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Abstract
CACNA1A deletions cause epilepsy, ataxia, and a range of neurocognitive deficits, including inattention, impulsivity,
intellectual deficiency and autism. To investigate the underlying mechanisms, we generated mice carrying a targeted
Cacna1a deletion restricted to parvalbumin-expressing (PV) neurons (PVCre;Cacna1ac/+) or to cortical pyramidal cells (PC)
(Emx1Cre;Cacna1ac/+). GABA release from PV-expressing GABAergic interneurons (PV-INs) is reduced in PVCre;
Cacna1ac/+ mutants, resulting in impulsivity, cognitive rigidity and inattention. By contrast, the deletion of Cacna1a in PCs
does not impact cortical excitability or behaviour in Emx1Cre;Cacna1ac/+ mutants. A targeted Cacna1a deletion in the
orbitofrontal cortex (OFC) results in reversal learning deficits while a medial prefrontal cortex (mPFC) deletion impairs
selective attention. These deficits can be rescued by the selective chemogenetic activation of cortical PV-INs in the OFC or
mPFC of PVCre;Cacna1ac/+ mutants. Thus, Cacna1a haploinsufficiency disrupts perisomatic inhibition in frontal cortical
circuits, leading to a range of potentially reversible neurocognitive deficits.

Introduction

Missense mutations in the CACNA1A gene, encoding the
α1 subunit of the voltage-gated P/Q-type calcium channel
CaV2.1, cause episodic ataxia type 2 (EA2) or familial
hemiplegic migraine type 1 (FHM1) by inducing, respec-
tively, either a loss- or a gain-of-function of the gene [1].
Growing evidence suggest that CACNA1A loss-of-function
(LOF) mutations cause extra-cerebellar phenotypes,
including epilepsy and cognitive impairment [2–7]. We
recently described that CACNA1A LOF mutations, such as
deletions and stop gain mutations, result in epileptic ence-
phalopathy with generalized seizures or susceptibility to

febrile seizures, mild EA2 with downbeat nystagmus, and a
spectrum of cognitive-behavioural deficits ranging from
learning disabilities, inattention (ADD), intellectual defi-
ciency (ID) and/or autism spectrum disorder (ASD) [2].
However, the extent of the neurobehavioural impairments
associated with CACNA1A LOF mutations has not been
fully described to date and the underlying mechanisms are
unknown.

CaV2.1 channels regulate pre-synaptic calcium entry and
neurotransmitter release at a variety of central synapses,
including in cortical, hippocampal and cerebellar circuits
[8]. Although the loss of CaV2.1 channels can be compen-
sated by an up-regulation of other voltage-gated calcium
channels at most central synapses [9], this compensation is
insufficient to rescue neurotransmission from specific cell
types, resulting in clinical deficits. For instance, we recently
showed that the selective ablation of Cacna1a in cortical
GABAergic interneurons suffices to induce generalized
epilepsy in mice, and that CaV2.1 channels are critical to
ensure reliable neurotransmission from parvalbumin-
positive (PV) cortical fast-spiking GABAergic inter-
neurons (INs) but that they are dispensable at synapses
formed by somatostatin-positive INs [10, 11] (SST). In
addition, we showed that the homozygous loss of Cacna1a
at glutamatergic synapses reduces cortical excitability
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without an apparent clinical phenotype, but that it lessens
the seizure severity when combined with a targeted deletion
in cortical INs [10]. Together, our data suggested that cor-
tical disinhibition due to synaptic failure of PV-INs
underlies the seizure disorder in mutant mice with Cac-
na1a LOF mutations.

Dysfunction of cerebellar circuits results in a range of
motor symptoms, including nystagmus, ataxia and impaired
coordination [12–14], and might contribute to some aspects
of the cognitive-behavioural phenotype associated with
CACNA1A LOF. However, a growing body of literature
also illustrates the role of PV-INs in cognitive functions,
including in cortical sensory processing, attention, cognitive
flexibility and working memory [15–23]. We thus hypo-
thesized that cortical disinhibition might contribute to the
cognitive deficits associated with CACNA1A LOF.

In this paper, we describe the extent of the neurocognitive
deficits in patients with CACNA1A haploinsufficiency. Fur-
ther, we dissect the impact of Cacna1a haploinsufficiency in
various neuronal populations in mice. We demonstrate that a
targeted Cacna1a deletion in PV-INs induces deficits in
selective attention and cognitive flexibility by impairing
synaptic release from PV-INs, while a deletion in pyramidal
cells (PC) has no apparent behavioural or functional con-
sequences. Further, we show that a targeted deletion of
Cacna1a in the medial prefrontal cortex (mPFC) impairs
selective attention while a deletion in the orbitofrontal cortex
(OFC) induces cognitive rigidity. Importantly, these deficits
can be rescued by a targeted chemogenetic activation of PV-
INs in the mPFC or OFC respectively. Thus, deficits in
selective attention and in cognitive flexibility are attributable
to a disinhibition of frontal circuits in Cacna1a conditional
mutants, which can be reversed by a targeted activation of
PV-INs in mature circuits.

Results

Neuropsychological deficits in patients carrying
CACNA1A LOF mutations

We previously reported the clinical phenotype of 16 patients
from 4 different families carrying CACNA1A LOF mutations
[2]. Most patients in this cohort presented some degree of
cognitive and/or behavioural impairment, ranging from learn-
ing disability and ADHD, to autism or ID, together with mild
episodic ataxia (EA2) and interictal down-beat nystagmus [2].
To better characterize the neurocognitive deficits associated
with CACNA1A haploinsufficiency, we conducted formal
neuropsychological evaluations of all 6 children in this cohort.
We observed reduced global IQ (WISC-IV, Fig. 1a), as well as
inattention and learning impairments (Conner’s scale, Fig. 1b)
despite treatment with psychostimulants. Further, we observed

striking deficits in various neuropsychological functions,
including deficits in selective attention, speech comprehension,
working memory and verbal encoding (Fig. 1c); as well as

Fig. 1 Neurocognitive deficits in patients with CACNA1A hap-
loinsufficiency. a Cognitive assessments using the Weschler-IV
Intelligence Scale in children with CACNA1A haploinsufficiency
revealed reduced global IQ, with significant deficits in working
memory and verbal comprehension. b The Conner’s and the DSM-IV
Behavioural Scales unveiled significant attention and learning deficits
(H/I hyperactivity/impulsivity, LP learning problems, EF executive
function). c Extensive neuropsychological testing highlighted deficits
in selective attention, audio-verbal memory and visuo-motor functions.
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impaired fine motor skills, bimanual coordination and visuo-
constructive abilities (Fig. 1c).

Decreased perisomatic inhibition in the frontal
cortex of PVCre;Cacna1ac/+ mutant mice

The impairments in selective attention and executive functions
observed in patients with CACNA1A haploinsufficiency sug-
gest an underlying dysfunction of frontal cortical circuits.
Given the critical role of CaV2.1 in regulating synaptic release
from cortical PV-INs [10, 24], and the implication of PV-INs in
cognition and behaviour [20, 21, 23, 25], we postulated that the
neurobehavioural deficits observed in patients may result from
impaired PV-IN mediated inhibition in frontal cortical circuits.
To study this possibility in an animal model of the disorder, we
generated conditional PVCre;Cacna1ac/+ mutant mice carrying
a targeted heterozygote Cacna1a deletion in PV-expressing
neurons. The PVCre allele is expressed progressively in S1
cortical PV-INs from P14 onwards, with maximal recombina-
tion by P30 [11]. We observed similar high recombination rates
of the PVCre allele in frontal cortical areas, with the Cre
recombinase being expressed in most PV-INs at P30, with a
high specificity for PV-expressing neurons (Supplementary
Fig. 1a–e).

Mutant PVCre;Cacna1ac/+ mice do not display gross
motor deficits (i.e. ataxia or dystonia), spontaneous seizures
or interictal epileptic activity on 72 h video-EEG recordings
(n= 8) (Supplementary Fig. 2a, b). Notably, no seizures or
spontaneous epileptic activity occurred during daily hand-
ling by animal caretakers or when the animals were
exploring the recording arena. However, the PVCre;Cac-
na1ac/+ mice show a reduced seizure threshold to Pentyle-
netetrazol (PTZ)-induced seizures, suggesting an increased
seizure susceptibility (Fig. 2a).

To investigate the impact of Cacna1a haploinsufficiency
on fronto-cortical PV-INs, we recorded light-evoked inhi-
bitory post-synaptic currents (IPSCs) in deep-layer PCs
of the OFC or mPFC in acute cortical slices of PVCre;
Cacna1ac/+ mutants compared to PVCre control littermates
at P60; 2 weeks after injecting a Cre-dependent AAV9.
CAGGS.Flex.ChR2-tdTomato.WPRE.SV40 virus. Only
slices with similar significant levels of tdTomato expression
were selected for experiments, and no differences were
noted in tdTomato expression in PVCre;Cacna1ac/+ mutant
and PVCre control mice. The optogenetic stimulation of
PV-INs revealed smaller light-evoked IPSCs in PVCre;
Cacna1ac/+ mutants compared to PVCre control littermates,
suggesting a profound deficit in synaptic GABA release
from PV-INs (Fig. 2b, c), despite preserved numbers and
distribution of PV-INs (Supplementary Fig. 1b).

To further characterize the synaptic dysfunction of
fronto-cortical PV-INs, we recorded unitary IPSCs
(uIPSCs) in paired whole-cell recordings between PV-INs

and deep-layer PCs in mPFC slices of PVCre;Cacna1ac/+;
RCEEGFP/+ mutants and PVCre;RCEEGFP/+ littermates. We
observed a reduced release probability and decreased
paired-pulse ratio (Fig. 2d), suggesting a reduction in the
reliability of synaptic transmission from PV-INs. Further,
PV-PC uIPSCs were of lower amplitude, shorter duration,
and showed decreased total charge and slower rise time,
compatible with a presynaptic impairment of GABA
release (Fig. 2d), as previously observed with homozygous
deletions of Cacna1a [10, 11].

Reduced anxiety in PVCre;Cacna1ac/+ mutants

We next characterized the impact of the targeted hap-
loinsufficiency of Cacna1a in PV neurons on mouse
behaviour and cognition. In the Open Field, PVCre;
Cacna1ac/+ mutant mice spent more time than controls in
the central zone of the maze (Fig. 2e), suggesting a reduc-
tion in anxiety-related behaviours. However, they did not
show hyperactivity as they travelled similar distances at
similar speed compared to their control littermates (Fig. 2e).
In the Elevated Plus Maze, PVCre;Cacna1ac/+ mutant mice
explored the open arms more than the controls (Fig. 2f),
again suggesting a reduction in anxiety-driven behaviour.

PVCre;Cacna1ac/+ mutants display deficits in
socialization but not in novelty-seeking

Dysfunction of fronto-cortical PV-IN has been postulated to
contribute to the socialization deficits in patients with aut-
ism and in mice models of the disease [26]. Interestingly,
PVcre;Cacna1ac/+ mutants showed deficits in social inter-
actions in the three chamber maze: they spent more time in
the chamber with the empty cage than in the chamber with a
stranger mouse (S1)(Fig. 2g). However, they exhibited
normal social novelty-seeking behaviours: they spent more
time in the chamber with a novel mouse (S2) than in the
chamber with a known mouse (S1), similar to controls
(Fig. 2g).

PVCre;Cacna1ac/+ mutants display deficits in reversal
learning and in selective attention

Given the importance of hippocampal PV-INs in learning and
memory [21, 27], we tested PVCre;Cacna1ac/+ mice for
hippocampal-based cognitive impairments. We found no
difference between PVCre;Cacna1ac/+ mutants and their
control littermates in the novel object recognition task or in
the displaced object recognition task (Fig. 2h). Furthermore,
PVCre;Cacna1ac/+ mice performed as well as their control
littermates in the learning phase of the Morris Water Maze
task, a well-established spatial learning and memory task
(Fig. 2i). A probe test 24 h after the 5th day of the task also
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showed intact spatial memory formation (Fig. 2i). However,
PVCre;Cacna1ac/+ mutant mice displayed a reversal learning
deficit when the platform was displaced to the opposite

quadrant on the 7th day (Fig. 2i). The mutant mice eventually
learned the new rule, as demonstrated by their performance in
subsequent days, and they were able to form a proper spatial
memory of the novel platform location, as shown by the
second probe test (Fig. 2i). Together, these results suggest a
relative preservation of hippocampal functions in PVCre;
Cacna1ac/+ mutant mice, with intact spatial memory and
novel object recognition abilities, but deficits in cognitive
flexibility with impaired reversal learning.

To further characterize this reversal learning deficit, we
used a stringent probabilistic reversal learning task in which
food-deprived animals must identify the well in which a
reward is most likely to be found (80% of the time), and
then learn to explore the opposite well in the reversal
learning task [28]. PVCre;Cacna1ac/+ mutant mice showed
significant reversal learning deficits: they required more
trials than controls to reach criterion (Fig. 2j), and they
displayed more regressive errors while learning the new
rule, i.e. they reverted to the previous well, even after
having been rewarded for exploring the correct well
(Fig. 2j). Furthermore, following an unrewarded incorrect
choice, mutant mice were more prone to revisit the same
side on the following trial compared to controls (Fig. 2j).

PVCre;Cacna1ac/+ mutants also display deficits in selec-
tive attention, as assessed with an attention set-shifting task
[29]. Briefly, the animals explore food wells filled with
textured digging materials of different odours. The animals
must first learn to discriminate between different textures
through four intra-dimensional shift tasks (IDS), and are
then required to discriminate between different odours in an
extra-dimensional shift task (EDS) (Supplementary Fig. 3a).
PVCre;Cacna1ac/+ mice displayed clear attention set-shifting
deficits as they required significantly more trials to complete
the EDS task (Fig. 2k). This is not the result of an olfaction
deficit as the mutants performed as well as controls in
simple olfactory tests (Supplementary Fig. 3c).

Cacna1a haploinsufficiency does not impair cortical
glutamatergic synaptic transmission

We previously demonstrated that the targeted homozygous
deletion of Cacna1a in cortical PCs decreases cortical
excitability in Emx1Cre;Cacna1ac/c mutants, presumably by
impairing glutamate release [10], as reported also by others
[30, 31]. To test whether the heterozygous loss of Cacna1a
restricted to cortical and hippocampal PCs could also con-
tribute to impairments in behaviour or cognition, we gen-
erated the Emx1Cre;Cacna1ac/+ mutant mice. The Emx1Cre

selectively recombines glutamatergic cells in the cortex,
sparing GABAergic INs [32]. Surprisingly, we found that
the heterozygous loss of Cacna1a did not affect glutama-
tergic synaptic transmission measured with whole-cell
recordings in layer V PCs of the OFC. We found no

Fig. 2 Cacna1a haploinsufficiency in PV-INs reduces synaptic
inhibition and leads to decreased anxiety, reversal learning deficits
and selective attention deficits. a Mutant mice show an increased
sensitivity to PTZ-induced seizures, with reduced seizure threshold at
P60 (n= 5 controls, 6 mutants PVCre;Cacna1ac/+). b, c Representative
traces (left) and summary graph (right) of input-output function of
light-evoked IPSCs from PV-INs onto deep-layer PC of control
(PVCre) and mutant PVCre;Cacna1ac/+ mice in (b) mPFC (n= 12 cells/
3 mice in controls, n= 14 cells/3 mice in PVCre;Cacna1ac/+) and
(c) OFC (OFC: n= 9 cells/4 mice in control, and n= 5 cells/4 mice in
PVCre;Cacna1ac/+), suggesting a reduction in synaptic transmission
from PV-INs (d). Representative traces (left) and summary graphs
(right) of properties of unitary IPSCs from paired recordings between
PV-INs and deep-layer PC in the mPFC showing a reduced probability
of successful transmission, decreased paired-pulse ratio, reduced
amplitude and charge transfer, and altered uIPSC kinetics (reduced
duration and increased rise time) in PVCre;Cacna1ac/+ mice compared
to controls (n= 8 connected pairs of 28 tested pairs in 6 control mice;
n= 8 connected pairs of 21 tested pairs in 7 mutant PVCre;Cacna1ac/+

mice). (e) Open Field; illustrative examples of travel paths from
control (top) and mutant (bottom) mice (n= 7 controls, n= 12 PVCre;
Cacna1ac/+ mutants). Mean time spent in the central zone of the Open
Field (left), ratio of the speed in the centre zone compared to the
periphery (middle) and total distance travelled (right). f Elevated
Plus Maze; representative paths taken by controls (top) and PVCre;
Cacna1ac/+ (bottom) mice in the Elevated Plus Maze with time
spent on the open arms of the maze (n= 12 controls, n= 15 PVCre;
Cacna1ac/+ mutants). g Social Novelty test (n= 8 controls, n= 10
PVCre;Cacna1ac/+ mutants); sociability preferences (left): time spent
with an empty cage (white) and with a mouse (Stranger 1, S1; dark
grey) in the three chamber maze (left); and discrimination ratio (time
spent with the mice compared to the time spent with the inanimate
object). Preference for social novelty (right): time spent with S1 (dark
grey) and a new mouse (S2; light grey) (left). Discrimination ratio of
the time spent with the novel mouse compared to the time spent with
the known mouse. h Object novelty (left): ratio of the time spent with a
novel object compared to time spent with a known object. Novel
location (right): ratio of the time spent with a displaced object com-
pared to time spent with the object in the initial location (n= 6 con-
trols, n= 4 PVCre;Cacna1ac/+ mutants). i Morris Water Maze: learning
curve in the Morris Water Maze task (left), with reversal on day 7
(inserts depict the localisation of the platform). Probe test (right):
probe tests are conducted on day 6 and day 12 (P: platform; AL:
adjacent left; O: opposite; AR: adjacent right; P1: probe test 1; P2:
probe test 2) (n= 6 controls, n= 9 PVCre;Cacna1ac/+ mutants).
j Probabilistic reversal learning task: diagram of the maze (left)
showing a reward-containing well (R) and an unrewarded empty well
(U). Number of trials needed to reach criterion in the reversal step, the
number of perseverative errors (second graph), the number of
regressive errors (third graph) and the shifting behaviour (fourth
graph) (n= 7 controls, n= 8 PVCre;Cacna1ac/+ mutants). k Attention
set shifting task: number of trials needed to reach criterion in the
different steps of the task (SD: simple discrimination; CD: compound
discrimination; CDR: compound discrimination (reversal); IDS1-3:
intra-dimensional shift 1 to 3; EDS: extra-dimensional shift) (n=
5 control, 5 PVCre;Cacna1ac/+ mutants). Error bars represent mean ±
s.e.m. Two-tailed Student’s t test was conducted in a, d, e, f, g, h, i
(day7), j. Two-way ANOVA repeated measure with Bonferroni’s t-test
was conducted in b, i. Two-way ANOVA with Bonferroni’s t-test was
conducted in g, h, i (probe test) and k.
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difference in the input-output function of EPSCs evoked by
electrical stimulation in OFC slices from of Emx1Cre;Cac-
na1ac/+ mutants compared to control mice (Fig. 3a). Paired-
pulse ratio of excitatory responses was also similar between
both groups (Fig. 3b). Furthermore, Emx1Cre;Cacna1ac/+

mice showed no differences in behaviour in the Open
Field (Fig. 3c), the Elevated Plus Maze (Fig. 3d), the Morris

Water Maze (including the reversal phase) (Fig. 3e), the
probabilistic learning reversal task (Fig. 3f) or in the
attention set-shifting task (Fig. 3g) compared to their lit-
termate controls. Overall, these results suggest that the
haploinsufficiency of Cacna1a selectively impairs cortical
inhibitory signalling and that it does not affect cortical
glutamatergic transmission.
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Disinhibition within the medial prefrontal cortex
leads to deficits in selective attention

Recent evidence suggests that mPFC PV-INs are essential for
attention set-shifting abilities [19, 23, 33]. Since the PVCre

driver allele drives recombination of the Cacna1ac/+ allele in
various brain regions (cortex, hippocampus, amygdala, stria-
tum, cerebellum), we employed local AAV-mediated Cre
delivery (AAV2/9-Cre, Penn Vector Core) in specific frontal
cortical areas of Cacna1ac/+ mice to generate mutants with
spatially restricted deletions. Given that Cacna1a hap-
loinsufficiency selectively impairs GABAergic transmission in
the cortex (as shown above in the mPFC and OFC), focal
cortical Cacna1a deletions are expected to result in selective
cortical disinhibition, in part through its effect on PV-INs
synaptic transmission. We generated mutant mice carrying
focal Cacna1a deletions in the mPFC by injecting AAV2/9-
Cre viruses, at 6 weeks of age, in the mPFC of Cacna1ac/+;
RCEEGFP/+ animal compared to injected RCEEGFP/+ controls

(Fig. 4a). No difference was observed between injected mutant
and control mice in the Openfield (Fig. 4b), the elevated plus
maze (Fig. 4c) or the three-chamber maze (Fig. 4d). Notably,
the mPFC-Cre-injected mutants performed as well as their
control littermates in the Morris Water Maze (Fig. 4e),
including in the reversal learning phase, suggesting preserved
spatial learning and cognitive flexibility in this model. How-
ever, the injected mutant mice presented striking deficits in
selective attention, requiring more trials to complete the EDS
task in the attention set-shifting task than control littermates
(Fig. 4f), similar to what we had observed in PVCre;Cacna1ac/+

mutants. Therefore, the haploinsufficiency of Cacna1a leads to
deficits in selective attention potentially attributable to an
impairment of PV-INs-mediated inhibition in the mPFC.

Disinhibition within the orbitofrontal cortex induces
cognitive rigidity

Cognitive rigidity can result from an impairment of OFC cir-
cuits [34, 35] and has been associated with disrupted devel-
opment or function of frontal cortical PV-INs [36]. We tested
the behavioural impact of a focal Cacna1a deletion in the OFC
by injecting Cre-expressing AAVs in the OFC of Cacna1ac/+;
RCEEGFP/+ mice or in control RCEEGFP/+ mice littermates at
6 weeks of age (Fig. 5a). OFC-Cre-injected Cacna1ac/+;
RCEEGFP/+ mice showed no deficit in the Open Field (Fig. 5b)
or the Elevated Plus Maze (Fig. 5c) compared to their control
littermates, suggesting that the reduction in anxiety observed in
the PVCre;Cacna1ac/+ mutant mice is not attributable to a
dysfunction of the OFC circuits. Furthermore, the mutant mice
performed as well as their control littermates in the learning
phase of the Morris Water Maze (Fig. 5d), suggesting pre-
served spatial learning and memory. However, they displayed
reversal learning deficits, reminiscent of those observed in the
PVCre;Cacna1ac/+ mutant mice. Indeed, in the reversal phase of
the MWM, mutant mice took more time to learn the novel
position of the moved hidden platform on days 7 and 8 com-
pared to injected controls (Fig. 5d). The mutants progressively
learned the new localization and showed a good retention on
both probe tests (Fig. 5d), suggesting an intact spatial memory
formation.

The probabilistic reversal-learning task confirmed the cog-
nitive flexibility deficits in the OFC-Cre-injected Cacna1ac/+

mice during the reversal learning phase (Fig. 5e), similar to
what we had observed in PVCre;Cacna1ac/+ mutants. The
OFC-Cre-injected Cacna1ac/+;RCEEGFP mutants made more
regressive errors and were significantly more prone to revisit an
unrewarded well following an unrewarded incorrect choice
(Fig. 5e). However, this mice line performed normally in the
attention set-shifting task (Fig. 5f). Taken together, our results
suggest that the haploinsufficiency of Cacna1a leads to cog-
nitive rigidity (reversal learning deficits) through reduced
inhibition of the OFC.

Fig. 3 Haploinsufficiency of Cacna1a in pyramidal cells does not
affect excitatory synaptic transmission in the frontal cortex and
does not induce apparent behavioural deficits. a Representative tra-
ces (left) and summary plots (right) of the input-output function of EPSCs
evoked by electrical stimulations in whole-cell recordings from PC in OFC
slices of control and Emx1Cre;Cacna1ac/+ mice (n= 14 cells/5 mice in
controls and 13 cells/3 mice in Emx1Cre;Cacna1ac/+). b Representative
traces (left) and summary graph (right) of paired pulse ratio (120 µA
stimulation; n= 12 cells/5 mice in control and 11 cells/3 mice in Emx1Cre;
Cacna1ac/+). c Open field: illustrative travel paths of control mice (top)
and Emx1Cre;Cacna1ac/+ mutants (bottom). Mean time spent in the central
zone of the Open field (left) (n= 22 controls, n= 20 Emx1Cre;Cacna1ac/+

mutants), ratio of the speed in the centre compared to the periphery
(middle) (n= 24 controls, n= 20 Emx1Cre;Cacna1ac/+ mutants) and total
distance travelled (right) (n= 24 controls, n= 20 Emx1Cre;Cacna1ac/+

mutants). d Elevated Plus Maze: representative paths taken by controls
(top) and Emx1Cre;Cacna1ac/+ mice (bottom) in the Elevated Plus Maze,
with time spent on the open arms of the maze (n= 21 controls, n= 19
Emx1Cre;Cacna1ac/+ mutants). eMorris Water Maze: learning curve in the
Morris Water Maze (left), with a reversal task on day 7 (inserts depict the
localisation of the platform). Probe test (right): Probe tests are conducted
on day 6 and day 12 (P: platform; AL: adjacent left; O: opposite; AR:
adjacent right; P1: probe test 1; P2: probe test 2 (n= 14 controls, n= 15
Emx1Cre;Cacna1ac/+ mutants). Curves analysed by Two-way ANOVA
(repeated measure) followed by Bonferonni’s multiple comparisons post-
hoc correction. f Probabilistic reversal learning task: diagram of the maze
(left) showing a reward-containing well (R) and an unrewarded empty well
(U). Number of trials needed to reach criterion in the acquisition step (first
graph), the number of regressive errors (second graph), the number of
perseverative errors (third graph) and the shifting behaviour after an
incorrect unrewarded choice (fifth graph) (n= 6 controls, n= 7 Emx1Cre;
Cacna1ac/+ mutants). g Attention set shifting task: number of trials needed
to reach criterion in the different steps of the task (SD: simple dis-
crimination; CD: compound discrimination; CDR: compound dis-
crimination (reversal); IDS1-3: intra-dimensional shift 1 to 3; EDS: extra-
dimensional shift) (n= 6 controls, n= 5 mutants). Error bars represent
mean ± s.e.m. Two-tailed Student’s t-test was conducted in b, c, d, f. Two-
way ANOVA repeated measure with Bonferroni’s t-test was conducted in
a, e. Two-way ANOVA with Bonferroni’s t-test was conducted in e
(probe test) and g. Mann-Whitney test was applied to b.
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The Targeted chemogenetic activation of mPFC PV-
INs rescues the selective attention deficits in PVCre;
Cacna1ac/+ mutants

To investigate whether specific aspects of the behavioural
deficits observed in PVCre;Cacna1ac/+ mice are indeed

attributable to deficits in PV-INs function within the frontal
circuits, we examined if the selective chemogenetic acti-
vation of PV-INs could rescue the behavioural deficits.
We selectively activated PV-INs in the mPFC or OFC of
PVCre;Cacna1ac/+ mutants using a Cre-dependent 246-
pAAV-hSYN-DIO-hM3D-mCherry virus (Fig. 6a). We first

Fig. 4 Selective attention deficits recapitulated by a targeted het-
erozygous deletion of Cacna1a in the mPFC. a The mPFC of Cac-
na1ac/+;RCEEGFP mutant and Cacna1a+/+;RCEEGFP control mice were
injected with an AAV2/9-Cre expressing virus. The infection was restricted
to the mPFC as shown by infected cells expressing EGFP. b Open field:
Illustrative travel path of a control (top) and a mPFC-Cre-injected Cac-
na1ac/+ mouse (bottom). Mean time spent in the central zone of the Open
field (left), ratio of the speed in centre compared to the periphery (middle)
and total distance travelled (right) (n= 11 controls, n= 12 mutants).
c Elevated Plus Maze: representative paths taken by control (top) and
mPFC-Cre-injected Cacna1ac/+ mutant mice (bottom) in the Elevated Plus
Maze, with time spent on the open arms of the maze (n= 12 controls, n=
11 mutants). d Social Novelty test (n= 5 controls, n= 6 mutants);
sociability preferences (left): time spent with an empty cage (white) and
with a mouse (Stranger 1, S1; dark grey) in the three chamber maze (left);
and discrimination ratio (time spent with the mice over time spent with the

inanimate object). Preference for social novelty (right): time spent with S1
(dark grey) and a new mouse (S2; light grey) (left). Discrimination ratio of
the time spent with the novel mouse compared to the time spent with the
known mouse (n.s. non significative). eMorris Water Maze: learning curve
in the Morris Water Maze task (left), with reversal on day 7 (inserts depict
the localisation of the platform). Probe test (right): probe tests were con-
ducted on days 6 and 12 (P: platform; AL: adjacent left; O: opposite; AR:
adjacent right; P1: probe test 1; P2: probe test 2) (n= 13 controls, n= 12
mutants). f Attention set-shifting task: number of trials needed to reach
criterion in the different steps of the task (SD simple discrimination, CD
compound discrimination, CDR compound discrimination (reversal),
IDS1-3 intra-dimensional shift 1 to 3, EDS extra-dimensional shift) (n= 5
controls, n= 5 mutants). Error bars represent mean ± s.e.m. Two-tailed
Student’s t test was conducted in b, c, d. Two-way repeated measure
ANOVA with Bonferroni’s t-test was applied to e. Two-way ANOVA
with Bonferroni’s t-test was conducted in e (probe test) and f.
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characterized the effect of the chemogenetic activation
on layer V PV-INs excitability with whole-cell recordings
in mPFC slices obtained from PVCre;Cacna1ac/+ mice
2 weeks after injection. Bath application of CNO indeed
resulted in membrane depolarization, increased membrane

resistance and firing rates (Fig. 6b–h) in PV-INs of mice
expressing the hM3Dq, confirming the activation of
these cells. By contrast, CNO had no effect on PV-INs of
mice expressing the 246-pAAV-hSYN-DIO-mCherry con-
trol virus.

Fig. 5 Cognitive rigidity recapitulated by a targeted heterozygous
deletion of Cacna1a in the OFC. a The OFC of Cacna1ac/+;RCEEGFP

mutant and Cacna1a+/+;RCEEGFP control mice were injected with an
AAV2/9-Cre expressing virus. The infection was mostly restricted to
the OFC as shown by infected cells expressing EGFP. b Open field: an
illustrative example of a travel path from a control (top) and OFC-Cre-
injected Cacna1ac/+ mutant (bottom). Mean time spent in the central
zone of the Open field (left) (n= 14 controls, n= 12 OFC-Cre-injected
Cacna1ac/+), ratio of the speed in the centre zone compared to the
periphery (middle) (n= 14 controls, n= 12 mutants) and total distance
travelled (right) (n= 13 controls, n= 12 mutants). c Elevated Plus
Maze: representative paths taken by a control (top) and an OFC-Cre-
injected Cacna1ac/+ mutant (bottom) in the Elevated Plus Maze, with
time spent on the open arms of the maze (n= 14 controls, n= 12
mutants). d Morris Water Maze: learning curve in the Morris Water
Maze task (left), with reversal on day 7 (inserts depict the localisation
of the platform). Probe test (right): probe tests were conducted on days

6 and 12 (P: platform; AL: adjacent left; O: opposite; AR: adjacent
right; P1: probe test 1; P2: probe test 2) (n= 9 controls, n= 13
mutants). e Probabilistic reversal learning task: diagram of the maze
(left) showing a reward-containing well (R) and an unrewarded empty
well (U). Number of trials needed to reach criterion in the reversal
step, the number of regressive errors (second graph) the number of
perseverative errors (third graph) and the shifting behaviour (fourth
graph) (n= 7 controls, n= 10 mutants). f Attention set shifting task:
number of trials needed to reach criterion in the different steps of the
task (SD: simple discrimination; CD: compound discrimination; CDR:
compound discrimination (reversal); IDS1-3: intra-dimensional shift 1
to 3; EDS: extra-dimensional shift) (n= 4 controls, n= 5 mutants).
Error bars represent mean ± s.e.m. Two-tailed Student’s t test
was applied for P values in b, c, d (day 7 and 8) and e. Two-way
ANOVA repeated measure with Bonferroni’s t-test was applied to d.
Two-way ANOVA with Bonferroni’s t-test was conducted in d (probe
test) and f.
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We next tested the therapeutic benefit of a chemoge-
netic activation of mPFC PV-INs on selective attention
in P60 PVCre;Cacna1ac/+ mice tested 2 weeks after
bilateral injections of 246-pAAV-hSYN-DIO-hM3D
(Gq)-mCherry viruses. These mice were compared to
littermate PVCre control mice and PVCre;Cacna1ac/+

mutants, both injected with a control AAV2/9-FLEX-
mCherry virus to account for the potential impact of
CNO on behaviour in the absence of the hM3D(Gq)
receptor. All mice were evaluated in an extended
Attention Set Shifting Task (Supplementary Fig. 3b)
where two IDS tasks and an EDS task were repeated
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twice after the initial Attention Set Shifting Task (day 1:
training; day 2: IDS1, IDS2, IDS3, ESD1; day 3: IDS4,
IDS5 and EDS2; day 4: IDS6, IDS7 and EDS3). On days
2 and 4, mice were injected with vehicle 30 min prior to
the experiment. On day 3, PV-INs were activated with a
single injection of CNO (3 mg/kg) 30 min prior to the
experiment. As expected, mutants injected with either
virus (PVCre;Cacna1ac/+;AAV-mCherry and PVCre;Cac-
na1ac/+;AAV-hM3d) displayed attention set-shifting
deficits compared to injected PVCre controls (PVCre;
AAV-mCherry), with clear deficits in the EDS1 task
(Fig. 6i). Interestingly, the chemogenetic activation of
PV-INs in the mPFC of PVCre;Cacna1ac/+ mutants
receiving a single CNO injection on day 3 corrected the
selective attention deficit in PVCre;Cacna1ac/+ mutants
injected with the AAV-hM3d virus but not of PVCre;

Cacna1ac/+ mutants injected with the control AAV-
mCherry virus (Fig. 6i). This rescue was not an effect of
habituation and also did not last in time as the beha-
vioural deficit returned on day 4. Importantly, PVCre;
Cacna1ac/+ mice expressing the control AAV-mCherry
virus displayed attention deficits on each 3 EDS tests
when compared to controls, despite CNO treatment,
suggesting that the behavioural improvement was not
due to an off-target effect of converted CNO to clozapine
or N-desmethylclozapine (NDMC) (Fig. 6i) [37].

The Targeted chemogenetic activation of OFC PV-
INs restores cognitive flexibility in PVCre;Cacna1ac/+

mutants

To explore the therapeutic benefit of a chemogenetic activa-
tion of OFC PV-INs on cognitive flexibility, we selectively
activated PV-INs in the OFC of P60 PVCre;Cacna1ac/+

mutants 2 weeks after bilateral injections of 246-pAAV-
hSYN-DIO-hM3D(Gq)-mCherry in the OFC. These mutants
were compared to PVcre and PVCre;Cacna1ac/+ littermate
injected with a control AAV-mCherry virus. Interestingly,
CNO (3mg/kg) enhanced the cognitive flexibility of mutant
mice expressing the hM3D(Gq) compared to mutant mice
expressing only the control mCherry virus (Fig. 6j). This level
of flexibility was similar to the level observed in the mCherry
injected control mice. Indeed, compared to mCherry expres-
sing mutant mice, hM3D(Gq) expressing mutant mice
required less trials to reach criterion on the reversal task, and
they made significantly less regressive errors.

Taken together, our results suggest that the attention
deficits and reversal learning deficits associated with Cac-
na1a haploinsufficiency in PVCre;Cacna1ac/+ mice can be
rescued by selectively enhancing the activity of PV-INs in
the mPFC and OFC respectively.

Discussion

This study reveals the extensive neuropsychological deficits
associated with CACNA1A LOF mutations in humans,
including inattention and cognitive rigidity. Mechan-
istically, we found that Cacna1a haploinsufficiency selec-
tively impairs GABA release from cortical PV-INs while
preserving glutamate release from PCs. Further, we
demonstrate that a selective deletion of Cacna1a in the
mPFC impairs selective attention while a targeted deletion
in the OFC is sufficient to induce cognitive rigidity.
Importantly, we show that both deficits can be rescued by a
targeted activation of PV-INs in these specific frontal
regions in PVCre;Cacna1ac/+ mice. Thus, our findings reveal
the critical contribution of disrupted frontal cortical inhibi-
tion to the cognitive and behavioural deficits associated

Fig. 6 The chemogenetic activation of PV-INs in the mPFC or
OFC respectively rescues the selective attention deficits and the
reversal learning deficits in PVCre;Cacna1ac/+ mutants. a PVCre;
Cacna1ac/+ mutant or PVCre control mice were injected in the OFC or
the mPFC with Cre-dependent AAV2/9- hSYN-DIO-hM3D-mCherry
or AAV2/9-hSYN-DIO-mCherry control virus. The infection was
restricted to the OFC or mPFC as shown by infected cells expressing
mCherry. Representative traces (b) and summary graphs (c, d)
showing the effects of short bath application of CNO (1 µM) on L5
PV-INs in mPFC slices from PVCre;Cacna1ac/+ mice injected with
AAV-hM3Dq-mCherry (n= 3 cells/1 mice) and AAV-mCherry (n= 7
cells/2 mice). CNO depolarized the resting membrane potential (RMP)
and induced firing in mice injected with the hM3Dq-mCherry virus.
Representative traces (e) and summary graphs showing CNO effects
on (f) depolarization-evoked firing normalized to baseline (Pre CNO;
240 pA current injection), (g) RMP normalized to baseline, and (h)
input resistance normalized to baseline, in PV-INs from mPFC of
AAV-hM3Dq-mCherry-injected (n= 8 cells/3 mice) and AAV-
mCherry-injected (n= 8 cells/3 mice) PVCre;Cacna1ac/+ mice.
i Modified Attention set shifting task: number of trials needed to reach
criterion in the different steps of the task (SD: simple discrimination;
CD: compound discrimination; CDR: compound discrimination
(reversal); IDS1-7: intra-dimensional shift 1 to 7; EDS1-3: extra-
dimensional shift 1 to 3). Yellow shading represents CNO injections
(n= 7 mPFC-mCherry-injected controls; 8 mPFC-hM3Dq-injected
mutants; 6 mPFC-mCherry-injected mutants). Values for mutants are
compared to those from controls (red: AAV-mCherry injected mutants,
blue: AAV-hM3d-mCherry injected mutants). With CNO injections,
AAV-hM3d-mCherry injected mutants behave as controls. (*) mPFC-
mCherry-injected PVCre;Cacna1ac/+ mutants are compared to mPFC-
hM3Dq-injected PVCre;Cacna1ac/+ mutants. j Probabilistic reversal
learning task: number of trials needed to reach criterion in the reversal
step (first graph), the number of regressive errors (second graph), the
number of perseverative errors (third graph) and the shifting behaviour
after an incorrect unrewarded choice (fourth graph) (n= 6 OFC-
mCherry-injected PVCre controls; n= 6 OFC-hM3Dq-injected PVCre;
Cacna1ac/+; n= 8 OFC-mCherry-injected PVCre;Cacna1ac/+). Error
bars represent mean ± s.e.m. Two-tailed Student’s t test was applied in
c, d, f, g, h. Wilcoxon Rank test was applied for values in e, followed
by a two-way repeated measure ANOVA with a Bonferroni’s post-hoc
correction. Two-way unrepeated measure ANOVA with a Bonferro-
ni’s post-hoc correction, was applied to i and j. Also, One-way
unrepeated measure ANOVA, with a Bonferroni’s post-hoc correction,
was applied in the analysis of errors and shifting behaviour in j).
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with CACNA1A haploinsufficiency and may ultimately help
tailor new therapies to improve cognition and behaviour in
patients with CACNA1A-associated disorders.

Neurocognitive deficits associated with CACNA1A
mutations have been reported in patients with FHM1, spi-
nocerebellar ataxia type 6 (SCA6), and in some cases of
EA2, as reviewed elsewhere [38]. Further, de novo CAC-
NA1A missense mutations have recently been recognized as
an important cause of epileptic encephalopathies with pro-
found intellectual disability [3, 6, 39]. In the current paper,
we provide in-depth characterization of the neuropsycho-
logical profile associated with CACNA1A LOF mutations,
revealing pronounced deficits in selective attention, cogni-
tive rigidity (in a sub-set of patients with ASD), together
with deficits in working and episodic memory. These pre-
viously overlooked neurocognitive deficits significantly
impacted the patients live trajectories: most patients
required special education, often failing to obtain high
school degrees or to hold independent employment [2].
Thus, the identification of CACNA1A LOF mutations
should prompt clinicians to assess the patients’ neu-
ropsychological profile and to provide early guidance and
psychostimulants to improve long-term outcome.

Modelling in mice has provided insights in the cellular
basis underlying some aspects of the cognitive behavioural
deficits associated with CACNA1A LOF mutations. Cac-
na1a knockout mice develop absence seizures, dystonia and
ataxia in the homozygous state [40, 41], preventing the
evaluation of their behavioural and cognitive skills; while
heterozygous mice were initially described as asymptomatic
[41]. However, detailed behavioural analysis of hetero-
zygous leaner mice (Tgla/+) revealed spatial learning deficits
at 6 months, a progressive decline in spatial memory at
20 months and of motor skills at 6–12 months [42]. Simi-
larly, rolling Nagoya+/− mutant mice that behave normally
at 2 months of age display a progressive decline in motor
performance and memory at 22 months of age [43, 44].
Such progressive cognitive decline is reminiscent of what
we observed in adult patients with CACNA1A LOF muta-
tions [2], and what was described in aging patients with
CACNA1A-asociated SCA6 [45]. Further, conditional
NEXCre;Cacna1ac/+ mutant mice, carrying a targeted dele-
tion in telencephalic excitatory neurons, sparing the cere-
bellum and INs, display mild spatial memory impairments
[31] suggesting that other cell types likely contribute to the
cognitive-behavioural deficits observed in constitutive
knockout mice. Indeed, in the current study, we demonstrate
that disinhibition of frontal cortical circuits, resulting from
the selective heterozygous deletion of Cacna1a in PV-
positive populations of the OFC and mPFC, induces cog-
nitive rigidity and selective attention deficits, two major
features of the neurocognitive disabilities observed in
patients with heterozygous CACNA1A LOF mutations,

suggesting a major contribution of altered IN function to the
overall neurobehavioural phenotype.

Dysfunction of PV-INs and disruption of cortical inhi-
bition have been postulated to contribute to neurodevelop-
mental or psychiatric disorders, including epilepsy, autism
and schizophrenia [46–48]. Indeed, various models of
neurodevelopmental disorders presenting altered specifica-
tion, migration, maturation or function of cortical PV-INs
have been described to date [46, 47]. For instance, muta-
tions in the SCN1A gene, encoding the α1 subunit of
NaV1.1 sodium channels, cause Dravet syndrome (OMIM
#607208) that is characterized by severe refractory epilepsy
and ID. Scn1a LOF mutations reduce the excitability of INs,
particularly of PV-INs [49, 50]. Heterozygous Scn1a
LOF mutations impairs inhibitory transmission and causes
a variety of cognitive-behavioural deficits including
hyperactivity, stereotypies, social interaction deficits and
impaired context-dependent spatial memory [51]. This
phenotype can be recapitulated by a targeted Scn1a deletion
in forebrain GABAergic INs and can be rescued with low-
dose benzodiazepines, stressing the importance of INs
dysfunctions in the cognitive-behavioural co-morbidities of
Dravet syndrome [51]. Further, the conditional deletion of
Scn1a in forebrain INs (Dlx1/2Cre;Scn1afl/+) [52] or in PV-
positive neuronal populations (Ppp1r2Cre;Scn1afl/+) [49]
results in epilepsy and early lethality. In a similar fashion,
LOF mutations of the MECP2 gene cause Rett syndrome in
girls (OMIM #312750), characterized by progressive
microcephaly, developmental regression, autistic-like fea-
tures and epilepsy. A targeted deletion of MecP2 in
GABAergic neurons (Viaat-Mecp2−/y) or in forebrain INs
(Dlx6Cre-Mecp2−/y) in mice reduces GABA release from
cortical INs and impairs hippocampal LTP, resulting in
autistic-like behaviours, including repetitive and compul-
sive behaviours, stereotypies and altered social behaviours,
as in knock-out mice [53]. Furthermore, two schizophrenia
susceptibility genes, NRG1 (encoding neuregulin-1) and
ERBB4 (encoding NRG1’s receptor), are critical for PV-INs
development [54], excitability [55], connectivity [56] and
function [57–60]. Mice with targeted deletion of ErbB4 in
PV-INs (PVCre;Erbb4fl/fl) display a variety of cognitive
behavioural impairments (hyperactivity, impaired working
memory, deficits in pre-pulse inhibition and socialization)
[59, 60] and are more susceptible to pharmacologically [55]
and kindling-induced [61] seizures. Thus, our data further
shows that an imbalance between cortical excitation and
inhibition, through synaptic impairment of PV-INs, suffices
to induce cognitive-behavioural deficits, as observed in a
range of genetic neurodevelopmental disorders [62, 63].

Our findings are particularly critical in illustrating the
consequences of cortical disinhibition within particular
neuronal circuits and support previous suggestions that
fontal cortical PV-INs are essential for selective attention
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and cognitive flexibility. Indeed, uPAR-/- mice, deficient for
the urokinase plasminogen activator receptor (uPAR), the
mouse ortholog of the autism-susceptibility PLAUR gene,
show significant reductions of PV-INs in the parietal and
anterior cingulate cortex and exhibit autistic-like beha-
viours, increased anxiety, altered socialization and an
increased susceptibility to PTZ-induced seizures [64, 65]. In
addition, uPAR-/- mice show selective impairment in atten-
tion set-shifting and in extinction of cued-fear conditioning,
suggesting selective deficits in mPFC circuits [36], as well
as impairment in reversal learning, suggesting alterations in
OFC circuits [21]. Similarly, offspring of mothers with
maternal immune activation (MIA) display reduced num-
bers of mPFC PV-INs, reduced cortical inhibition and
attention set shifting deficits [23]. Further, a targeted abla-
tion of PV-INs in the oFC (AAV-FLEX-TeLC injected in
PVcre mice) reduces working memory and cognitive flex-
ibility in mice [25]. Thus, PV-INs in frontal circuits are
required to achieve selective attention and cognitive flex-
ibility and their perturbation in specific genetic context,
such as CACNA1A haploinsufficiency, is sufficient to
induce significant behavioural phenotypes.

The mechanism by which disruption of PV-INs mediated
inhibition results in such dramatic behavioural phenotypes
is not fully understood, but it likely reflects the roles of
these cells in constraining local excitability while regulating
neuronal network oscillations through local and long-range
inhibition. Indeed, PV-INs regulate PCs spike timing
through fast, stable and precise perisomatic inhibition of
target PCs, resulting in robust feed-forward inhibition [66].
Further, PV-INs contribute to the regulation of network
activities by generating gamma network oscillations that
determine time windows for PCs activation, regulating the
timely activation of neuronal assemblies [17, 67, 68].
Gamma oscillations are critical for adequate cortical pro-
cessing [15, 17, 68], attention and memory [69]. Further,
the coupling of gamma oscillations with theta rhythms
appears critical for neuronal coding and contributes to
cognitive functions, such as episodic memory [70]. Inter-
estingly, Cacna1a null mice present reduced cortical
gamma oscillations [71], likely reflecting deficits in PV-INs
function. In the mPFC, PV-INs are critical for selective
[16, 20, 36] and sustained attention [19]. Successful atten-
tion allocation during an attention set-shifting task syn-
chronizes mPFC PV-INs, enhances gamma oscillations and
phase-locks the firing of PCs and their modulation by
gamma oscillations [19]. Interestingly, the optogenetic
inhibition of PV-INs in wild-type mice decreases perfor-
mance in the three-choice serial reaction time task, a task
designed to assess sustained attention. On the other hand,
the activation of these cells re-established performance [19],
underlying the importance of PV-INs in maintaining
attention. In line with these publications, our data strongly

suggests that a dysfunction of PV-INs in the mPFC and
OFC induces selective attention deficits and cognitive
rigidity respectively, and that these deficits can be rectified
by targeted therapies to selectively activate PV-INs, thus
re-establishing proper regulation of cortical network oscil-
lations. Ultimately, our findings may have therapeutic
implications for patients with genetic disorders impairing
PV-IN function as targeted IN stimulation is gaining
momentum in translational studies and are being optimized
for use in humans [72].

Online methods

Neuropsychological evaluation of patients with
CACNA1A LOF mutations

We previously described a cohort of 16 patients with
CACNA1A LOF mutations [2]. All six affected children
from this cohort were investigated here using standardized
neuropsychological tools, including the Weschler Intelli-
gence Scale for Children–4th edition (WISC-IV) [73, 74]
and the Conners 3rd edition (parent and teacher forms) [75].
Further testing was conducted in 4 patients without severe
ID or severe ASD using the following tools: the Delis-
Keplan Executive Function System (Subtests: Colour-Word
Interference, Verbal Fluency and Design Fluency) [76], the
Tower of London dx-Child [77], the Test of Everyday
Attention for Children [78] (subtests: Score!, and Map
Mission), the Child Memory Scale (subtest: Stories) [79],
the Rey–Osterrieth Complex Figure Test, the Beery-
Buktenica Developmental Test of Visual-Motor Integra-
tion [80], the Purdue Pegboard Test [81] and the Expressive
One Word Picture Vocabulary Test [82]. Results are
reported in Fig. 1 as mean Z scores to age-matched popu-
lation data. The significance was established using cut-off
values of Z <=−1.5 for cognitive tests (Fig. 1a, c) and
Z <=−2.0 for behavioural scales (Fig. 1b). All participants
were tested in French.

Animals

All animal rearing, handling and experimentation were done
in accordance with the CCAC ethical guidelines, as
approved by the CHU Ste-Justine Animal Ethics Board
(protocols # 671 for rearing and handling, and # 598 for
experimentation). PVCre;Cacna1ac/+ mutant mice carrying a
targeted Cacna1a intragenic deletion in PV-positive neu-
ronal populations were generated by breeding PVCre mice
[83] (S. Arber, Basel U., Switzerland) with the Cacna1ac/c

mice (A. van den Maagdenberg, U. Leiden, Leiden, Neth-
erlands), in which exon 4 of the Cacna1a gene is flanked by
two loxP sites, leading to an effective loss-of-function of the
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gene, as demonstrated previously [31, 84]. Similarly,
Emx1Cre;Cacna1ac/+ mice, carrying a targeted deletion of
the Cacna1a gene in all cortical PCs, were generated using
the Emx1Cre knock-in line [32] (S. Itohara, Brain Science
Institute, Riken U., Japan). PVCre;Cacna1ac/+ and Emx1Cre;
Cacna1ac/+ mice were compared to control littermate
devoid of Cre expression. Mice carrying a targeted hetero-
zygous Cacna1a deletion in specific frontal cortical regions,
including the orbitofrontal cortex (Cacna1ac/+;RCEEGFP/+:
AAV-Cre injected in oFC) or medial prefrontal cortex
(Cacna1ac/+;RCEEGFP/+: AAV-Cre injected in mPFC),
were generated by injecting Cre-expressing AAVs (Penn
Vector Core) in Cacna1ac/+ mice. Cacna1a+/+: AAV-Cre
injected littermate were used as control. The Cre-reporter
allele RCEEGFP (G. Fishell, NYU, USA) [85] was used to
track recombination. Injections were performed at 6 weeks
of age and behavioural experiments were performed in
2–3 months old animals. For all experiments, mutant mice
were compared with sex-matched littermate controls and
investigators were blind to the genotype.

Viral injections

Different viruses were used for different experimental
paradigm. To generate mutant mice carrying focal Cacna1a
deletions, we injected a Cre-expressing virus (AAV2/9.
CMV.PI.Cre.rBG, Penn Vector Core) in Cacna1ac/+;
RCEEGFP mice. To test synaptic release from populations of
PV-IN in specific frontal areas using optogenetics, we
injected a Cre-dependent ChR2-expressing virus (AAV9.
CAGGS.Flex.ChR2-tdTomato.WPRE.SV40) or a control
Cre-dependent tdTomato virus (AAV9.CAGGS.Flex.tdTo-
mato. WPRE.bGH), both from Penn Vector Core, in PVCre;
Cacna1ac/+;RCEEGFP mice. Finally, to test the therapeutic
benefit of a targeted chemogenetic activation of PV-INs in
specific frontal networks, we injected the Cre-dependent
246-pAAV-hSYN-DIO-hM3D(Gq)-mCherry virus (CHUL
virus core, CIUSSS de la Capitale-Nationale), or a control
AAV9.CAG.Flex.tdTomato.WPRE.bGH virus in PVCre;
Cacna1ac/+;RCEEGFP mutant mice or PVCre;Cacna1a+/+;
RCEEGFP controls.

Injections were conducted under sterile conditions and
with general anesthesia. Animals were mounted on a ste-
reotaxic apparatus and anaesthetized with isofluorane. Fol-
lowing small bilateral craniotomies, the viruses were
injected in the orbitofrontal cortex (AP: 2.6; ML: ± 1; DV:
−2 to bregma) or in the medial prefrontal cortex (AP: 1.8;
ML: ± 0.3; DV: −1.75 to bregma). 0.4 µl of virus solution
was injected bilaterally with a glass pipette using Nanoject
II injector (Drummond). The injections were made at P45-
60, 2 weeks prior to the behavioural or electrophysiological
experiments.

Electrophysiology

Optogenetic activation of PV-INs

Acute brain slices were prepared as described previously
[11] from PVCre;Cacna1ac/+ mutant or PVCre control mice
injected with AAV9.CAGGS.Flex.ChR2-tdTomato.WPRE.
SV40 in the mPFC or oFC. Briefly, animals (8–10 weeks
old) were anesthetized and the brain was placed in a cold N-
methyl-D-glucamine (NMDG)-based cutting solution con-
taining (in mM) 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascor-
bate, 3 Na-pyruvate, 0.5 CaCl2 and 10 MgSO4. Coronal
cortical slices (300 μm thick) were cut on a vibratome
(Model VT1000S; Leica, Germany), incubated in NMDG-
based cutting solution for 12 min at 32 °C. Slices were then
placed in HEPES-based artificial cerebrospinal fluid
(ACSF) containing (in mM) 92 NaCl, 2.5 KCl, 1.25
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea,
5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl2 and 2 MgSO4, at
room temperature for at least 60 min. For recordings, slices
were transferred to a submersion chamber mounted on an
upright microscope (Zeiss Axioskop; Carl Zeiss, Oberko-
chen, Germany) equipped with a long-range water-immer-
sion objective (40x; Modulation Optics, Greenvale, NY),
DIC optics, epifluorescence and CCD camera. Whole-cell
voltage-clamp recordings were obtained under visual gui-
dance from PCs in layer V using intracellular solution
containing (in mM) 130 CsCl, 0.5 EGTA, 2 MgCl2, 10
HEPES, 2 Mg-ATP, 0.4 Tris-GTP, 5 phosphocreatine and 5
QX-314 (pH 7.3 with CsOH) and ACSF containing (in
mM) 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2,
25 NaHCO3, and 25 glucose. Signals were sampled using
Multiclamp 700 A amplifiers (Molecular Devices, USA),
low-pass filtered at 5 or 2 KHz, digitized at 20 KHz with
Digidata 1440 A and pClamp 10.0 (Molecular Devices,
USA), and analyzed off-line with the Clampfit software
(Molecular Devices, USA). Inhibitory post-synaptic cur-
rents (IPSCs) were evoked at a holding potential of –70 mV,
in the presence of 10 µM CNQX, 50 µM DL-APV. ChR2
was activated via an optic fiber (1-mm diameter; Edmunds
Optic) coupled to a 470-nm custom-made LED system
positioned above the slice, as described previously [86].
The measured LED power was 25–26 mW at the end of the
light guide. To determine input–output function of light-
evoked IPSCs, series of light flashes of different duration
(0.2–5 ms) were given at 30 s intervals and a single cell was
recorded per slice. The IPSCs were completely blocked by
the GABAA receptor antagonist GABAzine, confirming
they were GABAA-receptor mediated.

Given the inherent variability in optogenetic experiments
due to small differences in injection site, viral transduction
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and ChR2 expression levels, the following series of pre-
cautions were taken to minimize optogenetic response
variability. Only slices showing similar strong tdTomato
expression were included in the study, and specificity and
efficacy of virus transduction were verified for each animal
with fluorescence microscopy. For each series of experi-
ments (genotype control vs conditional mutant), virus
injections and slice experiments were interleaved with
control and mutant animals, with the experimenter blind to
genotype until after data analysis.

Paired recordings

Acute slices from mPFC were obtained as described
above from PVCre;Cacna1ac/+;RCEEGFP and PVCre;
RCEEGFP mice. Paired whole-cell recordings were
obtained from layer V fluorescently labelled PV-INs in
current-clamp mode and PCs in voltage-clamp mode.
Current-clamp intracellular solution contained (in mM)
120 KMeSO3, 0.5 EGTA, 10 KCl, 10 HEPES, 4 Mg-
ATP, 0.3 Tris-GTP, 10 phosphocreatine and 0.1% bio-
cytin (pH 7.3 with KOH). Voltage-clamp intracellular
solution contained (in mM) 130 CsMeSO3, 0.2 EGTA, 8
CsCl, 1 MgCl2, 10 HEPES, 3 Mg-ATP, 0.6 Tris-GTP, 10
phosphocreatine and 0.1% biocytin (pH 7.3 with CsOH).
Extracellular recording solution contained (in mM) 124
NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 25
NaHCO3, and 12.5 glucose. Single action potentials were
induced in presynaptic PV-INs by brief depolarizing
current pulses (2 ms; 0.1 Hz), and unitary IPSCs were
recorded in PC at a membrane potential of 0 mV. IPSCs
were blocked by GABAzine (10 μM) and thus GABAA

receptor-mediated. Short-term plasticity of IPSCs was
assessed with paired-pulse stimulations (inter-pulse
interval 50 ms, 0.1 Hz).

Evoked EPSCs in Emx1Cre;Cacna1ac/+ mutants

Acute slices from OFC were obtained as described above
from Emx1Cre;Cacna1ac/+ and Emx1Cre;Cacna1a+/+

mice. Whole-cell voltage clamp recordings were
obtained from layer V PCs with an intracellular solution
containing (in mM) 130 CsMeSO3, 0.2 EGTA, 8 CsCl, 1
MgCl2, 10 HEPES, 3 Mg-ATP, 0.6 Tris-GTP, 10 phos-
phocreatine and 0.1% biocytin (pH 7.3 with CsOH). The
ACSF contained (in mM) 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 1 MgCl2, CaCl2 2, 25 NaHCO3, 25 glucose
and 0.01 GABAzine. Excitatory postsynaptic currents
(EPSCs) were evoked by electrical stimulation (pulses
80–280 µA, 0.05 ms duration, 0.1 Hz frequency) with a
concentric bipolar stimulating electrode (FHC) placed
~250 μm from the soma.

PV-IN recordings and CNO effects in slices

Acute slices from mPFC were obtained as described above
from PVCre;Cacna1ac/+ mice injected with 246-pAAV-
hSYN-DIO-hM3D(Gq)-mCherry or AAV9.CAG.Flex.
tdTomato.WPRE.bGH viruses in the mPFC. Whole-cell
current clamp recordings were obtained from fluorescently
labelled layer V PV-INs. The intracellular and extracellular
solutions were as described for paired recordings. Effects of
bath application of CNO (1 µM) were assessed on resting
membrane potential, input resistance (measured from the
slope of I-V relation obtained from −120 to 40 pA current
pulses), spontaneous action potential firing, and firing rate
evoked by long (500 ms) depolarizing current pulses.

Behaviour

All behavioural experiments were conducted in aged-
matched mutants and littermate controls between P60-P90,
at a similar daytime period, by investigators blinded to the
genotype and viruses used. The animals were placed in the
experimental room 30 min before testing. All assays were
conducted under video-tracking (Logitech c615 camera,
SMART tracking system, Harvard Apparatus), except the
Reversal learning task and Attention set-shifting task that
were quantified manually.

The behavioural tasks were conducted sequentially from
P60 onwards: Openfield (P60), Elevated Plus Maze (P62),
Morris Water Maze (P64), Attention set-shifting or prob-
abilistic reversal learning tasks (P80). Separate sets of mice
underwent the Object Recognition and Three Chamber
Maze assays.

Openfield

The open field consists of a square of 45×45 cm sur-
rounded by a 45 cm wall, illuminated with dim light.
Mice were placed in the centre of the maze and their
behaviour was recorded for 10 min. Time spent in the
central area of the field (45% of the total surface), cov-
ered distance and pace difference between central and
peripheral zones were measured. The speed ratio were
defined as Speedratio = [(PC − PS)/(PC + PS)] where P is
the average pace in C, the centre, and S, the sides of the
maze. The open-field arena was cleaned with ethanol
70% between each trial.

Elevated plus maze

The Elevated Plus Maze comprises two closed arms sur-
rounded by 20 cm high walls and two open arms. Each
mouse was placed in the centre (5 × 5 cm) of the maze
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facing one of the closed arms, and their behaviour was
recorded for 5 min. Total distance, speed, number of entries
and time spent in the open arms, closed arms and central
zone were quantified post-hoc. The maze was cleaned with
70% ethanol between each trial.

Morris water maze

The Morris Water Maze consisted of a circular tank of
120 cm of diameter filled with opaque water stained with
non-toxic white paint (Brault & Bouthillier). Water was
held at room temperature (21 ± 1 °C). Initial acquisition
task. The mice were placed in the pool and were
expected to locate a submerged escape platform using
the visible cues present in the room. Spatial learning was
assessed over 5 days, with 4 trials per day. During each
trial, mice were allowed to swim until they found the
platform where they remained for 15 s before being dried
and returned to their cage. Mice that failed to find the
platform in less than 60 s trials were guided to the plat-
form where they remained for 10 s. The time required to
find the platform was recorded and averaged across the
sessions performed daily. Probe test. Spatial memory
was determined during a probe test on the 6th day, after
removing the platform. The time spent in each quadrant
was assessed over a 60 s. period. Reversal task. On day
7, the platform was submerged in the opposite quadrant
compared to the first 5 days, and spatial learning (time to
reach the platform) was assessed daily as above. A sec-
ond probe test was done on the 12th day (as above). This
was followed by a cue trial in which the platform was
visible, thus documenting proper visual perception. Mice
that took more than 60 s. to reach the visible platform
were retrospectively excluded from the experiment.

Object recognition task

The object recognition task was conducted in the Openfield
apparatus. Mice were first placed 5 min in the empty arena
and allowed to freely explore the arena. Their behaviour
was then recorded over the following 10 min period, in the
same arena but in the presence of two similar objects (2 cm
squared dices). Following this trial, mice were removed for
5 min, then placed again for 10 min in the same arena in
which one of the dice was displaced to the opposite corner.
Following this trial, mice were removed for 5 min, and then
placed again for 10 min in the same arena in which the
unmoved dice was replaced by a pyramid on which was
fixed a syringe filter. The mice’s behaviour was recorded
and the time spent interacting with each object was quan-
tified. Animals were scored as interacting with the objects
when their nose was in contact with the object, or pointing
toward the object within a defined distance (1.5 cm).

Standing, sitting or leaning at/on the objects was not scored
as object interaction. The discrimination index was defined
as Dindex= [(TA − TB)/(TA+ TB)] where T is the interaction
time with the object, A is the displaced or changed object
and B is the unmoved or unchanged object. At the end of
the whole experiment, the maze and objects were cleaned
with 70% ethanol.

Three chamber maze

The three-chamber maze was composed of a rectangular
arena (70 ×45 cm) surrounded by 30 cm tall transparent
walls and separated in three equally sized zones by two
45×30 cm transparent walls. The dividing walls had a door
allowing the mice to circulate between zones. The animal
were first placed in the middle of the central chamber and
allowed to explore all empty chambers for 5 min. After
habituation, an unfamiliar mouse of the same sex and age
(Stranger 1 (S1)) was placed inside a small wire cage and an
empty cage was added in the opposite zone. The middle
zone remained empty. The tested animal was allowed
to freely explore the three chambers of the apparatus for
10 min. At the end of this 10 min, a new unfamiliar mouse
of the same sex and age (Stranger 2 (S2)) was placed in the
previously unoccupied wire cage and the tested mouse was
observed for an additional 10 min to assess preference for
social novelty. S1 and S2 animals originated from different
home cages and had never been in physical contact with the
tested mice or between each other. The sociability was
evaluated by quantifying the time spent by the tested mice
in each chamber during the second 10 min session whereas
the social novelty was evaluated by quantifying the time
spent by the tested mice in each chamber during the last
session. The discrimination index was defined as Dindex=
[(TA − TB)/(TA+ TB)] where T is the interaction time, A is
the S1 for sociability and S2 for social novelty part of the
task and B is the Object for sociability and S1 for social
novelty. The maze and cages were cleaned with 70%
ethanol at the end of the task.

Attention set-shifting task

PVCre; Cacna1ac/+ and mPFC-Cre-injected Cacna1ac/+ mice
were tested on the attention set-shifting task, described by
Heisler [29]. This experiment was performed in a home-made
acrylic rectangular-shaped maze (30 cm long × 20 cm wide ×
18 cm high) divided in half by a guillotine-like door that
extended the width of the maze. One half served as the start
area and the other half served as the choice area. In the choice
area, an acrylic wall (12 cm long × 18 cm high) presenting four
¼” diameter sniffing holes on the bottom extended out from the
back wall and divided the choice area into two equally-sized
and distinct spatial locations. Each of these two locations
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contained a ceramic ramequin (non-porous; 3,5 ×6 cm (depth;
diameter)). A ramequin filled with water was placed in the
starting area. Mice doing this test were food restricted to 85%
of their ad lib. feeding weight in the days prior to testing. When
stabilized at 85% of their ad lib. body weight, mice where
trained and tested. Mice were on a 85% ad lib food restriction
diet during the full duration of the experiment. The experiment
was divided in three steps: Acclimation, Training and Testing.
When chemogenetic activation was conducted, the rescue
experiment included two additional sessions: Rescue and
Validation.

Acclimation For 2–3 days, the mice were placed in the
apparatus for 1 h with the middle door open. They were
encouraged to explore the choice area by continuously
filling the Ramequin with 1/8 pieces of Froot Loops cereals
(Kellogg’s, Battle Creek, MI).

Training On the subsequent day, the mice were placed in the
start area with the middle door closed. Upon opening of the
door, the mice had 3min to reach the ramequin and eat the
cereals. After that time, mice were guided toward the start area
and the door was closed. Gradually, after each completed trials,
bedding media was added into the ramequin in order to cover
the food. Bedding media was added after each trial until the
food reward was fully covered and the mouse reliably
demonstrated the ability to dig in a full pot to find the food
reward. Mice failing to demonstrate the ability to find food
reward within 2 h were re-trained on the next day. Mice failing
again to dig to find food were then excluded.

Testing Mice were tested in seven stages: Simple dis-
crimination (SD), Compound Discrimination (CD), Compound
Discrimination—Reversal (CDR), Intra-Dimensional Shift 1 to
3(IDS1, IDS2, IDS3) and Extra-dimensional shift (EDS).
Following SD, media and scent were paired for each of the
steps. Rewarding ramequin was placed randomly on the left or
right side of the maze to avoid the use of spatial cues. Food
reward was covered with scented (or not, in the case of SD)
media and cereal dust was sprinkled on top of the media to
avoid aberrant smell cues. To complete a trial, the mice had to
dig into a media to retrieve the food reward. On incorrect trials,
animals were free to visit the other side of the apparatus, but the
other ramequin was removed. At the end of each trial, animals
were guided to the start area and the ramequins were refilled or
changed. Animals had 3min to complete a trial and needed to
succeed 8 trials out of 10 to advance to the next stage. The
testing phase was scheduled on 2 days. SD, CD, CDR and
IDS1 were performed on day 1, followed by IDS2, IDS3 and
EDS on day 2.

Rescue PVCre;Cacna1ac/+ mutant and PVCre control mice
injected with either AAV9.CAG.Flex.tdTomato.WPRE.bGH

or 246-pAAV-hSYN-DIO-hM3D(Gq)-mCherry were tested
for rescue by chemogenetic activation through the injection of
CNO i.p. 30min prior to testing. The rescue was reminiscent of
the normal Attention Set Shifting task, to which was added 2
more days of testing (Supplementary Fig. 3) consisting of two
IDS followed by an EDS. On day 3, mice were injected with 3
mg/kg CNO, 30min before the first trial, and tested with 3
phases: IDS4, IDS5, EDS2. On day 4, mice were injected with
vehicle, 30min prior to the first trial, and underwent IDS6,
IDS7 and EDS3. Of note, the trials on day 2 were also con-
ducted following a vehicle injection 30min prior to testing, in
order to properly assess the impact of chemogenetic activation
with CNO on day 3 (and exclude behavioural changes attrib-
uted to the injection itself).

Olfactory discrimination task Olfactory testing was con-
ducted to ensure that mutant mice presented intact olfactory
discrimination abilities (compared to control mice). The SD,
CD and CDR of the Attention Set Shifting Task were
recapitulated but odour, not media, was used as the relevant
cue.
The following items were used for their different textures:

paper, foam sheet, raffia, ribbon, pompom, plastic sheet,
googly eyes, pipe cleaner, wooden beads, towel.
The following essential oils were used for their different

odours: Balsam fir, lavender, lemon, ginger, cinnamon,
clove, rosemary, anise, vanilla and thymus. One drop of oil
(≈25 µl) was diluted in 500 µl of EtOH. Half rounded paper
filter was scented with 25 µl of the EtOH-oil solution and
put into the ramequin over night.

Probabilistic reversal learning task

This task was adapted from Amodeo and al. [28]. This
experiment was performed in the apparatus used for the
Attention Set Shifting task, although the dividing wall
defining the choice area presented no sniffing holes. Each of
these two locations contained a ceramic ramequin (non-
porous; 3,5 × 6 cm (depth; diameter)). A ramequin filled
with water was placed in the starting area. Mice were food
restricted to 85% of their ad lib. feeding weight in the days
prior to testing. When stabilized at 85% of their ad lib. body
weight, mice where trained and tested.

Training step Mice were trained for 2–5 days before
conducting the acquisition task. At the beginning of train-
ing, mice were first placed in the start area. The start door
was opened and the mouse was free to navigate in the
choice area and consume 1/8 of a piece of Froot Loops
cereals (Kellogg’s, Battle Creek, MI) from each food well.
Once the cereal pieces were eaten from both compartments,
the door was immediately opened to allow the mouse to
return to the start area. If the mouse did not navigate back to
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the start area within 5 s after consuming both cereal pieces,
the experimenter gently nudged it back toward the start
area. By the last session of training, all mice returned to the
start area within 3–5 s after completing a trial without
having to be handled by the experimenter. After returning to
the start area, the door was closed and the mouse was
restricted from entering the choice area. Subsequently, the
food wells were re-baited and the start door opened to begin
a new trial. This procedure continued until 15 min had
elapsed. Acquisition testing was allowed once a mouse
completed 4–6 trials within 15 min for 2 consecutive days.

Acquisition step This step was conducted the day fol-
lowing the completion of the trial step. At the beginning of
the acquisition step, the mice were placed in the start area.
The start doors were opened and the mice could choose to
enter one of the two spatial locations. Once in the choice
area, the sliding doors were closed again. In the acquisition
and reversal phase, only one of the two food-wells, the left
or the right one, was baited with a 1/8 piece of cereal in
each trial. The correct (left or right side) food-well had 80%
chances to have food where the incorrect-sided food-well
was baited with food 20% of the time. When the right
location was selected, the mouse could eat the cereal piece,
the doors were opened again and subsequently closed when
the mouse returned to the start area. Upon a non-rewarded
choice, the mouse was allowed to navigate to the other
spatial location after the baited food had been removed. The
door was then opened, allowing the mouse to return to the
start area. The acquisition criterion was achieved when a
mouse completed 6 consecutive correct trials.

Reversal step This step was conducted the day following
the acquisition step. Just prior to the reversal-learning
step, each mouse completed a retention test. This was
conducted to determine whether there was a difference in
retaining the initially learned rule (spatial discrimina-
tion) between mouse strains. In addition, the retention
test ensured that the current rule has been properly
reinforced. Indeed, during the retention test, the mouse
was rewarded 100% of the time for choosing the correct
spatial location (as determined during the acquisition
phase). Criterion was achieved when a mouse success-
fully chose the correct spatial location on 5 out of 6
trials. Subsequently, the reversal-learning task started
and was conducted exactly as the acquisition phase, but
with the reinforced spatial location placed in the opposite
chamber (new rule). The criterion for the reversal-
learning test was six consecutive correct trials. For the
acquisition step, the number of trials taken to complete
the task was calculated. For the reversal step, the trials to
complete the task, the number of perseverative errors—
the number of trials the mouse took before going to the

new spatial location minus the first trial of the test during
the reversal task—and the regressive errors—each time
the mouse went back to the previously learned location
following its first entrance in the correct location during
the reversal task—were calculated. Finally, the choice
made following an unrewarded incorrect trial was
quantified.

Rescue PVCre;Cacna1ac/+ mice injected with 246-pAAV-
hSYN-DIO-hM3D(Gq)-mCherry viruses were compared to
PVCre;Cacna1ac/+ mice injected with AAV9.CAGGS.Flex.
tdTomato.WPRE.bGH control viruses. The Reversal
Learning Task was conducted as described above, but tested
mice received a saline injection i.p. 30 min before the
acquisition trials, and a CNO (3 mg/kg) injection i.p. 30 min
before the reversal trials.

Histology

Mice brains were collected by microdissection after an
intracardiac perfusion of 4% PFA, fixed in 4% PFA at room
temperature for 1 h and cryoprotected overnight at 4 °C in a
30% sucrose PBS solution. They were then embedded in
CryoMatrix and frozen on dry ice. Cryosections of 40 µm
were collected with a cryostat for future staining and stored
at 4 °C in phosphate buffer saline (PBS). Free floating slice
were processed for immunohistochemistry. Briefly, the tis-
sue was rinsed with PBS for 5 min. The tissue was then
infused with a blocking solution of 10% goat serum and 1%
Triton-10X in PBS, 1 h at room temperature. The tissue was
then incubated with blocking solution and the adequate
primary antibodies (anti-PV (Rabbit), 1:5000, Swant; anti-
EGFP (Rat), 1:1000, VWR; anti-SST (Rabbit), 1:1000,
Chemicon; anti-NeuN (Mouse), 1:1000, Millipore, over-
night at 4 °C. The tissue was rinsed 3×10 min in PBS and
incubated with blocking solution and the adequate sec-
ondary antibodies for 2 h at room temperature the following
day (anti-Rabbit-594, 1:1000, Invitrogen; anti-Mouse-647,
1:1000, Life technologies; anti-Rat-488, 1:1000, Invitro-
gen). The tissue was finally rinsed in PBS 3 × 5 min,
mounted on slides, cover slipped with Vectashield (Vector),
sealed with nail polish and stored at 4 °C until imaging.

Cell quantification

Following immunostaining, the slices were imaged on a
Leica SP8 confocal microscope with a 20x dry lens.
Brain slices 2.80 to 2.00 mm and 2.00 to 1.50 anterior to
bregma were used for quantification of the oFC and
mPFC respectively. All PV- or EGFP- expressing cells in
the oFC were manually quantified using a counting frame
of 3 ×1 mm covering the oFC and a 1 ×2 mm covering
the mPFC.
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Video-EEG recordings

Surgeries were performed under isoflurane anesthesia (2%
in O2, 0.8 L/min). Stainless steel unipolar electrodes
(Plastic One, E363/3/SPC) were implanted in the soma-
tosensory cortex and CA1 areas (AP/ML/DV: Cortex:
−1.0/−1.5/−1 mm, CA1: −2 /−1.5 /−2.0 mm to bregma)
and a twisted bipolar electrode (Plastic One, E363/3-2tw/
SPC) was implanted in the contralateral hippocampus (AP/
ML/DV: −2.0/−1.5/−2 mm to bregma), with a reference
electrode over the cerebellum. A ground screw was placed
in the occipital bone. Video-EEGs were recorded 48 h later
at 2 kHz acquisition speed, filtered at HP 1 Hz and LP 70
Hz, and digitized using Cervello-NeuroMed (Blackrock
Microsystems). Recording sessions were conducted con-
tinuously for 72 h from P60 onwards in PVCre;Cacna1ac/+

mutants and controls. Traces were visualized and anno-
tated manually for movement artefacts and for potential
epileptic activity (defined as trains of spikes, spike-waves
or poly-spike discharges interrupting the background
rhythms in the absence of movement artefact), as described
before [10].

Seizure threshold

A 3 cm polyethylene tubing was connected to the blunt end of
a cut 27G needle metal part forming the vein needle as
described previously by [87]. This montage was connected
with a saline tubing, another 15 cm polyethylene tubing con-
nected to the blunt end of a cut 27G needle metal part and to a
full 27G needle. The saline tubing was connected to a 1ml
syringe and filled with saline. Mice where lightly anesthetized
with isoflurane and their tail were warmed with warm water.
The tail was slightly pinched and the needle was introduced in
the caudal vein. Retrograde blood flow into the tubing and
smooth saline injection would indicate a successful insertion.
The needle was then fixed to the tail by carefully placing a
short piece of microsurgical tape (3M Micropore) around the
tail at the point where the needle enters the vein. At that point,
the isoflurane anesthesia was ceased and EEG recording was
initiated. The 15 cm saline tubing was changed for the PTZ
tubing, a 25 cm polyethylene tubing montage prefilled with
PTZ (1%) and connected to a 1ml PTZ syringe placed on a
micro-infusion pump (Harvard Apparatus). Once the mice were
awake (~3min later), the infusion was initiated at a rate of 0.1
ml/min and continued until the first myoclonic twitch was
observed and seizure activity was recorded. The PTZ tubing
was then disconnected from the vein needle. Blood backflow in
the still vein needle tube would confirm adequate placement of
the needle post-hoc, as the contrary would suggest extra-
vascular infusion. The amount of PTZ required to induce sei-
zures (mg) was quantified and expressed over the weight of the
mouse (kg) and compared between mice strains.

Statistical analysis

Statistical analysis of pooled data (means) from control and
mutant mice were calculated with Prism (GraphPad, La
Jolia, CA, USA). Bilateral Student’s unpaired T-test was
used where the data between two groups were normally
distributed. Two Way Repeated Measures ANOVA fol-
lowed by Bonferroni post-hoc test where used when mul-
tiple groups were compared. Kruskal-Wallis test or Mann-
Whitney rank test was used when non-parametric analysis
was required for non-normal data. Data are expressed as
mean ± SEM and statistical significance was set as p < 0.05.

Minimal sample size required for each experimental
paradigm was calculated using power analysis based on
effect size established from previously published data
[11, 88], with alpha = 0.05 and 1-beta = 0.95 (G*Power
Software, version 3.1.9.4). We estimate that n= 4 mice per
genotype for immunohistochemical cell counts, n= 10 cells
(>3 mice/genotype) for in vitro electrophysiology, n= 5
mice per genotype for EEG result in >95% power to detect
an effect size of >2, while n= 10 for behavioural assays
detects an effect size >1.5 with 95% power (although for
some behavioural experiments, a clear statistical difference
was observed with n= 5–6 mice per genotype, which was
then deemed sufficient).

Data availability

The datasets generated and/or analyzed during the current
study are available from the corresponding author on rea-
sonable request.
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