A mutation in the first intracellular loop of CACNA1A
prevents P/Q channel modulation by SNARE proteins

and lowers exocytosis
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Familial hemiplegic migraine (FHM)-causing mutations in the gene
encoding the P/Q Ca2* channel a4 subunit (CACNA1A) locate to the
pore and voltage sensor regions and normally involve gain-
of-channel function. We now report on a mutation identified in
the first intracellular loop of CACNA1A (x1a(aasam) that does not
cause FHM but is associated with the absence of sensorimotor
symptoms in a migraine with aura pedigree. aqaaasat) channels
showed weakened regulation of voltage-dependent steady-state
inactivation by Cayp subunits. More interestingy, A454T mutation
suppressed P/Q channel modulation by syntaxin 1A or SNAP-25 and
decreased exocytosis. Our findings reveal the importance of I-lI
loop structural integrity in the functional interaction between
P/Q channel and proteins of the vesicle-docking/fusion machinery,
and that genetic variation in CACNA1A may be not only a cause but
also a modifier of migraine phenotype.

CaV 2.1 (P/Q) channels | SNARE proteins | migraine with aura

Familial hemiplegic migraine (FHM) is an autosomal domi-
nantly inherited subtype of migraine with aura that features
some degree of hemiparesis during attacks (1, 2). The generally
accepted view on migraine pathophysiology points to cortical
spreading depression (CSD), an abnormal increase of cortical
activity—followed by a long-lasting neuronal suppression wave—
that propagates across the cortex, as the cause of the aura and
migraine itself (1, 3). FHM-causing mutations have been
reported in the CACNAIA gene (encoding the P/Q Ca®* chan-
nel a; subunit) (4), resulting in a gain of P/Q channel function,
mainly due to a reduction in the voltage threshold of channel
activation favoring CSD initiation and propagation (1, 5-11).
Other genetic and environmental factors may also play a role in
shaping the phenotype, as identical mutations show different
clinical characteristics (2).

The P/Q Ca®" channel contains a pore-forming oy subunit
and several regulatory subunits, including intracellular p subunits
(CayPi4) that bind to the intracellular loop between trans-
membrane domains I and I of o 5 (see Fig. 1B for an illustration
of the channel complex). The effect of the regulatory subunits
is essential for increasing the expression levels and modulating
the voltage-dependent activation and inactivation of P/Q chan-
nels (12-15).

Presynaptic proteins of the vesicle-docking/fusion machinery,
including plasma membrane SNARE proteins (syntaxin 1A and
SNAP-25) and synaptotagmin, bind to a specific site (synprint) in
the large intracellular loop connecting domains II and III of the
P/Q channel a; subunit (Fig. 1B). This interaction allows
secretory vesicles docking to the plasma membrane near the
pathway for Ca?* entry, optimizing neurotransmitter release.
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Syntaxin 1A and SNAP-25 also exert an inhibitory effect on P/Q
channel activity by left-shifting the voltage dependence of steady-
state inactivation (12, 16, 17). The synprint site serves an
important anchoring function that may facilitate SNARE's
modulation of channel gating, but the involvement of other still-
unknown sites has been proposed (18). Disruption of voltage-
gated Ca** channel-SNAREs interaction compromises vesicle
exocytosis (19-22), as well as the inhibitory modulation of P/Q
channels (23).

We next describe a CACNAIA mutation (A454T) that dis-
turbs the functional interaction between SNARESs and the pore-
forming o4 subunit, resulting in mutant P/Q channels that are
less efficiently coupled to secretion. This mutation, identified in a
Spanish migraineur family, was not responsible for the disease
but segregated with a different migraine phenotype lacking
sensorimotor symptoms in their aura.

Results

Clinical and Genetic Spectrum of a Spanish Migraine Pedigree.
Clinical analysis of the pedigree classified affected individuals
as migraine with aura (MA) of the familial hemiplegic type
(FHM), fulfilling all of the International Headache Society (IHS-
IT) criteria (I1.3, IL.5, II1.2), nonhemiplegic MA displaying com-
binations of visual and sensory symptoms that include tongue and
facial paresthesia (visual + sensory; I1.6, II1.1) and MA without
sensorimotor—tongue/facial paresthesia or hemiplegia—symp-
toms (visual; 1.2, II.1; Fig. 14). Linkage analysis (and selected
gene sequencing) of 11 polymorphic markers located within or
flanking the four genes (4TP1A42, SCN1A, SLC1A3, and CAC-
NAIA) previously involved in monogenic forms of migraine (1,
24) failed in the identification of the genetic cause of migraine in
this pedigree (see Fig. S14 and SI Methods for details). However,
we isolated a missense variation in exon 11 (c.1360G>A; Fig.
S1C) of the CACNAIA gene (GenBank accession no.
NM_001127221) in patients 1.2 and II.1, which is not present in
the rest of the probands nor in 300 chromosomes from unrelated
Spanish nonmigraineurs. Genetic and clinical analysis suggested
that 1360G>A mutation, resulting in an alanine-to-threonine
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Fig. 1. Pedigree segregating the A454T mutation and protein location of
the amino acid change. (A) Clinical and CACNATA genetic characterization
of a three-generation migraine with aura pedigree. Affected individuals are
denoted by solid symbols (squares indicate male family members; circles,
female family members; symbols with a slash, members who had died). The
type of aura experienced is indicated below. (B) Location of the alanine-to-
threonine mutation at position 454 (A454T) in the I-1l intracellular loop of
the P/Q channel a4 subunit.

mutation at the highly conserved position 454 (A454T; Fig. 1B
and Fig. S1B), was not the cause of migraine in the family under
study. Instead, it appeared to modify the disease phenotype,
because A454T carriers are the only migraineurs of the pedigree
lacking tongue/facial paresthesic or hemiplegic symptoms.
Therefore, we set up to analyze whether A454T CACNAIA
mutation had any consequence on P/Q channel function.

Activation and Inactivation Properties of A454T Mutant P/Q Channels.
Wild-type (WT) and mutant A454T oays (0acadsa)) rabbit
subunits, together with accessory rat Cayp and rabbit a,8 sub-
units, were expressed in HEK 293 cells and analyzed using the
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standard whole-cell patch-clamp technique. Mutation A454T
had no effect on current density, activation parameters, deacti-
vation and inactivation kinetics, and rate of recovery from
inactivation of heterologously expressed P/Q channels (see Fig.
S2 and SI Methods for details). The voltage dependence of
inactivation was studied in WT and A454T P/Q channels. As
expected (15), the voltage at which 50% of channels were inac-
tivated (V1/2, inact) shifted to more depolarized potentials for
Cayfo,-containing than for Cayfs-containing WT P/Q channels
(-3.05 + 0.64 mV, n = 11 and -23.19 + 0.45 mV, n = 10,
respectively; P < 0.001) without changes in steepness (Fig. 2 B-
D). A454T mutation produced a ~6 mV hyperpolarizing shift on
V1/2, inact Of channels containing Cayp,, (-9.23 + 0.58 mV, n =
14; P < 0.001 vs. WT) and a ~6 mV depolarizing shift on Cayf3-
containing channels (-17.09 + 0.55 mV, n = 9; P < 0.001 vs.
WT). Differences between A454T channels containing Cayf,, or
Cayps subunits were still significant (P < 0.001). No changes
were found in the slope factors for voltage-dependent inactiva-
tion between WT and A454T channels (Fig. 2D). These findings
suggest that mutation A454T uncouples the effect of Cayp

A454T oy
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A454T B3

relative current
o
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1

T v T
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Fig. 2. A454T lessens modulation of P/Q channel activity by Cayp subunits.
Steady-state inactivation was studied with the voltage protocol shown (A).
Typical traces obtained from cells expressing WT or A454T P/Q channels
including either the B, (B) or the B3 subunit (C). (D) Steady-state inactivation
curves. WTB,, (O, n = 11); A454Tp,, (®, n = 14); WTps (A, n = 10), and
A454TB; (A, n = 9). Average Kinact for all four channel combinations were
between -4.38 and -5.42 mV and did not differ statistically (ANOVA, P =
0.55).

PNAS | January 26,2010 | vol. 107 | no.4 | 1673

PHYSIOLOGY


http://www.pnas.org/cgi/data/0908359107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0908359107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/0908359107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/0908359107/DCSupplemental/Supplemental_PDF#nameddest=STXT

subunits on the voltage dependence of steady-state inactivation,
placing the inactivation curves closer to the expected values for
P/Q channels lacking regulatory Cayfs. We could not evaluate
whether A454T affects 112, inact in the absence of Cayfs, because
P/Q Ca** currents were negligible (Fig. S3).

A454T Affects Channel Regulation by Plasma Membrane SNAREs.
Syntaxin 1A expression induced a significant ~10 mV left shift in
the Vi, inact Of WT channels (Fig. 34 and B; P < 0.001), whereas
V1/2, inact Was not altered by syntaxin 1A in A454T channels (Fig.
3 A4 and C; P = 0.12). Similarly, SNAP-25 promoted voltage-
dependent inhibition of WT P/Q channels, as indicated by a
significant (P < 0.05) decrease in the test pulse current following a
prepulse to —20 mV, but had no effect on A454T P/Q channels
(Fig. 3 D and E). Note that as A454T left-shifts the Caypsa,-
mediated steady-state inactivation, mutant channels showed
higher inactivation than WT channels following a prepulse to —20
mV. Interestingly, the negative shift in the voltage-dependent
steady-state inactivation induced by syntaxin 1A on WT P/Q
channels was prevented by coexpression of the A454T but not
WT I-II loop (Fig. 3 F and G). It is also worth noting the
increased steady-state inactivation observed in the absence of
syntaxin 1A regardless of the loop expressed (compared with the
white bar of Fig. 3E), consistent with a functional uncoupling of
Cayf subunits due to binding competition with the I-II loops.

We also evaluated A454T P/Q channels in mouse pheochro-
mocytoma cells (MPC 9/3L-AH) that present little or no
endogenous voltage-gated Ca®* current but contain vesicles and
proteins involved in vesicle fusion, including syntaxin 1A and
SNAP-25 (25). Electrophysiological properties of WT and
A454T P/Q channels expressed in MPC 9/3L-AH cells were
similar to those observed in HEK 293 cells in the presence of the
Cayf; subunit, most probably due to preferred association of o o
subunits with MPC endogenous Cayf; or f; rather than with
expressed Cayp,, subunits (Fig. S4). Cleavage of syntaxin 1A by
expressing botulinum toxin C (BTX C) (26) in MPC 9/3L-AH
cells induced a significant increase in the test pulse current of
WT P/Q channels following a prepulse to —20 mV (Fig. 4 A and
B) or after stimulation with a train of short (2 ms) depolariza-
tions at 200 Hz for 1.5 s (Fig. 4C). As previously reported by
Zhong et al. (17) using this protocol, current remaining at the
end of the train showed steady-state inactivation. In the case of
MPC 9/3L-AH cells expressing WT P/Q channels, inactivation
reached a 44.7 = 5.5% (n = 9) or 17.8 + 4.7% (n = 5) in the
absence or presence of BTX C, respectively (P < 0.01).
Expression of the neurotoxin had no significant effect on A454T
channel inactivation; current remaining for A454T P/Q channels
at the end of the train was inactivated by 17.9 + 6.7% (n = 6) or
11.9 + 3.6% (n = 5) in the absence or presence of BTX C,
respectively (Fig. 4C). Cleavage of syntaxin 1A by BTX C was
tested in HEK 293 cells overexpressing both proteins (Fig. 4D).
These findings indicate that endogenous MPC syntaxin 1A can
modulate the activity of heterologously expressed WT but not
A454T P/Q channels, in agreement with the data obtained from
HEK 293 cells (see Fig. 3).

A454T Reduces Exocytosis. MPC 9/3L-AH cells transiently trans-
fected with rabbit A AWT OF 01A(A454T) showed similar P/Q cur-
rents (Fig. 54) and Ca®* charge density (calculated by
integrating the area under the current traces and normalizing by
cell size; Fig. 5D) following stimulation with a train of five
depolarizations. Despite similar Ca** entry, MPC 9/3L-AH cells
expressing A454T channels showed reduced exocytosis (eval-
uated by measuring membrane capacitance changes; Fig. 5B and
E). The gaps in the capacitance recordings represent stimulation
times. The induced changes in capacitance are indicative of
vesicle fusion and catecholamine release, because depolarizing
stimulus triggered amperometric events from MPC 9/3L-AH

1674 | www.pnas.org/cgi/doi/10.1073/pnas.0908359107

A WT + syntaxin 1A A454T + syntaxin 1A

-10, 0 PIQ P/Q 0
st 1A r—
oA
o Co=sxia 5\ -0
Zz o2
g]_‘-w—w,m b pain 5 S
N 20 ms SN 20ms
14 14
5 5
5 5
o © 554
0 0.5 v 0.5
5 B { ® Adst
° @ WT+syntaxin 1A [ & A454T+syntaxin 1A
o044 . . 0Ly — v
-100 50 0 -100 -50 0
voltage (mV) voltage (mV)
20 * _
80 9
WT WT + SNAP-25 ;
w E
[=% o o
3 g ]
3 ] e
20ms 20ms H
A454T _ A454T+SNAP-25 2
=
(]
o

0 pA/pF
T
NSE pA/pF
o
=
w

“0m

20 +20 ;\? %
-80 ;’
+ -l loop  + Il loop/stx 1A Ego
o
™~
: 12) (10
g 3 g
3 ? =20
20 ms 20 ms g
+ -l g0r lOOp + 1l o, lOOPIStX 1A €
-y 3]
(&)

Fig. 3. A454T prevents modulation of P/Q channel activity by syntaxin 1A
and SNAP-25. (A) Representative current traces from cells expressing WT
(Left) or A454T (Right) P/Q channels in the presence of syntaxin 1A (to com-
pare in the absence of syntaxin 1A see Fig. 2B). Western blot of plasma
membrane proteins obtained from HEK 293 cells transfected with CFP-oqa,
CayPza and a8 P/Q channel subunits in the absence or presence of syntaxin
1A and probed with anti-GFP, syntaxin 1A, and p-actin antibodies. Heterol-
ogous expression of P/Q channel subunits does not induce the expression of
endogenous syntaxin 1A. Methodological details can be found in S/ Methods.
(B and C) Steady-state inactivation curves. Vipinact and Kinact values
were (in mV): WT (O, n=11) -3+ 0.6 and -4.5 + 0.5; WT + syntaxin 1A (¢, n =
22) -12.8 + 0.5 and -5.1 + 0.4; A454T (®, n = 14) -9.2 + 0.5 and -4.6 + 0.5;
A454T + syntaxin 1A (@, n = 15) -7.8 + 0.5 and -4.8 + 0.5. (D) Inhibition of WT
and A454T P/Q channels alone (Left) or coexpressed with SNAP-25 (Right)
evoked by a 20-ms test pulse to +20 mV following a 30-s prepulse to —80 mV
(black trace) or —20 mV (green trace). (E) Average percentage Ic, inhibition of
WT and A454T P/Q channels in the absence or presence of SNAP-25. Ca**
currents obtained as indicated in D were normalized to the current following
the —80 mV prepulse. *P < 0.05 vs. WT. (F) Representative current traces from
HEK 293 cells expressing WT P/Q channels coexpressed with WT (I-llt loop) or
A454T (I-llasast loop) intracellular loops connecting domains | and Il in the
absence or presence of syntaxin 1A (stx 1A). Ca®* currents were evoked by a
20-ms test pulse to +20 mV following a 30-s prepulse to —80 mV (black trace)
or —20 mV (green trace). (G) Average percentage of WT P/Q Ic, inhibition
obtained under the experimental conditions shown in F (*P < 0.01).
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Fig. 4. Mutation A454T prevents P/Q channel regulation by MPC endoge-
nous syntaxin 1A. (A) Inhibition of WT P/Q channels alone (Left, control) or
coexpressed with BTX C (Right) in mouse pheochromocytoma (MPC 9/3L-AH)
cells, evaluated as described in Fig. 3. (B) Average percentage Ic, inhibition
for WT P/Q channels expressed alone (control) or with BTX C in MPC 9/3L-AH
cells. Ca®* currents were normalized to the current following the —80-mV
prepulse. *P < 0.01. (C) Average current evoked by every 10th pulse of a
200-Hz train of 2-ms depolarizations from —80 mV to +20 mV, normalized to
the current evoked by the first pulse of the train, obtained from MPC 9/3L-
AH cells expressing WT or A454T P/Q channels alone or coexpressed with
BTX C, as indicated. (D) Western blot of cell lysates obtained from HEK
293 cells expressing syntaxin 1A alone or with botulinum toxin C (BTX C) and
probed with anti-syntaxin 1A and o-tubulin antibodies. Full-length and
cleaved syntaxin 1A are detected in the presence of BTX C. Methodological
details can be found in S/ Methods.

cells expressing P/Q channels loaded with dopamine (Fig. 5C).
At intermediate intracellular calcium buffering (1 mM EGTA),
expression of rabbit oyaa4ssT) Subunit significantly reduced
secretion efficiency, estimated by normalizing capacitance
changes by Ca*>* charge density (as exocytosis is a steep function
of Ca?* influx). Such reduction was patent from the first depo-
larizing pulse, which mainly mobilized those vesicles located
physically closer to release sites, i.e., vesicles defining the readily
releasable pool (RRP), suggesting that A454T uncouples P/Q
channels from secretory vesicles (Fig. SE). Previous studies have
shown that disruption of the interaction between voltage-gated
calcium channels and SNARE proteins by a synprint peptide
make less probable synaptic transmission by shifting its Ca®*
dependence to higher values (20). Therefore, we evaluated the
effect of A454T on secretion efficiency under different calcium
buffering conditions. This maneuver impacts the magnitude of
cytoplasmic Ca®>* domains and modifies the amount of vesicles
capable of sensing such Ca?* signals, depending on its proximity
to the calcium entry pathway (20, 27). As expected, secretion
efficiency was inversely proportional to EGTA concentration (Fig.
5E). Addition of an excess of exogenous calcium buffer (5 mM
EGTA) to the cytoplasm, which restricts calcium signals, reduced
the secretion evoked by a train of stimuli in both ajawr- and
o A(assaT)-€Xpressing cells (Fig. SE), whereas a decrease in cyto-
solic EGTA (0.1 mM) rescued the effect of the A454T mutation
on exocytosis (Fig. 5E).

Serra et al.

Finally, a similar decrease in the efficiency of P/Q channel
coupling to exocytosis at intermediate intracellular calcium buf-
fering (1 mM EGTA) was observed when introducing the A454T
mutation in the human oy 4 subunit (Fig. 5 F and G and Fig. S5).

Discussion

The A454T mutation was initially considered a polymorphic var-
iant with a frequency of 0.02 (4), and more recently has been
associated to early onset progressive ataxia (28). However, none of
the two A454T carriers included in our study presented cerebellar
symptoms despite their advanced ages (72 and 49 years). A454T
does not cosegregate with migraine in our pedigree, but the two
AA454T migraineurs display a milder migraine phenotype with vis-
ual aura only and no sensorimotor symptoms. This clinical obser-
vation, together with the fact that the mutation was not present in
300 control chromosomes and involved a highly conserved amino
acid within an important regulatory domain of the channel (the I-II
intracellular loop of CACNA1A) prompted us to evaluate the
impact of the A454T mutation on P/Q channel activity.

A454T P/Q channel presents a disrupted regulation of the
voltage dependence of steady-state channel inactivation by aux-
iliary Cayp subunits. Voltage-dependent inactivation of Ca**
channels is an important physiological mechanism that contrib-
utes to the short-term depression of neurosecretion (29, 30), but
its contribution to migraine pathophysiology remains to be
solved (5-8, 10, 11). Current density, inactivation kinetics, and
voltage dependence of channel activation remained unaltered,
suggesting that the effect of A454T mutation on steady-state
channel inactivation is not due to the removal of Cayf binding to
the oy 4 subunit (also supported by the fact that overexpression of
either WT or A454T I-1I loops antagonized the effect of Cayf;,
on channel activity). Instead, it may be explained by a structural
alteration of the I-II loop due to the A454T mutation that affects
the intramolecular transduction by which Cayf-a4 interaction
modulates channel inactivation. Although it has been suggested
that alterations in the kinetics and voltage dependence of steady-
state inactivation are linked (31), a report examining FHM-
causing CACNAIA mutations has already shown that both pa-
rameters change independently (8).

Our data also suggests that A454T impairs the interaction
between plasma membrane SNARE proteins (syntaxin 1A and
SNAP-25) and P/Q channels. This is based on (i) loss of SNARE-
dependent modulation of channel steady-state inactivation, (i)
removal of P/Q channel regulation by syntaxin 1A following
expression in trans of the A454T but not WT I-II loop, and (iii)
reduction in secretion efficiency of A454T P/Q channel.

Docking of the vesicle-releasing machinery to the source of
Ca?* in the presynaptic membrane is critical for the high effi-
ciency of neurotransmitter release. SNARE proteins have a key
role in this process by positioning docked vesicles near calcium
entry channels (19-22) and by recruiting synaptic vesicles to pre-
synaptic Ca*>* channel clusters during repetitive or long-lasting
depolarizations (32). Although the molecular mechanisms un-
derlying these processes are not unequivocally demonstrated, it
has been postulated that SNARE proteins participate via their
binding to the channel «; subunit (12, 18). Accordingly, impair-
ment of the SNARE proteins interaction with calcium channels
reduces the efficiency of synaptic transmission (19-22). A454T
induces a ~49% reduction in secretion following a depolarizing
train, although a significant ~44% decrease was already detected
from the first pulse, thereby supporting the view that A454T-
expressing cells present mislocalization of synaptic vesicles near
Ca”* channels. The magnitude of the fall in exocytosis induced by
the A454T mutation is very close to that reported for a partial
deletion of the synprint site that interferes in the interaction
between SNAREs and voltage-gated N-type Ca®* channel
expressed in MPC 9/3L-AH cells (21). The mere removal of
the inhibitory action of SNAREs on channel gating by the A454T

PNAS | January 26,2010 | vol. 107 | no.4 | 1675

PHYSIOLOGY


http://www.pnas.org/cgi/data/0908359107/DCSupplemental/Supplemental_PDF#nameddest=sfig05
http://www.pnas.org/cgi/data/0908359107/DCSupplemental/Supplemental_PDF#nameddest=STXT

WT
A~ I B e e
L/( 0.5 nA
100 ms
A454T
Y Lt et e
B 0 C High K"
’ o Wy =]
08 © AdsaT &0 12 .
T 8 .
L o6 z _]5pn
E o4 ® = o s
<]
02 - © o
g " 0
0.0 @B
—————— I B N |
0.0 1.0 0 5 10 15 20 25 30
Time (s) Time (s)
D pulse 1 pulses 142 all pulses

-
o

n
o

cwT
. A454T

01mM 1TmM 5mM
EGTA EGTA EGTA

Qc, density (pC/pF)
@
8

=

01mM 1mM  5mM .
EGTA EGTA EGTA EGTA EGTA EGTA

E pulse 1 pulses 1+2 all pulses
230
B —O0— WT *
S 5 @ A4SAT
S
g
£ 10
Q
=
0 T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
[EGTA] (mM) [EGTA] (mM) [EGTA] (mM)
F 1mMEGTA G 1 mMEGTA
& 100 4 hwWT > OhwWT 4
5 W hA454T @ W hA454T
a s 5 *
= 'cm 20 @
2 50 3 *
5 g @ j
3 25 £ L]
3 Q -
=0 s e 2 =0 b 9yh 3
& ¢ & & ¢ &
& 2 ¢ 3 & &
Q & N < & AN
Q\S ¥ Q\S L

Fig. 5. Mutation A454T decreases secretion efficiency. (A) Currents from two
MPC 9/3L-AH cells expressing either WT (Upper) or A454T channels (Lower)
in response to a train of five successive 200-ms depolarizing voltage steps to
+20 mV delivered at 20 Hz. Arrows indicate the 0 current level. (B) Capacitance
traces, plotted as a function of time, from the same cells showed in A. WT (Q)
and A454T (®) P/Q-expressing cells were stimulated at 20 Hz as described. (C)
Amperometric recording from a MPC 9/3L-AH cell loaded with dopamine
during the application of a local puff of a depolarizing high-K* solution. Note
the synchronous release of dopamine after the onset of the stimulus. (/nset)
Higher time-scale resolution of the amperometric spike indicated with an
asterisk. (D) Averaged data for Ca®* influx normalized by the whole-cell
capacitance [Qc, density (pC/pF)] elicited by the first depolarizing pulse, the
first two depolarizing pulses, and all five depolarizing pulses (as indicated)
under three different intracellular Ca**-buffering conditions in WT (EGTA
0.1 mM, n=8; EGTA 1 mM, n=21; EGTA5 mM, n=7) and A454T MPC 9/3L-AH
transfected cells (EGTA 0.1 mM, n=10; EGTA1mM, n=21, EGTA5mM, n=7).
(E) Exocytosis [ACm (fF)] normalized as a function of Ca®* entry [Qc, density
(pC/pF)] corresponding to the conditions described in D. *P < 0.05. (F) Aver-
aged data for Ca?* influx normalized by cell size [Qc, density (pC/pF)] elicited
by the first depolarizing pulse, the first two depolarizing pulses, and all
five depolarizing pulses (as indicated) under intermediate intracellular Ca®*-
buffering conditions (1 mM EGTA) in MPC 9/3L-AH cells transfected with
either the human WT (hWT, n = 12) or human A454T (hA454T, n = 7) P/Q
channel. (G) Exocytosis [ACm (fF)] normalized as a function of Ca%+ entry [Qc,
density (pC/pF)] corresponding to the conditions described in F. *P < 0.05.
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mutation would not explain the reduced vesicle secretion
(22). Also supporting the vesicle mislocalization hypothesis with
A454T channels is our observation that the secretory response of
04 A(A454T)" expressing cells is rescued when the 1ntracellular con-
centration of EGTA is lowered, which increases Ca** d1ffus1on
and promotes the release of vesicles away from the Ca®* entry
pathway. Efficient secretion with A454T P/Q channels is shifted to
higher Ca®* levels, an effect also reported for the action of a
synprint peptide on synaptic release through the uncoupling of
N-type calcium channels and SNARE proteins (20). However, the
fact that the secretory response of cells expressing mutant A454T
P/Q channels show lower sensitivity when increasing EGTA from
1 mM to 5 mM is inconsistent with the interpretation that the
mutation disrupts the localization of synaptic vesicles near Ca**
channels. For this interpretation to be adequate we should expect a
larger relative reduction of secretion in a; o(a4s4T)-€xpressing cells
when increasing EGTA concentration to 5 mM, because an excess
of calcium buffer impairs the buildup of intracellular Ca** domains
and will mainly reduce the fusion of those vesicles not linked to
Ca** channels. Therefore, we cannot discard the possibility that
the mutation somehow would alter the sensitivity of the calcium
sensor in the exocytotic machinery, without affecting vesicle
localization. Moreover, as the negatlve effect of A454T mutation
on exocytosis depends on cytosolic Ca®*-buffering conditions, its
impact might vary at different synapses because presynaptic cal-
cium microdomains can be modified by the particular endogenous
calcium buffers (33), which differ from neuron to neuron.

The mechanisms underlying the effects of A454T could be
explained by a modification in the structure of the I-II loop. This
may spoil the three-dimensional arrangement of CACNAIA
intracellular domains, which, in turn, alters the interaction pattern
between a;4 cytoplasmic domains (34). This is a unique descrip-
tion of a naturally occurring mutation that affects one of the most
important specializations of the P/Q Ca** channel: the modu-
lation of exocytosis in concert with presynaptic SNARE proteins
(22, 32). Our data highlights the importance of I-II loop structural
integrity in the functional interaction of P/Q channel with proteins
of the SNARE complex to maintain an optimal synaptic trans-
mission. This observation agrees with recent reports that view
cross-talks between cytosolic regions of a; 5 as important processes
in channel function gl4 34), and supports the idea that regulation
of voltage-gated Ca~™" channels by SNARE proteins require the
integrity of channel domains additional to the synprint (18).

In conclusion, three main points relevant to the molecular
physiology and pathology of P/Q channel can be drawn from our
study: (i) A454T-induced misregulation involves changes in
voltage dependence of steady-state inactivation. The functional
relevance of these changes builds up during and after high-fre-
quency neuronal firing, such as those occurring during CSD in
migraine patients (1, 35), although by now it is difficult to
establish a correlation between these changes and the observed
clinical phenotype in A454T carriers. (ii) The impairment of
functional interaction between syntaxin 1A/SNAP-25 and A454T
P/Q channels highlights the relevance of the I-II loop as an
integrator of channel regulatory mechanisms that also include
SNARE proteins. The negative effect of the mutation on P/Q
channel coupling to secretion might result in decreased CSD
propagation. This may be particularly relevant in sensorimotor
cortical areas where CSD triggering is more reluctant than in the
occipital visual area (36), thus explaining the absence of sen-
sorimotor aura in A454T carriers. Furthermore, because CAC-
NAIA genetic variations associated to ataxia involve loss of
channel function (37), the reduced secretion efficiency of A454T
P/Q channels may lie beneath the development of cerebellar
symptoms in some patients (28). (iii) Finding how this mutation
integrates into the physiology of native P/Q channel expressing
neurons, as well as the confirmation of the putative effect of
A454T preventing sensorimotor auras in larger migraine pedi-
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grees, is essential to consider CACNAIA not only a disease-
causing but a modifier gene as well.

Methods

DNA Constructs and Site-Directed Mutagenesis. Rabbit a4 (Cay2.1) and a,5; rat
CayPza CayPs, and syntaxin 1A were all subcloned into pcDNA3 expression
vector. Rabbit WT a4 was also subcloned into pcDNA3-NCFP vector, 3’ from
the fluorescent tag, between 5 BamHI and 3’ Xhol restriction enzyme sites.
Human SNAP-25 was cloned into pEGFP-C3 and botulinum toxin C(BTX C) into
PIRES expression vector. The A454T mutation was introduced into rabbit oqa
cDNA using the QuikChange Site-Directed Mutagenesis XL kit (Stratagene),
forward (5'-GGGGTCTCCCTTTACCCGAGCCAGCATTAA-3’) and a reverse (5'-
TTAATGCTGGCTCGGGTAAAGGGAGACCCC-3') primers. CACNATA I-Il intra-
cellular loop was amplified by PCR (forward primer 5-CGGAATTCGCCAC-
CATGGGGGAGTTTGCCAAAGAAAG-3’ and reverse primer 5-CCGCTCGAGC-
TAGGCCTGAGTTTTGACCATG-3’) from rabbit WT and A454T pcDNA3-aq4 and
cloned into pcDNA3 using 5’ EcoRI and 3’ Xhol restriction sites. Human a5 was
originally cloned into pCMV vector, and mutation A454T was introduced by
site-directed mutagenesis (GenScript Corp.). All cDNA clones used in this study
were sequenced in full to confirm their integrity.

Heterologous Expression, Electrophysiology, Capacitance, and Amperometric
Measurements. HEK 293 cellswere transfected using polyethylenimine ExGen500
(Fermentas Inc.) per the manufacturer's instructions. Rabbit o4 awT Or a1a(ass54m
constructs were coexpressed with rat Cayp subunits (82, or f3), rabbit a,8, and
EGFP as a transfection marker, using the ratio for a5, Cayf, 28, and EGFP of
1:1:1:0.3. In some experiments, syntaxin 1A, SNAP-25, |-l yr loop, |-l 4547 lOOp,
and/or BTX C were also transfected at least at the same ratio as P/Q channel
subunit cDNAs. MPC cell line 9/3L-AH was transfected using Lipofectamine Plus
(Invitrogen) at the same constructs ratio applied for HEK 293 patch-clamp
experiments. Recordings were done 48-72 h after transfection.

Whole-cell P/Q calcium currents (/c,) were measured using pipettes (2-3
MQ) filled with a solution containing (in mM): 13 CsCl, 120 caesium acetate,
2.5 MgCl;, 10 Hepes, 1 EGTA, 4 Na,ATP, and 0.1 NasGTP (pH 7.2-7.3 and 295-
300 mosmoles/l). The external solution contained (in mM): 140 NacCl, 3 KCl,
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2.5 CaCly, 1.2 MgCl,, 10 Hepes, and 10 glucose (pH 7.3-7.4 and 300-305
mosmoles/l) for HEK 293 cells, and 140 tetraethylammonium-Cl, 5 CaCly, 10
Hepes, and 10 glucose (pH 7.3; 300 mosmol/L) for MPC 9/3L-AH cells. Full
details about electrophysiology protocols are provided in S/ Methods.

Capacitance measurements were performed using an EPC-9 patch-clamp
amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany) using the “sine +
dc” software lock-in amplifier method implemented in PULSE software.
Further details are provided in S/ Methods.

Amperometric recordings were carried out on MPC 9/3L-AH cells loaded
with dopamine triggered to secrete by local puffing of a high-K* extracellular
solution. Further details are provided in S/ Methods.

All experiments were carried out at room temperature (22-24 °C).

Statistics. Data are presented as the means + SEM. Statistical tests included
Student's t test, ANOVA, followed by a Bonferroni post hoc test or non-
parametric ANOVA (Kruskal-Wallis test), followed by a Dunn post hoc test,
as appropriate. Differences were considered significant if P < 0.05.
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