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2.

Definition and acronyms

Acronyms

Definitions

ECM

Extracellular matrix

KO

Knock out

MEA

MultiElectrode Arrays

PPI

Prepulse Inhibition

PRRT2

Proline-Rich Transmembrane protein 2

PSTH

Post-Stimulus Time Histogram

SNP

Single Nucleotide Polymorphism
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3.

Introduction

Growing evidence exists for a major role of the ECM and its interactors in epilepsy.
Associations have been described between ECM protein mutations and epilepsy, as well
as changes in the ECM and associated proteins during the development of epilepsy and
brain diseases associated with epilepsy, such as stroke, traumatic brain injury,
neurodegeneration, schizophrenia or autism spectrum disorders.
In this deliverable (D3.5), we address the roles of integrins and PRRT2, receptors and
interactors of ECM, in the mechanisms of epileptogenesis. The work here presented set
new experimental models for understanding the mechanisms of epileptogenesis, and
testing the validity of novel approaches to treat or prevent epilepsy.
Integrin Vβ3
Integrin receptors are important for many processes as cell adhesion, migration,
cytoskeleton organization, cell proliferation, survival, among others (Hynes, 2002). They
are are heterodimers of an α and a β subunit in which both subunits contribute to the
specificity of integrin binding to their extracellular ligands (Hynes, 2002). In the brain, αV
is the most abundant and broadly expressed α subunit in the neocortex, distributed
across all cell layers (Pinkstaff et al., 1999). Interestingly, ablation of αv integrin in glial
cells and neurons causes brain hemorrhages and thirty percent of the animals show
behavioral defects, spontaneous convulsions and die by postnatal week four. The
remaining animals survive several months, but show ataxia, and develop more frequent
seizures by six months of age (McCarty et al., 2005). While the αV subunit forms
heterodimers with six different β subunits, β3 binds exclusively to αV in the brain (Hynes,
2002). Full knockout of β3 leads to autistic-like phenotypes in mice (Carter et al., 2011a).
In humans SNPs and rare mutations in the β3 integrin gene were associated with autism
or seizure susceptibility (Schuch et al., 2014). It is therefore expected that αVβ3 integrin
plays a role in neuronal circuit modulation.
The reason why deficiencies in αV integrin and some haplotypes of β3 increase
propensity for seizures is not yet known. Our goal is to dissect ECM-integrin mediated
mechanisms of epileptogenesis.
To this end, we have used mice constitutive KO for β3 integrin, in which β3 integrin is
absent throughout development, and β3 integrin heterozygous mice, which express half
of the amount of protein found in wild-type animals. Additionally, we have used
conditional KO mice for αV integrin, in which αV integrin is ablated exclusively in
excitatory neurons of the forebrain starting from the second postnatal week. Our animal
CO
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models were tested for Startle Response and Pre-pulse Inhibition (PPI), which is
presented in this deliverable, giving us an experimental tool to explore the relationship
between integrin function and reflexes responses. Moreover, we have characterized
excitatory synaptic transmission between pyramidal neurons from the prefrontal cortex
in these animal models to explore the physiological mechanism behind altered
behavioral responses.

PRRT2
Mutations affecting the function or the expression of the PRoline-Rich Transmembrane
protein 2 (PRRT2) underlie a group of paroxysmal disorders including epilepsy,
kinesigenic dyskinesia and migraine (Ebrahimi-Fakhari et al., 2015). Predictions based
on the primary structure showed similarities between PRRT2 and the dispanin family of
membrane proteins (Chen et al., 2011), indicating that this protein likely worked as a
synaptic adhesion molecule by interacting with proteins of the ECM and/or with
extracellular domains of synaptic proteins. More recently, analysis of its exact topology
has revealed that PRRT2 is a type-2 membrane protein with a C-terminal anchor,
analogous to the SNARE proteins VAMP/synaptobrevin and syntaxin-1 (Rossi et al.,
2016).
Acute downregulation and constitutive inactivation of the PRRT2 gene have been used
to study the physiological role of PRRT2 protein as well as the pathophysiology of the
paroxysmal disturbances associated with PRRT2 mutations. Acute silencing of PRRT2
in vitro resulted in synaptic defects including decreased synaptic density and impaired
synchronous release at excitatory and inhibitory synapses, probably due to the
interactions of PRRT2 with SNARE proteins and the fast Ca2+ sensors synaptotagmins
1/2. In the developing brain knocking down PRRT2 by in utero electroporation also
resulted in a delayed migration of newborn neurons to the cortical plate. Furthermore,
the PRRT2-KO mouse summarized the paroxysmal nature of the human PRRT2-related
diseases (Liu et al., 2016; Michetti et al., 2017; Valente et al., 2016).
In this work we have monitored the spiking activity of mature primary hippocampal
cultures by means of MultiElectrode Arrays (MEA) to analyze the impact of chronic
deletion of PRRT2 on the maintenance and stability of synaptic transmission in neuronal
networks
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Role of αVβ3 integrin in startle response, pre-pulse inhibition and AMPAR
rectification
Regarding the startle response, a significant statistical difference was found between
control and ITGAV KO mice at 110 dB and 120 dB (Control (ITGAVf/f; Cre-/-), n=43; KO
(ITGAVf/f; Cre+/-), n=32; p=0.0314 for 120 dB and p=0.0262 for 110 dB), but not between
ITGB3 WT, HT and KO (WT n=28; HT n=33; KO n=31; ANOVA One-way p=0.4956).
Nonetheless, it is possible to identify a trend towards increased startle responses also in
this strain, as shown in Fig. 1A. The lack of statistical significance may be due to the
high variability of the population (mean ± standard deviation for 120 dB: 59.4 ± 30.47 in
WT; 69.74 ± 36.16 in HT; 64.65 ± 34.23 in KO) that was not compensated by the
relatively large number of experimental animals. Additionally, Grubb’s test failed to
identify outliers in each group, and the standard error of the means were already small,
pointing for a good estimation of the population mean (SEM: WT ±5.76; HT ±6.3; KO
±6.15). Although Startle response and PPI have been considered robust tests (Geyer
and Swerdlow, 2001; Swerdlow et al., 2009), there was more variability than expected in
our strains. Nonetheless, we were able to identify a significant increased response in
ITGAV KO and a similar trend in ITGB3 KO.
Although ITGAV KO leads to a significant increase in startle response, both strains
present similar pre-pulse inhibition (Fig 1B) relative to their controls (ITGB3: for 90 dB
p=0.4779, for 86 dB p=0.2618, one-way ANOVA; ITGAV: for 90 dB p=0.3929, for 86 dB
p=0.9006, t-test). Together, these results show that ITGAV KO mice have an increased
sensibility to noise stimulus, but are able to appropriately gate this sensory-evoked motor
response in the presence of a prestimulus of lower intensity.
AMPA receptors play a pivotal role in excitatory synaptic transmission, and their subunit
composition affects greatly their biophysical properties. Namely, GluA2A confers
impermeability to Ca2+ (Kumar et al., 2002). In fact, more than 90% of GluA2 subunit
mRNA is edited in such a way that a glutamine is replaced by an arginine, a positivelycharged amino acid, which prevents the passage of highly positively charged molecules
such as calcium and polyamines (e.g. spermine). Spermine, when added to the
intracellular solution used for electrophysiological recordings, can therefore block AMPA
receptors lacking GluA2 at positive holding membrane potentials, thus causing an inward
rectification of AMPA receptor current (Pellegrini-Giampietro, 2003). Rectification of
AMPA receptor currents is thus a method used to estimate the synaptic content of GluA2containing AMPA receptors.
The rectification index of AMPAR currents was obtained by measuring AMPAR currents
at holding potentials of -70 and +40mV. As shown in Fig 1C, pyramidal neurons from
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P17-P21 wild type mice exhibit a strong rectification of AMPA receptor currents (current
ratio (+40/-70): 0.392 ± 0.025). Pyramidal neurons from KO mice also rectified, but to a
lesser extent (current ratio (+40/-70): 0.485 ± 0.019). The difference between the
absolute values of the ratios is 9.3%, which represents an increase of approximately
24%. The reduction of rectification in KO pyramidal neurons points to a higher amount
GluA2-containing receptors, hence to an increased level of Ca2+-impermeable AMPA
receptors.
MEA recording from primary PRRT2 KO hippocampal cultures
Dissociated cultures were prepared from WT and PRRT2-KO hippocampi and plated at
high density onto poly-L-lysine-coated MEAs (Axion BioSystems, Atlanta, GA, USA).
These MEA plates are composed of 12 wells, each containing an array of 64 nanoporous gold electrodes (30 µm electrode diameter; 200 µm center-to-center spacing).
Recordings were collected between the second and the third week in vitro from a total of
95 cultures (46 from PRRT2-KO and 49 for WT, 4 independent preparations).
Spiking activity was recorded for 15/20 min at 37 °C under ambient atmospheric
conditions, using Axion BioSystems hardware (Maestro amplifier and Middle-man data
acquisition interface) and software (Axion Integrated Studio, version 2.1). After 1,200x
amplification, raw data were digitized at 12.5 kHz/channel and stored on a hard disk for
subsequent off-line analysis.
For both genotypes, basal activity ranged from isolated spikes to single-channel bursts
and synchronous array-wide bursts (raster plots and inset in Fig. 2A) that could last from
few hundreds ms up to 1 (van Pelt et al., 2004; Suresh et al., 2016). The average network
bursting rate in PRRT2-KO cultures was approximately two-fold higher than that in WT
cultures, with the former networks generating shorter network bursts with higher intraburst firing rate (Fig. 2B). Consistent with the observation that bursts were the
predominant pattern of activity in PRRT2-KO networks (bar plot in Fig. 2A), the burst
percentage was significantly higher than in WT networks. The degree of synchronization
of bursting activity throughout each network was also expressed in terms of synchrony
index (Paiva et al., 2010). The mean synchrony index was significantly higher for mutant
cultures than for WT ones, confirming that mature PRRT2-KO networks express a more
pronounced synchronization in their bursting behavior (Fig. 2B).
To test whether the observed hyperactivity of PRRT2-KO networks was due to an
impairment inhibitory transmission, mature cultures were acutely exposed to bicuculline
(BIC, 30 µM) to block GABAA receptor-mediated transmission. In both WT and PRRT2KO cultures, BIC sharply increased bursting activity, while random spiking was almost
CO

Page 8

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant agreement No 642881“

D3.5 New data on the mechanisms of epileptogenesis
completely abolished (raster plots in Fig. 2C). To directly evaluate the impact of BIC
treatment across genotype, the values of each activity parameter were normalized to the
corresponding value before the addition of BIC (BIC/base ratio; right panels in Fig. 2C).
WT and PRRT2-KO networks displayed qualitatively similar changes in firing rate,
bursting rate and burst duration, that were accompanied by significant increases in
network synchronization and fraction of spikes within bursts (Fig. 2C). However, these
effects were more pronounced in mutant cultures, resulting in significantly higher
BIC/base ratios for firing rate, bursting rate, burst percentage and synchrony index in
PRRT2-KO networks than in WT.
Because all PRRT2-associated diseases share paroxysmal manifestations that involve
network instability, we sought to estimate a possible role for PRRT2 in the maintenance
of stable neuronal circuits. We thus challenged WT and PRRT2-KO cultures with trains
of localized extracellular stimulation, delivered at 0.2 Hz (Chiappalone et al., 2009). For
each channel of the dataset, the firing frequency resulting from the 50 stimuli in the train
was cumulated over time and used to calculate post-stimulus time histograms (PSTHs).
While the response pattern was homogeneous within single networks, marked changes
were observed between WT and PRRT2-KO cultures. Temporal analysis of the evoked
responses in WT cultures revealed the presence of a short latency window in which the
maximum firing probability was reached, followed by a later firing window in which the
firing probability progressively decreased (Fig. 3C). The spiking activity profile of PRRT2KO cultures displayed a significantly higher firing probability peak in the early phase with
respect to WT networks that sharply decreased in the later phase to become significantly
lower than WT networks (Fig. 3C,D).
Data are plotted as means ± standard error of the mean (SEM) for WT (black) and
PRRT2-KO (red bars) cultures. Statistical analysis was carried out in Prism 5 (GraphPad
Software, Inc.) Unpaired Mann-Whitney's/Student’s t-test was used to compare PRRT2KO and WT cultures under the same experimental conditions (*p < 0.05; **p < 0.01, ***p
< 0.001). Data in Fig. 1A ware analyzed using a Fisher’s statistics. Within-genotype
effects of BIC treatment were analyzed by either Wilcoxon or paired Student's t-test (°p
< 0.05; °°p < 0.01; °°°p < 0.001).
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5.

Figures
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Figure 1. A. Startle response for an acoustic stimulus. Each value of intensity was
displayed pseudo-randomly six times and the startle response was averaged. ITGAV KO
mice show increased startle reflex in comparison to control (p=0,0262 for 110 dB and
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p=0,0314 for 120 dB). ITGB3 KO mice show no differences as compared to wild type
mice (p=0.5168 for 110 dB and p=0.4956 for 120 dB). Mean ± SEM. B. Sensorimotor
gating of acoustic stimuli. Each pair of stimuli, consisting of a 120 dB stimulation
preceded by a pre-pulse of different intensity, was displayed randomly six times and the
startle response was averaged. Both strains showed a strong inhibition of startle when
the strong stimulus was preceded by a pre-pulse of 82, 86 or 90 dB, but none of the
strains showed an effect due to the genotype. Mean ± SEM. C. AMPA receptor currents,
recorded in P17-P21 mice, rectify significantly less in ITGB3 KO than in WT neurons.
AMPA receptor currents were elicited at different holding membrane potentials (-70, -40,
0 and +40mV) in the presence of D-APV (100 µM). The ratio of the amplitude of AMPAR
current recorded at +40mV and -70mV was taken as inward rectification index. Left:
representative traces recorded at holding potentials of -70, -40, 0 and +40 mV. The
stimulation artifact was blanked. Right: bar graph of the rectification index (black WT n=9;
blue KO n=9, *p=0,03).

CO

Page 11

Version 1.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sklodowska-Curie grant agreement No 642881“

D3.5 New data on the mechanisms of epileptogenesis

Figure 2. A. A light microscope view of a WT network cultured over a MEA at 14 DIV
(top left), and spiking activity recorded from 4 electrodes of a well (bottom left). On the
right, representative raster plots of the activity recorded from WT and PRRT2-KO
cultures over 60 s. The magnification shows spontaneous population bursting generated
by a mature WT culture. The bar plot shows the fraction of networks generating
population bursts, expressed as a percentage of total cultures of each genotype. B.
Firing rate, network bursting rate, network burst duration, intra-burst firing rate, burst
percentage and synchrony index measured for each experimental group during the third
CO
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week in vitro. C. Effect of BIC treatment on the same activity parameters, expressed as
ratios between individual values of each network parameter under BIC and the
corresponding values under basal conditions (BIC/base ratio).

Figure 3. A. 8x8 PSTH maps from selected WT (left) and PRRT2-KO (right panel)
cultures. Crossed boxes indicate the site of stimulus delivery. B. Raster plots of evoked
spiking activity recorded from two representative WT and PRRT2-KO channels (boxed
in Fig. 2A) over 200 ms after stimulation. C. Population mean PSTH of evoked activity
averaged over 50 consecutive stimulations for all the active WT (black trace) and
PRRT2-KO (red trace) channels. D. Bar plot of mean (± SEM) firing peaks and PSTH
areas (i.e., overall number of spikes evoked by a single stimulation session) for all the
active channels of the dataset.
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6

Conclusions

ITGAV conditional KO mice had increased startle responses and ITGB3 KO showed a
reduction in the rectification of AMPA receptor currents, suggesting an increase in GluA2
content. Future experiments will address more directly the propensity of ITGB3 and
ITGAV KO mice for seizures in vivo. These tests will be done in collaboration with our
partner DZNE (Magdeburg, Germany). At the physiological level, the rectification of
AMPA receptor currents will be measured in ITGAV conditional KO mice in order to
understand the synaptic roles of αVβ3 integrin and how to manipulate this integrin for
anti-epileptic purposes.
PRRT2-KO hippocampal networks grown on MEAs display significant signs of
hyperexcitability, resulting in enhanced network synchronization and short-term
responsiveness to external stimuli.
The enhancement of the differences between the two experimental groups under GABAA
receptor blockade is consistent with the strengthened inhibitory tone for mutant cells
pointed out by our group in patch-clamp recordings. Hyperactivity in mutant networks
could then result from an increased synaptic facilitation of excitatory transmission, which
is known to deeply affect activity dynamics in reverberant networks (Abbott and Regehr,
2004). Indeed, different population bursting dynamics, and not single-channel bursting
dynamics, were observed in the two groups.
Emphasizing the role of PRRT2 in the stability of neuronal networks, mutant cultures
sustained evoked spiking at higher frequencies in response to electrical stimulation.
Their responses were also more temporally focused, probably due to a faster recruitment
of the inhibitory mechanisms.
Future experiments on acute brain slices will better elucidate the role of this synaptic
modulator in brain circuits potentially involved in the generation of PRRT2-related
paroxysms.
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