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Migraine is a complex brain disorder, characterized by attacks of unilateral headache and global dysfunction in multisensory information
processing, whose underlying cellular and circuit mechanisms remain unknown. The finding of enhanced excitatory, but unaltered
inhibitory, neurotransmission at intracortical synapses in mouse models of familial hemiplegic migraine (FHM) suggested the hypoth-
esis that dysregulation of the excitatory–inhibitory balance in specific circuits is a key pathogenic mechanism. Here, we investigated the
thalamocortical (TC) feedforward inhibitory microcircuit in FHM1 mice of both sexes carrying a gain-of-function mutation in CaV2.1. We
show that TC synaptic transmission in somatosensory cortex is enhanced in FHM1 mice. Due to similar gain of function of TC excitation
of layer 4 excitatory and fast-spiking inhibitory neurons elicited by single thalamic stimulations, neither the excitatory–inhibitory
balance nor the integration time window set by the TC feedforward inhibitory microcircuit was altered in FHM1 mice. However, during
repetitive thalamic stimulation, the typical shift of the excitatory–inhibitory balance toward excitation and the widening of the integra-
tion time window were both smaller in FHM1 compared with WT mice, revealing a dysregulation of the excitatory–inhibitory balance,
whereby the balance is relatively skewed toward inhibition. This is due to an unexpected differential effect of the FHM1 mutation on
short-term synaptic plasticity at TC synapses on cortical excitatory and fast-spiking inhibitory neurons. Our findings point to enhanced
transmission of sensory, including trigeminovascular nociceptive, signals from thalamic nuclei to cortex and TC excitatory–inhibitory
imbalance as mechanisms that may contribute to headache, increased sensory gain, and sensory processing dysfunctions in migraine.
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Introduction
Migraine is a remarkably common, disabling, and costly brain
disorder, characterized by a global dysfunction in multisensory

information processing and integration and by attacks of typi-
cally throbbing, unilateral headache with certain associated fea-
tures, such as nausea and amplification of percepts from multiple
senses (Pietrobon and Moskowitz, 2013; Schwedt et al., 2015;
Goadsby et al., 2017; Brennan and Pietrobon, 2018). In one-third
of patients, migraine pain is preceded by transient sensory distur-
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Significance Statement

Migraine is a complex brain disorder, characterized by attacks of unilateral headache and by global dysfunction in multisensory
information processing, whose underlying cellular and circuit mechanisms remain unknown. Here we provide insights into these
mechanisms by investigating thalamocortical (TC) synaptic transmission and the function of the TC feedforward inhibitory
microcircuit in a mouse model of a rare monogenic migraine. This microcircuit is critical for gating information flow to cortex and
for sensory processing. We reveal increased TC transmission and dysregulation of the cortical excitatory–inhibitory balance set by
the TC feedforward inhibitory microcircuit, whereby the balance is relatively skewed toward inhibition during repetitive thalamic
activity. These alterations may contribute to headache, increased sensory gain, and sensory processing dysfunctions in migraine.
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bances (aura), whose neurophysiological correlate is cortical
spreading depression (CSD), a cortical wave of neuronal depo-
larization (Pietrobon and Moskowitz, 2014), which may also trig-
ger the headache mechanisms (Burstein et al., 2015; Filiz et al.,
2019). The neurobiological mechanisms of the primary brain
dysfunctions underlying the onset of a migraine attack, suscepti-
bility to CSD, and the global dysfunction in multisensory infor-
mation processing remain largely unknown.

Knock-in mouse models of familial hemiplegic migraine
(FHM, a monogenic subtype of migraine with aura) show
increased susceptibility to experimentally induced CSD (van den
Maagdenberg et al., 2004; Leo et al., 2011) and provide a unique
experimental system to study the cellular and circuit mechanisms
of the primary brain dysfunctions causing a migraine disorder
(Pietrobon and Brennan, 2019). FHM type 1 (FHM1) knock-in
mice carry gain-of-function mutations in the CaV2.1 channel,
which plays a dominant role in neurotransmitter release at many
brain synapses (van den Maagdenberg et al., 2004; Pietrobon,
2013). Excitatory synaptic transmission at several intracortical pyra-
midal cell synapses is enhanced in FHM1 mice; in striking contrast,
inhibitory synaptic transmission at fast-spiking (FS) and other in-
terneuron synapses is unaltered (Tottene et al., 2009; Vecchia et al.,
2014; Marchionni, Pilati, Pietrobon, unpublished observations).

Due to the differential effect of FHM1 mutations on excitatory
and inhibitory synaptic transmission, the cortical core microcir-
cuits mediating feedback and feedforward inhibition, which dy-
namically maintain the excitatory–inhibitory balance necessary
for the transfer of information while preventing runaway excita-
tion (Isaacson and Scanziani, 2011; Tremblay et al., 2016), are
likely dysfunctional in FHM1 (Pietrobon, 2018). This suggests
the hypothesis that impaired regulation of the excitatory–inhibi-
tory balance in specific circuits in the cerebral cortex (and other
brain structures) may be a primary brain dysfunction in FHM
and possibly migraine (Vecchia and Pietrobon, 2012; Pietrobon
and Brennan, 2019). Insights into the type of excitatory–inhibi-
tory imbalance that may favor CSD ignition in migraine are
provided by the evidence that the increased susceptibility to ex-
perimental CSD in the FHM mouse models is largely due to
excessive cortical glutamatergic synaptic transmission, arising
from either increased glutamate release (FHM1) (Tottene et al.,
2009) or impaired glutamate clearance (FHM type 2) (Capuani et
al., 2016). However, the specific neuronal circuits whose dysfunc-
tional regulation creates the conditions for ignition of “spontane-
ous” CSDs and, in general, for precipitation of the migraine attack
by specific triggers, and may underlie the interictal alterations in
sensory processing are unknown. On a more basic level, also
unknown is how the FHM mutations alter the core microcircuits
essential for the correct processing of sensory information and to
prevent overexcitation.

Here, we investigated the effect of a FHM1 mutation on a key
feedforward inhibitory (FFI) microcircuit, the thalamocortical
(TC) microcircuit resulting from the divergence of TC axons
onto layer 4 (L4) regular spiking (RS) principal neurons and L4
FS interneurons, making inhibitory synapses onto RS neurons.
This microcircuit is very interesting to study in the context of
migraine because it is critical in gating information flow to the
cortex (including trigeminovascular nociceptive information)
and in coordinating excitation and inhibition in the initial phases
of cortical sensory processing. It controls the time window for
integration of thalamic inputs and, hence, the temporal precision
of cortical sensory responses; it participates in sensory gain modula-
tion and effectively “shunts” cortical recurrent excitation, thus
preventing overexcitation and preserving discrete signaling in

cortical networks (Sun et al., 2006; Isaacson and Scanziani, 2011;
Tremblay et al., 2016). Other important features of sensory pro-
cessing modulated by the TC FFI microcircuit include the spatial
focusing of cortical sensory responses, the dynamic range, the
rapid sensory adaptation, and the adaptation-dependent trade-off
between detectability and discriminability (Moore, 2004; Bruno,
2011; Isaacson and Scanziani, 2011; Tremblay et al., 2016; Whit-
mire and Stanley, 2016).

We show that TC synaptic transmission is enhanced in FHM1
knock-in mice, and reveal a dysregulation of the excitatory–in-
hibitory balance set by the TC FFI microcircuit in L4 RS neurons
of somatosensory cortex, whereby the balance is relatively skewed
toward inhibition during repetitive thalamic stimulation as a
consequence of a differential effect of the FHM1 mutation on
short-term synaptic plasticity at the TC synapses on L4 RS and FS
neurons.

Materials and Methods
Animals. Experiments were performed using WT C57BL6J mice and
homozygous knock-in mice carrying the CaV2.1 R192Q FHM1 mutation
with the same genetic background (van den Maagdenberg et al., 2004).
Animals were housed in specific pathogen-free conditions, maintained
on a 12 h light/dark cycle, with free access to food and water. All experi-
mental procedures involving animals and their care were performed in
accordance with National laws and policies (D.L. 26, March 14, 2014)
and with the guidelines established by the European Community Coun-
cil Directive (2010/63/UE), and were approved by the local authority
veterinary services (AUT. MIN. 652/2015-PR).

Slices. Acute TC slices of the barrel cortex were prepared from P16-P19
mice of either sex as described by Tottene et al. (2009). Briefly, animals
were anesthetized with isoflurane and decapitated. The brain was quickly
removed and dissected at the right angles to obtain TC slices, as described
by Agmon and Connors (1991); 400-�m-thick slices were then cut on the
vibratome (Leica Microsystems, VT 1200S) in an ice-cold cutting solu-
tion (in mM as follows: 130 K gluconate, 15 KCl, 0.2 EGTA, 20 HEPES, 25
glucose, 2 kynurenic acid, 0.05 minocycline, pH 7.4 with 5% CO2)
(Dugué et al., 2005). Slices were transferred for 1 min in a 95% O2/5%
CO2 saturated solution containing (in mM as follows: 225 D-mannitol, 2.5
KCl, 1.25 NaH2PO4, 26 NaHCO3, 25 glucose, 0.8 CaCl2, 8 MgCl2, 2
kynurenic acid, 0.05 minocycline), then in standard ACSF plus 50 nM

minocycline at 30°C for 30 min, and finally at room temperature until
being transferred to a submerged chamber where electrophysiological
recordings were made at room temperature (21°C–24°C) (within 6 h
from cut).

Electrophysiological recordings, experimental design, and data analysis.
The recording chamber was mounted on the stage of an upright micro-
scope (Eclipse E600FN, Nikon Instruments), and slices were continu-
ously perfused with standard ACSF (in mM as follows: 125 NaCl, 2.5 KCl,
1 MgCl2, 2 CaCl2, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose) saturated
with 95% O2/5% CO2 at a flow rate of 3 ml/min using a peristaltic pump
(Miniplus 3, Gilson).

Connectivity between the thalamus and the cortex was assessed with a
field-recording electrode (a patch pipette filled with standard ACSF)
placed in L4 of the barrel cortex while electrically stimulating thalamic
afferents (every 10 s, stimulus duration 100 �s; stimulus amplitude 200 –
250 �A) with a concentric bipolar tungsten electrode (TM33CCINS,
World Precision Instruments) placed in the ventrobasal nucleus (VB)
close to the border with the nucleus reticularis thalami, near the fimbria.
Field responses �100 �V amplitude were considered as acceptable evi-
dence for a reliable connection.

Whole-cell patch-clamp recordings were made following standard
techniques. Electrical signals were recorded through a Multiclamp 700B
amplifier and digitized using an Axon Digidata 1550 interface and pClamp
software (Molecular Devices). Pipette resistance was 3–5 M�. Currents
were sampled at 10 kHz and filtered at 2 kHz.

Patch pipettes contained the following (in mM): 126 K-gluconate (130
in recording from FS interneurons), 6 KCl, 4 MgATP, 0.3 NaGTP, 10
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Na-phosphocreatine, 10 HEPES, 0.2 EGTA, and 0.2% biocytin (pH 7.25
with KOH).

Voltage measurements were corrected for the experimentally determined
junction potential of 12 mV. Access resistance was monitored continuously
throughout the experiments; experiments where it changed �20% (or had
access resistance � 25 M�, without compensation) were excluded from
the data.

L4 RS and FS neurons (deeper than 45 �m from the slice surface) were
identified according to their morphology under infrared differential in-
terference contrast optics (water-immersion objective 60�), their spik-
ing pattern in response to pulses of depolarizing current, their membrane
time constant and input resistance, and the kinetics of their TC EPSC
recorded at the reversal potential (Erev) of the IPSC (see below). In a
subset of experiments, the identification was confirmed by postfixation
inspection of the biocytin-labeled neurons. The firing pattern of the
recorded neurons was determined immediately after rupturing the
membrane by injecting 600 ms current pulses of incremental amplitude
in the current-clamp mode. RS neurons were identified by their rapid
adaptation of the instantaneous firing frequency in response to a square
pulse of current (at 1.6 –2 times the rheobase: from a peak frequency of
116 � 11 Hz [first two spikes] to a frequency of 23 � 2 Hz [averaged over
200 ms, 400 – 600 ms after the beginning of the pulse] in WT slices; n � 25
cells), a relatively long membrane time constant (15.6 � 0.9 ms), a high
input resistance in response to a 50 pA negative current pulse (268 � 8
M�), n � 16). FS interneurons were identified by their larger soma,
higher firing rates, and a much less pronounced adaptation of the firing
frequency: from a peak frequency of 167 � 12 Hz to a frequency of 110 �
9 Hz at 1.6 –2 times the rheobase in WT slices, n � 17, a faster membrane
time constant (7.4 � 0.4 ms), and a lower input resistance (69 � 5 M�)
compared with RS neurons. Moreover the kinetics of the isolated EPSC
elicited in FS interneurons by thalamic stimulation were much faster
than those in RS neurons (half-width values: 2.3 � 0.2 ms, n � 17 vs
6.9 � 0.4 ms, n � 25, p � 9 � 10 �8, Mann–Whitney test; see Figs. 1, 2).

Synaptic responses evoked by thalamic stimulation were recorded at
�62 mV and at Erev of the IPSC (�85 mV) in voltage-clamped L4 RS
neurons (as in Gabernet et al., 2005). The voltage of �62 mV is between
Erev of excitatory and inhibitory postsynaptic currents and allows to
accurately measure both the TC monosynaptic EPSC and disynaptic
IPSC (dIPSC) at a voltage relatively close to the physiological resting
potential (Gabernet et al., 2005). The dIPSC evoked by thalamic stimu-
lation in RS neurons at �62 mV was isolated by scaling the EPSC re-
corded in isolation at Erev IPSC to the initial slope of the EPSC recorded
at �62 mV, and then subtracting this scaled EPSC to the synaptic current
recorded at �62 mV (Gabernet et al., 2005) (see Fig. 1A). Thalamic
stimulation: single pulses and trains of 5 pulses (100 �s duration) at 10
Hz every 15 s, or trains of 5 pulses at 40 Hz every 20 s. The stimulus
intensity was close to that eliciting the maximal synaptic response (range
120 –250 �A) and, on average, was similar in WT and FHM1 slices (WT:
200 � 8 �A, n � 25; FHM1 � 193 � 7 �A, n � 27).

Synaptic responses evoked by thalamic stimulation were recorded
in voltage-clamped FS interneurons at Erev of the IPSC. In a subset of
experiments, the amplifier was then switched to current clamp (CC) to
record in the same FS interneurons the voltage changes elicited by the
thalamic stimulation. CC experiments were performed at the resting
potential (Vrest) of the neurons without injecting any current (Vrest FS
neurons: WT � �80 � 1 mV, n � 11; FHM1 � �81 � 1 mV, n � 14).

To ensure that the observed responses resulted from orthodromic
stimulation of the TC axons rather than antidromic stimulation of cor-
ticothalamic axons, we routinely determined three electrophysiological
parameters of the response: namely, latency, paired pulse ratio (PPR),
and supernormality. We only considered experiments in which EPSCs
recorded in L4 occurred at short latencies (�3.5 ms), showed paired
pulses depression, and displayed no supernormality (i.e., decrease in
latency of the second EPSC elicited 100 ms or less after the first) (Gaber-
net et al., 2005).

Statistics. Statistical analyses were performed with Statgraphics centu-
rion XVII software (RRID:SCR_015248). After assessing for normal dis-
tribution (using the Shapiro–Wilk normality test), comparison between
two groups was made using two-tailed unpaired or paired t test for nor-

mal distributed data and the Mann–Whitney or Wilcoxon tests for non-
parametric data. Equal variances were assumed. ANOVA for repeated
measures was used for comparison of two groups of multiple measure-
ments on the same cells (e.g., responses to 10 Hz thalamic stimulation).
The significance level was set to p � 0.05. Data are given as mean � SEM.
The number n of observations (which are indicated in the text and figure
legends) indicates the number of cells recorded from, whereas the num-
ber N indicates the number of mice from which the recordings were
obtained. The number of cells per group varied for different experiments,
in most of which it was � 16 (and N � 9). No statistical methods were
used to choose sample sizes that were estimated based on previous expe-
rience and are in line with those in the literature. No animals were ex-
cluded from the analysis. The traces in the figures are averages of traces
from n cells, which were obtained by averaging at least 20 sweeps in each
cell.

Results
We recorded the synaptic currents evoked in L4 RS principal
neurons of somatosensory barrel cortex by stimulation of TC
afferents with an extracellular electrode placed in the VB of the
thalamus in TC slices from P16-P19 WT and FHM1 knock-in
mice carrying the R192Q mutation (FHM1 mice; Fig. 1A) (van
den Maagdenberg et al., 2004). This FHM1 mutation in humans
causes pure FHM (Ophoff et al., 1996). L4 RS neurons were iden-
tified according to their morphology, spiking pattern, and other
electrophysiological properties as described in Materials and Meth-
ods. To identify the barrel connected with the VB stimulation site,
the whole-cell patch-clamp recordings were preceded by extracellu-
lar recordings in L4 while electrically stimulating the VB.

Consistent with previous reports (Gabernet et al., 2005; Cruik-
shank et al., 2007), when RS neurons were voltage-clamped at �62
mV, thalamic stimulation evoked a brief EPSC followed with a
short delay (1.19 � 0.07 ms in WT slices, n � 25) by an IPSC (Fig.
1A, top). The brief delay indicates that the IPSC is elicited in a
feedforward, disynaptic manner, by thalamic excitation of L4
cortical inhibitory interneurons, which, according to previous
work, are FS interneurons (Gabernet et al., 2005; Cruikshank et
al., 2007). The disynaptic TC feedforward inhibition effectively
curtails and suppresses TC excitation of RS cells, thus setting a
very brief time window for temporal integration of thalamic in-
puts (Gabernet et al., 2005). Indeed, both the amplitude and
duration of the EPSC evoked at �62 mV (69 � 9 pA and 1.14 �
0.09 ms half-width in WT slices, n � 25) were smaller than those
of the EPSC evoked in L4 RS neurons voltage-clamped at Erev of
the IPSC (Fig. 1A, middle; 144 � 14 pA and 6.9 � 0.4 ms half-
width, WT, n � 25, p � 10�5, Wilcoxon test and p � 2 � 10�8,
t test). The TC feedforward dIPSC at �62 mV (Fig. 1A, bottom,
green) was isolated as in Gabernet et al. (2005) (compare Mate-
rials and Methods; Fig. 1A, legend).

The TC EPSC (recorded at Erev of IPSC) in L4 RS neurons was
1.8 times larger in FHM1 compared with WT mice (Fig. 1B, left),
thus revealing a gain of function of excitatory neurotransmission
at TC synapses on RS neurons (TC-RS synapses) similar to that
previously found at different intracortical layer 2/3 (L2/3) excit-
atory synapses (Tottene et al., 2009; Marchionni, Pilati, Pietro-
bon, unpublished observations). Moreover, in FHM1 mice, the
TC EPSC occurred with a slightly shorter delay from thalamic
stimulation (FHM1: 2.47 � 0.06 ms, n � 27, vs WT: 2.72 � 0.07
ms, n � 25; p � 0.01, t test). The TC feedforward dIPSC in RS
neurons was also 	2 times larger in the mutant mice (Fig. 1B,
right). The increased TC disynaptic feedforward inhibition in
FHM1 mice is expected if the excitatory synaptic transmission at TC
synapses on L4 FS interneurons (TC-FS synapses) is also enhanced;
and, as a consequence, recruitment of FS interneurons is increased.
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Indeed, recordings in L4 FS interneurons (voltage-clamped
at Erev of IPSC) showed that the TC EPSC elicited by thalamic
stimulation in these inhibitory neurons was 2 times larger in
mutant compared with WT mice (Fig. 2A). Switching to CC (at
resting potential) revealed that the average percentage of trials in
which thalamic stimulation elicited a spike in the same FS in-
terneurons was also near to 2 times larger in FHM1 compared
with WT mice (Fig. 2B). Thus, the enhancement of TC excitatory
transmission onto L4 FS interneurons results in a similarly
increased recruitment of these interneurons by thalamic stimu-
lation in FHM1 mice. This may account for the increased TC
disynaptic feedforward inhibition on RS neurons. Therefore, these
data are consistent with the hypothesis that action potential-evoked
GABA release at L4 FS interneuron to RS neuron synapses is un-
altered in FHM1 mice, in agreement with the unaltered synaptic
transmission measured at L2/3 FS interneuron to pyramidal cell
synapses (Tottene et al., 2009).

Consistent with previous reports (Gabernet et al., 2005;
Cruikshank et al., 2007), the TC EPSC elicited (at Erev of IPSC) in
WT FS interneurons was 6.3 times larger and had much faster
kinetics than that elicited in WT RS neurons (half-width of aver-
age EPSC traces in Fig. 2A and Fig. 1B: 2.9 ms and 7.2 ms, respec-
tively). This has been shown to reflect both the expression of
different AMPA receptors in FS and RS neurons and a larger
number of thalamic inputs converging on FS compared with RS
cells (Gabernet et al., 2005; Inoue and Imoto, 2006; Cruikshank et
al., 2007; Hull et al., 2009).

Due to the similar gain of function of TC monosynaptic exci-
tation and disynaptic feedforward inhibition of L4 RS neurons in

FHM1 mice, the TC feedforward inhibition over excitation ratio
(I/E: ratio of isolated dIPSC and isolated monosynaptic EPSC
scaled at �62 mV) was similar in mutant and WT mice (Fig. 3).
As a consequence, also the half-width duration (HW) of the
EPSC recorded at �62 mV in RS neurons was similar in the two
genotypes (Fig. 3). These findings support the conclusion that,
considering single thalamic stimuli, the excitation-inhibition
balance set by the TC FFI microcircuit in L4 RS neurons is not
altered by the FHM1 mutation. Moreover, they suggest that also
the brief time window for integration of TC synaptic inputs, which is
mainly defined by the TC I/E ratio (Gabernet et al., 2005), is most
likely unaltered in FHM1 mice (as indicated by the unaltered EPSC
HW).

We next investigated whether the excitation-inhibition bal-
ance in the TC FFI microcircuit is altered in the FHM1 mice
during repetitive thalamic stimulation. In slices from WT mice,
during repetitive thalamic stimulation at 10 Hz, the amplitudes of
both the isolated EPSCs and feedforward dIPSCs elicited in RS
neurons decreased with increasing pulse number, but the depres-
sion of the dIPSC was larger than that of the EPSC (Fig. 4A). As a
consequence, the I/E ratio decreased during the train (from 2.7 at
the first pulse to 0.15 at the fifth pulse) and the HW of the EPSC
recorded at �62 mV in RS neurons increased (from 1.1 to 5.7 ms,
i.e., from 16% to 83% of the duration of the isolated EPSC re-
corded at Erev of IPSC) (Fig. 4B). This is in agreement with
previous evidence that, in WT mice, the TC excitatory–inhibitory
balance shifts toward excitation and the integration time window
widens during repetitive thalamic stimulation (Gabernet et al.,
2005).

Figure 1. The TC synaptic transmission is enhanced in FHM1 mice. A, Top, Schematic diagram of the experimental configuration in which synaptic currents evoked by thalamic stimulation were
recorded in a voltage-clamped L4 RS neuron, and representative trace of the intrinsic firing of RS neurons. VC, Voltage clamp. Bottom, Average current responses elicited by single thalamic
stimulations in L4 RS neurons voltage-clamped at �62 mV (top, black) and at the reversal potential (Erev) of the IPSC (�85 mV; middle, blue) in WT (n � 25, from N � 23 mice) and FHM1 slices
(n � 27; N � 23). The feedforward dIPSC at �62 mV (bottom, green) was isolated by subtracting the scaled EPSC (bottom, blue; obtained by scaling to �62 mV the EPSC recorded in isolation at
Erev of the IPSC) from the current recorded at �62 mV (bottom, black). B, Left, Amplitudes and average value of the TC EPSCs elicited in L4 RS neurons at Erev of IPSC by single thalamic stimulations
in WT (average value: 144 � 14 pA, n � 25, N � 23; black) and FHM1 mice (255 � 23 pA, n � 27, N � 23; magenta) and corresponding average traces. Right, Amplitudes and average values of
the TC feedforward dIPSCs at �62 mV (isolated as described above) in WT (255 � 22 pA, n � 25, N � 23; black) and FHM1 mice (524 � 49 pA, n � 27, N � 23; magenta) and corresponding
average traces. The TC EPSC and the TC dIPSC evoked by thalamic stimulation in L4 RS neurons are both 	2 times larger in FHM1 compared with WT mice: p � 2 � 10 �4, t test and p � 6 � 10 �6,
Mann–Whitney test, respectively. ***p � 0.001.
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Short-term depression (STD) of the isolated EPSC at TC-RS
synapses during repetitive thalamic stimulation was larger (and
the PPR, lower) in FHM1 compared with WT mice (Fig. 5A).
This is expected if an increased probability of glutamate release
underlies the gain of function of TC excitatory transmission in
FHM1 mice, as was previously shown for the gain of function of
excitatory transmission at intracortical synapses (Tottene et al.,
2009). The relative gain of function of the EPSC in the mutant mice
decreased with increasing pulse number during the repetitive stim-
ulation (by 	35% at the fifth pulse). However, the EPSC remained
significantly larger throughout the train in FHM1 compared with

WT mice (Fig. 5A). In striking contrast,
STD of the feedforward dIPSC was unal-
tered in FHM1 mice (Fig. 5B). Therefore,
the relative gain of function of the TC feed-
forward inhibition in the mutant mice
remained nearly constant during the repet-
itive thalamic stimulation (Fig. 5B).

As a consequence of the differential ef-
fect of the FHM1 mutation on STD of TC
excitation and TC disynaptic feedforward
inhibition, the relative decrease of the I/E
ratio in L4 RS cells during repetitive tha-
lamic stimulation was smaller in FHM1
compared with WT mice (Fig. 6). During
the train, the I/E ratio becomes increas-
ingly larger in FHM1 compared with WT
mice. Accordingly, the relative increase of
the HW of the EPSC recorded at �62 mV
in RS neurons during the train was lower
in FHM1, and the HW becomes smaller in
FHM1 compared with WT mice (Fig. 6).
At the fifth pulse, the HW of the EPSC (at
�62 mV) was 63% of the HW of the iso-
lated EPSC in FHM1 mice (vs 83% in WT
mice). These findings are consistent with
the conclusion that both the typical shift
of the excitatory–inhibitory balance to-

ward excitation and the typical widening of the integration time
window during repetitive thalamic stimulation are smaller in FHM1
compared with WT mice. We have thus revealed an altered regula-
tion of the cellular excitatory–inhibitory balance of TC-evoked re-
sponses in cortical L4 principal neurons during repetitive thalamic
stimulation in FHM1. In contrast with what one might have ex-
pected, the dysregulation does not skew the balance toward excita-
tion. This is further supported by the findings in Figure 7.

Repetitive thalamic stimulation in WT slices induced, in some
trials, large barrages of EPSCs in L4 RS neurons (Fig. 7). The

Figure 2. The recruitment of L4 FS interneurons is enhanced in FHM1 mice. A, Left, Schematic diagram of the experimental configuration in which synaptic currents in voltage-clamp (VC) and
voltage changes in CC evoked by thalamic stimulation were recorded in a L4 FS interneuron, and representative trace of the intrinsic firing of FS interneurons. The traces under the diagram are the
average current responses elicited by single thalamic stimulations in L4 FS interneurons voltage-clamped at Erev of the IPSC in WT (black, n � 11, N � 8) and FHM1 mice (magenta, n � 14, N �
10). The fraction of thalamic stimulations eliciting firing in the same FS interneurons was then determined after switching to CC mode. Right, Amplitudes and average values of the TC EPSCs elicited
in L4 FS interneurons at Erev of IPSC by single thalamic stimulations in WT (911 � 129 pA, n � 11; black) and FHM1 mice (1830 � 275 pA, n � 14; magenta). The TC EPSC evoked by thalamic
stimulation in L4 FS interneurons is 2 times larger in FHM1 compared with WT mice ( p�0.011, t test). B, Representative traces of the voltage changes measured in CC and the corresponding synaptic
currents measured in VC in a WT (black) and an FHM1 (magenta) L4 FS interneuron. The average percentage of trials in which thalamic stimulation elicited a spike in FS interneurons was larger in
FHM1 compared with WT mice (75 � 11% in FHM1, n � 14, vs 42 � 15% in WT, n � 11). *p � 0.05.

Figure 3. The TC feedforward inhibition over excitation ratio and the duration of TC excitation of L4 RS neurons are both
unaltered in FHM1 mice. Left, Schematic diagram of experimental configuration and average current responses elicited in L4 RS
neurons voltage-clamped at �62 mV by thalamic stimulation in WT (n � 25, N � 23) and FHM1 mice (n � 27, N � 23). Middle,
Values of the TC feedforward I/E ratio elicited in L4 RS neurons by thalamic stimulation in WT (2.7 � 0.3, n � 25, N � 23; black)
and FHM1 (2.8 � 0.1, n � 27, N � 23; magenta) mice. The I/E ratio is obtained by dividing the dIPSC measured at �62 mV
(isolated as in Fig. 1) by the isolated monosynaptic EPSC measured, as in Figure 1 and scaled at �62 mV. The I/E ratio is not
significantly different in FHM1 and WT mice ( p � 0.062, Mann–Whitney test). Right, Values of the HW of the EPSC elicited in RS
neurons voltage-clamped at �62 mV in WT (1.14 � 0.09 ms in WT, n � 25, N � 23; black) and FHM1 (1.03 � 0.04 ms, n � 27,
N � 23; magenta) mice. The HW is not significantly different in WT and FHM1 mice ( p � 0.43 Mann–Whitney test).
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fraction of trials in which these EPSC barrages were observed was
2.6 times larger after 40 Hz compared with 10 Hz thalamic stim-
ulation (Fig. 7). Previous work has shown that these frequency-
dependent EPSC barrages are produced by recurrent network
activity recruited via intracortical synapses as a consequence of
firing of a small number of L4 RS neurons after temporal sum-
mation of TC EPSPs that overcomes TC feedforward inhibition
(Beierlein et al., 2002). In agreement with the relatively smaller
shift of the excitatory–inhibitory balance toward excitation dur-
ing repetitive stimulation in FHM1 compared with WT mice,
recurrent cortical network activity induced by repetitive thalamic
stimulation was observed less frequently in the FHM1 mutants
(Fig. 7).

To investigate why, despite the gain of function of TC excita-
tion of L4 FS interneurons (Fig. 2), the STD of the TC feedfor-
ward dIPSC on RS neurons was unaltered in FHM1 mice (Fig.
5B), we recorded the TC EPSCs elicited in L4 FS interneurons by
repetitive thalamic stimulation at 10 Hz. In striking contrast with
the increased STD of excitatory transmission at FHM1 TC-RS
synapses (Fig. 5A) and FHM1 L2/3 pyramidal cell-FS interneuron
synapses (Tottene et al., 2009), the STD of excitatory transmission
at TC-FS interneuron synapses was similar in WT and FHM1 mice
(Fig. 8). As a consequence, the relative gain of function of TC exci-
tation of L4 FS interneurons in FHM1 mice remained nearly
constant during the repetitive thalamic stimulation (Fig. 8). The
similar STD of excitatory transmission at TC-FS interneuron
synapses in WT and FHM1 mice may account for the similar STD
of the TC disynaptic feedforward inhibition in the two genotypes
(Fig. 5B).

Discussion
In this study, we show that TC synaptic transmission is enhanced
in FHM1 compared with WT mice. The monosynaptic EPSCs
evoked by single pulse thalamic stimulation on L4 RS neurons
and FS interneurons are similarly enhanced. The consequent in-

creased recruitment of FS interneurons results in a similar en-
hancement of disynaptic FFI inputs on L4 principal neurons. As a
consequence, in response to single thalamic stimulations, neither
the excitatory–inhibitory balance nor the integration time win-
dow set by the TC FFI microcircuit in RS neurons is significantly
altered in the FHM1 mutants. However, during repetitive tha-
lamic stimulation, the typical shift of the excitatory–inhibitory
balance toward excitation and the typical widening of the inte-
gration time window (Gabernet et al., 2005) are both smaller in
FHM1 compared with WT mice. Although TC synaptic excita-
tion of L4 neurons remains enhanced, during repetitive thalamic
activity, the excitatory–inhibitory balance in L4 RS neurons is
relatively skewed toward inhibition in FHM1 compared with WT
mice. We have thus revealed a dysregulation of the excitatory–
inhibitory balance set by the TC FFI microcircuit in FHM1. This
is due to an unexpected differential effect of the FHM1 mutation
on short-term synaptic plasticity at TC-RS and TC-FS excitatory
synapses. STD is enhanced at TC-RS synapses, as expected for an
increased probability of glutamate release due to gain of function
of presynaptic CaV2.1 channels (Tottene et al., 2009) but is unal-
tered at TC-FS synapses in FHM1 mice, despite the gain of func-
tion of neurotransmitter release.

Since a single TC axon can impinge on both RS and FS cells
(Gabernet et al., 2005; Inoue and Imoto, 2006), these findings
indicate postsynaptic target cell-dependent plasticity at TC syn-
apses (Larsen and Sjöström, 2015). There is evidence that STD at
TC-FS synapses involves mainly presynaptic mechanisms (Bag-
nall et al., 2011). However, the unaltered STD at TC-FS synapses
in FHM1 mice, despite the larger probability of release (Tottene
et al., 2009), suggests the presence of a target-cell specific STD
mechanism that is independent of the initial probability of re-
lease. This implies that, at TC-FS, in contrast with TC-RS, syn-
apse vesicle depletion is not the main STD mechanism. Different
hypothetical presynaptic STD mechanisms upstream of exocyto-

Figure 4. During repetitive thalamic stimulation, the TC feedforward inhibition over excitation ratio decreases and the duration of TC excitation of L4 RS neurons increases in WT mice. A, Left,
Schematic diagram of experimental configuration and average current responses (n � 21, N � 19) measured in WT L4 RS neurons voltage-clamped at �62 mV (top, black) and at Erev of the IPSC
(middle, blue) during repetitive thalamic stimulation at 10 Hz (5 pulses). The feedforward dIPSC at �62 mV (bottom, green) was isolated as in Figure 1. Right, Average normalized TC EPSC (at Erev
of the IPSC) and dIPSC (at �62 mV) evoked in WT L4 RS neurons by repetitive 10 Hz thalamic stimulation as a function of stimulus number (n � 21, N � 19). The depression of the dIPSC with
increasing stimulus number is larger than that of the EPSC: EPSC PPR � 0.77 � 0.03 and EPSC5/EPSC1 � 0.47 � 0.02; dIPSC PPR � 0.35 � 0.04 and dIPSC5/dIPSC1 � 0.03 � 0.01; p � 2 �
10 �10 and 3 � 10 �14 (paired t test) for PPR and PSC5/PSC1, respectively. B, Average values of the TC I/E ratio (obtained as in Fig. 3,F) and of the HW of the EPSC (E) elicited in L4 RS neurons (at
�62 mV) by repetitive thalamic stimulation as a function of stimulus number. The I/E ratio decreases during the train (from 2.7 � 0.3 at the first pulse to 1.3 � 0.2 at the second pulse to 0.15 �
0.03 at the fifth pulse of the 10 Hz train). Hence, the HW of the EPSC recorded at �62 mV increases from 1.1 � 0.1 ms at the first pulse to 2.3 � 0.3 ms at the second pulse to 5.7 � 0.4 ms at the
fifth pulse. ***p � 0.001.
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sis and presynaptic Ca 2
 influx may be consistent with unaltered
STD in FHM1 mice. They include activity-dependent changes in
amplitude and/or duration of the presynaptic spike resulting in
reduced Ca 2
 influx during the train (Kawaguchi and Sakaba,
2015) and activity-dependent inactivation of the release machin-
ery or reduced affinity of the presynaptic Ca 2
 sensor during the
train (Kraushaar and Jonas, 2000; Waldeck et al., 2000). An in-
creased open probability of mutant CaV2.1 channels (Pietrobon,
2013) is expected to barely affect these STD mechanisms; and,
if any, the effect would be a reduction of STD. The alternative
hypothesis that, at TC-FS synapses, there are specific activity-
dependent mechanisms of facilitation that are enhanced in
FHM1 and compensate the enhanced STD seems unlikely and in
contrast with the larger STD at TC-FS compared with TC-RS
synapses (Beierlein et al., 2003; Gabernet et al., 2005) (Figs. 5, 8).

The finding of increased TC synaptic transmission in the somato-
sensory cortex of FHM1 mice strongly suggests that transmission of
sensory signals, including nociceptive trigeminovascular signals,

from thalamic relay nuclei to cortex is enhanced by FHM1 mu-
tations. This would increase the gain of the trigeminovascular
pain pathway in FHM1 and thus facilitate migraine pain. It might
contribute to the behavioral changes suggestive of unilateral head
pain that were reported in FHM1 mice when subjected to novelty
or restrain stress (Chanda et al., 2013). If our findings also hold
for TC transmission from higher-order thalamic nuclei, such as
dura-sensitive Po/LP, then increased TC transmission from these
nuclei might contribute to allodynia and photophobia during the
migraine attack (Burstein et al., 2010; Noseda et al., 2010). More-
over, since Po/LP neurons project broadly to several cortical ar-
eas, including visual, auditory, and parietal association areas
(Noseda et al., 2011), and participate in trans-thalamic circuits
mediating corticocortical communication (Sherman, 2016), in-
creased TC transmission from these nuclei might contribute to
the general enhancement of sensory gain that seems to char-
acterize migraine (Brennan and Pietrobon, 2018). Indeed, mi-
graineurs show amplification of percepts from multiple senses

Figure 5. During repetitive thalamic stimulation, STD of TC excitation of L4 RS neurons is larger in FHM1 compared with WT mice, whereas STD of TC feedforward inhibition is unaltered in FHM1
mice. A, Left, Schematic diagram of experimental configuration and average current responses measured in L4 RS neurons voltage-clamped at Erev of the IPSC in WT (n � 21, N � 19) and FHM1
(n � 20, N � 19) mice during repetitive thalamic stimulation (10 Hz). Middle, Average amplitudes of the isolated TC EPSC in RS neurons as a function of pulse number in WT (black, n � 21, N �
19) and FHM1 (magenta, n � 20, N � 19) mice. Right, The average values of the EPSC amplitudes normalized to the EPSC elicited by the first pulse in each cell. The depression of the isolated EPSC
during repetitive thalamic stimulation is larger in FHM1 compared with WT mice: EPSC PPR � 0.66 � 0.03 in FHM1 versus 0.77 � 0.03 in WT, p � 0.017, t test; EPSC5/EPSC1 � 0.38 � 0.03 versus
0.47 � 0.02, p � 0.020, t test. However, the EPSC remains significantly larger throughout the train in FHM1 compared with WT mice (middle: p � 0.0018, repeated-measures ANOVA). B, Left,
Average traces of the feedforward dIPSC in RS neurons at �62 mV (isolated as in Fig. 1) during repetitive thalamic stimulation in WT (n � 21) and FHM1 (n � 20) mice. Middle, Average amplitudes
of the isolated TC feedforward dIPSC in RS neurons as a function of pulse number in WT (black, n � 21) and FHM1 (magenta, n � 20) mice ( p � 0.0001, repeated-measures ANOVA). Right, Average
normalized dIPSC amplitudes in RS neurons as a function of pulse number in WT and FHM1 mice. The depression of the TC dIPSC during repetitive thalamic stimulation is similar in FHM1 and WT mice:
dIPSC PPR � 0.41 � 0.03, in FHM1 versus 0.35 � 0.04 in WT; p � 0.22, t test; dIPSC5/dIPSC1 � 0.05 � 0.01 in FHM1 versus 0.03 � 0.01 in WT, p � 0.17, t test. *p � 0.05. **p � 0.01. ***p �
0.001.
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during the attack and interictal hypersensitivity to sensory stim-
uli and heightened responses to noxious and non-noxious sen-
sory stimulation (de Tommaso et al., 2014; Schwedt et al., 2015;
Demarquay and Mauguière, 2016; Schulte and May, 2016; Lisicki
et al., 2018).

The dysregulation of the excitatory–inhibitory balance set by
the TC FFI microcircuit in L4 principal neurons suggests that the
temporal precision and the spatial focusing of cortical sensory
responses might also be enhanced in FHM1. However, any pre-

diction about possible alterations in these and other features of
sensory processing modulated by the TC FFI microcircuit (see
Introduction and references therein) is made difficult by the fact
that they may also depend on intracortical recurrent excitation
and inhibition and, in general, on the excitatory–inhibitory bal-
ance in the intracortical core microcircuits mediating feedback
and feedforward inhibition and disinhibition (Isaacson and
Scanziani, 2011; Tremblay et al., 2016). These microcircuits are
likely altered by the FHM1 mutations, but in a presently un-

Figure 6. During repetitive thalamic stimulation, the relative decrease of the TC feedforward inhibition over excitation ratio and the relative increase of the duration of TC excitation of L4 RS
neurons are both smaller in FHM1 compared with WT mice. Left, Schematic diagram of experimental configuration and average current responses elicited in L4 RS neurons (voltage-clamped at �62
mV) by the second and fifth pulse of repetitive thalamic stimulation at 10 Hz in WT (n � 21, N � 19) and FHM1 (n � 20, N � 19) mice. Middle, Average normalized values of the TC feedforward
I/E ratio elicited in L4 RS neurons by repetitive thalamic stimulation as a function of stimulus number in WT (n � 21, N � 19; black) and FHM1 (n � 20, N � 19; magenta) mice. During the train,
the normalized I/E ratio decreases less and becomes increasingly larger in FHM1 compared with WT mice: 0.63 � 0.04 versus 0.47 � 0.05 at the second pulse ( p � 0.016, t test); 0.15 � 0.03 versus
0.07 � 0.02 at the fifth pulse ( p � 0.018, t test). Right, Average normalized values of the HW of the EPSC elicited in RS neurons (at �62 mV) by repetitive thalamic stimulation as a function of
stimulus number in WT (n � 21; black) and FHM1 (n � 20; magenta) mice. During the train, the normalized HW increases less and is smaller in FHM1 compared with WT mice: 1.51 � 0.06 versus
2.1 � 0.3 at the second pulse ( p � 0.015, Mann–Whitney test); 4.2 � 0.4 versus 6.1 � 0.9 at the fifth pulse ( p � 0.046, Mann–Whitney test). *p � 0.05.

Figure 7. Recurrent cortical network activity induced by repetitive thalamic stimulation is less frequent in FHM1 compared with WT mice. Left, Representative traces of the current elicited in a
WT and a FHM1 L4 RS neuron (voltage-clamped at Erev of IPSC) by a 10 Hz thalamic stimulation (5 pulses). The thalamic stimulation induces in some trials network activity visible as large barrages
of EPSCs. Right, Percentage of trials in which 10 or 40 Hz thalamic stimulation induced recurrent network activity in WT (10 Hz: n � 63, N � 37; 40 Hz; n � 20, N � 7) and FHM1 mice (10 Hz, n �
58, N � 34; 40 Hz; n � 18, N � 6). The average percentage trials with network activity in WT slices increased with stimulation frequency from 28 � 4% of trials after 5 pulses at 10 Hz to 73 � 8%
of trials after 5 pulses at 40 Hz ( p � 1 � 10 �5, Mann–Whitney test). At both frequencies, the average percentage of trials with network activity is smaller in FHM1 than WT mice (12 � 3% vs 28 �
4% at 10 Hz and 26 � 9% vs 73 � 8% at 40 Hz; p � 4 � 10 �4, Mann–Whitney test at both 10 and 40 Hz). ***p � 0.001.
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known manner. Moreover, although the main properties of the
TC FFI microcircuit uncovered in TC slices have been observed
also in vivo in anesthetized WT animals (Chung et al., 2002; Gab-
ernet et al., 2005; Higley and Contreras, 2006; Heiss et al., 2008),
there are some differences: e.g., the release probability at individ-
ual synapses is generally lower (Borst, 2010) and, on the other
hand, the number of TC fibers is much larger in vivo than in slices
(resulting in an enhanced I/E ratio in L4 RS neurons due to the
larger convergence of TC fibers on FS than RS neurons) (Bruno
and Simons, 2002; Swadlow and Gusev, 2002; Inoue and Imoto,
2006; Cruikshank et al., 2007; Favero and Castro-Alamancos,
2013).

In vivo, the TC FFI microcircuit function is strongly modu-
lated by the animal behavioral state. This is due to neuromodu-
lation, which can affect differently TC feedforward inhibition and
excitation of RS neurons: for instance, compare the effect of nor-
adrenaline in Favero et al. (2012) and the very low threshold to
sensory stimulation of L4 FS interneurons in awake animals in
Simons (1978) and Swadlow (2003). It is also due to the fact that
depressing synapses, such as the TC-RS and TC-FS synapses, are
likely always in some state of depression, which correlates with
ongoing thalamic firing rate (larger in awake alert-whisking than
quiet animals and in awake than sleeping-anesthetized animals)
(Castro-Alamancos and Oldford, 2002; Castro-Alamancos, 2004;
Bruno and Sakmann, 2006; Poulet et al., 2012). We can then
predict that the alterations of the TC FFI microcircuit in FHM1
are behavioral state-dependent. This feature might contribute to
explain the episodic nature of the disease and why the same trig-
ger may sometimes initiate a migraine attack and sometimes not.
Future investigations of sensory processing in awake FHM1 mice
in different behavioral states combined with investigations of the
effect of the FHM1 mutations on the excitatory–inhibitory bal-
ance in the core intracortical microcircuits will be essential to
understand how and by which mechanisms the FHM1 mutation
affects sensory processing in behaving animals.

Perhaps counterintuitively, given the enhanced TC excitatory
transmission, the dysregulation of the excitatory inhibitory bal-
ance in the TC FFI microcircuit in FHM1 mice does not skew the

balance toward excitation and does not lead to cortical overexci-
tation. On the contrary, cortical recurrent excitation induced by
repetitive thalamic firing is reduced in FHM1 mice. Interestingly,
in contrast with our findings in the FHM1 mouse model, a skew-
ing toward excitation of the excitatory–inhibitory balance of TC-
evoked responses in L4 RS neurons has been reported in some
animal models of epilepsy. This dysregulation has been proposed
to contribute to the unconstrained cortical recurrent excitation
and the seizures observed in these animals (Sun et al., 2005; Sasaki
et al., 2006; Paz and Huguenard, 2015). These include the totter-
ing mice, which carry a loss-of-function mutation in the CaV2.1
channel (Pietrobon, 2005; Sasaki et al., 2006) and are resistant to
induction of experimental CSD (Ayata et al., 2000) (i.e., show the
opposite CaV2.1 and CSD phenotype than the FHM1 mice) (van
den Maagdenberg et al., 2004; Tottene et al., 2009). Thus, a dys-
regulation of the excitatory–inhibitory balance in the TC FFI
microcircuit does not seem to affect in an obvious manner CSD
susceptibility. However, CSD susceptibility is clearly linked to
CaV2.1 channel function in intracortical neurons and to en-
hanced intracortical glutamatergic neurotransmission (Tottene
et al., 2009, 2011; Capuani et al., 2016). The specific intracortical
microcircuits involving excitatory and inhibitory neurons, whose
dysfunctional regulation may underlie CSD susceptibility in
FHM, remain unknown.

Some of the alterations in sensory processing revealed in
migraineurs (e.g., in contrast gain of steady-state visual evoked
potentials and in perceptual surround suppression) were inter-
preted as reflecting an excitatory–inhibitory imbalance toward
inhibition in visual pathways, due to increased recruitment of
inhibitory interneurons as a consequence of enhanced excitatory
transmission (Battista et al., 2011; Nguyen et al., 2016). These
interpretations are consistent with the dysregulation of the TC
excitatory–inhibitory balance uncovered in FHM1 mice, with the
caveat that the neural basis of perception and of the complex
signals measured in clinical neurophysiological studies are poorly
understood; therefore, it is very difficult to relate the response
alterations in migraineurs to specific neuronal synaptic and cir-
cuit mechanisms. Interestingly, opposite alterations in contrast

Figure 8. During repetitive thalamic stimulation, STD of TC excitation of L4 FS interneurons is unaltered in FHM1 mice. A, Left, Schematic diagram of experimental configuration and average
current responses measured in L4 FS interneurons voltage-clamped at Erev of the IPSC in WT (n � 17, N � 13) and FHM1 (n � 19, N � 13) mice during repetitive thalamic stimulation (10 Hz).
Middle, Average amplitudes of the isolated TC EPSC in FS interneurons as a function of pulse number in WT (black, n � 17, N � 13) and FHM1 (magenta, n � 19, N � 13) mice. The EPSC is
significantly larger throughout the train in FHM1 compared with WT mice ( p � 0.012, repeated-measures ANOVA). Right, Corresponding average normalized values of the EPSC amplitudes as a
function of pulse number. The depression of the isolated EPSC during repetitive thalamic stimulation is unaltered in FHM1 mice (EPSC PPR � 0.59 � 0.02 in FHM1 vs 0.58 � 0.03 in WT;
EPSC5/EPSC1 � 0.31 � 0.01 vs 0.31 � 0.01). In WT mice, STD is larger at TC-FS compared with TC-RS synapses (compare PPR � 0.58 � 0.03 vs 0.77 � 0.03, p � 3 � 10 �5, t test and EPSC5/1 �
0.31 � 0.01 vs 0.47 � 0.02, p � 2 � 10 �6 t test) (Beierlein et al., 2003; Gabernet et al., 2005). *p � 0.05.
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gain and surround suppression, consistent with reduced inhibition,
were reported in epileptic and schizophrenic patients (Dakin et al.,
2005; Tsai et al., 2011). Thus, some alterations in sensory process-
ing in patients and the alterations in excitatory–inhibitory bal-
ance in the TC FFI microcircuit (and CSD susceptibility) in
animal models point to different circuit mechanisms of dys-
regulation of the excitatory–inhibitory balance in migraine
and epilepsy.
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