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Cay2.1 Ca®* channels have a dominant and specific role in initiating
fast synaptic transmission at central excitatory synapses, through a
close association between release sites and calcium sensors. Familial
hemiplegic migraine type 1 (FHM-1) is an autosomal-dominant sub-
type of migraine with aura, caused by missense mutations in the
CACNAIA gene that encodes the «, , pore-forming subunit of Ca, 2.1
channel. We used knock-in (KI) transgenic mice harboring the FHM-1
mutation R192Q to study the consequences of this mutation in
neurotransmission at the giant synapse of the auditory system formed
by the presynaptic calyx of Held terminal and the postsynaptic
neurons of the medial nucleus of the trapezoid body (MNTB). Al-
though synaptic transmission seems unaffected by low-frequency
stimulation in physiological Ca®>" concentration, we observed that
with low Ca®" concentrations (<1 mM) excitatory postsynaptic
currents (EPSCs) showed increased amplitudes in R192Q KI mice
compared with wild type (WT), meaning significant differences in the
nonlinear calcium dependence of nerve-evoked transmitter release. In
addition, when EPSCs were evoked by broadened presynaptic action
potentials (achieved by inhibition of K* channels) via Ca,2.1-trig-
gered exocytosis, R192Q KI mice exhibited further enhancement of
EPSC amplitude and charge compared with WT mice. Repetitive
stimulation of afferent axons to the MNTB at different frequencies
caused short-term depression of EPSCs that recovered significantly
faster in R192Q KI mice than in WT mice. Faster recovery in R192Q
KI mice was prevented by the calcium chelator EGTA-AM, pointing
to enlarged residual calcium as a key factor in accelerating the
replenishment of synaptic vesicles.

R192Q knock-in mice; familial hemiplegic migraine; Ca,2.1 chan-
nels; excitatory postsynaptic currents; short-term synaptic plasticity

TRANSMITTER RELEASE at central synapses is triggered by Ca®"
influx through voltage-gated Ca*" channels (VGCCs). Trans-
mitter release is mediated by multiple Ca®>* channel subtypes
during early development but on maturation increasingly relies
on Ca,2.1 (P/Q-type) Ca®>* channels, as was shown at the
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neuromuscular junction (Rosato Siri et al. 2002) and the calyx
of Held (Fedchyshyn and Wang 2005). Familial hemiplegic
migraine type 1 (FHM-1) is a Mendelian subtype of “migraine
with aura” caused by missense mutations in the CACNAIA
gene that encodes the «, , pore-forming subunit of Ca 2.1 Ca**
channels. Typical migraine attacks in FHM-1 patients are associ-
ated with transient hemiparesis, but apart from this, they are
identical to those of the common forms of “migraine with aura”
(Pietrobon 2005; Pietrobon and Striessnig 2003). In addition,
more than two-thirds of patients with FHM-1 have attacks of
“normal typical migraine” as well. Interestingly, in several
families, FHM CACNAIA mutations were also found in family
members who had only “normal” nonparetic migraine but no
FHM. This suggests that gene mutations for FHM may also be
responsible for the common forms of migraine. Therefore,
FHM-1 is a promising model to study the pathogenic mecha-
nisms of common forms of migraine (Ferrari et al. 2008). A
knock-in (KI) migraine mouse model carrying the human
FHM-1 R192Q mutation has been generated (van den
Maagdenberg et al. 2004), which allows the mutant channels to
be studied in their native neuronal environment and at their
endogenous level of expression. KI mice exhibit several gain-
of-function effects (Tottene et al. 2009) and an increased
propensity for cortical spreading depression (CSD), the likely
underlying mechanism of the migraine aura (Ayata 2009;
Haerter et al. 2005). Tottene et al. (2009) have shown increased
probability of glutamate release at the excitatory synapse
between cortical pyramidal cell (PC) and fast-spiking (FS)
interneurons from FHM-1 mice. Intriguingly, neurotransmis-
sion at the FS interneuron-PC inhibitory synapse appeared
unaltered, despite being mediated by P/Q-type channels (i.e.,
carrying the FHM-1 mutation). This imbalance of cortical
excitation and inhibition was associated with increased suscep-
tibility for CSD in the KI mice, but the underlying mechanism
changing synaptic strength in the R192Q mutation is not fully
understood. In a recent paper (Gonzdlez Inchauspe et al. 2010),
we showed that presynaptic KI Cay2.1 channels activate at
more negative membrane potentials than wild-type (WT) chan-
nels. This hyperpolarized activation led to a higher inward
Ca”" influx when Ca®" currents were evoked by long-duration
action potentials (APs) (such as PC APs) but not when Ca?t
currents were elicited by short-duration APs (like the calyx of
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Held or interneuron APs). We postulated that the shorter AP
duration of the FS interneuron may allow the unaltered inhib-
itory neurotransmission observed by Tottene et al. (2009) in
the R192Q KI mouse.

Here we analyzed how R192Q presynaptic Cay2.1 channels
altered neurotransmission at the axosomatic glutamatergic syn-
apse formed by the presynaptic calyx of Held terminal and the
postsynaptic neurons of the medial nucleus of the trapezoid
body (MNTB). R192Q KI mice show enlarged AMPA recep-
tor-mediated excitatory postsynaptic currents (EPSCs) when
evoked by broadened presynaptic APs and a faster recovery of
EPSCs after short-term depression (STD) following high-fre-
quency synaptic activity.

MATERIALS AND METHODS

Preparation of brain stem slices. Generation of the R192Q KI
mouse strain was described previously (van den Maagdenberg et al.
2004). All experiments were carried out according to national guide-
lines and were approved by local Ethical Committees.

Mice were killed by decapitation at P12-P16, and the brain was
removed and placed into an ice-cold low-sodium artificial cerebrospi-
nal fluid (aCSF). The brain stem was mounted in the Peltier chamber
of an Integraslice 7550PSDS vibrating microslicer (Campden Instru-
ments). Transverse slices of 300-wm thickness were cut and trans-
ferred to an incubation chamber containing normal aCSF with low
calcium (0.1 mM CacCl, and 2.9 mM MgCl,) at 37°C for 1 h. Normal
aCSF contained (mM) 125 NaCl, 2.5 KCl, 26 NaHCO;, 1.25
NaH,PO,, 10 glucose, 0.5 ascorbic acid, 3 myo-inositol, 2 sodium
pyruvate, 1 MgCl,, and 2 CaCl,. Low-sodium aCSF was as above, but
NaCl was replaced by 250 mM sucrose and MgCl, and CaCl,
concentrations were 2.9 mM and 0.1 mM, respectively. The pH was
7.3 when gassed with 95% 0,-5% CO,.

Electrophysiology. Slices were transferred to an experimental
chamber perfused with normal aCSF at 25°C. Neurons were visual-
ized with Nomarski optics on a BX50WI microscope (Olympus,
Japan), with a X40/0.90 NA water immersion objective lens
(LUMPIlane FI, Olympus). Whole cell voltage-clamp recordings
were made with patch pipettes pulled from thin-walled borosilicate
glass (GC150F-15, Harvard Apparatus). Electrodes had resistances
of 2.9-3.2 M(Q) when filled with internal solution of the following
composition (mM): 110 CsCl, 40 HEPES, 10 TEA-Cl, 12
Na,phosphocreatine, 0.5 EGTA, 2 MgATP, 0.5 LiGTP, and 1
MgCl,. pH was adjusted to 7.3 with CsOH. To block Na™ currents
and avoid postsynaptic action potentials, 10 mM N-(2,6-diethyl-
phenylcarbamoylmethyl)triethylammonium chloride (QX-314) was
added to the pipette solution. Patch-clamp recordings were made with
a Multiclamp 700B amplifier (Axon CNS, Molecular Devices), a
Digidata 1440A (Axon CNS, Molecular Devices), and pPCLAMP 9.0
software. Data were sampled at 50 kHz and filtered at 6 kHz (low-pass
Bessel). Whole cell membrane capacitances (15-25 pF) and series
resistances (4-15 MQ) were registered from the amplifier after
compensation of the transient generated by a 10-ms voltage step and
compensated by 40—60%.

EPSCs were evoked by stimulating the globular bushy cell axons in
the trapezoid body at the midline with a bipolar platinum stimulating
electrode placed in the midline and applying square pulses (0.1 ms and
4-10 V) through an isolated stimulator (model DS2A, Digitimer). To
isolate EPSCs, strychnine (1 uM) was added to the external solution
to block inhibitory glycinergic synaptic responses.

Presynaptic APs were recorded in whole cell configuration under
current-clamp mode with a patch solution containing (mM) 110
K-gluconate, 30 KCl, 10 HEPES, 10 Na,phosphocreatine, 0.2 EGTA,
2 MgATP, 0.5 LiGTP, and 1 MgCl,. APs were elicited by injecting
depolarizing step current pulses of 0.5-1 nA over 0.1 ms.

Data analysis was done with Clampfit 10.0 (Molecular Devices),
Sigma Plot 10.0, SigmaStat 3.5, and Excel 2003 (Microsoft) software.
Average data are expressed and plotted as means = SE. Statistical
significance was determined by Student’s #-test or one-way repeated-
measures analysis of variance (ANOVA) plus Student-Newman-
Keuls post hoc test.

RESULTS

Glutamate release and EPSCs at the calyx of Held synapse.
EPSC:s at the calyx of Held synapse from WT and R192Q mice
show synchronous release, display an all-or-none behavior, and
have amplitudes (when above threshold) independent of the
stimulus intensity. EPSCs were abolished by w-agatoxin IVA
(200 nM), indicating that only Cay2.1 channels were mediating
Ca”" influx responsible for exocytosis in both WT and R192Q
mice. EPSCs recorded from the soma of an MNTB neuron
under voltage-clamp conditions at a holding potential of —70
mV with 2 mM external Ca>* concentration ([Ca®*],) and 1
mM [Mg”*], show no statistically significantly different mean
amplitudes between R192Q KI (10.7 = 0.5 nA, n = 65) and
WT (10.6 £ 0.6 nA, n = 46, Student’s t-test, P = 0.42;
Gonzélez Inchauspe et al. 2010) mice. Further studies of the
calcium dependence of neurotransmitter release were made
with [Mg”]0 of 2 mM. (representative traces in Fig. 1A). We
observed that the relation between EPSC amplitudes and
[Ca®"], is nonlinear and can be approximated by

EPSC = [Ca®*]

where r is an estimative measure of the cooperative binding of
intracellular Ca®" to the sensor at a release site. Plotted in
logarithmic scales, the power relation between EPSC ampli-
tudes and [Ca**], is linear for [Ca®"], up to 1 mM (Fig. 1B).
In this range, the calcium dependence of nerve-evoked EPSCs
is significantly different between the genotypes (P < 0.01,
nonparametric ANOVA, Kruskal-Wallis test). There is an
increase of transmitter release in R192Q KI synapses at low
[Ca’*],.

We next calculated the probability of vesicle release by
estimating the fraction of the readily releasable pool released
by a single AP. We used an approach based on repetitive
stimulation that induced STD of EPSC amplitudes. Assuming
that depression is largely caused by a transient decrease in the
number of readily releasable quanta, it is possible to estimate
the pool size by calculating the cumulative summation of
EPSC amplitudes for time intervals that are short with respect
to the time required for recovery from depression (Schneggen-
burger et al. 1999). We measured the cumulative sum of EPSC
amplitudes during a train of 20 stimuli at 300 Hz in WT and
R192Q KI mice. Data points in a range between 25 ms and 70
ms were fitted by linear regression and back-extrapolated to
time 0 (Fig. 1C). This estimation effectively takes into account
the cumulative EPSC amplitudes reached within the first six
stimuli, corresponding to a time interval of ~20 ms, before
depression reaches its steady-state level. It assumes that recov-
ery from depression is negligible for the time interval of ~20
ms used for the calculation. The validity of this assumption can
be assessed in the analysis of time recovery from STD de-
scribed in Fig. 4G. The zero time intersect gives an estimate of
the size of the readily releasable pool of synaptic vesicles (V)
multiplied by the mean quantal amplitude (g). The release
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Fig. 1. Transmitter release is increased at low
external Ca®" concentration ([Ca®>"],)) in
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ments. B: double logarithmic plots showing
relationship between EPSC amplitudes and
[Ca®"], for WT and KI mice. In the [Ca**],
range of 0.25—1 mM the fit to a linear function
indicates that the EPSC amplitudes are pro-
portional to the [Ca®"], raised to a power of
1.5 £0.2forR192Q KI(n = 8)and 1.9 = 0.3
for WT (n = 9). In this range, the calcium
dependence of nerve-evoked EPSCs is signif-
icantly different between the genotypes (P <
0.01, nonparametric ANOVA, Kruskal-Wal-
lis test). C, left: recordings of EPSCs showing
short-term depression (STD) during 300-Hz
stimulation in WT and R192Q KI mice.
Kl Right: mean cumulative summation of EPSC
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(p, = 054 = 0.02, n = 13; P = 0.2, Student’s
t-test). D: histogram showing probability distri-
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probability can be estimated by dividing the mean amplitude of
the first EPSC in the train by the Ng value. Although this
calculation may be overestimated because Ca*" influx during
the first stimulus is lower than during the last pulses and Ca®"
concentration rises during stimulation, comparison between KI
and WT mice indicates that the release probability is not
altered by the mutation (P = 0.2, Student’s -test) at [Ca%*] of
2 mM. Furthermore, the amplitudes of spontaneous events
[miniature (m)EPSCs], which give an estimate of the quantal
size, are similar (48 = 3 pA, n = 26 for KI and 45 = 3 pA,
n = 25 for WT). There are also no significant differences in the
frequencies of mEPSCs: 2.8 = 0.5 Hz and 2.4 = 0.4 Hz for KI
and WT respectively, as shown in Fig. 1D. All these results are
in agreement with the similarity in the amplitudes of presyn-
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and 2.4 = 0.4 Hz, respectively.
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aptic calcium currents evoked by physiological APs in WT and
R192Q KI mice (Gonzdlez Inchauspe et al. 2010). However,
we have previously observed (Gonzélez Inchauspe et al. 2010)
that the time course of the APs triggering synaptic transmission
was a key factor for the expression of a synaptic gain of
function in the FHM-1 R192Q KI mouse. Indeed, we have
shown that presynaptic Ca’* currents (I,ca) evoked at the
presynaptic terminals of the calyx of Held by AP waveforms of
long duration (similar to pyramidal cell APs) had larger am-
plitudes in R192Q compared with WT mice, while no differ-
ences were observed when these [, were evoked by the
short-duration APs of the calyx of Held itself. To further
examine the underlying mechanism, we decided to broaden
presynaptic APs by partially blocking K™ channels. The addi-
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Fig. 2. TEA and 4-AP broaden presynaptic
action potentials (APs) without significant
effect on presynaptic Ca>" currents (Iyca)-
A: voltage-dependent potassium channel block-
ers slow presynaptic AP decay during whole
cell current-clamp recordings at the calyx of
Held of WT mice. B: in control conditions,

w

mean rise times (10%-90%), half-widths, and 05
decay times (90-10%) of AP from WT ca- ’UE? 04
lyces of Held (n = 4) were 0.35 = 0.03 ms, =
0.45 = 0.02 ms, and 0.47 = 0.04 ms, respec- g o3
tively. After addition of 1 mM of TEA the [=
same values increased to 0.38 = 0.03, 1.03 = Q02
0.05 ms, and 1.3 £ 0.1 ms. With the addi- ¥
tional application of 4-AP (100 wM), mean o 01
rise times, half-widths, and decay times <

became 0.41 = 0.04 ms, 2.4 = 0.2 ms, and 0.0
10.2 = 0.8 ms. Values from KI mice were
not statistically different from those mea-
sured in WT mice. *Significant differences
(P < 0.001, Student’s z-test). C: effect of
4-AP on I,c,. Left: sample traces of /¢, in
control conditions (black) and after addi-
tion of 100 uM 4-AP (gray) for WT and KI WT
mice. Right: no significant differences were

observed in the ratio of /¢, amplitudes (or

in the ratio of /¢, areas) with and without
4-AP in WT (n = 4) as well as in KI mice
(n = 4) (P > 0.05, Student’s t-test).

Ctrol

(@)

tion of TEA (1 mM) alone or in combination with 4-AP (0.1
mM) to the external solution slowed down the kinetics of APs
recorded from the calyx of Held presynaptic nerve terminals
(Kim et al. 2010; Wang and Kaczmarek 1998) as shown in
Fig. 2A for WT mice. Mean rise times (calculated as time
from 10% to 90% of peak amplitude), half-widths, and
90-10% decay times in control conditions and in the presence
of TEA and 4-AP are compared in Fig. 2B. No significant
differences were observed in the effect of TEA and 4-AP on
APs from KI mice (data not shown) compared with WT mice.

Wu et al. (2009) demonstrated that, in dissociated neurons
from the rat dorsal root ganglion, superior cervical ganglion,
and hippocampus, 4-AP and several of its analogs have a
potentiating effect on high-voltage-activated Ca®" channels
themselves, independent of K, channels. Therefore, we first
examined the effect of this K* channel blocker on the Ly, at
the calyx of Held. Control experiments using calyx of Held AP
templates to depolarize the nerve terminal showed a minor
effect of 4-AP (0.1 mM) on the I, as shown in traces of Fig.
2C, left. There is an increase in amplitude and consequently in
area, but with no statistical differences between WT and

SYNAPTIC TRANSMISSION AND PLASTICITY IN MOUSE MIGRAINE MODEL
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R192Q KI mice (Fig. 2C, right). On the other hand, the kinetics
of /¢, is not altered by 4-AP.

Figure 3A shows representative EPSCs in control conditions
and after the sequential addition of TEA and 4-AP for WT
(Fig. 3A, leff) and R192Q KI (Fig. 3A, right) mice at Ca*>* and
Mg?* concentrations of 0.75 mM and 2 mM, respectively (i.e.,
to avoid saturating vesicle release after TEA and 4-AP bath
application). When transmitter release was evoked in the pres-
ence of TEA and 4-AP, and thus by longer-duration APs,
EPSCs from KI mice revealed a significant increase in ampli-
tude and area compared with WT mice. Figure 3B summarizes
the mean EPSC areas recorded from WT and KI mice in
control conditions and after slices were incubated with TEA
(Student’s t-test, P = 0.002 between WT and KI) and 4-AP
(Student’s t-test, P = 0.003 between WT and KI). Figure 3C
shows the ratios between EPSC areas evoked with TEA in the
external solution and in control conditions, as well as the ratio
of EPSC areas with TEA plus 4-AP with respect to control for
WT and R192Q KI mice. These ratios indicate that the incre-
ments in EPSC amplitudes and areas are significantly greater in
KI than WT neurons when AP durations are increased by TEA
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Fig. 3. Increasing presynaptic AP duration reveals a gain of function in KI mice. A: EPSCs in WT and KI MNTB neurons in an external solution with 0.75 mM
[Ca*>*], and 2 mM [Mg>"], in control conditions (black), in the presence of 1 mM TEA (dark gray), and with TEA + 4-AP (0.1 mM, light gray). B: bar graphs
show EPSC integrals (areas, representing charge of EPSCs) in control conditions and after addition of TEA and TEA + 4-AP in the external solution for WT
(black, n = 12) and R192Q KI (gray, n = 14) mice. Control values: 2.06 = 0.35 nA-ms (WT) and 2.21 = 0.27 nA-ms (KI). With TEA: 8.2 = 0.6 nA-ms (WT)
vs. 11.0 = 0.6 nA-ms (KI, P = 0.002, Student’s t-test). With TEA plus 4-AP: 17.4 = 1.4 nA-ms (WT) vs. 25.6 = 2.0 nA-ms (KI, P = 0.003, Student’s r-test).
C: ratios of EPSC integrals (blocker/control) in the presence of the potassium blockers, relative to control conditions, for WT (black) and R192Q KI (gray) mice.
With TEA: 3.7 £ 0.3 (WT) vs. 4.7 = 0.4 (KI, P = 0.017, Student’s r-test). With TEA + 4-AP: 9 = 1 (WT) vs. 12.9 = 1.4 (KI, P = 0.018, Student’s r-test).

(P = 0.017, Student’s t-test) or by TEA plus 4-AP (P = 0.018,
Student’s z-test).

Short-term plasticity in synaptic transmission of R192Q KI
mice. Repetitive stimulation of the calyx of Held-MNTB syn-
apse causes STD of EPSCs: postsynaptic current amplitudes
decrease during the train of stimuli until they reach steady-state
amplitudes. The efficacy of synaptic transmission during re-
petitive stimulation is also determined by the rate of recovery
from STD, owing to the replenishment of the readily releasable
pool of synaptic vesicles, which is dynamically regulated by
Ca”" influx through VGCCs in an activity-dependent manner
(Wang and Kaczmarek 1998; Zucker and Regehr 2002).

We studied the time course of STD and recovery for differ-
ent stimulus frequencies at the calyx of Held-MNTB synapse
from WT and R192Q KI mice. EPSC amplitudes during
20-pulse trains at 10 Hz (see representative traces in Fig. 4A),
100 Hz, and 300 Hz depress after a single-exponential time
course with similar time constants at the calyx of Held syn-
apses from both WT and R192Q KI mice. The magnitude of
depression at the end of the train of stimuli was similar
between WT and KI mice (see Fig. 4B for 10 Hz, Fig. 4D for
100 Hz, and Fig. 4F for 300 Hz). The time course of recovery
from synaptic depression was studied by eliciting a single test
EPSC at varying time intervals (from 0.1 s to 14 s) after the
conditioning train. The fraction of recovery was calculated as
follows:

fraction of recovery = (lioo — Iss)/ (I} — Isg)

where /; and [ are the amplitudes of the first and last EPSCs
in the train and /., is the amplitude of the test EPSC.

The fractional recovery from STD as a function of time
following the 10- or 100-Hz conditioning train of stimuli was
fit by a single exponential (Fig. 4C for 10 Hz and Fig. 4F for
100 Hz). The rate of recovery is significantly increased in
R192Q KI compared with WT synapses at both frequencies.
Recovery from STD after 300-Hz stimuli follows a double-
exponential time course (Fig. 4G) with a fast and a slow time
constant. R192Q KI synapses show an enhanced recovery with
a significant difference in the time constant and percentage of
participation of the fast component compared with WT mice

(P = 0.001, I-way repeated-measures ANOVA, Student-New-
man-Keuls post hoc comparison).

Increased calcium buffering affects fast recovery of EPSCs
from STD in R192Q KI mice. To assess the role of residual
Ca’" on the recovery kinetics of EPSCs after STD, we studied
the effect of a slow Ca®" buffer in presynaptic calyces. Slices
were preincubated for 75 min with the tetra-acetoxymethyl
ester form of EGTA (EGTA-AM, 0.2 mM). The recovery of
EPSC amplitudes after a 0.2-s train at 100 Hz was unaltered in
WT mice compared with control conditions (slices with no
EGTA-AM), as shown in Fig. 5A (P > 0.05, 1-way repeated-
measures ANOVA, Student-Newman-Keuls post hoc compar-
ison). In contrast, EGTA-AM increased the time constant of
recovery from 7 = 1.7 = 0.1 s (control) to 7 = 3.2 £ 0.3 s
(EGTA-AM) in R192Q KI mice, as shown in Fig. 5B. The
difference in recovery time course between WT and R192Q KI
mice under slow intracellular Ca** buffering was no longer
significant (P > 0.05, l-way repeated-measures ANOVA,
Student-Newman-Keuls post hoc comparison), as shown in
Fig. 5C.

EGTA-AM has a more potent effect on the fast recovery
after STD following higher-frequency stimulations. After a
0.07-s train of stimuli at 300 Hz, recovery from STD in control
conditions (with no EGTA-AM) showed a fast (7,) and a
slow (7y,,,) component (see double-exponential fits shown in
Fig. 4G). When experiments were performed in slices that had
been incubated with EGTA-AM, the fastest recovery compo-
nent was eliminated, and recovery followed a single-exponen-
tial time course, as shown in Fig. 5, D (WT) and E (KI R192Q).
Similar results have been reported previously by Wang and
Kaczmarek (1998). The recovery after 300-Hz stimulation
under the effect of EGTA-AM did not show any significant
difference between WT and R192Q KI mice (P > 0.05, 1-way
repeated measures ANOVA, Student-Newman-Keuls post hoc
comparison), as shown in Fig. 5F.

DISCUSSION

KI mice carrying the FHM-1 mutation R192Q in the
Cacnala gene that encodes the o ,-subunit of voltage-gated
Ca,2.1 (P/Q-type) Ca®>" channels have been used to evaluate
the functional consequences of this mutation on synaptic trans-
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Fig. 4. Recovery of EPSCs from STD following conditioning
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WT Kl

trains of stimuli at 10, 100, and 300 Hz is faster in R192Q KI
mice. A: traces show depression of EPSC amplitudes during
2-s stimulation at 10 Hz (conditioning train) and recovery at
different time delays after the conditioning train. Kynurenic
acid (1 mM) was added to the extracellular solution to reduce
postsynaptic AMPA receptor saturation. B: time course of
depression of EPSC amplitudes (normalized to the 1st evoked
EPSC) during 10-Hz stimulation. Data are fitted to a single-
exponential decay function, with decay time constants 7 = 101 a
108 = 3 ms for R192Q KI (n = 16) and 7 = 110 = 3 ms for \
WT (n = 10, P = 0.2, Student’s t-test). Magnitude of
depression is 23 *= 1% and 23 = 2% of the first pulse for
R192Q KI and WT, respectively (P = 0.15, Student’s #-test).
C: time course of recovery from synaptic depression, mea-
sured by eliciting a single test EPSC at different increasing
time intervals following the 10-Hz conditioning train. The
fraction of recovery is calculated as (/. — I )/(I, — 1),
where I, and I are the amplitudes of the first and last EPSCs
in the train and /., is the amplitude of the test EPSC. Data are 0.2
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constants 7 = 13.1 = 0.5 ms for R192Q KI and 7 = 14.8 =
0.4 ms for WT (P = 0.18, Student’s t-test). E: time course of
recovery from STD after 100-Hz synaptic stimulation, fitted
to an exponential decay function, with recovery time con-
stants 7 = 1.6 = 0.1 s (n = 14) for R192Q KI and 7 =
24 +0.1s (n = 15) for WT (*P < 0.05, 1-way repeated- 02
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tion follows a double-exponential time course with the
following time constants and percentages of contribu-
tion of fast and slow components: 7, = 130 = 10 ms
(45 = 3%), Tgow = 3.6 = 0.5 s (55%) for R192Q KI
mice (n = 9) and 7, = 180 £ 20 ms (37 * 2%),
Taow = 3.9 = 0.2 s (63%) for WT mice (n = 13). 0.2
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mission at the calyx of Held-MNTB synapse, where transmitter
release is exclusively triggered by Ca,2.1 channels.

The mutation in the Cay2.1 channels linked to FHM-1
affects the biophysical properties of I, at the calyx of Held
synapse, allowing them to activate at more hyperpolarizing
potentials. Despite this, synapses from WT and R192Q KI
mice have similar EPSC amplitudes, release probability (Fig.
10), and spontaneous release (Fig. 1D) when [Ca”]0 =2 mM.
This is consistent with the observed similarity in I, evoked
by APs (Gonzdlez Inchauspe et al. 2010). However, the most
significant impact of the FHM R192Q mutation is revealed
when exocytosis is triggered by longer-duration APs. When the
half-width and decay times of presynaptic APs were increased
by inhibiting K channels (which normally contribute to mem-

Time during 300 Hz stimuli (ms)

0.0 0.2 0.4 0.6 0.8 1.0

8 12 16 20 24 28 01 2 3 456 7 8

Time after 300 Hz stimuli (s)

brane potential repolarization of the AP), the evoked EPSCs in
R192Q KI mice showed enhanced current amplitudes and
charge transfer compared with WT mice. This gain of function
is correlated to the increase of I,-, amplitudes and charge
observed at KI calyx of Held terminals when induced by APs
of long duration (half with =1 ms; Gonzélez Inchauspe et al.
2010).

Furthermore, Cay2.1 channels with the R192Q mutation
affect neurotransmitter release at low Ca®>" concentrations, as
indicated by the dependence of EPSC amplitudes on [Ca®"],
when <1 mM (Fig. 1B). The broadening of APs at low Ca>"
concentration will contribute to a certain extent to raising Ca>”"
influx through presynaptic terminals (and consequently to
larger EPSCs) in R192Q KI compared with WT mice, as
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Fig. 5. Residual calcium is involved in the acceleration of synaptic recovery after STD at the calyx of Held in R192Q KI mice. Slices were incubated for 75
min with EGTA-AM (0.2 mM) to increase the buffering of Ca®" in presynaptic terminals prior to whole cell recording. A and B: time course of recovery from
STD following a 0.2-s train at 100 Hz after loading presynaptic terminals with EGTA-AM in WT (A) and R192Q KI (B) mice, superimposed with the
corresponding data in control conditions (without EGTA-AM). The difference between the data in the presence and absence of EGTA-AM is also shown. The
mean recovery time constant in the presence of EGTA-AM (7 = 3.1 = 0.4 s, n = 7) for WT mice is similar to that in control conditions (P > 0.05, 1-way
repeated-measures ANOVA, Student-Newman-Keuls post hoc comparison), but for KI mice EGTA-AM significantly slows the rate of recovery (7 = 3.2 = 0.5
s, n = 9) compared with control (P < 0.05, 1-way repeated-measures ANOVA, Student-Newman-Keuls post hoc comparison). C: comparison of the recovery
time course from STD after a 0.2-s conditioning train at 100 Hz in the presence of EGTA-AM for WT and R192Q KI mice. EGTA-AM abolished the differences
in the rate of recovery observed in control conditions between WT and KI (P >0.05, 1-way repeated-measures ANOVA, Student-Newman-Keuls post hoc).
D and E: EGTA-AM further decreases the rate of recovery after STD at 300-Hz frequency stimulation in synapses from both WT (D) and R192Q KI (E) mice.
In control conditions (with no EGTA-AM), recovery after a 20-pulse train at 300 Hz follows a double-exponential time course (parameters in Fig. 4G legend).
The fast component is eliminated in the presence of EGTA-AM, and recovery follows a single-exponential time course with similar time constants for R192Q
KI(3.2*0.3s,n=9)and WT (3.3 = 0.3 s, n = 7) mice. The difference between data with and without EGTA-AM is also plotted. F: comparison of the time
course of recovery from STD after a 0.07-s train at 300 Hz in the presence of EGTA-AM for WT and R192Q KI mice. EGTA-AM abolished the faster recovery

observed in R192Q mice compared with WT in control conditions (P > 0.05, 1-way ANOVA RM, Student-Newman-Keuls post hoc test).

previously demonstrated (Gonzalez Inchauspe et al. 2010) and
ratified here with the results in Fig. 3. The effect on AP shape
of lowering [Ca®"], from 2 mM to 0.5 mM showed an increase
of 11 = 1% in the half-width and 16 * 3% in the decay time,
while the amplitude decreased by 6 = 1% (n = 6; Student’s
t-test, P < 0.001). Endogenous Ca’" buffering and Ca’>"
extrusion in R192Q KI mice would also enhance transmitter
release, particularly in low [Ca’*],, since these mechanisms
would be less saturated than in normal extracellular calcium. In
fact, the in vivo conditions are better approximated in slices by
lowering the extracellular Ca®>" concentration from 2 to 1.2
mM (Borst 2010). Finally, following Frankenhaeuser and
Hodgkin’s theory of surface potential contribution from diva-
lent ions (“charge shielding”; Frankenhaeuser and Hodgkin
1957), a reduction in calcium concentration might shift the
voltage dependence of Ca>* and K™ channel gating to negative
voltages. Shifts have been described for activation of Ca®"
channels, Na* channels, delayed-rectifier K™ channels, and I
Although the absolute shift might be similar in normal and
mutated channels, the consequences for the increase of AP-
evoked EPSC amplitudes would be more pronounced in KI

mice because the mutated Ca®" channels are already shifted
toward hyperpolarized potentials (Gonzélez-Inchauspe et al.
2010). Thus, in low [Ca®"],, Ca®" channel activation will be
closer to the resting potential, and on opening the driving force
will be greater for KI than for WT mice.

We show that synapses driven by short-duration APs (e.g.,
such as those at the calyx of Held and cortical interneurons) are
less affected by the mutation-induced hyperpolarizing shift in
Ca?" channel activation than those driven by longer-duration
APs (e.g., pyramidal neuron APs). These results provide a
plausible explanation for the diverse consequences of FHM-1
mutations observed in inhibitory (lack of effect) versus excit-
atory (gain of function) cortical synapses (Tottene et al. 2009),
although further experiments are needed to confirm this hy-
pothesis in cortical circuitry. The underlying mechanism influ-
encing synaptic strength by the R192Q mutation might be
related to the variability in calcium currents induced by the
different shapes of APs.

We also observed that FHM-1 mutation increases the rate of
recovery from STD across a range of frequencies (10, 100, and
300 Hz). STD reflects depletion of the release-ready vesicle
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pool (Schneggenburger et al. 1999; von Gersdorff and Borst
2002; Wang and Kaczmarek 1998; Wong et al. 2003; Wu and
Borst 1999; Zucker and Regehr 2002). However, other mech-
anisms might be involved, such as receptor desensitization
(Neher and Sakaba 2001; Schneggenburger et al. 2002;
Taschenberger et al. 2002; Wong et al. 2003), calcium chan-
nel inactivation (Forsythe et al. 1998; Muller et al. 2008; Xu
and Wu 2005), and calcium channel inhibition by presynaptic
metabotropic glutamate receptors (Takahashi et al. 1996; Von
Gersdorff et al. 1997) or AMPA receptor activation (Neher and
Sakaba 2001; Scheuss et al. 2002; Takago et al. 2005). The rate
of recovery from STD is an important feature in determining
synaptic efficacy, particularly in burst-firing neurons (Birtoli
and Ulrich 2004; Ma et al. 2012; Xiang et al. 2002). It is
mainly dependent on the recycling rate of vesicles into the
readily releasable pool (Wang and Kaczmarek 1998; Zucker
and Regehr 2002), which is strongly influenced by preceding
synaptic activity. There is good evidence that cytosolic Ca*"
plays multiple roles in regulating the vesicle cycle. For in-
stance, previous reports have shown that increased presynaptic
Ca®" buffering slows the recovery from synaptic depression
(Dittman and Regehr 1998; Stevens and Wesseling 1998;
Wang and Kaczmarek 1998). Exogenous mobile Ca®>* buffers
(such as EGTA) freely diffuse throughout the cytoplasm and
close to the site of Ca®>" influx. Here we have shown that
presynaptic terminals experimentally manipulated to have
higher Ca®" buffering (i.e., after EGTA-AM incubation) ex-
hibited slower recovery from synaptic depression at high stim-
ulation frequencies, consistent with recycling being calcium
dependent. After 100-Hz STD, EGTA-AM did not signifi-
cantly change the rate of recovery in WT mice (Fig. 5A), but
the decrease was significant in R192Q KI mice (Fig. 5B). On
the other hand, at 300 Hz the fast component of the refilling
was eliminated in both WT and R192Q KI animals (Fig. 5, D
and E, respectively) by EGTA-AM. Thus at high conditioning
frequencies (100-300 Hz), EGTA-AM abolished the faster
recovery observed in R192Q KI compared with WT mice (Fig.
5, C and F), consistent with the idea that increased residual
Ca®" may be responsible for accelerating the recovery process
following STD in synapses from R192Q KI mice. The rise in
residual calcium is a consequence of the mutated Cay?2.1
channels that activate at more hyperpolarized potentials
(Gonzdlez Inchauspe et al. 2010), together with a faster
(smaller time constant) voltage-dependent activation of Ca**
currents (unpublished observations) at the calyx of Held of
R192Q KI mice. Because activation and deactivation of cal-
cium channels are strongly voltage dependent, AP-evoked cal-
cium entry can have a steep dependence on AP half-width and
waveform. This is especially significant in presynaptic termi-
nals, where modest changes in AP waveform dramatically
modify calcium entry and transmitter release. Cumulative in-
activation of potassium channels can broaden AP half-width in
response to increased firing frequency. Such frequency-
dependent broadening of the AP is prominent in hippocampal
CA1 pyramidal neurons (Shao et al. 1999) and pyramidal-like
projection neurons in the lateral amygdala (Faber and Sah
2003), and elsewhere, due to inactivation of BK channels.
Inactivation of K,4-mediated /, currents also contributes to
spike broadening in pyramidal neuron somata (Kim et al.
2005). A particularly dramatic example of frequency-
dependent spike broadening occurs at mossy fiber boutons in

the hippocampus, probably mediated by inactivation of K1
family channels (Geiger and Jonas 2000). The open probability
and open time of the mutated Ca,,2.1 calcium channels might
also contribute to an increased Ca®>" influx that would lead to
a faster recovery from STD in the R192Q KI mice. Studies of
FHM mutation R192Q Cay2.1 channels in heterologous ex-
pression systems revealed changes in single-channel biophys-
ical properties, exhibiting increased channel open probability
and unitary channel Ca®" influx (as measured by the product of
single-channel current and open probability) over a wide range
of voltages, mainly due to the shift to more negative voltages
of channel activation (Catterall et al. 2008; Hans et al. 1999;
Kraus et al. 1998; Tottene et al. 2002). The /¢, evoked by the
100-Hz AP template previously recorded in current-clamp
conditions (at a resting potential of —64 = 1 mV) showed an
amplitude and charge increase due to short-term facilitation in
both WT and KI mice; there was no significant difference
between the genotypes. Such changes would not be easy to
detect because of the difficulty of achieving perfect voltage
control during voltage-clamp recordings (Williams and Mitch-
ell 2008).

On the other hand, the discrepancy between the lack of
change in EPSC amplitudes and release probability and the
faster recovery after STD in KI mice may be explained by the
differences in the reliance of transmitter release and recovery
from STD on presynaptic internal calcium concentration
([Ca®"],). Transmitter release is steeply Ca?* dependent with
an onset > 2 uM [Ca®"]; (Bollmann et al. 2000; Schneggen-
burger and Neher 2000), whereas Ca®"-dependent vesicle
recruitment is efficiently augmented by residual [Ca®"]; at
lower concentrations of ~0.5-2 uM. Therefore, an increase in
resting Ca®" by accumulation after high-frequency stimulation
in presynaptic terminals from KI compared with WT mice
could affect the recovery phase but would be insufficient close
to the release site, to influence release probability.

van den Maagdenberg et al. (2004) showed that gain of
function of Cay2.1 channels, resulting from the lower thresh-
old of channel activation and increased channel open proba-
bility, leads to a lower threshold for induction of CSD, an
increased velocity of propagation, and a longer duration of the
CSD in the R192Q KI mouse in vivo. The dependence of CSD
on the open probability of Cay2.1 channels can be explained
by the prominent role of these channels in triggering glutamate
release from cortical synapses (Pietrobon 2005; Pietrobon and
Striessnig 2003). It is very likely that the acceleration in the
rate of recovery could cause important changes in network
activity leading to nervous dysfunction. The faster recovery of
vesicle recycling during high-frequency transmission might
contribute to the increased excitability in FHM-1 pathology. It
is worth mentioning that the faster recovery in the R192Q KI
model is opposite to the effect observed in knockout mice with
ablated Cay2.1 channels (a;,—/—). Synapses from «a;,—/—
mice show a slower kinetics of recovery after STD compared
with WT mice, as a consequence of the reduced Ca*>* influx
and transmitter release at the presynaptic terminals (Gonzélez
Inchauspe et al. 2007).

While an established model that explains migraine attacks is
still lacking, a favored hypothesis considers that the abnormal
balance of cortical excitation-inhibition and the resulting per-
sistent state of hyperexcitability of neurons in the cerebral
cortex may be associated with the increased susceptibility for
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CSD, which is believed to initiate the attacks of migraine with
aura (Ayata 2009; Haerter et al. 2005; Zhang et al. 2010, 2011).
The mutations in the three genes for FHM (CACNAIA,
ATP1A2 and SCN1A) are the only established molecular links
to migraine (Pietrobon 2010). The identification and analysis
of gene mutations in FHM revealed a major role for distur-
bance of ion transport in this disorder, which could lead to
altered synaptic function (van den Maagdenberg et al. 2007).
The specific dominant and efficient role of Ca,,2.1 channels in
controlling fast neurotransmitter release from central excitatory
synapses suggests that the human and mouse Ca,;2.1 channelo-
pathies and their episodic neurological symptoms, ranging
from migraine to absence epilepsy and ataxia, might primarily
be synaptic diseases. The different disorders probably arise
from disruption of the finely tuned balance between excitation
and inhibition in neuronal circuits of specific brain regions: the
cortex in the case of migraine, the thalamus in the case of
absence epilepsy, and the cerebellum in the case of ataxia.
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