain 111S3-111S4 of

TABLE 1. Activation kinetics

ing measured with tail current activation curves from the same
cells shown in A. Currents with Ca, .8, were fit with the sum
of 2 Boltzmann functions and without Ca,,8, with a single
Boltzmann. Values with Ca,a,8,: Vyo, = 1.4 mV and k;, =
106 mV, V,,, = 39.6 mV, and k, = 18.4 mV; without
Ca,a,8:: Vi), = 124 mV and k = 16.8 mV. Average V,,, and
k values are shown in Table 1. Current amplitudes between
splice forms were not significantly different regardiess of
whether Ca,a,8, was co-expressed. Peak tail currents with
Ca,a,8, measured 9.5 = 1.1 nA for Ca,2.2 €[24a, A31d] (n =
22) and 10.9 = 1.1 nA for Ca, 2.2 e{A243, 31a] (n = 28). Peak
tail currents without Ca,a,6,; measured 1.4 += 0.3 nA for
Ca,2.2 €[24a, A31a] (n = 6) and 1.0 = 0.1 nA for Ca,2.2
e[A243a, 318] (n = 5).

1ms

Ca,2.2 is encoded by exon 24a and the ET site in domain
IVS3-IV$4 by exon 31a. The peripheral-dominant splice iso-
form studied here is Ca,2.2 €[A24a, 31a], formerly named
Ma,g.,, and the central-dominant splice isoform is Ca,2.2
€[24a, A314], formerly ra,g . (Lin et a. 1997).

METHODS

Establishing stable lines

We generated four tsA201 cell lines that stably express the follow-
ing calcium channel subunits. 1) Ca,2.2 e[A24a, 314] and Ca,fB3; 2)
Ca,2.2 €243, A31a] and Ca, B5; 3) Ca,2.2 e{A244, 314], Ca,B5, and
Ca,a,8,; and 4) Ca, 2.2 €[24a, A3la], Ca,Bs and Ca,a,6,. All
clones were generated in our laboratory. Ca,2.2 subunits were sub-
cloned into pcDNAG, blasticidin selection (Invitrogen). The two
clones Ca,2.2 €A24a, 31a and Ca,2.2 €[24a, A3la], originaly
caled rna;g, and rna,g.. (Lin et a. 1997) (GenBank No.
AF055477), were linearized with Spel. Ca,B; was PCR-amplified
from rat brain (Pan and Lipscombe 2000), subcloned into pcDNA3.1
(zeocin), and linearized by Pwvul. Ca, .8, was isolated from a rat
superior cervical ganglia cDNA library (GenBank No. AF286488),
subcloned into pcDNA3 (hygromycin), and linearized with Spel.
(see http://neuroscience.brown.edu/Lipscombel ab/HOMEPAGE/
home2.htm for additional information on clones).

Gating V5, lonic V1,5, lonic V2,5,
Tactivations MS Tdeactivations MS Toater MS mV Gating k, mV mv lonic k1, mV mv lonic k2, mV

Ca,a,0

[24a, A314] 0.69 = 0.02(12) 0.26 £0.01(6) 016 +0.02(9) —447*22(8) 9.0+10(8) —37*x21(7) 85*04(7) 486*24(7) 16.7*=12(7)

[A24a,31a] 117 = 0.07(16) 0.35+0.03(5) 028+ 002(10) —395+25(10) 108+ 12(10) —06+16(10) 75+05(10) 422+ 40(8) 168+ 1.1(8)
w/o Ca,a,0

[24a, A314] 163+ 0.13(6) 0.33+0.03(6) 172+ 23(6) 16.7 =0.7(6)

[A24a, 31a] 247+ 0.36(4) 054+ 0.03(5) 129+ 26(5 155+ 0.9(5)
Native N-type

Pyramidal* 122+ 0.1(7)  0.26 = 0.01(8) 25+13(7) 54=02(7)

Sympathetic*  1.67 = 0.08 (6)  0.33 = 0.02 (6) 46+18(6) 4.6+02(6)

For clones, activation kinetics measured at 0 mV, deactivation kinetics at —60 mV with
in Xenopus oocytes, activation kinetics for [24a, A31a] and [A24a, 31a] were 2 ms and 4.5 m:
at +10 mV and deactivation kinetics measured at —50 mV with 5 Ba.

2 Ba Values are means = SE. Numbers of neurons are in parentheses. For comparison,
sat +10 mV with 5 Ba(Lin et a. 1997). *For native N-type, activation kinetics measured
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FIG. 2. Comparison of gating currents measured in
barium and with ionic currents blocked by cobdt and
cadmium. All data were taken from the same tsA 201 cdll
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of the preceding test voltage is shown in C. Currents were

0 recorded in 2 mM barium and are shown lesk subtracted.
Scale bars 0.5 nA, 5 ms B: asaries of traces showing oN

+20 and orF gating currents recorded in the presence of 2 mMi
cobat and 0.2 mM cadmium. Currents were activated by

LTS r’M +40 test depolarizations asindicated from a holding potertial of
+60 o S —120 mV. Currents shown are lesk subtracted. Scele bars

04 nA, 5ms C: totd charge movement during oN gating
currents measured a +60 mV as afunction of the preced-
ing depolarizetion. The Boltzmann fit to the data has values
Vy, = =294 mV and k = 139 mV. D: gaing currents
messured & +60 mV shown on an expanded time base
taken from recordingsindicated by cirdes (1-3) inAand B.
Three traces are superimposad, 2 in the presence of barium
(1, 2) and 1 in cobdt and cadmium (3). Gating currents
have the same time course. An exponentid fit (1 = 0.36
ms) to the current recorded in cobdt and cadmium (3) is
superimposad. Scde bars 0.2 nA, 2 ms. E: redionship
between total charge moved and test voltage for on and oFF
gating currentsin B measured in the presence of cobalt and
cadmium. Thetota charge of on and oFF gating currentsis
the same. The Boltzmann fit to the oFF gating current
JRPTY PV relaionship is superimposed on oFF data points and the
Pad el same fit, inverted, on oN data points. Vy,, = 22 mV and
y/ g/f k = 209 mV. F: activation curves for gating currents in
,,w' j‘/ barium (full circle), gating currentsin cobalt and cadmium
e (full square), and ionic tail currentsin barium (open circle).

/ P Single Boltzmann functions were fit to gating activation
s curves and are shown superimposed on the data. Vy, and k
vauesin barium: V,,, = =294 mV andk = 139 mV; and
in cobdt and cadmium: Vy, = —1.7 mV and k = 125
mV. Activation curves for ionic tail currents were fit with

+60

100 -50

T the sum of 2 Boltzmann functions V,,,; = —2.6 mV and
0 50 100

k, =71mMV, Vy,p =349 mV and k, =147 mV

Test potential (mV)

Two cell lineswere initially generated that stably expressed one of
the two Ca,,2.2 splice forms together with Ca,, 5. tsA201 cells were
transfected by electroporation with a 10 wg mix of linearized Ca, 2.2
and Ca,, 3; cDNAs. Cells were diluted and grown without antibiotics
for 2 days, 7.5 ug/ml blasticidin and 250 ug/ml zeocin were then
added and single colonies isolated 10 days later. Selection with
blasticidin and zeocin was very efficient. For example, 20 of 20
colonies contained Ca, 2.2 €[A24a, 3la] and 18 of 20 contained
Ca, B based on PCR screening. For each condition, six cell lines
were chosen randomly for functional screening by whole cell record-
ing, and two cell lines that contained high current density were
selected. There was significant variability in current density among
cellsin each line. A second round of dilution cloning, PCR screening,
and functional assessment was carried out, and 20 new colonies were
isolated for each subunit combination. Cell lines 2017 (Ca,2.2
e[A24a, 314], Ca, ;) and 1911 (Ca,2.2 €243, A314d], Ca, B;) were
selected for further study because they had particularly high current
density and homogenous expression levels among cells. Cells were
maintained in DMEM supplemented with 10% fetal bovine serum, 5
ug/ml blasticidin, and 250 wg/ml zeocin. Expression levels of the two
splice forms were approximately equal as measured by current den-
sity. Peak current densitieswere —31.2 = 4.4 (SE) pA/pF (n = 9) and
—28.1 = 6.6 pA/pF (n = 9) for Ca,2.2 e[A24q, 314 and Ca,2.2
€[24a, A31a)], respectively. Lines 2017 and 1911 were then used to
generate Ca,, a,8,-expressing cells as described in the preceding text.

After a further round of dilution cloning, lines 201719 (Ca,2.2
€[A24a, 31d], Ca, 5, Ca,a,8;) and 191105 (Ca, 2.2 €24a, A3ld],
Ca, B3, Ca,a,6,) were used for further study. We fully sequenced all
Ca,2.2 cDNAs from these cell lines to ensure that no random
mutations were introduced.

Recording methods

All recordings were carried out a room temperature (22—-23.5°C).
Currents were recorded using the whole cell recording method (Axopatch
200A), digitized at 10 kHz, and low-pass filtered at frequencies between
2 and 5 kHz. Analysis was performed with pCLAMP7 (Axon Instru-
ments), software was custom-written in Quick Basic or MatLab, and
Origin (Microcal). The bath solution contained (in mM) 160 TEA-CI, 10
HEPES, and 2 BaCl,, pH 7.4 with TEA-OH. The pipette solution
contained (in mM) 56 CsCl, 68 CsF, 2.2 MgCl,, 45 EGTA, 9 HEPES,
4 MgATP, 14 creatine phosphate (Tris sdt), and 0.3 GTP (Tris sdt), pH
7.4 with CSOH. Electrode resistances were 1-2 M() when filled with
pipette solution. The series resistance was aways <10 M) and com-
pensated =90%. Currents evoked by voltage steps were subtracted for
leak and capacitance using appropriately scaled currents evoked by a
hyperpolarization from the holding potential. w-conotoxin GVIA (Pep-
tides International or Bachem) was used to isolated N-type currents from
whole cell cacium currents in sympathetic and hippocampa neurons.
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Fic. 3. Ca,2.2e[A24a, 314] splice form activates and deactivates slower than Ca,2.2e[24a, A31a]. Calcium channel currents

were recorded from tsA201 cells stably expressing Ca, 2.2e[A24a, 31d] (0) and Ca,2.2e[24a, A314] (e), together with Ca, 5 and
Ca,a,8,. A and B: currents from exemplar cells activated by test depolarizations to +20 mV from a holding potential of —120 mV.
Tail currents were recorded by repolarizing to —60 mV. Scale bar: 2 nA, 5 ms. C: average macroscopic activation time constants
(natural log scale) as a function of test potential for Ca,2.2e[A24a, 31a] (0, n = 16) and Ca,2.2€[24a, A31a] (e, n = 12). Inset:
the exemplar test currents from A and B normalized to peak inward current to show the slower activation of Ca,2.2e[A24a, 31a]
with superimposed single exponential fits (- - - ). Average time constants for Ca,2.2e[A24a, 31a] and Ca,2.2e[24a, A31a] were
significantly different at all voltages (P < 0.05). Lines are best fit linear regressions for Ca,,2.2e[A24a, 314]: slope = —0.026 =
0.001 mV~* and y intercept = 0.03 = 0.05 ms; for Ca,2.2e[24a, A31d]: sope = —0.021 = 0.004 mV ! and y intercept =
—0.36 = 0.03 ms. Slopes and intercepts are each significantly different (P < 0.05). D: average macroscopic deactivation time
constants for each splice form (natural log scale) as afunction of repolarization potential. Inset: the exemplar repolarization currents
from A and B normalized to peak tail current amplitude, to show the slower deactivation of Ca, 2.2e[A24a, 314, with superimposed
exponential fits. Average time constants were significantly different between splice isoforms at —80, —70, —60, —50, and —40
mV (P < 0.05) but were not significantly different at —100 and —90 mV (P > 0.05). Lines are best-fit linear regressions: for
Ca,2.2e[A24a, 314a]: slope = 0.028 * 0.002 and y intercept = 0.66 = 0.10, n = 5; for Ca,,2.2e[24a, A314]: slope = 0.024 = 0.001
mV ! and y intercept = 0.09 + 0.10, n = 6. Slopes and intercepts are each significantly different (P < 0.05). Vaues plotted are

means = SE.

Except as noted, statistics are given as means = SE and significance was
tested by unpaired Student’s t-test.

Gating currents

Gating currents were resolved in cells expressing Ca,, 2.2 together with
Ca,B5 and Ca,a,6. Currents were sampled at 10 kHz and filtered at 5
kHz; twice the digitization frequency to avoid diasing. At 5 kHz (—3
dB), the rise time of events is 66.42 us. For event amplitudes to be
measured reliably, durations should be at least two times t, or 132 us
(Colquhoun 1994). It is possible that our fastest signals (160 us for on
gating of central dominant isoform) were dightly undersampled and
amplitudes underestimated. However, these were clearly distinguishable
from the dower gating currents of the peripheral dominant isoform (7 =
280 us) that were well resolved. Nonlinear charge movements were
recorded in barium with steps directly to theionic reversa potentia. The
reversa potential was determined for each cell and was between +55 and
+65 mV. Currents were induced by step depolarizations from a holding
potentia of between —100 and —120 mV. Leak subtraction was carried
out off-line with appropriately scaled currents evoked by a 10 or 20 mV
hyperpolarization from the holding potential. Recordings were only made
from cells with small leak currents, in the range of 10-50 pA at the
holding potentia (—2100 or —=120 mV). Small transient outward currents

remained after leak subtraction of size in relation to ionic currents
appropriate for gating currents (Jones et a. 1997-1999; Noceti et al.
1996). No nonlinear charge movements were recorded from cells ex-
pressing no or very few functiona channels. Similar nonlinear charge
movements were recorded at the onset and offset of test depolarizations
when ionic currents were blocked by replacing 2 mM Ba2* with 2 mM
Co*" and 0.2 mM CoP*.

RESULTS
Caya,6 subunit modifies channel gating kinetics

N-type Ca channel currents were recorded from mammalian
tsA201 cells stably expressing Ca,2.2e[24a, A31a] together
with Ca, 85 and Ca,, «.,6, (Fig. 1). For both splice forms, gating
kinetics of the channels in tsA201 cells were significantly
faster than those of the same clones expressed in Xenopus
oocytes with Ca,B; (Lin et a. 1997) and resembled N-type
currents of neurons (see following text; Table 1). At least part
of the explanation for faster and more native-like gating kinet-
ics of Ca,2.2 clones in tsA201 cells is the presence of exog-
enous Ca,«a,6, (Fig. 1). The Ca,a,6, auxiliary subunit was
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Fic. 4. Slower movement of gating charge recorded from the
Ca,2.2e[A24a, 314a] spliceisoform. A and B: currents recorded from exemplar
cells expressing Ca,2.2e[A24a, 3la], Ca,B; and Ca,a,8, (0; A) and
Ca,2.2e[24a, A314d], Ca, B3, and Ca,a,5, (@; B). Cells were held at -120 mV
and currents were activated by a family of test depolarizations, each followed
by astep to theionic reversal potential. At the ionic reversal potential, the only
current flowing is transient outward current from oN gating charge movement.
Currents shown are in response to test pulses to, from top to bottom, —110,
—70, —40, —20, and —10 mV. Test pulses to successively stronger depolar-
izationsleft successively less gating charge to be moved by the subsequent step
to the ionic reversal potential. For the cells shown, the ionic reversal potential
was +60 mV for Ca,2.2e[A24a, 31a] and +62 mV for Ca,2.2e[24a, A31d).
Inset: the circled area shown at expanded scale. Single-exponentia fits,
representing the speed of on charge movement, are superimposed on the decay
phase of the oN gating current. Fitted time constants were 0.38 ms (left) and
0.18 ms (right). Scale bars: 5 ms, 1 nA. All currents were leak-subtracted
off-line with scaled currents evoked by a pulse from —120 to —130 mV. C:
gating current decay time constants for all cells recorded with this protocol.
Each point shows time constant of decay of on gating current from a single
cell. Each point is the average of the time constants of on gating current decay
measured at the reversal potential following pulses to —110 and —100 mV.
Average values: Ca,2.2e[A24a, 31a] = 0.28 ms = 0.02 ms (n = 10 cells);
Ca,2.2e[24a, A31la] = 0.16 ms = 0.02 ms (n = 9 cells). These values are
significantly different (P < 0.05).

not included in our earlier studies of the same clones in
Xenopus oocytes, although it is known to be part of the in vivo
N-type channel complex (Witcher et al. 1993) and to speed
N-type channel gating kinetics in oocytes (Wakamori et a.
1999). Another factor could be species-dependent posttransla-
tional modifications between the two expression systems. To
test this, currents were recorded from tsA201 cell lines ex-
pressing the same subunit combination used in our earlier
oocyte studies: Ca, 2.2 splice form together with Ca,B; with-
out exogenous Ca,a,08,. Current densities were significantly
smaller in the absence of exogenous Ca, «,8, (Fig. 1, legend).
N-type currents in tsA201 cells without exogenous Ca, a6,
activate and deactivate significantly more slowly than those
with exogenous Ca,, a6, (Fig. 1, C and D; Table 1), more like
currents recorded in oocytes. Macroscopic Ca,,2.2e[24a, A31a]
currents activated with time constants of ~2 msat +10 mV in
Xenopus oocytes (Lin et a. 1997), compared with 1.6 and 0.7

Y. LIN, S. I. McDONOUGH, AND D. LIPSCOMBE

ms in tsA201 cells in the absence and presence of Ca, .6,
respectively (Table 1). Activation curves generated from tail
current analysis in cells expressing exogenous Ca, a,6, were
also steeper at voltages between —30 and +30 mV compared
with those generated from cellslacking Ca, «,6, and generally
contained two Boltzmann components rather than one (Figs.
1B, 2F, and 5A). We conclude that the presence of Ca, a8, is
an important determinant of channel kinetics, accounting for
the faster, more native-like kinetics of currentsin tsA201 cells
that express exogenous Ca, a,6;.

Gating current measurements

Current densities and therefore channel expression levels
were sufficiently high in these stable cell lines to resolve gating
charge movement: about nine elementary charges per channel
(Noceti et al. 1996). We recorded gating currents using iden-
tical ionic conditions as those used to record ionic currents
(Figs. 2, 4, and 5). We applied test pulse depolarizations to
precisely the ionic reversal potential where net current is zero.
After leak subtraction only small, transient currents remained
that decayed with time constants in the range of 0.2—0.3 ms,
consistent with the time course of on gating currents (Fig. 2, A,
B, and D) (Jones et al. 1997, 1999; Noceti et al. 1996). Figure
2 shows that the kinetics of these gating currents were the same
when measured in barium at the ionic reversal potential (+60
mV) and when measured in the same cell with ionic currents
blocked by a combination of cobalt (2 mM) and cadmium (0.2
mM) (compare Fig. 2, A and B, and see D). The time course of
the gating current during the test pulse, representing the speed
of on movement of the charge sensor, was fit well by a single
exponential function (7 = 0.36 ms for this cell expressing
Ca,2.2e[A244, 314d]; Fig. 2D). As a control, we also show that
the total charge during on gating currents equals that of orr
gating currents, over a range of potentials (Fig. 2, B and E).
The size of on gating currents at the reversal potential dimin-
ished as the magnitude of the prepulse depolarization imme-
diately preceding the step to +60 mV was increased (Fig. 2, A
and C). This is expected for current originating from the
movement of putative voltage sensors. As progressively more
channels activate and as more gating charge moves during the
prepulse, a proportionally smaller number of channelsis avail-
able for activation and less gating charge moves during the
subsequent test pulse. The total charge left to move at +60 mV
as a function of prepulse voltage is shown in Fig. 2C. The
inverse of this plot is the on gating current activation curve
(Figs. 2F and 5B). As expected, gating currents activate at
voltages more hyperpolarized than those that elicit ionic cur-
rents (~40 mV; Figs. 2F, and 5, C and D, also see Table 1).
However, we found that gating currents in the presence of
cobalt and cadmium required much stronger depolarizations to
activate (~25 mV more depolarized) compared with those
recorded in barium (Fig. 2F). Differences in surface charge
screening between barium and cobalt may account for the
differentia shifts in the voltage dependence of channel gating
(Hille et al. 1975). To avoid the need to correct for surface
charge screening and to facilitate direct comparisons between
gating and ionic currents, we measured gating currents at the
ionic reversal potential in the presence of 2 mM barium.
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Fic. 5. Alternative splicing in S3-S$4 does not affect the steady-state voltage dependence of channel opening or of gating charge
movement. Comparison of activation curves for channel opening (A, O, @) and gating charge movement (B, 0, =) in representative
cells expressing Ca, 2.2e[A24a, 31a] (T, 0) and Ca,2.2e[24a, A314] (m, @). Currents are normalized to peak. Voltage dependence
of charge movement was measured with the protocol of Fig. 2. Fractional gating charge movement as a function of voltage (B-D)
was obtained by integrating the on currents in barium at the reversal potential as a function of prepulse voltage (e.g., Fig. 2, A and
C), normalizing total charge moved to the maximum, and subtracting each value from 1 to display data as the fraction of charge
moved rather than the fraction of charge not moved. The voltage dependence of channel opening reflects tail current activation
curves assayed by replacing the step to the ionic reversal potential with a repolarization to —60 mV. Activation curves for gating
charge movement are fit by single Boltzmann functions. Activation curves for channel opening are fit by the sum of 2 Boltzmann
functions. Curves shown are Boltzmann fits to individual data sets. V,,, and k values were for A, Ca,,2.2e[A244a, 318]: V,,, = 2.1
mV and k, = 5.6 mV, V,,,, = 30.2mV and k, = 13.8 mV; Ca,2.2e[24a, A314]: V,,, = 52mV andk, = 7.0mV, V,,,, = 40.1
mV and k, = 14.1 mV. For B, Ca,2.2e[A24a, 314]: V,,, = —46.0 mV and k = 9.2 mV; Ca,2.2¢[24a, A314]: V,,, = —50.0 mV
and k = 11.4 mV. For C, gating: V,,, = —32.2mV and k = 11.8 mV; ionic: V,,,.;, = 21 mV and k; = 5.6 mV, V,,,, = 30.2
mV and k, = 13.8 mV. For D, gating: V,,, = —41.7 mV and k = 17.8 mV; ionic: Vo, = 52mV and k, = 7.0 mV, V,,,, =
40.0 mV and k, = 14.1 mV. Average V,,, and k values estimated from fits to all individual data sets are shown in Table 1. There
is no significant difference in V,,, and k values between Ca,2.2e[A24a, 314] and Ca, 2.2e[24a, A314] for ionic or gating currents.

Alternative splicing in S3-$4 modifies ionic current kinetics

We compared N-type currents recorded from tsA201 cells
stably expressing each Ca,2.2 splice isoform. Macroscopic
Ca,2.2e[A24a, 314] currents activated and deactivated with time
congtants that were significantly longer compared with
Ca,2.2e24a, A314] (Fig. 3, Cand D; P < 0.05; Table 1). That is,
the predicted periphera-dominant clone activated and deactivated
more dowly than the predicted central-dominant clone. The dif-
ference in activation speed was ~1.5-fold over a range of volt-
ages. This difference in macroscopic activation kinetics was also
independent of the presence of Ca,a,8, (Table 1) and matches
almost exactly our previous studies of the same splice isoformsin
Xenopus oocytes (Lin et a. 1997, 1999).

Gating currents of S3-4 splice forms decay at
different rates

We compared gating currents from cells expressing Ca,, 2.2
splice isoforms as described earlier. Gating currents measured
in cells expressing Ca,2.2 e[A24a, 31a) decayed with time
courses that were significantly slower (1.7-fold) compared with
Ca,2.2 €243, A31d] (P < 0.05; Fig. 4; Table 1). The 1.7-fold

difference parallels the different gating kinetics of ionic cur-
rents between splice forms (Figs. 3C; Table 1). Although
gating currents were measured at +60 mV, ionic currents were
measured at voltages between —10 and +30 mV. Our results
suggest that alternative splicing in 1IVS3-1V $4 linker in Ca,2.2
modifies the rate of movement of the voltage sensor that
precedes channel opening.

Seady-state voltage dependence of activation does not differ
between isoforms

Next we andyzed the steady-state voltage dependence of acti-
vation of ionic and gating currents. In our previous studies, we
reported asmall (~7 mV) but significant differencein the voltage
dependence of channel activation between splice isoforms ex-
pressed in oocytes. This difference was not recapitulated in mam-
malian cells (Table 1; Fig. 5A). Most ionic current activation
curves (8 of 10 recordings) were best fit by two Boltzmann
functions with activation mid-points close to 0 and +45 mV,
respectively (Figs. 2F and 5A; Table 1). There was no consistent
difference in tail current activation curves between splice iso-
forms. In contrast to ionic currents, activation curves of gating
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FIG. 6. Alternative splicing in the voltage sensor does not affect fractional
inhibition by peptide toxins that inhibit N-type channels. A: histogram com-
pares the degree of inhibition of Ca,2.2e[24a, A314] (») and Ca,2.2e[A24a,
3la] (@) currents by o-CTx-MVIIA: Ca,2.2€[24a, A3la], 87%, n = 3;
Ca,2.2e[A243q, 31a], 81%, n = 4. w-CTx-MVIIC: Ca,2.2¢[24a, A31a], 68%,
n = 4; Ca,2.2e[A24a, 314], 72%, n = 4. SVIB: Ca, 2.2€[24a, A31a], 80%, n =
3; Ca,2.2e[A244, 314a], 83%, n = 4. w-CTx-GVIA: Ca,2.2€[243a, A31a], 95%,
n = 3; Ca,2.2e[A24a, 31a], 95%, n = 3. Vaues are not significantly different
(P > 0.05 for all values). Currents were evoked by a 40-ms step-pulse to 10
mV from a holding potential of —100 mV. Cells expressed Ca,2.2 splice forms
together with Ca, ;5. 2 mM calcium used as charge carrier. B and C: equal
inhibition of the 2 splice variants by the gating modifier toxin w-grammotoxin-
SIA. Panels show the time course of inhibition of inward current through
Ca,2.2e[A24a, 314 (B) and Ca,2.2¢[24a, A31a] (C) channels by 5 nM GTx.
GTx shifted the half-maximal activation voltage of Ca,2.2e[A24a, 314 by
+69 = 7mV (n = 3) and of Ca,2.2e[24a, A31a] by +88 = 1.5mV (n = 4;
toxin-induced shift measured from the 1st of 2 Boltzmann fitsin control; data
not shown). Each point in the time course represents average inward current
evoked by astep to 0 mV (B) or +10 mV (C) followed by tail currents at —60
mV from a steady holding voltage of —120 mV. For each time course, inset
shows current trace before and after (*) maximal toxin inhibition. - - -, the 0
current level. Scalebarsare 5nA, 5 ms (B) and 2 nA, 5ms (C). Cells expressed
Ca,2.2 splice forms together with Ca, 35 and Ca,a,8, with 2 mM barium as
charge carrier.

currents were well fit by single Boltzmann functions with activa
tion mid-points close to —40 mV (Figs. 2F and 5B; Table 1).
Gating current activation curves were aso indistinguishable be-
tween gplice isoforms (Fig. 5B; Table 1; P > 0.05 for al
parameters). Gating currents activate at voltages ~40 mV more
hyperpolarized than those that activate ionic currents (Fig. 5, C
and D, also see Table 1). Interestingly, the gating charge appears
to move aimost completely before any ionic current is measured,
a comparison made possible by recording ionic and gating cur-
rents in the same ionic conditions.

Inhibition by peptide toxins

There is considerable interest in pharmacological tools to
distinguish between Ca, 2.2 splice isoforms in peripheral and

Y. LIN, S. I. McDONOUGH, AND D. LIPSCOMBE

central neurons, as potentia tools to treat CNS disorders while
minimizing blood pressure liability. We tested four Conus
toxins (GVIA, MVIIA, MVIIC, and SVIB) that are likely pore
blockers (McDonough 2004) and found that they inhibited both
Ca,2.2 splice isoforms equally well (Fig. 6). We aso found
equal inhibition by w-grammotoxin-SIA (GTx), which inhibits
inward current by altering the speed and voltage dependence of
channel opening (McDonough et al. 1997). Nonetheless, by
demonstrating that Conus GVIA in particular inhibits both
splice isoforms equally well, we used this toxin to isolate and
compare native N-type currents from sympathetic and hip-
pocampal neurons.

N-type currents in peripheral and central neurons have
different gating kinetics

Severa studies have demonstrated biophysical differences
between aternatively spliced calcium channel clones studied in
heterologous expression systems (Lipscombe et a. 2002), but
few connect them to the neurons in which they are expressed.
Many factors that affect the behavior of N-type channels
including Ca,, 8 subunits and G protein modulation are likely to
differ in different types of neurons (Ikeda and Dunlap 1999;
Walker and De Waard 1998). However, our analyses of cloned
splice isoforms, together with earlier studies reporting tissue-
specific expression of alternatively spliced exons in Ca, 2.2,
make predictions about how native N-type currentsin different
regions of the nervous system might differ (Lipscombe et al.
2002). The vast mgjority of N-type currents of sympathetic
neurons contain the e3la-containing Ca,2.2 isoform. These
N-type currents should activate and deactivate with slower
kinetics compared with central neurons that only express
Ca,2.2 isoforms lacking e31a. In addition, our analyses in
tsA201 cells suggest no significant difference in the voltage-
dependence of N-type channel activation between sympathetic
(peripheral) and hippocampal (central) neurons.

To compare N-type currents in sympathetic and pyramidal
hippocampal neurons, we isolated currents using w-conotoxin
GVIA-subtraction because w-conotoxin GVIA inhibits both
Ca,2.2 splice isoforms equally well. The N-type current rep-
resents ~80% of the whole cell calcium channel current in
sympathetic neurons and ~20% in hippocampal neurons (Fig.
7). When we compared the voltage dependencies of activation,
we found no significant difference between native N-type
currents in sympathetic and hippocampal neurons, consistent
with our studies in tsA201 cells (Fig. 8, A and B; Table 1).
There was not obvious difference in the time course of inac-
tivation of N-type currents between these cell types, at least
during the 20-ms test depolarizations used here (Lin et a.
1999). However, N-type currents isolated from recordings of
sympathetic neurons both activated and deactivated with ki-
netics that were consistently slower than N-type currents re-
corded from hippocampal neurons (Fig. 8, C and D; Table 1;
P < 0.05). In fact, deactivation kinetics of native N-type
currents in sympathetic and hippocampal neurons were indis-
tinguishable from Ca,2.2 €[A24a, 31a] and Ca,2.2e[24a,
A31a] splice isoforms expressed in tsA201 cells, respectively
(Fig. 7D; Table 1). We found that activation kinetics of native
N-type currents were somewhat slower than those of Ca,2.2
€[A24a, 31a] expressed in tsA201 cells (Table 1). Although not
a perfect match, overal, the time course and voltage depen-
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FIG. 7. N-type currentsisolated from rat central
and periphera neurons with w-conotoxin-GVIA.
Calcium channel currents were recorded from in-
dividual acutely dissociated superior cervical gan-
glion (A and C) and hippocampal pyramidal (B and
D) neurons. A and B: time course of inward cal-
cium channel current amplitude in response to 1
uM  @-CTx-GVIA. Currents were evoked by a

depolarization to +20 mV from a holding potential
of =70 mV. 1 uM ©-CTx-GVIA inhibited 80% of
the total whole cell current in sympathetic neurons
and 20% in hippocampal neurons. C and D: series
of calcium channel currents evoked by step depo-
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dence of channel opening of native N-type channel currents are
most similar to the properties of Ca,2.2 splice isoforms ex-
pressed in tsA201 cells that also express Ca, a6, (Figs. 3-5;
Table 1). Our results from recordings of cloned and native
N-type currents suggest that the major consequence of alter-
native splicing in the S3-$4 linkers of Ca,,2.2 is modulation of
channel gating kinetics and not steady-state voltage depen-
dence.

DISCUSSION

We have analyzed the biophysical properties conferred on
the N-type channel by two short exons in Ca,2.2 that are
differentialy expressed in central and peripheral regions of the
nervous system (Lin et a. 1997). This form of alternative
splicing is characterized by inverse insertions of short cassette
exonsindomains [11S3-11$4 and 1V S3-1V $4. Results show that
the Ca,2.2e[24a, A3la] splice isoform gates more rapidly
compared with Ca,2.2e[A24a, 31a] over a range of voltages,
independent of expression system and of the presence of the
Ca,a,0 auxiliary subunit. Steady-state voltage dependencies
of channel opening and of charge movement were not different
between splice forms when expressed in mammalian cells.
Data from gating currents provide direct evidence that the
putative voltage sensor of the Ca,2.2e[24a, A31a] splice iso-
form moves faster compared with Ca,,2.2e[A24a, 314].

Biophysical differences between these splice forms are
likely to be physiologically significant because expression of
the two exons is under tight cellular control. More generally,
alternative splicing, particularly in the IVS3-IV$4 linker, is
conserved among Ca,«; genes (Lipscombe et a. 2002). In
support of this view we show that native N-type currents
recorded in hippocampal neurons reflect the faster kinetics of
the Ca,2.2e[24a, A314] splice isoform, whereas N-type cur-
rents in sympathetic neurons consistently gate more slowly
similar to Ca,2.2e[A24a, 31a]. Clearly, other factors will
contribute to setting the time course of calcium channel acti-
vation and deactivation, including G protein activation and

» CgTx -sensitive » CgTx -sensitive
L | | o |
b ]
.| 3

=]

s ey

larizations from =30 to +50 mV at 10-mV incre-
mentsin control (Con), after inhibition by »-CgTx-
GVIA (CgTx), and toxin-sensitive subtracted cur-
rents (Sub). Toxin-sensitive currents on an
expanded time scale together with single exponen-
tial fits to activation and deactivation kinetics
(black lines). Activation and deactivation time con-
stants were 1.6 and 0.31 ms for the sympathetic
neuron and 1.1 and 0.24 ms for the pyramidal
neuron. Average values are in Table 1. Time bars
are5ms.

association with different Ca, 8 subunits (Ikeda and Dunlap
1999; Waker and De Waard 1998), and these may differ
between sympathetic and hippocampa neurons. Ca,2.2 has
been shown to associate with different Ca, 8 subunits in vivo
(Scott et al. 1996). However, we only observed significant
differences in activating and deactivation kinetics of native
N-type currents in sympathetic and hippocampal neurons con-
sistent with the expression pattern of Ca,2.2 splice isoforms.
Exon e3la of Ca,2.2 is particularly notable because it is
expressed in peripheral neurons but suppressed throughout the
CNS, including the hippocampus. Further, in a previous study
we showed that exon 31a can fully confer the slower activation
kinetics of the Ca,2.2e[A24a, 314 splice isoform (Lin et a.
1999). The different kinetics of ionic and gating currents of
Ca, 2.2 splice isoforms studied here most likely originate from
the splice site in the S3-$4 linker of the fourth domain.

Effects on gating kinetics

The slower gating kinetics of Ca,2.2e[A24a, 314] reported
hereand in earlier studies (Lin et al. 1997, 1999) are consistent
with studies of alternative splicing in the equivalent 1V S3-
IVS4 linker of the closely related Ca,2.1 P/Q-type channel
(Hans et al. 1999; Krovetz et a. 2000). The different pheno-
types of S3-34 splice isoforms of Ca, «, areinteresting in light
of the proposed central role this region plays in forming the
putative voltage-sensing paddles recently predicted from crys-
tallographic studies of the voltage-gated potassium channel
(Jiang et a. 2003; see also Bezanilla 2000; Nakai et al. 1994,
Stotz and Zamponi 2001). Apparent rates of activation of
macroscopic currents, deactivation rates of macroscopic tail
currents, and the speed of on gating currents al differ between
splice forms, with the CNS-dominant Ca,,2.2e[ +24a, A31d]
channels faster by ~1.5-fold in all cases (Figs. 3 and 4; Table
1). We note, however, that gating currents were monitored at or
close to +60 mV, whereas ionic currents were recorded at
voltages between —100 and +30 mV where signals are mea-
surable (Fig. 3). Several schemes modeling the kinetics of
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FIG. 8. N-type currents from superior cervical ganglia (SCG) and hippocampal neurons activate and deactivate at different
speeds but have the same steady-state voltage dependence of channel opening. Using the protocol of Fig. 4, voltage dependence
and kinetics of N-type currents were measured from SCG neurons (O, n = 6) and hippocampal pyramidal neurons (e, n = 7). Points
shown are means = SE (A), voltage dependence of inward N-type currents. Fitted curves are the Boltzmann equation times driving
force, I/l = {1 + exp[(V— Vy)/K]} * (V — E,). Sympathetic neurons: V,,, = 4.7 mV, k = 4.9 mV; pyramida neurons:
Vi, = 1.4 mV, k = 52 mV. Average values from fits of individua data sets for sympathetic and pyramidal neurons are shown
in Table 1. B: voltage dependence of fractional current activation estimated from chord conductance with superimposed Boltzmann
fits. Average values were calculated from Boltzmann fits to individual data sets. For sympathetic neurons: V,,, = 4.3 = 1.7 mV,
k = 4.5 + 0.1; for pyramida neurons: V,,, = 5.1 = 1.8 mV, k = 6.4 = 0.5 mV. V,,, vaues are not significantly different (P <
0.05), k values are significantly different (P > 0.05). (Note that the curves are right-shifted ~10 mV compared with clones, due
to the additional surface charge screening by 5 mM barium compared with 2 mM barium). C: macroscopic activation time constants
of N-type currents from the 2 types of neuron as a function of test voltage, shown on natural log scale. VValues were significantly
different at 10, 30, and 40 mV (P < 0.05). Values at 0 and 20 mV were not significantly different (P > 0.05). Average values for
linear regression fitsto individual data sets are, for sympathetic neurons: slope = —0.039 = 0.003, intercept = 0.79 = 0.06, n = 6;
for pyramidal neurons: slope = —0.047 = 0.004, intercept = 0.65 + 0.08, n = 7. Slopes and intercepts are not significantly
different (P > 0.05). D: deactivation speeds of native and cloned N-type channels. The three pairs of bars indicate average
deactivation time constants of native N-type channels (native) and 2 Ca, 2.2 splice isoforms co-expressed with Ca, 35 and Ca, a,8
(08! B3), and with Ca,, 85 only (B3). Datafrom hippocampal pyramidal neuronsisrepresented by = (n = 8) and sympathetic neurons
by & (n = 6). For clones expressed with and without Ca, «,8, data from the Ca, 2.2e[24a, A314] isoform is represented by = and
Ca,2.2e[A24a, 31a] by m. *, that values are significantly different (P < 0.05). Data are means = SE. Deactivation speeds, all

recorded at —60 mV (including correction for surface charge screening).

activation of voltage-gated channels, including calcium chan-
nels, invoke a final voltage-independent conformational
closed-open step that is rate limiting at sufficiently strong
depolarizations (Chen and Hess 1990; Frazier et al. 2001;
Zagotta et a. 1988). We observed kinetic differences between
S3 and $4 splice isoforms over a range of voltages while
steady-state activation curves for both gating and ionic currents
were not distinguishable between isoforms. These observations
are consistent with the involvement of a gating transition
closely linked to the open state perhaps in the final voltage-
independent closed-open transition.

Summary

The mammalian Ca,2.2 geneis encoded by =50 exons, =10
of which can be alternatively spliced. In addition to exons 24a
and 3la, alternative splicing involves exon 10 in the Il
intracellular loop, exons 18a, 19, 20, and 21 in the Il
intracellular loop, and exons 37a/37b, and 46 in the C terminus

(Lipscombe and Castiglioni 2004). It is therefore important to
note that there is no one peripheral or central form of the
Ca,2.2 gene. Indeed, our recent single-cell RT-PCR analysis
shows that even individual neurons of the dorsal root ganglia
express multiple Ca,2.2 splice isoforms (Bell et a. 2004).
Significantly, however, of the 10 sites of alternative splicing
that have been identified so far in mammalian Ca,2.2 genes
(Lipscombe and Castiglioni 2004), only exon 3lais restricted
to peripheral neurons; based on our recent single-cell RT-PCR
analysis in dorsal root ganglia, exon 3la is present in every
Ca, 2.2 mRNA (Bell et al. 2004). Collectively, our studies are
therefore consistent with the conclusion that tissue-specific
expression of exon 3la of Ca, 2.2 underlies the comparatively
slow kinetics of N-type calcium channels in peripheral neu-
rons. Pharmacological tools to discriminate between these
splice isoforms would help establish their relative contribution
to synaptic events. The Conus peptides tested here did not
differentiate between splice isoforms, although others have
reported differential effects of Conus catus, peptides under
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certain conditions (Lewis et al. 2000). The voltage dependence
of the two splice formsin mammalian cells are equal, therefore
pharmacological strategies to distinguish between them would
probably need to exploit the different binding epitopes in the
S3-$4 linkers directly. The cell lines developed here provide
useful tools for studying splice isoforms of the N-type Ca
channel that exhibit properties similar to those of native cur-
rents (Barrett et al. 2001) and with current densities sufficiently
high to monitor gating currents.
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