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a b s t r a c t

CaV2.1 Ca2þ channels play a key role in triggering neurotransmitter release and mediating synaptic
transmission. Familial hemiplegic migraine type-1 (FHM-1) is caused by missense mutations in the
CACNA1A gene that encodes the a1A pore-forming subunit of CaV2.1 Ca2þ channels. We used knock-in (KI)
transgenic mice harbouring the pathogenic FHM-1 mutation R192Q to study inhibitory and excitatory
neurotransmission in the principle neurons of the lateral superior olive (LSO) in the auditory brainstem.
We tested if the R192Q FHM-1 mutation differentially affects excitatory and inhibitory synaptic trans-
mission, disturbing the normal balance between excitation and inhibition in this nucleus. Whole cell
patch-clamp was used to measure neurotransmitter elicited excitatory (EPSCs) and inhibitory (IPSCs)
postsynaptic currents in wild-type (WT) and R192Q KI mice. Our results showed that the FHM-1 mu-
tation in CaV2.1 channels has multiple effects. Evoked EPSC amplitudes were smaller whereas evoked
and miniature IPSC amplitudes were larger in R192Q KI compared to WT mice. In addition, in R192Q KI
mice, the release probability was enhanced compared to WT, at both inhibitory (0.53 ± 0.02 vs.
0.44 ± 0.01, P ¼ 2.10�5, Student's t-test) and excitatory synapses (0.60 ± 0.03 vs. 0.45 ± 0.02, P ¼ 4 10�6,
Student's t-test). Vesicle pool size was diminished in R192Q KI mice compared to WT mice (68 ± 6 vs
91 ± 7, P ¼ 0.008, inhibitory; 104 ± 13 vs 335 ± 30, P ¼ 10�6, excitatory, Student's t-test). R192Q KI mice
present enhanced short-term plasticity. Repetitive stimulation of the afferent axons caused short-term
depression (STD) of E/IPSCs that recovered significantly faster in R192Q KI mice compared to WT. This
supports the hypothesis of a gain-of-function of the CaV2.1 channels in R192Q KI mice, which alters the
balance of excitatory/inhibitory inputs and could also have implications in the altered cortical excitability
responsible for FHM pathology.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Transmitter release in mammalian central and peripheral syn-
apses is triggered by Ca2þ influx through voltage-activated Ca2þ

channels (VACCs). Presynaptic calcium channel types undergo
developmental changes during the time course of maturation.
There is a decline of N-type channel density (sensitive to u-con-
otoxin GVIA Ca2þ channel blocker) at the same time as an increase
of P/Q-type (CaV2.1) channel density (sensitive to u-Agatoxin IVA)

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:carlota@fbmc.fcen.uba.ar
mailto:nadia.pilati@autifony.com
mailto:nadia.pilati@autifony.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2014.11.006&domain=pdf
www.sciencedirect.com/science/journal/03785955
http://www.elsevier.com/locate/heares
http://dx.doi.org/10.1016/j.heares.2014.11.006
http://dx.doi.org/10.1016/j.heares.2014.11.006
http://dx.doi.org/10.1016/j.heares.2014.11.006


C.G. Inchauspe et al. / Hearing Research 319 (2015) 56e68 57
at the membrane of presynaptic nerve terminals (Iwasaki and
Takahashi, 1998; Iwasaki et al., 2000; Fedchyshyn and Wang,
2005; Rosato Siri and Uchitel, 1999; Rosato Siri et al., 2002;
Urbano et al., 2002). It is now accepted that in adult animals,
CaV2.1 Ca2þ channels are most efficient to trigger vesicular fusion
and transmitter release at a large subset of synapses, while other
synapses are mediated synergistically by multiple types of Ca2þ

channels (Giugovaz-Tropper et al., 2011; Qian and Noebels, 2000;
Mintz et al., 1995; Wu et al., 1999; Cao et al., 2004; Brown et al.,
2004; Cao and Tsien, 2010; Tottene et al., 2009; Takahashi and
Momiyama, 1993; Luebke et al., 1993).

Several human channelopathies result from mutations in the
a1A pore-forming subunit of CaV2.1 Ca2þ channels. CaV2.1 chan-
nels are expressed in all brain structures that have been impli-
cated in the pathogenesis of migraine, including the cerebral
cortex, the trigeminal ganglia, and brainstem nuclei involved in
the central control of nociception. Familial hemiplegic migraine
type 1 (FHM-1) is a Mendelian subtype of migraine with aura that
is caused by missense mutations in the CACNA1A gene that en-
codes this a1A subunit (Pietrobon, 2005, 2010; Ophoff et al., 1996;
Vecchia and Pietrobon, 2012). Typical migraine attacks in FHM
patients are associated with transient hemiparesis and are a
useful model to study pathogenic mechanisms of the common
forms of migraine (Ferrari et al., 2008). Current evidence indicates
that cortical spreading depression (CSD) is the primary event in
activating the trigeminovascular system in migraine with aura
and, perhaps, also migraine without aura. An alternative hy-
pothesis suggests that migraine headache arises from a dysfunc-
tion within the subcortical brainstem that modulates trigeminal
nociceptive inputs (Akerman et al., 2011; Pietrobon and Striessnig,
2003; Sanchez del Rio and Alvarez Linera, 2004; Sanchez-del-Rio
and Reuter, 2004). This latter hypothesis considers migraine aura
and headache as parallel rather than sequential processes, and
proposes that the primary cause of migraine headache is an
episodic dysfunction in brainstem nuclei that are involved in the
central control of nociception and might exert a permissive role by
favoring central trigeminal hyperexcitability (Cao et al., 2002;
Weiller et al., 1995; Bahra et al., 2001 May and Goadsby, 1999;
Goadsby et al., 2002). Migraine patients show enhanced sensi-
tivity to light and sound compared to healthy controls (Main et al.,
1997) and dysfunction of brainstem medial olivocochlear systems
are linked to phonophobia symptoms associated with migraine
headache (Bolay et al., 2008). Therefore we also believe that,
studying synaptic transmission within a nucleus of the brainstem
could provide information relevant to neuronal circuits affected in
migraine.

The generation of two knock-in (KI) FHM-1 mouse models
carrying either the human pathogenic R192Q or S218L missense
mutations allowed the first analysis of the functional conse-
quences of FHM-1 mutations on CaV2.1 channels and synaptic
transmission in neurons expressing the channels at the endoge-
nous physiological level (van den Maagdenberg et al., 2010, 2007,
2004; Kaja et al., 2010; Tottene et al., 2009; Gonz�alez Inchauspe
et al., 2010; Adams et al., 2010). In agreement with the hypothe-
sis that considers CSD as the underlying mechanism of the
migraine aura (Lauritzen, 1994; Haerter et al., 2005; Pietrobon,
2005; Welch, 1998; Flippen and Welch, 1997), the KI mice car-
rying the human FHM-1 R192Q or S218L mutation exhibit a lower
threshold for induction of CSD and an increased velocity of CSD
propagation (van den Maagdenberg et al., 2004, 2010; Tottene
et al., 2009; Eikermann-Haerter et al., 2009). Studies in KI mice
revealed multiple gain-of-function effects. The first indication that
the gain-of-function of CaV2.1 channels produced by FHM-1 mu-
tations could lead to enhanced evoked neurotransmitter release
was obtained at the neuromuscular junction (NMJ), where evoked
neurotransmission was unaltered at physiological Ca2þ ion con-
centrations but increased at 0.2 mM Ca2þ in KI mice (Kaja et al.,
2005; van den Maagdenberg et al., 2004, 2010). In cerebellar
granule cells and cortical pyramidal cells from R192Q KI mice, the
currentevoltage relationship curves showed an increased in
CaV2.1 Ca2þ currents activated at lower voltages, compared to WT
mice. This is consistent with the activation of R192Q CaV2.1
channels at 8e9 mV more negative voltages than the corre-
sponding WT channels (van den Maagdenberg et al., 2004). Using
microcultures and brain slices from FHM-1 mice, Tottene et al.
(2009) observed an increased probability of glutamate release at
the excitatory synapse formed by the cortical layer 2/3 pyramidal
cells (PC) and fast-spiking (FS) interneurons, while neurotrans-
mission from the inhibitory GABAergic FS-PC synapses appeared
unaltered, despite being mediated by CaV2.1 channels (i.e., car-
rying the FHM-1 mutation). This imbalance of cortical excitation
and inhibitionwas associated with increased susceptibility for CSD
in the KI mice, but the underlying mechanism changing synaptic
strength in the R192Q mutation is not fully understood. At the
calyx of Held, presynaptic KI CaV2.1 channels activate at more
hyperpolarized membrane potentials than WT channels. This
hyperpolarized activation led to a larger inward Ca2þ influx when
Ca2þ currents were evoked by long duration action potentials (like
pyramidal cells APs), but not when Ca2þ currents were elicited by
short duration APs (like the calyx of Held or interneurons APs),
suggesting that the shape and duration of the AP triggering
transmitter release may be one factor controlling the expression of
a synaptic gain-of-function in the FHM-1 KI mice (Gonz�alez
Inchauspe et al., 2012).

CaV2.1 channels are expressed in all brain structures that have
been implicated in the pathogenesis of migraine, including the
cerebral cortex, the trigeminal ganglia, and brainstem nuclei
involved in the central control of nociception.

Since dysfunctional nociceptive brainstem nuclei might be
involved in the pathogenesis of migraine headache, we decided to
analyze the biophysical consequences of R192Q CaV2.1 channel
mutation at a synapse of the auditory system where these ion
channels are normally expressed, together with other types of
Ca2þ channels (Giugovaz-Tropper et al., 2011). We used brainstem
slices containing the lateral superior olive (LSO), a nucleus of the
superior olivary complex. The LSO integrates excitatory inputs
driven by sound arriving at the ipsilateral ear with inhibitory in-
puts driven by sound arriving at the contralateral ear in order to
compute interaural intensity differences (IID) for sound localiza-
tion at high sound frequencies. Ipsilateral excitatory inputs arise
from spherical bushy cells of the anterior ventral cochlear nucleus
(aVCN) and contralateral inhibitory inputs from the medial nu-
cleus of the trapezoid body (MNTB). So this nucleus allows com-
parison of both excitatory and inhibitory neurotransmission. We
can therefore use this KI animal to explore differential effects of
the R192Q mutation on integration of excitatory inhibitory pro-
jections in the same neuron. Performing whole cell patch-clamp
recordings, we studied glycinergic inhibitory postsynaptic cur-
rents (IPSCs) and glutamatergic excitatory postsynaptic currents
(EPSCs) onto LSO neurons, in mice carrying the human R192Q
FHM-1 mutation. Our data show increased release probability,
accompanied by a diminished vesicle pool size, enhanced short-
term depression (STD) and faster recovery at both excitatory and
inhibitory synapses. However, the strength of excitatory and
inhibitory synapses is differently affected: EPSC are severely
depressed whereas IPSCs are consistently larger in R192Q KI mice
compared to WT mice. We conclude that a gain-of-function of the
CaV2.1 channels in R192Q KI mice, differently affects excitatory and
inhibitory synaptic transmission, thereby altering the excitation/
inhibition balance.
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2. Materials and methods

Generation of the R192Q KI mouse strain was described previ-
ously (van den Maagdenberg et al., 2004). In short, codon 192 in
exon 4 of the mouse Cacna1a gene was modified by gene targeting
and now encodes a glutamine instead of an arginine residue. Ho-
mozygous R192Q KI and WT mice from the same genetic mixed
background of 129 and C57BL/6J were used for our experiments. All
experiments were carried out according to National guidelines and
approved by local Ethical Committees.

2.1. Preparation of brainstem slices

In this study we used mice of 13e16 days old. This age period
was reported to be posterior to maturation of MNTB-LSO synapses,
implicating a shift from the co-release of GABA and glycine (Korada
and Schwartz, 1999; Kotak et al., 1998; Nabekura et al., 2004), and
even release of glutamate (Gillespie et al., 2005) from MNTB ter-
minals onto LSO principal cells, to a predominantly glycinergic
MNTB-LSO inhibitory synapse. At the same time, excitatory inputs
onto the LSO develop toward an almost exclusively glutamatergic
release. In addition,Walcher et al. (2011) showed no developmental
changes observed in evoked single-fiber inhibitory amplitudes, or
in the number of fibers recruited after hearing onset (P10). Finally,
few significant changes in the abundance levels of synaptic proteins
were found when R192Q KI mice were compared to WT
(Klychnikov et al., 2010).

Mice were killed by decapitation, the brain removed rapidly and
placed into an ice-cold low-sodium artificial cerebrospinal fluid
(aCSF). The brainstem was mounted in the Peltier chamber of an
Integraslice 7550PSDS (Campden Instruments Limited, UK)
vibrating microslicer. Transverse slices of 250 mm thickness were
cut sequentially and transferred to an incubation chamber con-
taining normal aCSF at 37 �C for 1 h. After incubation the chamber
was allowed to return to room temperature. Normal aCSF contained
(mM): NaCl 125, KCl 2.5, NaHCO3 26, NaH2PO4 1.25, glucose 10,
ascorbic acid 0.5, myo-inositol 3, sodium pyruvate 2, MgCl2 1 and
CaCl2 2. Low sodium aCSF was as above, but NaCl was replaced by
250 mM sucrose and MgCl2 and CaCl2 concentrations were 2.9 mM
and 0.1 mM respectively. The pH was 7.3 when gassed with 95%
O2e5% CO2.

2.2. Electrophysiology recordings

One slice was transferred to an experimental chamber perfused
with normal aCSF at a rate of 1 ml/min. Neurons were visualized
using Nomarski optics on a BX50WI (Olympus, Japan) microscope,
and a 40X/0.90 NA water immersion objective lens (LUMPlane FI,
Olympus). Whole-cell voltage clamp recordings were made with
patch pipettes pulled from thin walled borosilicate glass (Harvard
Apparatus, GC150F-15, UK). Electrodes had resistances of
2.9e3.2 MU when filled with internal solution of the following
composition (mM): CsCl 110, Hepes 20, TEA-Cl 10, Na2ph-
osphocreatine 12, EGTA 0.5, MgATP 2, LiGTP 0.5 and MgCl2 1; and
pH was adjusted to 7.3 with CsOH. To block Naþ currents and avoid
postsynaptic action potentials, 10 mM N-(2,6-
diethylphenylcarbamoylmethyl)-triethyl-ammonium chloride
(QX-314) was added to the pipette solution. Patch-clamp re-
cordings were made using Multiclamp 700B amplifier (Axon CNS,
Molecular Devices), a Digidata 1440A (Axon CNS, Molecular De-
vices) and pClamp 9.0 software. Data were sampled at 50 kHz and
filtered at 6 kHz (Low pass Bessel). Whole-cell membrane capaci-
tances (15e25 pF) and series resistances (6e15 MU) were
measured and quantified from the amplifier and electronically
compensated by a 50e60% (Bandwidth > 4 KHz).
Principal neurons were selected from the medial and middle
limbs of the LSO, identified by their location and the bipolar and
fusiform shape of their soma. Capacitance measurements were
employed for the distinction between efferent neurons of the
lateral olivocochlear (LOC) and principal neurons. Principal neurons
had large size with capacitances larger than 15 pF (Giugovaz-
Tropper et al., 2011), in opposition to LOC neurons which have
been described to have capacitance values around 6 pF (Sterenborg
et al., 2010).

Experiments were conducted under voltage-clamp using whole
cell patch recordings at 25 �C.

To evoke IPSCs a bipolar platinum stimulating electrode was
located midway between the LSO and the MNTB, and square pulses
of 0.1 ms duration and variable voltage amplitudes were applied
through an isolated stimulator (Model DS2A, Digitimer Ltd., UK). To
isolate glycinergic IPSCs, CNQX (10 mM), DLAP5 (50 mM) and bicu-
culline (10 mM) were added to the external solution to block glu-
tamatergic AMPA and NMDA and gabaergic mediated synaptic
responses respectively. Glutamatergic EPSCs were evoked by
positioning the electrode over the ipsilateral fibers from the
cochlear nucleus and isolated using strychnine (1 mM), AP5 (50 mM)
and bicuculline in the external solution. Miniature inhibitory and
excitatory postsynaptic currents (mI/EPSCs) were recorded in the
presence of extracellular tetrodotoxin (TTX, 1 mM, from Alomone,
Israel).

Calcium channel blockers u-conotoxin GVIA andu-agatoxin IVA
were purchased from Alomone (Israel) and stocks solutions (103

times) were dissolved in pure water and conserved at �20 �C.
Stocks solutions (103 times) of strychnine were dissolved in DMSO
and added to the aCSF at the moment of the experiments.

Data analysis was done using Clampfit 10.0 (Molecular Devices,
USA), Sigma Plot 10.0, SigmaStat 3.5 and Excel 2003 (Microsoft)
software. Average data are expressed and plotted as mean ± sem.
Statistical significance was determined using Student's t-test or
one way repeated measure ANOVA plus Student-Newman-Keuls
post-hoc test. I/EPSC amplitudes (A) as a function of stimulus in-
tensity (Is) for each individual cell plotted in Fig. 2B and D were
fitted by a sigmoidal function of the form A¼ Amax/(1þ exp((Is-Is1/
2)/k)), where Amax is I/EPSCs steady state maximal amplitude and
Is1/2 is the stimulus intensity for I/EPSC half amplitude. Student's
t-test was used to compare parameters Amax and Is1/2 of individual
cells for WT and R192Q KI mice. In addition, the fit on the overall
data is shown in Fig. 2B and D, which gives nearly the same Amax
and Is1/2 values as the average parameters from individual cell
fittings.

3. Results

3.1. Neurotransmitters released (EPSCs/IPSCs) at the LSO

We first confirmed the receptors mediating synaptic trans-
mission at inhibitory MNTB-LSO projections and at excitatory
aVCN-LSO projections in P13-P16 WT and R192Q KI mice. Synaptic
inputs to the LSO were evoked in vitro by electrical stimulation of
the presynaptic axons from MTNB and aVCN neurons, respectively.
Inhibitory transmission was blocked by strychnine, showing a
major contribution by glycine receptors at the MNTB-LSO synapses
of both WT and R192Q mice, and in accordance with previous re-
ports (Moore and Caspary, 1983; Sterenborg et al., 2010; Giugovaz-
Tropper et al., 2011). Fig. 1A and B shows representative IPSCs in
LSO neurons fromWT and R192Q KI mice in control conditions and
after perfusion of strychnine (2 mM) to block glycine receptors (1A)
or (-)-bicuculline methochloride (10 mM) plus 6-ciano-7-
nitroquinoxalina-2,3-diona (CNQX; 10 mM) and AP5 (50 mM) to
block GABAA, AMPA and NMDA receptors, respectively (1B). A



Fig. 1. Contribution of different types of receptor to inhibitory and excitatory synaptic transmission at the LSO in WT and R192Q KI mice. AeB. Representative IPSCs recorded from
neurons of the LSO in WT and R192Q KI mice, under voltage-clamp conditions at a holding potential of �70 mV. IPSCs were evoked by stimulating the innervating axons coming
from the MNTB neurons. The contribution from glycine receptors (A) was determined by adding the specific receptor antagonist strychnine (2 mM), while the contribution of GABAA,
AMPA and NMDA receptors (B) was assessed by adding (�)-bicuculline methochloride (10 mM) plus 6-ciano-7-nitroquinoxalina-2,3-diona (CNQX; 10 mM) and AP5 (50 mM). C- Bars
plot summarizing the mean inhibition of IPSCs by strychnine (89 ± 6%, n ¼ 19 for WT and 91 ± 7%, n ¼ 4 for KI) and by the addition of (�)-bicuculine methochloride together with
CNQX and AP5 (9 ± 5%, n ¼ 24 for WT and 10 ± 6%, n ¼ 4 for R192Q KI mice). DeE. Representative EPSCs recorded from neurons of the LSO in WT and R192Q KI mice, evoked by
stimulating the innervating axons coming from the aVCN. The contribution from AMPA receptors was determined by adding the specific receptor antagonist CNQX 10 mM (D) while
the contribution of GABAA, glycine and NMDA receptors was assessed by adding (�)-bicuculline methochloride plus strychnine (2 mM) and AP5 (50 mM). F. Bars plot summarizing
the mean inhibition of EPSCs by CNQX (89 ± 8%, n ¼ 4 for WT and 94 ± 4%, n ¼ 4 for R192Q KI) and by the addition of (�)-bicuculine methochloride together with strychnine and
AP5 (14 ± 5%, n ¼ 4 for WT and 12 ± 4%, n ¼ 4 for R192Q KI mice).
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summary of receptors contributing to inhibitory synaptic trans-
mission onto LSO neurons from WT and R192Q mice (stimulating
afferents from MNTB nucleus) is presented in Fig. 1C. Excitatory
transmission was mediated principally by glutamatergic AMPA
receptors at the aVCN-LSO synapses of bothWTand R192Q KI mice.
Fig. 1D and E show representative recordings of EPSC in LSO neu-
rons from a WT and R192Q KI mice in control conditions and after
adding CNQX (10 mM) to block AMPA receptors (Fig. 1D) or
(�)-bicuculline methochloride (10 mM) plus strychnine (1 mM) and
AP5 (50 mM) to block GABAA, glycine and NMDA receptors,
respectively (Fig. 1E). Mean contribution of the different types of
receptors to excitatory synaptic transmission onto LSO neurons
from WT and R192Q KI mice (when stimulating afferents from
aVCN nucleus) is presented in Fig. 1F.

We conclude that inmice (P13-16) inhibitory neurotransmission
is mainly glycinergic while excitatory synaptic transmission is
essentially glutamatergic mediated by AMPA receptors. The R192Q
mutation seems not to alter the relative receptor contribution of
inhibitory or excitatory LSO afferents, since the pharmacological
effects of strychnine and CNQX are similar in the R192Q KI and the
WT mice.

The subsequent experiments were made pharmacologically
isolating glycinergic IPSCs or glutamatergic AMPA EPSCs to
examine the role of FHM-1 R192Q mutation on CaV2.1 channels in
neurotransmitter release at LSO synapses.
3.2. R192Q KI showed lower glutamatergic/glycinergic synaptic
ratio compared to WT mice

Neurons in the LSO are innervated by multiple inhibitory and
excitatory projections from the MNTB and aVCN, respectively. The
evoked synaptic currents will therefore depend on the intensity of
the electrical stimuli applied to the innervating axons. Inputs to LSO
neurons were stimulated over a range of intensities. Fig. 2A shows
representative IPSCs recorded in LSO neurons from WT and R192Q
KI mice (holding potential of �70 mV; in the presence of CNQX,
(�)-bicuculline and AP5) during increments in the stimulation
voltage. IPSC amplitudes from R192Q KI mice (n ¼ 15) were
significantly larger compared to WT (n ¼ 19) for all stimulating
intensities above 1.5 V (Figs. 2B, P < 0.01, One-way ANOVA RM,
Student-Newman-Keuls post-hoc). Mean IPSC maximal amplitudes
(measured at steady state, 6 V) were 6.4 ± 0.2 nA inWTmice (n¼ 8)
and 8.0± 0.3 nA in R192Q KImice (n¼ 9, P¼ 0.001, Student's t-test).
In contrast, EPSC maximal amplitudes (recorded in the presence of
strychnine, (�)-bicuculline and AP5) were significantly smaller in
R192Q KI compared to WT mice for each stimulus intensity values
above 8 V (Fig. 2C). EPSC amplitudes as a function of stimulus are
shown in Fig. 2D for WT and KI cells (One-way ANOVA, Student-
Newman-Keuls post-hoc, P < 0.01). Mean EPSC maximal ampli-
tudes measured at steady state (12 V), were 1.39 ± 0.08 nA in WT
(n ¼ 10) and 0.69 ± 0.07 nA in R192Q KI mice (n ¼ 8, P ¼ 0.001,



Fig. 2. Evoked release is increased at the inhibitory but decreased at the excitatory LSO synapse. A. Representative glycinergic IPSCs recorded from the soma of an LSO neuron under
voltage-clamp conditions at a holding potential of �70 mV for different values of the voltage applied to stimulate the innervating axons coming from the MNTB neurons: 1, 2, 4 and
6 V in increasing order for both WT and R192Q KI mice. Traces are the average of 20 stimuli for each stimulating voltage amplitude. B. Glycinergic IPSC amplitudes as a function of
the voltage amplitude (0.5e8 V) applied to the bipolar platinum stimulating electrode (stimuli of 0.1 ms duration) for WT (black squares, n ¼ 8) and R192Q KI (grey triangles, n ¼ 9).
For each given stimuli intensity above 1.5 V, IPSC amplitudes are larger in R192Q KI mice than in WT mice (*P < 0.01, One-way ANOVA RM, Student-Newman-Keuls post-hoc). Data
of individual cells were fitted by a sigmoidal function. IPSC maximal amplitudes at steady state (above 6 V) were significantly larger in R192Q KI (mean: 8.0 ± 0.3 nA) than in WT
mice (mean 6.4 ± 0.2 nA, P ¼ 0.001, Student's t-test). The average stimulus intensity for half amplitudes of IPSCs was 3.3 ± 0.6 V (n ¼ 8) and 2.5 ± 0.4 V (n ¼ 9) for WT and R192Q KI
mice respectively (P ¼ 0.01, Student's t-test). The solid line is the fit of data from all cells together. C. Representative glutamatergic EPSCs recorded from the soma of an LSO for
different voltage amplitudes applied to the bipolar platinum stimulating electrode: 7, 8, 9 and 10 V in increasing order for both WT and R192Q KI mice. Traces are the average of 20
stimuli for each stimulating voltage amplitude. D. Glutamatergic EPSC amplitudes as a function of the voltage amplitude (1e12 V) applied to the bipolar platinum stimulating
electrode (stimuli of 0.1 ms duration) for WT (black squares, n ¼ 10) and R192Q KI (grey triangles, n ¼ 8). For stimuli intensities above 8 V EPSC amplitudes are smaller in R192Q KI
mice compared to WT (*P < 0.01, One-way ANOVA RM, Student-Newman-Keuls post-hoc). Fitting data for individual cells with a sigmoidal function gives an average parameter for
EPSC half amplitude stimulus intensity of 7.8 ± 0.2 V for WT (n ¼ 10) and 7.3 ± 0.3 V for R192Q KI mice (n ¼ 8, P ¼ 0.1, Student's t-test). EPSC maximal amplitudes at steady state
(above 10 V) were significantly lower in R192Q KI (0.69 ± 0.07 nA) than in WT mice (1.39 ± 0.08 nA, P ¼ 0.001, Student's t-test). The fit of data from all cells together is also shown.
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Student's t-test). The kinetics of glycinergic IPSCs and glutamatergic
EPSCs from R192Q KI were not statistically different than those
from WT mice. IPSCs from WT (n ¼ 17) and R192Q KI (n ¼ 14)
synapses had respectively a mean rise time of 0.37 ± 0.03 ms and
0.32 ± 0.04 ms, mean half width of 2.8 ± 0.2 ms and 2.6 ± 0.3 ms
and mean decay time of 6.0 ± 0.6 ms and 5.9 ± 0.7 ms (P > 0.05,
Student's t-test). For EPSCs, mean rise timewere 0.72 ± 0.09ms and
0.78 ± 0.09 ms, mean half width are 1.56 ± 0.34 ms and
1.59 ± 0.18 ms and mean decay time were 2.6 ± 0.7 ms and
2.9 ± 0.6 ms for WT (n ¼ 9) and R192Q KI (n ¼ 8) mice, respectively
(P > 0.05, Student's t-test).
We next evaluated the probability of vesicle release by esti-
mating the fraction of the ready releasable pool released by a single
action potential. We used an approach based on repetitive stimu-
lation mediated short-term depression (STD) of I/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 inte-
grated I/EPSCs for time intervals that are short with respect to the
time required for recovery from depression (Schneggenburger
et al., 1999). We considered integrated currents (charge, in
pC ¼ nA.ms) instead of current amplitudes in order to take into
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account the differences in kinetics between evoked and sponta-
neous events (in particular for EPSCs) in the subsequent evaluation
of the vesicle pool size. We calculated the cumulative sum of in-
tegrated I/EPSCs during a train of 20 stimuli at 20 Hz in WT and
R192Q KI mice. Data points in the range between 0.55 s and 1.0 s
were fitted by linear regression and back-extrapolated to time
0 (Fig. 3A for IPSCs and Fig. 3C for EPSCs). This estimation effectively
takes into account the cumulative integrated I/EPSCs reached
within the first six stimuli, corresponding to a time interval of about
Fig. 3. R192Q KI mice present a higher release probability A. Mean cumulative summation o
time. A lineal function was fitted to the steady state region for times larger than 0.55 s and ba
the mean quantal integrated current (q). The Nq values obtained for WT and KI are 52.4 ± 1.4
ratio between the mean integrated current of the first IPSC in the train and the Nq value) is
n ¼ 15; P ¼ 2.10�5, Student's t-test). B. Spontaneous inhibitory release. Mean amplitudes
(153 ± 7 pA, n ¼ 30, P ¼ 0.002 Student's t-test) and so are the frequencies (II): 4.8 ± 0.4 Hz in
of mIPSCs (III) present no statistical differences between KI (6.2 ± 0.7 ms) and WT mice (5.6
inhibitory synaptic transmission from R192Q KI (68 ± 6, n ¼ 15) compared to WT (91 ± 7,
during 20 Hz stimulation in WT and R192Q KI mice as a function of time. The Nq values
respectively. Inset: The release probability is significantly higher in KI (0.60 ± 0.03, n ¼ 11)
excitatory release. Mean amplitudes (I) of mEPSC are similar in R192Q KI mice (40 ± 3 pA,
frequencies (II): 2.4 ± 0.4 Hz in KI and 2.7 ± 0.4 Hz in WT, P > 0.05, Student's t-test. Decay
(0.49 ± 0.04 ms, P ¼ 0.02, Student's t-test). Mean vesicle pool size is diminished at excitator
n ¼ 10, P ¼ 10�6, Student's t-test).
0.25 s, before depression reaches its steady state level. It assumes
that recovery from depression is negligible for the time interval of
about 0.25 s used for the calculation. The validity of this assumption
can be assessed in the analysis of time recovery from STD described
below (See section 2.4 and Figs. 5C and F). The zero time intersect
gives an estimate of the size of the readily releasable pool of syn-
aptic vesicles (N) multiplied by themean quantal integrated current
(q). The release probability can be estimated by dividing the mean
integrated current of the first evoked I/EPSC in the train by the Nq
f integrated IPSCs during 20 Hz stimulation in WT and R192Q KI mice as a function of
ck-extrapolated to time 0, to estimate the readily releasable pool size (N) multiplied by
nA ms and 50 ± 1 nA ms respectively. Inset: The release probability (calculated as the

significantly higher in R192Q KI (0.53 ± 0.02, n ¼ 15) than in WT synapses (0.44 ± 0.01,
(I) of mIPSC are increased in R192Q KI mice (198 ± 13 pA, n ¼ 19) compared to WT
R192Q KI vs 2.7 ± 0.2 Hz in WT mice (P ¼ 10�5, Student's t-test). Decay time constants

± 0.5 ms, P ¼ 0.07, Student's t-test). The estimated vesicle pool size (IV) is diminished at
n ¼ 15, P ¼ 0.01, Student's t-test). C. Mean cumulative summation of integrated EPSCs
obtained for WT (n ¼ 10) and KI (n ¼ 11) are 5.7 ± 0.4 nA ms and 2.3 ± 0.1 nA ms,
than in WT synapses (0.45 ± 0.02, n ¼ 10; P ¼ 4 10�6, Student's t-test). D. Spontaneous
n ¼ 17) compared to WT (44 ± 5 pA, n ¼ 19, P > 0.05, Student's t-test) and so are the
time constants of mEPSCs (III) are higher in KI (0.60 ± 0.04 ms) compared to WT mice
y synaptic transmission from R192Q KI (104 ± 13, n ¼ 11) compared to WT (335 ± 30,



Fig. 4. Ca2þ channel involved in inhibitory and excitatory synaptic transmission at the LSO from WT and R192Q KI mice. A. Peak amplitudes of glycinergic IPSCs recorded at a
holding potential of �70 mV as a function of time during the sequential application of selective L-, N- and P/Q-type Ca2þ channel antagonists: nitrendipine (10 mM), u-conotoxin-
GVIA (2 mM) and u-agatoxin IVA (200 nM), respectively, in WT (left) and KI mice (right). Horizontal bars indicate the time of drug application. B. Average contribution of each
channel type to the total glycinergic IPSCs determined by subtracting current amplitudes before and after application of the specific blockers as state in A. The L-type component is
30.8 ± 0.8% and 31.5 ± 0.8% in WT (n ¼ 7) and KI (n ¼ 6) mice respectively (P ¼ 0.45, Student's t-test). The P/Q-type component is 36 ± 1% (n ¼ 7) in WT and 40 ± 2% (n ¼ 6) in KI
(P ¼ 0.05, Student's t-test). The N-type component is 25 ± 2% in WT (n ¼ 7) and 21 ± 2% in KI (n ¼ 6, P ¼ 0.06, Student's t-test). C- Effect of u-agatoxin IVA (200 nM) on IPSC
amplitudes when this channel blocker is applied alone in WT and KI LSO synapses. D- Mean IPSC amplitude inhibition when only P/Q-type Ca2þ channels are blocked: 73 ± 5% in
WT (n ¼ 5) and 75 ± 3% in KI (n ¼ 9). E. Peak amplitudes of glutamatergic EPSCs as a function of time during the sequential application of L-, N- and P/Q-type Ca2þ channel
antagonists in WT (left) and R192Q KI mice (right). Horizontal bars indicate the time of drug application. F. Average contribution of each channel type to the total glutamatergic
EPSCs. Excitatory transmission is predominantly mediated by P/Q-type Ca2þ channels: 87 ± 6% (n ¼ 7) in WT and 75 ± 5% (n ¼ 6) in KI (P ¼ 0.05, Student's t-test). The L-type Ca2þ

channels contribute with 15 ± 3% in WT (n ¼ 7) and 6 ± 5% in KI mice (n ¼ 6, P ¼ 0.36, Student's t-test) while the N-type Ca2þ channels contribute with 5 ± 2% en WT (n ¼ 7) and
10 ± 2% in KI (n ¼ 6, P ¼ 0.4, Student's t-test).
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value. Although this calculation may be overestimated because
Ca2þ influx during the first stimulus is lower than during the last
pulses and Ca2þ concentration rises during stimulation, the com-
parison between genotypes indicated that the release probability
was significantly higher in R192Q KI than in WT mice at both
inhibitory (Fig. 3A inset, P ¼ 2.10�5, Student's t-test) and excitatory
(Fig. 3C inset, P ¼ 4.10�6, Student's t-test) synapses onto LSO
neurons.

An estimate of the quantal integrated current can be obtained
from the integrated currents of spontaneous miniature events (mI/
EPSCs). The amplitude of the mIPSCs measured in R192Q KI mice
(198 ± 13 pA, n ¼ 19) were larger than mIPSC amplitude measured



Fig. 5. Enhanced short-term plasticity at inhibitory and excitatory synaptic transmission in R192Q KI compared toWT mice. A. Traces showing depression of IPSC amplitudes during
stimulation at 20 Hz (conditioning train) and recovery at different time delays after the conditioning train (WT: black traces; R192Q KI: grey traces shifted to the left, note the
different amplitude scales for WT and KI). Stimulation artefacts have been deleted for clarity. B. Time course of depression of IPSC amplitudes during 1 s stimulation at 20 Hz
(conditioning train, recorded at a holding potential of �70 mV). The amplitudes are normalized to the first IPSC amplitude in the train. Data are fitted to a single exponential decay
function, with a decay time constant t ¼ 0.183 ± 0.013 s in WT (n ¼ 15) and t ¼ 0.120 ± 0.020 s in KI R192Q (n ¼ 15, P ¼ 10�4, Student's t-test). The depressed IPSC amplitudes at the
end of the stimuli reached a steady state value of 54 ± 2% and 53 ± 2% of the first IPSC amplitude in the train, in WT and KI R192Q synapses respectively (P ¼ 0.055, Student's t-test).
C. Time course of recovery from synaptic depression, measured by eliciting a single test IPSC at increasing time intervals following the 20 Hz conditioning train. The fraction of
recovery is calculated as (Itest e Iss)/(I1 eIss), where I1 and Iss are the amplitudes of the first and last IPSCs in the train and Itest is the amplitude of the test IPSC. Data are fitted to an
exponential decay function of first order, with time constants t ¼ 6.0 ± 0.2 s (n ¼ 15) and t ¼ 3.6 ± 0.2 s (n ¼ 15) for WT and R192Q KI respectively (P ¼ 10�4, Student's t-test). D.
Traces showing depression of EPSC amplitudes during stimulation at 20 Hz (conditioning train) and recovery at different time delays after the conditioning train (WT: black traces;
R192Q KI: grey traces shifted to the left, note the different amplitude scales for WT and KI). Stimulation artefacts have been deleted for clarity. E. Time course of depression of EPSC
amplitudes, normalized to the first EPSC of the 20 Hz train. Amplitudes of the EPSCs at the end of the stimuli are 34 ± 3% and 37 ± 3% of the first pulse for WT (n ¼ 10) and R192Q KI
(n ¼ 11, P > 0.05, Student's t-test), respectively. Data are fitted with a single exponential decay function, with a time constant t ¼ 0.114 ± 0.012 s en WT (n ¼ 10) and
t ¼ 0.066 ± 0.004 s en KI R192Q (n ¼ 11, P ¼ 0.003, Student's t-test). F. Recovery of EPSCs after a 1 s train at 20 Hz follows an exponential time course with time constants
t ¼ 3.5 ± 0.3 s (n ¼ 10) and t ¼ 1.86 ± 0.12 s (n ¼ 11) for WT and R192Q KI respectively (P ¼ 10�5, Student's t-test).
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in WT mice (153 ± 7 pA, n ¼ 30, P ¼ 0.002, Figs. 3B, I); mIPSC
frequencies were also higher in synapses from R192Q KI
(4.8 ± 0.4 Hz, n ¼ 16) compared to synapses from WT mice
(2.7 ± 0.2 Hz, n ¼ 32, P ¼ 10�5, Student's t-test, Fig. 3B, II). Decay
times of mIPSCs were not statistically different between R192Q KI
(6.2 ± 0.7 ms) and WT mice (5.6 ± 0.5 ms, P ¼ 0.07, Student's t-test,
Fig. 3B, III). Mean integrated currents of mIPSCs were
740 ± 50 pA ms and 575 ± 26 pA ms, for R192Q KI and WT mice
respectively (P¼ 0.001, Student's t-test). The estimated vesicle pool
sizewas obtained dividing the zero time intersect of the cumulative
IPSC amplitudes by the quantal integrated current q. This value was
slightly smaller in R192Q KI (68 ± 6, n ¼ 15) compared to WT mice
(91 ± 7, n ¼ 15), P ¼ 0.008, Student's t-test, Fig. 3B, IV).

Different results were found for the excitatory transmission.
Miniature EPSC measured from R192Q KI and WT mice had similar
amplitudes (40 ± 3 pA, n ¼ 17 in KI and 44 ± 5 pA, n ¼ 19 in WT,
P > 0.05, Student's t-test, Figs. 3D, I) and similar frequencies
(2.4 ± 0.4 Hz in KI and 2.7 ± 0.4 Hz in WT, P > 0.05, Student's t-test,
Fig. 3D, II). Interestingly mEPSC decay times were larger in KI
(0.60 ± 0.04 ms) compared to WT (0.49 ± 0.04 ms, P ¼ 0.02, Stu-
dent's t-test, Fig. 3D, III). Mean integrated currents of mEPSCs were
larger in R192Q KI (22 ± 2 pA ms) than in WT mice (17 ± 2 pA ms,
P ¼ 0.005, Student's t-test).

The ready releasable pool size was severely reduced in R192Q KI
(104 ± 13, n¼ 11) compared toWTmice (335 ± 30, n¼ 10, P¼ 10�6,
Student's t-test, Fig. 3D, IV).

We conclude that FHM-1 R192Q mutation increased release
probability and decreased pool size at both synapses (aiming to a
presynaptic effect), even though the IPSC conductance was larger
and the EPSC conductance was smaller in R192Q KI compared to
WT mice.
3.3. Ca2þ channels involved in inhibitory and excitatory synaptic
transmission in WT and R192Q KI mice

The subtypes of Ca2þ channels mediating synaptic transmission
were assessed by using specific blockers of the calcium channels. I/
EPSCs, evoked at a holding potential of �70 mV, were recorded
during sequentially bath application of nitrendipine (10 mM, L-type
antagonist), u-conotoxin GVIA (2 mM; N-type blocker), u-agatoxin
IVA (0.2 mM; P/Q-type blocker) and cadmium (50 mM; non-selective
Ca2þ channel blocker). Representative plots of I/EPSC peak ampli-
tudes as a function of time are shown in Fig. 4A (IPSCs) and Fig. 4E
(EPSCs) for bothWTand R192Q KImice. The relative contribution of
each type of Ca2þ channel to the evoked synaptic currents was
determined from the fraction of IPSC amplitudes inhibited by the
application of the selective Ca2þ channel antagonist applied in the
sequence shown in Figs. 4A and E.

IPSCs were triggered by multiple types of VACC (Figs. 4B, n ¼ 7
forWTand n¼ 6 for R192Q KI mice), with no significant differences
between the two genotypes. In synapses where multiple VACCs are
involved in triggering transmitter release, the degree of coopera-
tivity and efficiency of each type of Ca2þ channel depends on their
distribution at different release sites and on the distance between
the channel and the release sites (Neher and Sakaba, 2008;
Schneggenburger et al., 2002; Wu et al., 1999). The cooperative
action of Ca2þ on the calcium sensor is reflected in the dependence
of the transmitter release on the third or fourth power of the pre-
synaptic calcium influx (Fedchyshyn and Wang, 2005; Yang and
Wang, 2006; Takahashi and Momiyama, 1993; Wu and Saggau,
1997). Hence, the inhibitory effect of Ca2þ channel blockers on
IPSCs depends on the order in which drugs are applied, indicating
that the effect of each toxin does not cause a linear reduction of
release. The effect of u-agatoxin IVA applied alone (representative
traces in Fig. 4C) inhibited IPSC by 73 ± 5% (n ¼ 5) and 75 ± 3%
(n ¼ 9) in WT and R192Q KI mice respectively (Fig. 4D).

On the other hand, EPSCs were predominantly mediated by
CaV2.1 Ca2þ channels (Figs. 4E, F) in both WT (87 ± 6%, n ¼ 7) and
R192Q KI mice (75 ± 5%, n ¼ 6), with no significant differences
between the two genotypes.

These results indicate that CaV2.1 VACCs play a predominant
role at both excitatory and inhibitory LSO synapses.

3.4. Short-term plasticity in synaptic transmission of R192Q KI

Repetitive stimulation of the LSO synapses causes STD of both
excitatory and inhibitory transmission. IPSC and EPSC amplitudes
decrease during the train of stimuli until they reach a steady state.
EPSCs exhibit stronger STD and a faster decay time course than
IPSCs (compare Fig. 5A and B with Fig. 5D and E for inhibitory and
excitatory transmission respectively).

In order to compare WT and R192Q KI synaptic behaviour, we
studied the time-course of STD and recovery after 20 Hz stimula-
tion at the LSO inhibitory (Fig. 5A) and excitatory (Fig. 5D) synapses.
At both synapses the amplitude of the synaptic currents measured
in KI depressed with a faster time course compared to WT.
Nevertheless the magnitude of depression at the end of the stimuli
was similar betweenWTand KI mice. Plot of mean IPSC amplitudes
as a function of time during stimulation was fitted to a single
exponential decay function, with a decay time constant
t ¼ 183 ± 13 ms in WT (n ¼ 15) and t ¼ 120 ± 20 ms in R192Q KI
(n ¼ 15, P ¼ 10�4, Student's t-test).

Time course of EPSC amplitudes during 20 Hz STD was fitted
with a single exponential decay function, with a time constant
t ¼ 114 ± 12 ms in WT (n ¼ 10) and t ¼ 66 ± 4 ms in R192Q KI
(n ¼ 11, P ¼ 0.003, Student's t-test).

The time course of recovery from synaptic depression was
studied by eliciting a single test I/EPSC at varying time intervals
(from 0.1 s to 20 s) following the conditioning train. The fraction of
recovery was calculated as follows:

Fraction of recovery ¼ ðItest � IssÞ=ðI1 � IssÞ

where I1 and Iss are the amplitudes of the first and last I/EPSCs in
the train and Itest is the amplitude of the test I/EPSC.

The fraction of recovery from STD as a function of time after a
20 Hz stimulus train could be fitted by a single exponential for
R192Q KI and WT mice. In line with the stronger STD, excitatory
inputs recovered much faster than inhibitory inputs (compare
Figs. 5C and F). Plots of mean I/EPSC amplitudes as a function of
time delay after the train stimuli, with the corresponding param-
eters of the exponential fitting are shown in Fig. 5C (inhibitory) and
Fig. 5F (excitatory). Comparing the two genotypes, we found that
the rate of recovery was significantly increased in R192Q KI
compared to WT mice, for both inhibitory and excitatory inputs to
the LSO neurons. These results support evidence on the importance
of Ca2þ influx through CaV2.1 Ca2þ channels in the refilling of the
releasable pool of synaptic vesicles: mutations in calcium channels
may alter STD and or vesicle replenishment.

4. Discussion and conclusion

4.1. CaV2.1 Ca2þ channels play a central role at excitatory and
inhibitory synaptic afferents to LSO

Most of the current evidence points to CSD, the phenomenon
that underlies the migraine aura, as the most probable primary
cause of activation of the trigeminovascular system and consequent
headache. An alternative view considers that migraine aura and
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headache are parallel rather than sequential processes. In this
sense, CSD can activate the meningeal trigeminovascular afferents
and evoke a series of alterations in the meninges and brainstem
that modulate trigeminal nociceptive inputs (Akerman et al., 2011;
Pietrobon and Striessnig, 2003). Using knock-in mice carrying the
pathogenic FHM-1 mutation R192Q in neuronal CaV2.1 (P/Q-type)
Ca2þ channels, we evaluated the functional consequences of this
mutation on inhibitory and excitatory synaptic transmission at the
LSO using brainstem auditory slices. Excitatory glutamatergic
release was principally dependent on CaV2.1 Ca2þ channels
(Figs. 4E, F). Inhibitory glycinergic release was, on the other hand,
mediated by multiple VACCs (Figs. 4A, B). The relative contribution
of the different type of Ca2þ channels to inhibitory and excitatory
synaptic transmission was the same in WT and R192Q KI mice.
Therefore, no mechanism for compensation of the gain of function
of CaV2.1 channels was observed. It is important to recall that CaV1.3
(L-type) Ca2þ channels have been demonstrated to be indispens-
able for the development and refinement of inhibitory synapses in
the LSO (Hirtz et al., 2011, 2012). The degree of cooperativity and
efficiency of each subtype in controlling transmitter release de-
pends on the distribution of the different subtypes of Ca2þ channels
at different release sites (Mintz et al., 1995; Reid et al., 1998). Cal-
cium influx through VACCs increases intracellular Ca2þ concen-
tration in a bell-shaped microdomain close to the channel mouth
(Llinas and Moreno, 1998) which can be modulated by factors that
alter calcium buffering and/or diffusion, with a large effect on
calcium-triggered cellular events. So, the degree of cooperativity
and efficiency of each type of Ca2þ channels in controlling trans-
mitter release will also depends on the distance between the
channel, the calcium sensor and the release sites (Neher and
Sakaba, 2008; Schneggenburger et al., 2002; Wu et al., 1999). The
inhibitory effect of Ca2þ channel blockers on IPSCs depends on the
order in which each drug is applied. The dependence of the
transmitter release on the third or fourth power of the presynaptic
calcium influx indicates a cooperative action of Ca2þ on the calcium
sensor (Fedchyshyn and Wang, 2005; Yang and Wang, 2006;
Takahashi and Momiyama, 1993; Wu and Saggau, 1997). When
the CaV2.1 blocker u-agatoxin IVA was applied alone in WT and
R192Q KI mice, IPSCs were inhibited by more then 70% (Figs. 4C, D).
These data reveal that release of vesicle at both excitatory and
inhibitory synaptic transmission strongly depends on calcium
influx via CaV2.1 channels and suggest that CaV2.1 Ca2þ channels
are more suitable for triggering transmitter release and have an
efficient and dominant role in controlling neurotransmitter release
at central excitatory and inhibitory synapses. It is worth
mentioning that the participation of CaV2.1 calcium channels in the
inhibitory and excitatory neurotransmission onto LSO synapses is
opposite to that in cortical synapses. Excitatory glutamatergic
neurotransmission at connected pairs of layer 2/3 pyramidal cells
(PC) and multipolar fast-spiking (FS) interneurons in cortical slices
of the somatosensory cortex of WT and KI mouse cortical slices was
cooperatively mediated by N-, P/Q- and R-type Ca2þ channels,
while the FS-PC inhibitory synaptic transmission was exclusively
triggered by CaV2.1 calcium channels (Tottene et al., 2009).

The finding that N-type and L-type calcium channels contribute
to IPSC release is in agreement with previous studies (Alamilla and
Gillespie, 2013). This situation is not unusual within developed CNS
synapses. For example N-type calcium channels persistently
contribute to cerebral cortical EPSCs and spinal IPSCs throughout
postnatal months (Westenbroek et al., 1992, 1998; Iwasaki et al.,
2000). Previous studies reported that is a clear developmental
trend in the relative contribution of the different voltage gated
calcium channels (VGCC) to inhibitory neurotransmission (Alamilla
and Gillespie, 2013; Iwasaki and Takahashi, 1998). Changes occur
during the first 10 postnatal days, and by the hearing onset the
composition of calcium channels controlling neurotransmitter
release is stable. We therefore exclude that the changes here
observed are linked to development.

4.2. Differential effect of R192Q CaV2.1 mutation on inhibitory and
excitatory synaptic response and release probability

FHM-1 R192Q mutation affected inhibitory and excitatory LSO
synapses in a different way. As expected from amultiple innervated
neuron, IPSC and EPSC amplitudes were dependent on the number
of axons recruited during stimulation. At the inhibitory MNTB-LSO
synapse, the FHM-1-mutated CaV2.1 Ca2þ channels resulted in a
functional synapse with increased amplitudes of evoked IPSCs in
R192Q KI compared toWTmice. In contrast, at the excitatory aVCN-
LSO synapse, the mutation gave rise to a reduction in the strength
of the EPSC in R192Q KI compared toWTmice. Spontaneous release
showed increased amplitudes of mIPSCs while amplitudes of
mEPSCs remained unaltered in R192Q KI compared to WT mice.
Frequencies of mIPSCs (but not of mEPSCs) were increased in
R192Q KI compared to WT mice.

At both inhibitory and excitatory neurotransmission, FHM-1
R192Q mutation resulted in a higher release probability in R192Q
KI compared toWT. The increment in release probability suggests a
presynaptic effect of the FHM-1 mutation, which produces an in-
crease in APeevoked calcium influx. The increase in presynaptic
activity was previously investigated at the calyx of Held-MNTB
synapse, where the big size of the presynaptic terminals allowed
electrophysiological patch-clamp recordings of presynaptic Ca2þ

currents (Gonz�alez Inchauspe et al., 2012). It was reported that
R192Q mutated CaV2.1 channels activated at more hyperpolarizing
potentials and that presynaptic Ca2þ currents had a faster kinetics
of activation. This small shift in voltage dependent activationwould
lead to an increase in Ca2þ influx near the release sites during
evoked action potentials in the mutant mice. On the other hand, a
reduced size of the readily releasable pool of vesicles was observed
at R192Q KI synapses, more prominent in the excitatory synapse
(69% of reduction in R192Q KI compared to WT mice) than in the
inhibitory synapse (25% of reduction in R192Q KI compared to WT
mice).

The enhanced inhibitory neurotransmission is what would be
predicted by the change inmIPSC amplitudes and by the increase in
release probability occurring in the calyx terminals. These two
factors more than compensate the slightly reduced vesicle pool
size. Moreover, the change in vesicle pool could indicate the
occurrence of a mechanism that preserves synaptic transmission in
face of a dramatic augment of inhibition.

The release probability was also increased at the excitatory
glutamatergic nerve terminals. However, the severe reduction in
vesicle pool size together with the unchanged mESPC amplitudes
resulted in an overall reduction of the excitatory synaptic currents
here reported, aiming to recover the balance between excitation
and inhibition in R192Q KI synapses. These findings suggest the
possible occurrence of homeostatic compensatory mechanisms,
which could be different at inhibitory or excitatory synapses
(Turrigiano, 2012). At this regard, it is important the finding that
CaV2.1 channels are involved in homeostatic modulation of pre-
synaptic neurotransmitter release at the Drosophila neuromuscular
junction (Frank et al., 2009).

It is interesting to point out that in contrast to our findings at the
LSO synapses, at the somatosensory cortical synapses studied by
Tottene et al. (2009) there was an enhancement in excitatory glu-
tamatergic neurotransmission at the PC-FS connection in R192Q KI
compared to WT mice while the inhibitory GABAergic neuro-
transmission at FS-PC connections was unaffected by the FHM-1
R192Q mutation. Interestingly it seems that at these synapse
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there were no homeostatic compensatory mechanisms. In sum-
mary, in synapse from R192Q KI mice, the balance between exci-
tation and inhibition is lost. The differential effect of FHM-1
mutations on excitatory and inhibitory neurotransmission at
different synapses may produce over-excitation in certain condi-
tions, but may leave the excitation-inhibition balance within
physiological limits in others.

4.3. R192Q CaV2.1 mutation enhances short term plasticity

Most relevant was the effect of the FHM-1-mutated CaV2.1 Ca2þ

channels on short-term synaptic plasticity. Firstly, it is worth
mentioning that excitatory transmission depressed and recovered
much faster than inhibitory transmission, independently of the
genotypes (compare Fig. 5 B with Fig 5 E for depression and Fig. 5 C
with Fig 5 F for recovery). This suggests that the relative EPSC and
IPSC amplitudes might dynamically change during periods of pro-
longed stimulation. Comparing between genotypes, the time
course of STD and recovery during 20 Hz frequency stimulationwas
faster in R192Q KI mice at both excitatory and inhibitory LSO syn-
apses. STD is the consequence of depletion of the release-ready
vesicle pool (Wang and Kaczmarek, 1998; Wu and Borst, 1999;
Schneggenburger et al., 1999; von Gersdorff and Borst, 2002;
Wong et al., 2003; Zucker and Regehr, 2002), although other
mechanisms like receptor desensitization (Neher and Sakaba, 2001;
Taschenberger et al., 2002; Wong et al., 2003; Schneggenburger
et al., 2002), calcium channel inactivation (Forsythe et al., 1998;
Xu and Wu, 2005; Muller et al., 2008) and calcium channel inhi-
bition by presynaptic metabotropic glutamate receptor (Von
Gersdorff et al., 1997; Takahashi et al., 1996) or AMPA receptors
activation (Takago et al., 2005; Scheuss et al., 2002; Neher and
Sakaba, 2001) may be involved. The efficacy of synaptic trans-
mission during repetitive stimulation is also determined by the rate
of recovery from synaptic depression. Postsynaptic currents recover
from STD aftermany seconds of rest due to recycling of vesicles into
the ready releasable pool (Zucker and Regehr, 2002), which is
dynamically regulated by Ca2þ influx through voltage-gated Ca2þ

channels in an activity dependent manner which is highly depen-
dent on the recent history of synaptic activity (Wang and
Kaczmarek, 1998). High-frequency stimulation of presynaptic ter-
minals significantly enhances the rate of replenishment. Wang and
Kaczmarek (1998) have shown that Ca2þ influx through voltage-
gated Ca2þ channels is the key signal that dynamically regulates
the refilling of the releasable pool of synaptic vesicles in response to
different patterns of inputs. Therefore, mutations in calcium
channels may alter STD and or vesicle replenishment. Considering
that a substantial amount of synaptic depression is due to vesicle
depletion, the enhanced short-term depression (STD) and dimin-
ished pair pulse ratio (PPR) in R192Q KI mice (Figs. 5B, E) is
consistent with the higher release probability (Figs. 3A, C, insets)
and the smaller vesicle pool size (Figs. 3B, D) that these transgenic
mice exhibited at both excitatory and inhibitory synapses, rein-
forcing the hypothesis of a presynaptic effect of the FHM-1
mutation.

The enhanced rate of recovery from STD observed in R192Q KI
mice is an important feature that can modify synaptic efficacy and
excitability. It suggests a faster recycling rate of vesicles into the
ready releasable pool (Wang and Kaczmarek, 1998), and is in
agreement with the enhanced preceding synaptic activity
(enhanced STD as shown in Figs. 5B, E). Faster recovery in excitatory
and inhibitory transmission might be due to an increased residual
Ca2þ in synapses from R192Q KI mice, responsible for accelerating
vesicle endocytosis and refilling process following STD. The rise in
residual calcium is a consequence of the mutated CaV2.1 channels
as was described at the calyx of Held synapse (Gonz�alez Inchauspe
et al., 2010, 2012). It is worth mentioning that the faster recovery in
the R192Q KI model is opposite to the effect observed in knock-out
mice with ablated CaV2.1 channels (a1A �/�). Synapses from a1A �/
� mice show a slower kinetics of recovery after STD compared to
WT mice (Giugovaz-Tropper et al., 2011; Gonz�alez Inchauspe et al.,
2007). Faster recovery of vesicle recycling during repetitive activity
may also contribute to the increased excitability in FHM-1 mutant
mice. Although further studies are needed to determine the exact
mechanism involved in the alteration of short-term plasticity
observed in the FHM-1 transgenic migraine mouse model, it is very
likely that the increased rate of recovery could result in important
changes in network activity and to dysfunction.

Neurons in the LSO are responsible of processing ILD. Precise ILD
is achieved by integrating ipsilateral excitatory and contralateral
inhibitory inputs which must converge with sub-millisecond pre-
cision (Joris and Yin, 1995; Tollin, 2003). The kinetics of glycinergic
IPSCs and glutamatergic EPSCs were not affected by the mutation.
We would therefore expect the ILD not to be affected. However, we
cannot exclude that changes in the amplitudes of the currents and
in short term plasticity might affect temporal fidelity along the
inhibitory and/or excitatory pathway. It might therefore be inter-
esting to measure ILD sensitivity in KI mice. The different impact of
the mutation on excitatory and inhibitory synaptic transmission
may prevent proper ILD encoding.

To allow comparison with in vivo data, we should however
reexamine the impact of the mutation on synaptic inputs recorded
at a physiological temperature of 37 �C and we cannot assure that
effects here observed on release probability, short term depression
and recovery will be affected to the same degree.

5. Conclusions

The demonstration that FHM-1 mutations may differently affect
synaptic transmission and short-term synaptic plasticity at
different cortical synapses suggests that the neuronal circuits that
coordinate and dynamically adjust the balance between excitation
and inhibition during cortical activity (Shu et al., 2003) are very
likely altered in FHM-1. The specific dominant and efficient role of
CaV2.1 channels in controlling fast neurotransmitter release from
central excitatory and inhibitory synapses suggests that the human
and mouse CaV2.1 channelopathies 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 re-
gions: the cortex in the case of migraine, the thalamus in the case of
absence epilepsy and the cerebellum in the case of ataxia. A favored
hypothesis considers that the abnormal balance of cortical
excitation-inhibition and the resulting persistent state of hyper-
excitability of neurons in the cerebral cortex may underlie the
increased susceptibility for cortical spreading depression (CSD),
which is believed to initiate the attacks of migraine with aura.
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