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Abstract Mutations in the gene encoding the pore-forming
α1A subunit of P/Q Ca2+ channels (CACNA1A) are linked
to familial hemiplegic migraine. CACNA1A Y1245C is the
first missense mutation described in a subject affected with
childhood periodic syndromes that evolved into hemiplegic
migraine. Y1245C is also the first amino acid change
described in any S1 segment of CACNA1A in a hemiplegic
migraine background. We found that Y1245C induced a 9-
mV left shift in the current–voltage activation curve,

accelerated activation kinetics, and slowed deactivation
kinetics within a wide range of voltage depolarizations.
Y1245C also left-shifted the voltage-dependent steady-state
inactivation with a significant increase in steepness, sug-
gesting a direct effect on the P/Q channel voltage sensor.
Moreover, Y1245C reduced Gβγ subunits-dependent
channel inhibition probably by favoring Gβγ dissociation
from the channel; an effect also observed using action-
potential-like waveforms of different durations. The forma-
tion of a new disulfide bridge between cysteines may
contribute to the Y1245C effects on activation and Gβγ
inhibition of the channel, as they were significantly
reversed by the sulphydryl-reducing agent dithiothreitol.
Together, our data suggest that Y1245C alters the structure
of the α1A voltage sensor producing an overall gain of
channel function that may explain the observed clinical
phenotypes.

Keywords P/Q calcium channel . Voltage sensor S1
segment . Gβγ-mediated inhibition . Benign paroxysmal
torticollis of infancy . Benign paroxysmal vertigo of
childhood . Hemiplegic migraine

Introduction

Several mutations in the CACNA1A gene, encoding the P/Q
Ca2+ channel α1 subunit (α1A), have been linked to familial
hemiplegic migraine (FHM), an autosomal dominantly
inherited subtype of migraine with aura that also features
some degree of transient hemiparesis [26]. P/Q Ca2+
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channels are expressed in the brain areas involved in the
pathogenesis of migraine including nociceptive pathways
[26] and are localized at presynaptic terminals [31] tightly
coupled to neurotransmitter release [5].

The α1A subunit consists of four repeated domains (I–
IV) each containing six transmembrane regions (S1–S6)
with a voltage sensor (S1–S4) and a pore loop between S5
and S6. Multiple regulatory proteins interact with α1A

modulating its inherent activation/inactivation properties
[5]. A major modulation of voltage-dependent P/Q Ca2+

channels, with high relevance in the control of synaptic
transmission, occurs via the receptor-triggered release of
G proteins βγ (Gβγ) subunits. Gβγ dimers bind to
multiple regions on the α1A subunit to produce membrane-
delimited voltage-dependent inhibition of the Ca2+ chan-
nel [9]. Inhibited channels activate at more depolarized
voltages and with slower kinetics, due to a restricted
movement of the voltage sensor that makes the channel
more reluctant to open [18]. A key feature of this
inhibition involves the dissociation of Gβγ subunits as
channels undergo conformational changes in response to
strong depolarization, leading to the facilitation of Ca2+

currents [9].
Mutations in CACNA1A underlying FHM are mainly

found around the line pore (S5-P-S6 segments), in the
loops connecting S3–S4 or S4–S5 segments and in the
S4 segment of the voltage sensors [26]. Functional
analysis of disease-causing mutations in heterologous
expression systems and neurons from FHM knockin mice
revealed an overall gain of P/Q channel function that
favored initiation and propagation of cortical spreading
depression (CSD), the electrophysiological correlate of the
aura [reviewed in 26]. According to the International
Headache Society, several Childhood Periodic Syn-
dromes (CPS) are considered precursors of migraine in
young patients, including cyclic vomiting, abdominal
migraine and benign paroxysmal vertigo of childhood
(BPV). Although benign paroxysmal torticollis of infan-
cy (BPT) is not yet included in this classification,
different reports suggest that it might be the earliest
manifestation of migraine in life, with a possible genetic
linkage to CACNA1A mutations in a hemiplegic migraine
background [7, 15]. The Y1245C mutation in the III-S1
segment of α1A has been the first nonsynonymous
variation proposed as pathogenic in a patient affected
with CPS, who displayed a changing, age-specific pheno-
type beginning as BPT, evolving into BPV and later
becoming hemiplegic migraine (HM) [7]. We now report
that Y1245C, the first amino acid change described in the
S1 segment of any α1A domain in a patient with HM,
affects the function of the voltage sensor and lessens
Gβγ-mediated inhibition resulting in gain of channel
function, thereby supporting mutation pathogenicity.

Materials and methods

DNA constructs and site-directed mutagenesis

cDNAs of the α1A and α2δ subunits of the CaV2.1 neuronal
calcium channel were obtained from rabbit (rabbit BI-1
subunit is highly homologous to human α1A subunit [22]),
and the CaVβ2a was from rat. P/Q channel formed by
subunits from different species has been reported to be fully
functional and very similar to human P/Q channel [3]. The
Y1245C mutation was introduced using the QuickChan-
geTM Site-Directed Mutagenesis XL kit (Stratagene, La
Jolla, CA) and the primers 5′-CCTGAACCTGCGCTGCT
TCGAGATGTGCAT-3′ (sense) and 5′-ATGCACATCTC
GAAGCAGCGCAGGTTCAGG-3′ (antisense). All cDNA
clones were sequenced in full to confirm their integrity and
transferred to the pcDNA3 vector for subsequent transfec-
tion in HEK 293 cells.

Heterologous expression and electrophysiology

HEK 293 cells were transfected using a linear polyethyle-
nimine (PEI) derivative, the polycation ExGen500 (Fer-
mentas Inc., Hanover, Maryland, USA) as previously
reported (eight equivalents PEI/3.3 μg DNA/dish) [13].
Transfection was performed using the ratio for α1A (WT or
Y1245C), CaVβ2a, α2δ, and EGFP (transfection marker) of
1:1:1:0.3. In some experiments G protein β1 and γ2

subunits were also transfected at the same ratio as P/Q
channel subunit cDNAs. Recordings were done 24–72 h
after transfection.

Calcium currents (ICa) through wild-type (WT) or
Y1245C P/Q channels were measured using the whole-cell
configuration of the patch-clamp technique [17]. Pipettes
had a resistance of 2–3 MΩ when filled with a solution
containing (in mM): 140 CsCl, 1 EGTA, 4 Na2ATP, 0.1
Na3GTP, and 10 Hepes (pH 7.2–7.3 and 295–300 mosmol/
l). The external solution contained (in mM): 140 tetraethy-
lammonium-Cl, 3 CsCl, 2.5 CaCl2, 1.2 MgCl2, 10 Hepes,
and 10 glucose (pH 7.3–7.4 and 300–305 mosmol/l). When
measuring Ca2+ currents elicited by action-potential-like
waveforms (APWs), the extracellular [Ca2+] employed was
5 mM in order to favor Ca2+ entry, particularly in response
to fast APW in the presence of Gβγ subunits. Recordings
were obtained with a D-6100 Darmstadt amplifier (List
Medical, Germany), filtered at 1 kHz (only for short
(millisecond) pulses) and corrected for leak and capacitive
currents using the leak subtraction procedure (P/8 for short
pulses and P/4 for long (second) pulses). Currents were
acquired at 33 kHz (for short pulses) or 5 kHz (for long
pulses). The pClamp8 software (Axon Instruments, Foster
City, CA, USA) was used for pulse generation, data
acquisition and subsequent analysis.
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Peak inward Ca2+ currents were measured from cells
clamped at −80 mV and pulsed for 20 ms from −60 mV to
+70 mV in 5 mV steps. A modified Boltzmann equation
(Eq. 1) was fitted to normalized current–voltage (I–V) to
obtain the voltage-dependence of activation,

I ¼ Gmax V � Vrevð Þ� 1þ exp � V � V1=2;act

� ��
kact

� �� � ð1Þ
Time constant for activation (τact), deactivation (τdeact),

and inactivation (τinact) were obtained from single expo-
nential fits of ICa activation phase, tail currents obtained
with 20-ms prepulse to +20 mV (to maximally open the
voltage-gated P/Q channels) and followed by test pulses
between −80 and +10 mV (in 5 mV steps) for 30 ms and
the inactivation phase of ICa during a 3 s pulse from a
holding potential of −80 mV to a test potential of +20 mV,
respectively.

Time course of ICa recovery from inactivation (τrecinact)
was tested applying a second pulse of 50 ms to +20 mV at
increasing time intervals (1–106 s) after the inactivating
prepulse. Normalized peak ICa at different times was fitted
to a single exponential.

The voltage-dependence of steady-state inactivation was
estimated by measuring peak ICa currents at +20 mV
following 30 s steps to various holding potentials (condi-
tioning pulses) between −100 and +10 mV (Fig. 3c).
During the time interval between test pulses (20 ms) cells
were held at −80 mV. ICa currents obtained following the
conditioning pulses were normalized to maximal ICa to
determine the persistent current. Half-maximal voltage (V1/

2, inact) and slope factor for steady-state inactivation (kinact)
were obtained by fitting the data to the following
Boltzmann equation (Eq. 2),

I=Imax ¼ 1
�

1þ exp V � V1=2;inact

� ��
kinact

� �� � ð2Þ

The voltage-dependence of ICa inhibition by Gβ1γ2

subunits was examined by applying a family of 20-ms
pulses to various voltages (between −60 mVand +70 mV in
5 mV steps) 10 ms before (P1) and 1 ms after (P2) a 50-ms
conditioning prepulse to +100 mV (PP), from a holding
potential of −80 mV. Facilitation at different voltages was
then determined as the ratio ICa(P2/P1). Ca2+ current
facilitation was also evaluated by applying a 20-ms test
pulse to +20 mV before and 1 ms after a train of 15 4-ms
square steps to +30 mV or +100 mV, delivered at a
frequency of 71.4 Hz (i.e., time between pulses in the train
was 10 ms; holding potential was −80 mV).

Facilitation decay (Gβγ association to the P/Q channel)
was studied by using a three-pulse voltage protocol
consisting of two 20-ms test pulses (P1 and P2) to
+20 mV separated by a conditioning prepulse to
+100 mV (PP), and varying the time between PP and P2
(from 1 to 60 ms; Fig. 6a). Facilitation development (Gβγ

dissociation from the P/Q channel) was studied by using a
similar three-pulse voltage protocol applying different
voltages for the conditioning prepulse (+100 mV, +50 mV,
+30 mV, and +10 mV) and incrementing its duration from 0
to 70 ms (Fig. 7a). Plots of ICa(P2/P1) as a function of Δt
were fitted to single exponentials in order to obtain the
corresponding time constants (τdecay and τdevelopment).

Ca2+ entry through WT and Y1245C P/Q channels in the
absence and presence of Gβ1γ2 dimers was also measured
in response to three different action-potential-like wave-
forms (APWs) that have been reported to represent a wide
range of action-potential durations present in neurones [25].
Briefly, the duration at half-amplitude and the rising phase
slope were, respectively: 0.5 ms and 300 mV/ms for the fast
APW, 1 ms and 94 mV/ms for the medium APW and
2.2 ms and 85 mV/ms for the slow APW. All APWs were
normalized to a resting potential of −60 mV and a peak
amplitude of +30 mV (Fig. 8a) (removal of the AP after-
hyperpolarization phase does not affect significantly the
evoked Ca2+ current [25]). Ca2+ currents were acquired at
33 kHz and an average of four to six traces were used for
all comparisons. The total Ca2+ influx (QCa) evoked by the
APWs was measured as the integral of the Ca2+ current
delimited by the time point at which inward current initially
diverged from the baseline, and the time at which it
returned to baseline.

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

Statistics

Data are presented as the means±S.E.M. Statistical tests
included Student’s t test, Mann–Whitney test, One-way
analysis of variance (ANOVA) followed by a Bonferroni
post-hoc test, or nonparametric ANOVA (Kruskal–Wallis
Test) followed by Dunn post-hoc test, as appropriate.
Differences were considered significant if P<0.05.

Results

Current density and activation/inactivation properties
of heterologously expressed WT and Y1245C P/Q channels

Y1245C is located in a highly conserved and functionally
important region of the human α1A subunit of neuronal P/
Q-type Ca2+ channels (Fig. 1). It lies in the S1 segment of
domain III (III-S1; at the interface of the first transmem-
brane region and the cell cytoplasm), which forms part of
the voltage sensor [27]. Maximum current densities result-
ing from expression of mutant Y1245C α1A (α1A(Y1245C))
were comparable to current densities of wild-type (WT)
α1A channels (P=0.63; Fig. 2a and c, left panel). The
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potential for half-maximal activation (V1/2, act) was signif-
icantly (P<0.0001) shifted to hyperpolarized potentials for
Y1245C channels (by ~9 mV), without changing the
steepness of the activation curve (kact) or the apparent
reversal potential (Vrev; ruling out major changes in Ca2+

permeability; Fig. 2c, right panel). Consistently, the maxi-
mum current amplitude was elicited by depolarizing pulses
to +20 mV or +10 mV for WT or Y1245C channels,
respectively (Fig. 2c). Activation and deactivation kinetics
were also left-shifted in the Y1245C channel (Fig. 2d and
e, respectively). Thus, the highest τact for WT (2.22±
0.1 ms, n=61) or Y1245C (2.08±0.1 ms, n=33) ICa were
observed at +10 mV and 0 mV, respectively. Furthermore,
activation kinetics of α1A(Y1245C) channels were significant-
ly accelerated (P<0.01) in a wide range of depolarizing
voltages (from +5 to +50 mV), when compared to α1AWT

channels (Fig. 2a and d). α1A(Y1245C) channels also
presented slower τdeact (P<0.05) at voltages from −30 to
0 mV (Fig. 2b and e).

To investigate whether the Y1245C mutation affects the
time course of channel inactivation, we analyzed ICa decay
during a 3-s test pulse elicited from a holding potential of
−80 mV to +20 mV (Fig. 3a). No significant differences
between WT and Y1245C channels were observed (P=

0.17). The rate of recovery from inactivation was also
unaffected in Y1245C channels (Fig. 3b, P=0.5). Never-
theless, the half-maximal voltage for steady-state inactiva-
tion (V1/2, inact) induced by 30-s conditioning prepulses
between −100 and +10 mV (Fig. 3c, top panel) was left-
shifted (~15 mV) in Y1245C channels (P<0.0001). Such
effect was accompanied by a significant (P<0.05) increase
in the steepness of the inactivation curve (symbolized by
kinact; Fig. 3c and d). Alterations in the steady-state
inactivation parameters without changes in inactivation
kinetics have been previously reported for several FHM-
causing CACNA1A mutations [23].

Effect of Y1245C on voltage-dependent Gβγ-mediated
inhibition of P/Q Ca2+ channels

Co-expression of α1AWT or α1A(Y1245C) together with β2a

and α2δ subunits and G protein β1γ2 dimers in HEK 293
cells resulted in current facilitation (larger and faster P2
than P1 currents following a 50-ms prepulse (PP) to
+100 mV), reflecting the voltage-dependent relief of
Gβγ-mediated channel inhibition (Fig 4a). In the absence
of Gβ1γ2, no basal facilitation was observed (no difference
between P1 and P2; mean facilitation ratio at +20 mV was

Fig. 1 Location of the Y1245C mutation and evolutionary conserva-
tion of the Y1245 amino acid residue. Situation of the tyrosine-to-
cysteine mutation at position 1245 (Y1245C) of the P/Q channel α1A

subunit (encoded by the CACNA1A gene) and conservation of the
Y1245 amino acid residue (shadowed in red) in the α1A subunit of the
P/Q-type calcium channel of different species (top) and in α1 subunits

of the human CaV2.x family of voltage-gated calcium channels
(bottom). Residues substitutions are shadowed in cyan. In brackets,
the RefSeq code of each protein. The alignments were performed with
clustalW (www.ebi.ac.uk/clustalw). Asterisk means identical residues;
colon indicates the existence of conservative substitutions; and period
marks that semi-conservative substitutions have been observed
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0.99±0.008 (n=10) for WT and 0.99±0.01 (n=10) for
Y1245C channels), indicative of no tonic channel inhibition
by endogenous G protein subunits. Full averaged I–V
curves before and after PP, normalized to the peak ICa
obtained at P1, are shown in Fig. 4b. Both WT and Y1245C
channels are inhibited by overexpressed Gβ1γ2 within a
voltage range from −10 to +35 mV. Current facilitation, due
to the dissociation of Gβγ dimers from the channels after
strong depolarization, produced a significant shift in the
voltage-dependent activation to more hyperpolarized vol-

tages for both WT and Y1245C channels (~6 mV, P<
0.001). Interestingly, mean facilitation ratio (P2/P1) was
significantly reduced by the Y1245C mutation at test
potentials ranging from +5 to +20 mV (Fig. 4a, b and c).
This result, together with the observation that both WT
and Y1245C facilitated (P2) currents are of similar
magnitude to the corresponding currents recorded in the
absence of Gβ1γ2 (compare black columns in Fig. 4d
with Fig. 2c), reflect a lower level of Gβγ-mediated
inhibition in mutant channels (estimated from P1 and P2

Fig. 2 Y1245C affects activa-
tion and deactivation properties
of heterologously expressed P/Q
channels. a Current traces illus-
trating voltage-dependence and
activation kinetics of WT (top)
and Y1245C (bottom) channels,
in response to 20 ms voltage
pulses. b Current traces illus-
trating deactivation kinetics of
WT (top) and Y1245C (bottom)
channels obtained by hyperpo-
larizing the cells during 30 ms at
the indicated voltages following
a 20-ms depolarizing pulse to
+20 mV. Dotted lines in the
current traces indicate the zero
current level. c Current density–
voltage relationships (left pan-
els) and normalized I–V curves
(right panels) for WT (empty
circle, n=71) and Y1245C P/Q
(filled circle, n=34) channels
expressed in HEK 293 cells. V1/

2, act, kact and Vrev values were
(in mV): WT (empty circle, n=
71) 7.55±0.44, 3.93±0.33 and
64.35±0.83; Y1245C (filled
circle, n=34) −1.48±0.56,
3.72±0.44 and 61.56±1.13, re-
spectively. Average τact d and
τdeact e of WT (empty circle) and
Y1245C channels (filled circle)
at the indicated voltages
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current density values, Fig. 4d). Similar results were
obtained using, instead of the long-lasting pulse to
+100 mV, a more physiological stimulation with trains of
short depolarizing pulses delivered at 71.4 Hz (Fig. 5).
WT P/Q currents were facilitated when cells were
stimulated by trains of pulses to +30 and +100 mV
(Fig. 5a (top) and b) while Y1245C currents only showed

facilitation (although smaller than WT channels) during
the train to +100 mV (Fig. 5a (bottom) and b).

We also evaluated time courses for re-inhibition (at
−80 mV) following facilitatory depolarization (facilitation
decay) and for relief from inhibition (at +100 mV;
facilitation development), reflecting the association and
dissociation rates of Gβγ dimers to/from the channel,

Fig. 3 Y1245C affects P/Q
channel inactivation properties.
a Current traces illustrating
similar inactivation kinetics for
WT (blue line, τinact=1.18±
0.13 s, n=40) and Y1245C (red
line, τinact=0.92±1.13 s, n=27)
channels, in response to a 3 s
depolarizing pulse to +20 mV. b
Time course of ICa recovery
from inactivation for WT and
Y1245C channels. Average τ of
current recovery from inactiva-
tion obtained after fitting the
data to a single exponential,
were (in seconds): WT (empty
circle, n=16) 17.16±1.91;
Y1245C (filled circle, n=23) 19
±1.85. c and d Steady-state
inactivation (voltage protocol on
top) of WT or Y1245C P/Q
channels. Amplitudes of cur-
rents elicited by test pulses to
+20 mV were normalized to the
current obtained after a 30-s
prepulse to −100 mV and fitted
by a single Boltzmann function
(see “Materials and methods”,
Eq. 2). V1/2, inact and kinact values
were (in mV): WT (empty circle,
n=14) −4.96±0.6 and −4.83±
0.57; Y1245C (filled circle, n=
10) −19.85±0.25 and −2.97±
0.23, respectively
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Fig. 4 Comparative Gβγ-mediated inhibition of WT and Y1245C P/
Q channels. a WT (left) or Y1245C (right) currents recorded at the
indicated voltages before (P1) and after (P2) a 50 ms conditioning
prepulse to +100 mV (PP) in the presence of Gβ1γ2. Currents are
superposed to facilitate comparison. Dotted lines mark the zero current
level. b I–V relationships for WT (left, P1 (empty upright triangle) and
P2 (empty circle)) and Y1245C (right, P1 (filled upright triangle) and
P2 (filled circle)) channels in the presence of Gβ1γ2 subunits.
Currents were normalized to the maximal current amplitude before
the prepulse and then averaged. V1/2, act, kact and Vrev values were (in
mV): WT P1 (empty upright triangle, n=14) 10.33±0.38, 4.8±0.28
and 67.32±0.56; WT P2 (empty circle, n=14) 3.95±0.55, 3.65±0.43
and 64.59±1.02; Y1245C P1 (filled upright triangle, n=14) 3.07±

0.53, 4.91±0.4 and 67.84±0.92; Y1245C P2 (filled circle, n=14)
−2.38±0.62, 3.87±0.49 and 64.41±1.23, respectively. c Mean current
amplitude facilitation (P2/P1 ratio) plotted against test potential for
WT (n=14) and Y1245C (n=14) P/Q channels in the presence of
Gβ1γ2 (aP<0.01, bP<0.05). d Mean current density at the indicated
test voltages for WT (n=14) and Y1245C (n=14) P/Q channels in the
presence of Gβ1γ2 before (P1) and after (P2) a 50-ms conditioning
prepulse to +100 mV. ICa inhibition (in %) by Gβ1γ2 for WT and
Y1245C channels estimated from P1 and P2 current densities: @
+5 mV, 64.63±3.99 (WT) and 47.16±5.06 (Y1245C) (P<0.01); @
+10 mV, 55.13±4.1 (WT) and 37.36±4.21 (Y1245C) (P<0.01); @
+15 mV, 43.83±4.51 (WT) and 27.15±3.16 (Y1245C) (P<0.01); @
+20 mV, 33.55±4.13 (WT) and 20.03±2.27 (Y1245C) (P<0.05)
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respectively. No significant differences between WT and
Y1245C channels were observed regarding facilitation
kinetics under the above-mentioned conditions (Fig. 6 and
Fig. 7b, c, d (right panels) and e). However, these
measurements at extreme voltages reflect, at best, the
Gβγ association rate to the closed channel and the
dissociation rate from the open channel, respectively,
without addressing the effects of the mutation on the Gβγ
dissociation rate from the channel at intermediate more

physiological voltages as has been recently suggested for
other two FHM mutations [30]. Therefore, we assessed
facilitation development kinetics at lower-conditioning
prepulse voltages that were able to render current facilita-
tion (+50, +30, and +10 mV). Y1245C significantly
accelerated the dissociation of Gβγ from P/Q channels at
lower depolarizing voltages (+10 to +30 mV; Fig. 7b, c, d
(left panels) and e).

Moreover, to gain insights into the physiological impact
of the reduction in Gβγ-mediated voltage-dependent
inhibition of the P/Q Ca2+ current due to the Y1245C
mutation, we measured the Ca2+ influx through WT and
mutant channels elicited by single-action-potential-like
waveforms (APWs) of different durations (fast, medium,
and slow; Fig. 8a, top) in the absence and presence of
Gβ1γ2. Overexpression of Gβ1γ2 dimers reduced both
peak current density and total Ca2+ influx (QCa) through
WT channels in response to APWs by ~89 and ~90 %,
respectively. Interestingly, the Gβ1γ2-mediated reduction of
both parameters in cells expressing Y1245C channels was
lower: 62% (at fast APW) and 48% (at medium and slow
APWs) for the peak current; 74% (at fast APW) and 50%
(at medium and slow APWs) for QCa. Thus, in the presence
of Gβ1γ2, Y1245C currents evoked by APWs were
significantly larger than WT currents. Application of APWs
in the absence of Gβ1γ2 to cells expressing Y1245C
channels produced current density and QCa values that were
always superior to those obtained from cells expressing WT
channels, although significant differences were only ob-
served when stimulating with fast APW (Fig. 8). No
currents were detected in non-transfected HEK 293 cells
in response to the three different APWs (data not shown).

DTT lessens the effects of the Y1245C mutation on
activation and Gβγ inhibition of the P/Q channel

Because disulfide bridges among cysteine residues gener-
ally play an important role in stabilizing a protein's three-
dimensional structure, we hypothesized that the cysteine
insertion, due to the Y1245C mutation, results in a
conformational change of the III-S1 segment affecting
voltage-sensor function, channel-gating and, in turn, mod-

Fig. 5 Y1245C reduces P/Q current facilitation in response to a train
of depolarizing pulses. a WT (top) or Y1245C (bottom) Ca2+ currents
recorded in the presence of Gβ1γ2 at +20 mV before (NO Train) and
1 ms after conditioning the cell with a train of 15 short (4 ms)
depolarizing pulses to +30 mVor +100 mV (as indicated), delivered at
71.4 Hz. Currents are superposed to facilitate comparison. Dotted
lines show the zero current level. b Mean current amplitude
facilitation (P2/P1 ratio) plotted against train potential for WT (n=4)
and Y1245C (n=6) P/Q channels in the presence of Gβ1γ2 (

*P<0.01).
In this set of experiments, maximal ICa facilitation @ +20 mV induced
by a 50 ms prepulse to +100 mV was 1.7±0.18 for WT channels and
1.24±0.07 for Y1245C channels (P<0.05)

Fig. 6 Similar kinetics of facilitation decay for WT and Y1245C P/Q
channels. a Representative examples of re-inhibition by Gβ1γ2

(facilitation decay) of ICa through WT and Y1245C channels, as
indicated. Ca2+ currents were evoked by using the three-voltage-step
protocol illustrated (∆t=2 ms; see “Materials and methods” for
details). b Average facilitation decay kinetics for WT (empty circle,
n=27) and Y1245C (filled circle, n=6) channels as a function of
interpulse duration at −80 mV. Mean time constants (in ms) of re-
inhibition (Gβ1γ2 re-association to the channel) were 15.06±1.72 for
WT and 17.08±3.07 for Y1245C channels (P=0.61). In this set of
experiments, maximal ICa facilitation @ +20 mV was 1.86±0.08 for
WT and 1.22±0.05 for Y1245C (P<0.01)

b
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ulation of channel activity by Gβγ (since these G protein
subunits act on voltage-dependent Ca2+ channels by
inhibiting voltage sensor movement [18]). Therefore, we
tested the effects of breaking disulfide bridges with the
sulphydryl-reducing agent dithiothreitol (DTT) on activa-
tion properties and current facilitation following strong
depolarization in the presence of Gβ1γ2 dimers of both WT
and Y1245C currents. As expected, this new set of
experiments reported a significant left shift in both the
voltage-dependent activation (~8 mV) and activation
kinetics (Fig. 9a, b and c, left panels) for Y1245C channels
when compared to WT before DTT application. Exposure
to 1 mM DTT had no significant effect on the activation
voltage-dependence or activation kinetics of WT channels,
ruling out the involvement of a disulfide bridge in the
voltage-dependent gating of WT P/Q channels, but signif-
icantly shifted both parameters to more depolarized
potentials in the case of Y1245C channels. Thus, DTT
right-shifted V1/2, act of mutant channels by ~4 mV (P<
0.0001), although did not fully recover the values obtained
with WT channels (P<0.0001; Fig. 9a and b, right panels).
DTT reversed in full the differences in τact between WT and
Y1245C channels (Fig. 9a and c, right panels). No differ-
ences between WT and Y1245C were observed regarding
kact or Vrev which were similar under all experimental
conditions. DTT exposure also reversed Y1245C-induced
decrease in current facilitation without significantly affect-
ing WT current facilitation (Fig. 10). Altogether, these
results suggest that mutation Y1245C improves P/Q
channel activity mainly due to the formation of a new
disulfide bridge among cysteines.

Discussion

We have recently described the presence of the Y1245C
mutation in the III-S1 segment of the P/Q Ca2+ channel α1

subunit (CACNA1A) in a patient that presented benign
paroxysmal torticollis of infancy (BPT) during the neonatal
period. This clinical phenotype evolved with aging, first to
benign paroxysmal vertigo of childhood (BPV) and then to
hemiplegic migraine (HM) [7]. This sequence of the
changing, age-specific clinical phenotypes has been sug-
gested for other patients [10, 11]. Y1245C is the first
reported mutation in the S1 segment of any domain of the
α1A subunit in any patient with HM. This residue is highly
conserved in evolution at the interspecies level as well as
among the CaV2 family of human calcium channels
(Fig. 1), indicating functional and/or structural relevance.

In order to properly establish the pathogenicity of the
Y1245C mutation, we have studied its functional conse-
quences on P/Q channels expressed in HEK 293 cells. Our
data show that mutation Y1245C affects different biophys-
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Fig. 7 Y1245C accelerates the apparent rate of Gβγ dissociation
from P/Q channels at low depolarizing voltages. Representative
examples of relief of Gβ1γ2 block (facilitation development) for WT
(b) and Y1245C (c) channels measured at +30 (left) and +100 (right)
mV prepulse (PP), as indicated, and the corresponding time course of
facilitation development, as a function of facilitatory prepulse duration
(empty circle WT and filled circle; Y1245C; d). Ca2+ currents were
evoked by using the three-voltage-step protocol illustrated in (a) (see
“Materials and methods” for details). Dotted lines in the current traces

denote the zero current level. e Average time constant (in ms) of
facilitation development, Gβ1γ2 dissociation from the channel, for
WT (empty circle n=6–34) and Y1245C (filled circle n=5–16)
channels at the indicated PP voltages (aP<0.01, bP<0.05). In this set
of experiments, maximal ICa facilitation @ +20 mV was 1.31±0.04;
1.68±0.14; 1.88±0.23 ; and 1.77±0.08, for WT channels; and 1.2±
0.04 ; 1.26±0.06; 1.25±0.06 and 1.33±0.06, for Y1245C channels,
when applying 70 ms prepulses of +10 (P=0.09), +30 (P<0.01), +50
(P<0.05), and +100 mV (P<0.001), respectively
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ical properties of P/Q channels: (1) shifts current activation
curve to lower voltages (~9 mV), an effect that may
account for the increased current density and Ca2+ influx
through Y1245C channels in response to APWs when
compared with WT channels (Fig. 8) and, therefore, may
translate into an augmented exocytosis due to the non-linear
relationship between Ca2+ influx and the triggering of this
secretory process [8]; (2) accelerates activation kinetics and
slows deactivation kinetics within a wide range of voltage
depolarizations; and (3) shifts voltage-dependent steady-
state inactivation to less depolarized voltages (~15 mV), an
effect accompanied by a significant increase in steepness.
We also found that mutation Y1245C accelerates Gβγ
dissociation from the channel, an effect that can account for
the reduced P/Q channel voltage-dependent inhibition by
Gβγ subunits at voltages that may be attained during CSD.
Moreover, the reduction in Gβγ-mediated inhibitory
pathway induced by this mutation is also relevant under
physiological conditions, as allows larger Ca2+ influx
elicited by APWs of different durations. These results are
consistent with a causative role of the Y1245C mutation in
the disease.

A reduction in the voltage threshold of channel
activation by ~10 mV (Y1245C induced a ~9 mV left
shift) is a trait shared by all FHM-causing mutations in
CACNA1A [28, 29, reviewed in 26]. Such gain of channel
function favors CSD initiation and propagation in a FHM
knockin mouse model [29]. CSD, an abnormal increase of
cortical activity—followed by a long-lasting neuronal
suppression wave—that propagates across the cortex, is
thought to play a major pathophysiological role in
migraine: it causes the aura and activates the trigeminovas-
cular system evoking alterations in the meningeal blood
vessels and brainstem nuclei that lead to the development of
headache [1]. Although the molecular mechanisms initiat-
ing CSD are not fully understood, a positive feedback
mechanism involving increased depolarization, extracellu-
lar K+ concentration and glutamatergic neurotransmission
in which P/Q Ca2+ channels play a pivotal role, appears
crucial for triggering CSD [26].

CSD generation may be further facilitated by the
reduction in the Gβγ-mediated inhibition observed for
Y1245C mutant P/Q channels, which might increase Ca2+

influx into the presynaptic terminal promoting neurotrans-

Fig. 8 Y1245C lessens Gβγ-induced inhibition of calcium influx
evoked by action-potential-like waveforms (APWs). a Representative
Ca2+ current traces evoked by APWs of different durations (fast (left
panels), medium (central panels) and slow (right panels; see
“Materials and methods” for details) obtained from HEK 293 cells
expressing WT (top) or Y1245C (bottom) P/Q channels in the absence
(−Gβγ) or presence (+Gβγ) of Gβ1γ2 dimers. Dotted lines stand for
the zero current level. Averaged data for peak current density (b) and
normalized Ca2+ influx (QCa) (c) in response to the above-mentioned
APWs obtained from cells expressing WT (n=7–10) or Y1245C (n=
8–9) P/Q channels in the absence (−Gβγ, n=9–10) or presence
(+Gβγ, n=7–8) of Gβ1γ2 dimers, as indicated (aP<0.01 versus WT,
bP<0.01 versus WT+Gβγ). In this series of experiments, extracellu-
lar [Ca2+] was 5 mM
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mitter release and contributing to a persistent state of
hyperexcitability under certain conditions. Consistent with
this hypothesis, a decrease in the direct inhibitory pathway
carried by Gβγ following G-protein-coupled receptor
stimulation has been previously reported for other two
FHM mutations expressed in HEK 293 cells: R192Q and
S218L, localized in the first domain of the α1A subunit at
the S4 segment and the S4–S5 linker, respectively [21, 30].

However, an apparent controversy concerning the mecha-
nism by which those FHM mutations reduce G protein
inhibition of P/Q channels arise from these reports. Initially,
it was proposed that R192Q mutation might modify the
molecular mechanisms by which Gβγ dimers association to
α1A alter voltage sensor movement in response to mem-
brane potential changes but without affecting binding or
unbinding rates [21]. Recently, a more detailed study has

Fig. 10 DTT reverses the effect of Y1245C on Gβγ-mediated
inhibition of P/Q channels. a WT (top) or Y1245C (bottom) P/Q
currents elicited by a test pulse to +15 mV before (P1) and following
(P2) a 50-ms conditioning prepulse to +100 mV in the presence of
Gβ1γ2, prior to (left) and 5 min after (right) exposure to 1 mM DTT.
Currents are superposed to facilitate comparison. b Mean current
amplitude facilitation (P2/P1 ratio) versus test potential for WT (n=9)
and Y1245C (n=6) P/Q channels in the presence of Gβ1γ2, before
and after exposure to DTT, as indicated (aP<0.01 versus WT before
DTT, bP<0.05 versus YC before DTT)

Fig. 9 DTT minimizes the effect of Y1245C on voltage-dependency
and kinetics of P/Q channel activation. a Current traces of WT (top)
and Y1245C (bottom) channels, in response to 20 ms depolarizing
pulses at the indicated voltages, before (left) and 5 min after (right)
exposure to 1 mM DTT. The zero current level is indicated by the
dotted lines. (b) Normalized I–V curves for WT and Y1245C P/Q
channels expressed in HEK 293 cells before (left) and after (right)
exposure to 1 mM DTT. V1/2, act, kact, and Vrev values were (in mV):
WT before DTT (empty circle n=10) 6.95±0.38, 4.09±0.29, and
67.04±0.8; Y1245C before DTT (filled circle, n=17) −1.68±0.58,
4.04±0.45, and 61.93±1.11; WT after DTT (empty circle, n=10) 5.59
±0.43, 4.16±0.32, and 63.62±0.77; Y1245C after DTT (filled circle,
n=17) 2.55±0.44, 4.71±0.32, and 63.83±0.75, respectively. c
Average τact of WT (empty circle) and Y1245C channels (filled circle)
at the indicated voltages, before (left) and after (right) exposure to
1 mM DTT
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shown that these FHM mutations promote accelerated Gβγ
dissociation from the activated channel in a range of low
depolarizing voltages (−10 to +30 mV for S218L, and −10
to 0 mV for R192Q) without affecting the maximal G-
protein inhibition of P/Q channels measured at the start of
the depolarization [30]. Nevertheless, such acceleration in
Gβγ dissociation from the channels can contribute to the
reduction in Gβγ-mediated inhibition and facilitation levels
reported for the R192Q mutant. This reduction in Gβγ-
mediated inhibition and facilitation was measured at 25 ms
from the beginning of the test depolarizing pulses, time
point where significant relief from inhibition may already
have occurred giving the impression of reduced G protein
inhibition for the mutant channel due to faster Gβγ
dissociation [21, 30]. In agreement with this idea, we
observed both, an acceleration in the rate of Gβγ dis-
sociation and a decrease in the voltage-dependent current
inhibition for Y1245C channels. We measured a decrease in
the facilitation ratio at 20 ms from the beginning of the test
depolarizing pulses, time point that allows greater recovery
from Gβγ-mediated inhibition for mutant than for WT
channels during P1 depolarization if faster Gβγ dissocia-
tion occurs. Furthermore, whereas overexpression of Gβγ
subunits reduced Ca2+ entry through WT channels by ~90%
during all APW tested, the degree of inhibition of Ca2+

entry through Y1245C channels was diminished at medium
and slow APWs (50%) compared with fast APW (74%).
These results can also be explained by a faster dissociation
of Gβγ from the mutant channels during the depolarizing
APW, becoming more evident with longer stimuli (medium
and slow APWs).

Voltage-dependent inactivation of Ca2+ channels is
also an important physiological mechanism regulating
neurosecretion [2, 14]. Several FHM-causing CACNA1A
mutations alter P/Q-type calcium channel inactivation [16,
19, 20, 23, 28, this report], underlining its physiological
relevance. However, these changes are highly heteroge-
neous, involving both gain- and loss-of-function, and their
contribution to the pathophysiology of the disease remains
to be solved. Only for the FHM-causing S218L mutation
has been suggested that the reduced extent of inactivation
contributes to the severity of the associated clinical
phenotype [28].

Most FHM-associated CACNA1A mutations produce
substitutions of conserved amino acids in important
functional regions, mainly including the pore lining, the
loops connecting S3–S4 or S4–S5 segments and the S4
segment of the voltage sensors [26]. Mutation Y1245C
produces functional changes similar to most FHM-causing
mutations. The functional effects of reported FHM muta-
tions are consistent with the implication of S4 segments in
voltage-sensing and the driving of conformational alter-
ations that open the channel’s gate, and that the S4–S5

linker, the S5–S6 segments, and the P-loop play an
important role in the gate conformation and/or the coupling
between voltage-sensing and channel-gating [27]. Our
results using the sulphydryl-reducing agent DTT strongly
suggest that the de novo appearance of a disulfide bridge
among cysteines involving the III-S1 segment may result in
a conformational change of the voltage sensor region
affecting the movement of the S4 segment and/or channel-
gating, along with the regulation of both processes by Gβγ
subunits in the Y1245C mutant channel. In this respect, it
has been suggested that residues in the S1 segment may
form part of a hydrophobic plug which constitutes the main
energy barrier encountered by positively charged residues
in S4 when they translocate during voltage-sensing [4]. At
present, we have not been able to identify which of the
multiple native cysteines of the α1A subunit is participating
in the formation of the new disulfide bridge.

A still open question is how could the Y1245C mutation
in the P/Q Ca2+ channel α1 subunit cause BPT and BPV?
Although the etiopathogenesis of both paroxysmal syn-
dromes is not well known, it has been suggested that these
disorders may arise from a vestibular dysfunction due to
CSD affecting cortical areas that process vestibular infor-
mation [10, 24]. Therefore, the lower voltage threshold of
activation and decreased inhibition by Gβγ dimers ob-
served for the Y1245C mutant channel, which is expected
to favor CSD triggering, may lead not only to HM but also
to BPT and BPV syndromes. Further mechanistic insights
into the pathophysiology of these childhood syndromes are
needed in order to support such hypothesis. It is also
unknown how a given mutation may be responsible of a
variety of clinical manifestations at different ages, although
it might be related to a differential regulation of P/Q
channel expression, function and/or subcellular targeting
during brain development [6, 12].

In conclusion, this is the first functional characterization
of a CACNA1A mutation found in a patient suffering
childhood periodic syndromes (BPT and BPV) and HM.
Our results suggest that mutation Y1245C causes a
conformational change in the voltage sensor region (S1–
S4) of the P/Q channel α1 subunit which results in an
overall gain of channel function that, by promoting CSD
initiation and propagation, may underline the observed
sequence of clinical phenotypes. Our data give further
support to the validation of BPT as another childhood
migraine equivalent.
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