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Abstract
The neuronal scaffold protein p140Cap was investigated during hippocampal network formation. p140Cap is present in
presynaptic GABAergic terminals and its genetic depletion results in a marked alteration of inhibitory synaptic activity.
p140Cap−/− cultured neurons display higher frequency of miniature inhibitory postsynaptic currents (mIPSCs) with no
changes of their mean amplitude. Consistent with a potential presynaptic alteration of basal GABA release, p140Cap−/−

neurons exhibit a larger synaptic vesicle readily releasable pool, without any variation of single GABAA receptor unitary
currents and number of postsynaptic channels. Furthermore, p140Cap−/− neurons show a premature and enhanced network
synchronization and appear more susceptible to 4-aminopyridine-induced seizures in vitro and to kainate-induced seizures
in vivo. The hippocampus of p140Cap−/− mice showed a significant increase in the number of both inhibitory synapses and
of parvalbumin- and somatostatin-expressing interneurons. Specific deletion of p140Cap in forebrain interneurons resulted
in increased susceptibility to in vitro epileptic events and increased inhibitory synaptogenesis, comparable to those
observed in p140Cap−/− mice. Altogether, our data demonstrate that p140Cap finely tunes inhibitory synaptogenesis and
GABAergic neurotransmission, thus regulating the establishment and maintenance of the proper hippocampal excitatory/
inhibitory balance.
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Introduction
Synaptic excitation/inhibition (E/I) balance is crucial for brain
function (Hensch 2005; Maffei et al. 2006; Yizhar et al. 2011) and
its alteration underlies several neurological conditions. The
comprehension of the cellular mechanisms that regulate E/I
balance is therefore crucial to understand brain development
and functioning in order to discover new molecular bases of
brain diseases. A wide range of developmental and physiologi-
cal mechanisms has been identified that maintain the E/I equi-
librium (Englot et al. 2009; Tatti et al. 2017). Inhibitory
interneurons (INs) are key participants in the generation of nor-
mal neural activity in the cerebral cortex and hippocampus. By
innervating selectively different domains of pyramidal cells,
they are the main source of “feedback” and “feed-forward” inhi-
bition (Kullmann 2011). GABAergic INs critically pace and syn-
chronize populations of excitatory principal cells to coordinate
neuronal information processing (McBain and Fisahn 2001;
Klausberger and Somogyi 2008).

In line with INs playing a central role in the control of neural
activity, GABAergic deficits lead to pathological conditions and
contribute to cognitive deficits associated with several psychi-
atric and neurological diseases. Recent studies have
highlighted that alterations in the inhibitory network are
involved in dysfunctions associated with schizophrenia, autism
and intellectual disabilities (Coghlan et al. 2012; Marín 2012). In
addition, selective enhancement of GABAergic synaptogenesis
has been found to induce a permanent increase in the inhibi-
tory tone throughout the brain, reduced synaptic plasticity in
the hippocampus, and severe forms of intellectual disability
(Papale et al. 2017).

p140Cap is an adapter protein highly expressed in neurons,
encoded by the SRCIN1 gene, initially identified as a SNAP25-
binding protein (Chin et al. 2000) and as a key element of the
postsynaptic density (Ito et al. 2008). Indeed, p140Cap localizes
to dendritic spines and its down-regulation in hippocampal
excitatory neurons negatively affects their morphology and
synaptic plasticity via regulation of the microtubule cytoskele-
ton (Jaworski et al. 2009). In agreement, p140Cap−/− mice show
defects in learning and memory, a decreased long-term poten-
tiation (LTP) and long-term depression (LTD), and extensive
remodeling of the actin cytoskeletal architecture of synapses
(Repetto et al. 2014). In addition, p140Cap interacts with pro-
teins essential for transmission across chemical synapses (both
excitatory and inhibitory synapses) and cell-cell junctions
(Alfieri et al. 2017), enlightening a key role in synaptogenesis,
synaptic transmission and synaptic plasticity.

In this work, we show that p140Cap is present in the inhibi-
tory presynaptic compartment. Genetic ablation of p140Cap
from neurons leads to enhanced frequency of miniature inhibi-
tory postsynaptic currents (mIPSCs), increased size of electri-
cally evoked inhibitory postsynaptic currents (eIPSCs) and early
synchronization of hippocampal network, with significantly
higher firing activity. Surprisingly, p140Cap−/− mice display an
enhanced susceptibility to the pharmacological induction of
epileptic seizures combined with an increased density of INS
and inhibitory GABAergic synapses. Conditional mice lacking
p140Cap specifically in forebrain INs display an increase of
both susceptibility to in vitro epileptic events and density of
inhibitory synapses, comparable with null mice. Together,
these data highlight a crucial role of p140Cap in inhibitory net-
work development and maturation.

Materials and Methods
Mice and Treatments

p140Cap−/− mice were previously described (Repetto et al. 2014).
Mice were maintained in the transgenic unit of the Molecular
Biotechnology Center (University of Turin, Turin, Italy) and pro-
vided with food and water ad libitum. Genetic screening was
performed by PCR as previously described (Repetto et al. 2014).
To obtain a p140Cap floxed allele, we designed the targeting
construct as follows: both the fifth exon and the 11th exon of
p140Cap gene were flanked with loxP sites, the second one
bearing also the neomycin resistance gene, flanked with
Flippase Recognition Target (FRT) sites to permit its excision
(See Supplementary Fig. S2). This construct was introduced by
electroporation into mouse ES cells and homologous recombi-
nation was confirmed by Southern blot. ES cells carrying
p140Cap-fl-neo allele were injected into C57 blastocysts to gen-
erate germ-line chimeras. The neomycin resistance cassette in
the targeting construct was removed by crossing heterozygous
p140Cap + /fl-neo mice with mice carrying the FLP recombinase
under the control of the actin promoter (from The Jackson
Laboratory) to produce mice carrying the p140Cap floxed allele.
To generate interneuron specific p140Cap knockout mice,
p140Cap fl/fl mice were crossed to mice expressing the Cre
recombinase under the control of the Dlx5/6 promoter (from
The Jackson Laboratory) to obtain p140Cap fl/fl;Dlx5/6-Cre mice.
Animal care and handling throughout the experimental proce-
dures were conducted in accordance with European
Community Council Directive 2010/63/UE for care and use of
experimental animals and were approved by the Italian
Ministry of Health (Authorization 49/2014-PR) and by the
Bioethical Committee of the University of Turin. All efforts
were made to minimize animal suffering and to reduce the
number of animals used.

Cultured Neurons on MEAs

Hippocampal neurons were obtained from WT and p140Cap−/−

18-day embryos. Hippocampus was rapidly dissected under
sterile conditions, kept in cold HBSS (4 °C) with high glucose,
and then digested with papain (0,5mg/ml) dissolved in HBSS
plus DNAse (0,1mg/ml) (Trygve et al. 2007; Gavello et al. 2012).
Isolated cells were then plated at the final density of 1200 cells/
mm2 onto the MEA (previously coated with poly-DL-lysine and
laminin) and allowed to adhere on the center of the chip by
using a ring made of Sylgard 184 (Dow Corning), 4.5mm inter-
nal diameter (11mm external diameter), which was removed
after 4 h. The cells were incubated with 1% penicillin/strepto-
mycin, 1% glutamax, 2.5% fetal bovine serum, 2% B-27 supple-
mented neurobasal medium in a humidified 5% CO2
atmosphere at 37 °C. Each MEA dish was covered with a fluori-
nated ethylene-propylene membrane (ALA scientific, Westbury,
NY, USA) to reduce medium evaporation and maintain sterility,
thus allowing repeated recordings from the same chip.
Recordings were carried out since 11 Days in Vitro (DIV) until
DIV 18. Culture medium was partially (1/3) changed once a
week, depending on the age of the culture (young cultures did
not need weekly change of medium). Following experiments,
MEA dishes were re-used by cleaning overnight in 1%
Tergazyme (Sigma-Aldrich, St. Louis, MO), rinsing in distilled
water and then sterilizing overnight under UV ray.
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MEA Recordings

Multisite extracellular recordings were performed using the
MEA-system, purchased from Multi-Channel Systems
(Reutlingen, Germany). The 60 electrodes array (TiN/SiN) is
composed by a 8 × 8 square grid with 200 μm inter-electrode
spacing and 30 μm electrode diameter. Data acquisition was
controlled through MC_Rack software (Multi-Channel Systems
Reutlingen, Germany), setting the threshold for spike detection
at −15 μV and sampling at 10 kHz. Experiments were performed
in a non-humidified incubator at 37 °C and with 5% CO2, with-
out replacing the culture medium. Before starting the experi-
ments, cells were allowed to stabilize in the non-humidified
incubator for 90 s; recording of the spontaneous activity was
then carried out for 90 s.

Analysis of MEA Activity

Burst analysis was performed using Neuroexplorer software
(Nex Technologies, Littleton, MA, USA) after spike sorting
operations. Because a burst consists of a group of spikes with
decreasing amplitude (Vaghi et al., 2014), we set a threshold of
at least 3 spikes and a minimum burst duration of 10ms. We
set interval algorithm specifications such as maximum interval
to start burst (0.17 s) and maximum interval to end burst (0.3 s)
recorded in 0.02 s bins. Burst analysis has been performed by
monitoring the following parameters: number of spikes, fre-
quency, number of bursts and burst duration. Cross-correlation
probability versus time diagrams were constructed by means of
Neuroexplorer software (Nex Technologies, Littleton, MA, USA),
using ±0.5 s and ±3.5 s and 5ms bin size. Data are expressed as
means ± S.E.M and statistical significance was calculated by
using Student’s unpaired t-test. Values of P < 0.05 were con-
sidered significant.

Electrophysiological Recordings and Data Analysis in
Cultured Neurons

Patch electrodes, fabricated from thick borosilicate glasses
(Hilgenberg, Mansfield, Germany), were pulled and fire-polished
to a final resistance of 2–4MΩ. Patch clamp recordings were
performed in whole-cell configuration using a Multiclamp 700-
B amplifier connected to a Digidata 1440 and governed by the
pClamp10 software (Axon Instruments, Molecular Devices Ltd.,
USA) (Marcantoni et al. 2009, 2014). mIPSCs and eIPSCs were
acquired at 1–10 kHz sample frequency and filtered at one-half
the acquisition rate with an 8-pole low-pass Bessel filter
(Baldelli et al. 2005). Recordings with leak currents of >100 pA
or a series resistance of >20MΩ were discarded. All the experi-
ments were performed at room temperature (22–24 °C).

Peak-scaled variance analysis - Analysis of mIPSCs was per-
formed as described by (Baldelli et al. 2005), using MiniAnalysis
programs (version 6.0.3, Synaptosoft, Leonia, NJ) and following
the signal analysis requirements discussed in (Traynelis et al.
1993). The variance analysis of mIPSCs was used to determine
the number of GABA receptor channels (NCh) and their mean
unitary current (i) (Fig. 2A). Briefly, 60 to 130 mIPSCs were
selected and averaged. The mean waveform obtained from the
average of N trace was scaled to the peak of each individual
mIPSC and subtracted. The mean variance σ2(t) was then calcu-
lated by summing the squares of the difference traces divided
by N-1 and plotted versus the decaying phase of mean current
I(t) (gray area in Fig. 2A).

Evoked IPSCs (eIPSCs)—Monosynaptic GABAergic eIPSCs
were recorded following the approach described in (Baldelli
et al. 2005). Current pulses of 0.1ms and variable amplitude
(8–30 μA) were generated by an isolated pulse stimulator (model
2100; A-M-System, Carlsburg, WA) and delivered through a
glass pipette of 1 μm tip diameter filled with Tyrode’s solution
placed in contact with the cell body of the GABAergic IN in a
loose-seal configuration (Baldelli et al. 2005). The postsynaptic
neuron was voltage-clamped and maintained at a holding
potential of −70mV. The current artifact produced by the pre-
synaptic extracellular stimulation was subtracted in the eIPSCs
shown.

Solutions and Drugs

mIPSCs were recorded by superfusing the whole-cell-clamped
postsynaptic neuron with Tyrode’s solution containing (in
mM): 2 CaCl2, 150 NaCl, 1 MgCl2, 10 HEPES, 4 KCl, and 10 glu-
cose, pH 7.4 (Baldelli et al. 2005). When required, solutions with
higher Ca2+ concentrations (5–10mM) were prepared by lower-
ing the NaCl content. The unselective glutamate receptor
antagonist, kynurenic acid (1mM) (Sigma), was added to the
Tyrode’s solution to block excitatory transmission. Tetrodotoxin
(0.3 μM) was added to block spontaneous action potential propa-
gation. The neuron was constantly superfused through a gravity
system, as previously described (Baldelli et al. 2005). The perfu-
sion solution was changed rapidly (50–60ms) and applied for vari-
able periods of time. The tip of the perfusion pipette (100–200 μm)
was placed 40–80 μm to the cell body. The standard internal
solution was (in mM): 90 CsCl, 20 TEA-Cl, 10 EGTA, 10 glucose, 1
MgCl2, 4 ATP, 0.5 GTP, and 15 phosphocreatine, pH 7.4. K+ was
substituted for Cs+ and TEA+ in the pipette solution to block
outward potassium currents. N-(2,6-dimethylphenylcarbamoyl-
methyl) triethylammonium bromide (10mM) was added to
block Na+ currents activated during an eIPSC (Baldelli et al.
2005). The hypertonic sucrose containing solution was prepared
by adding 500mM sucrose to the Tyrode.

Slice Electrophysiology

Mice of both sexes (34–40 days of age) were anesthetized with
an intraperitoneal injection of a mixture of ketamine/xylazine
(100mg/kg and 10mg/kg, respectively) and perfused transcar-
dially with ice-cold artificial cerebrospinal fluid (ACF) contain-
ing (in mM): 125 NaCl, 3.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 25
NaHCO3, 1 MgCl2, and 11 D-glucose, saturated with 95% O2 5%
CO2 (pH 7.3). After decapitation, brains were removed from the
skull and 300 μm-thick horizontal slices containing the entorhi-
nal cortex and the hippocampus were cut in ACF at 4 °C using a
VT1000S vibratome (Leica Microsystems, Wetzlar, Germany).
Individual slices were then submerged in a recording chamber
mounted on the stage of an upright BX51WI microscope
(Olympus, Japan). Slices were perfused with ACF continuously
flowing at a rate of 2–3ml/min at 32 °C. Glass electrodes (tip
resistance 1–2MΩ) were filled with ACF and positioned in the
CA1 area of the hippocampus and layer II–III of the medial
entorhinal cortex (mEC), ~250 μm below the pial surface. Local
field potentials (LFP) were acquired at a frequency of 10 kHz
and band-passed within a 1Hz–1 kHz frequency range. All
recordings were performed using a MultiClamp 700B amplifier
interfaced with a PC through a Digidata 1440 A (Molecular
Devices, Sunnyvale, CA, USA). Data were acquired using
pClamp10 software (Molecular Devices) and analyzed with
Origin 9.1 (Origin Lab, Northampton, MA, USA).
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Kainate-induced Seizures

Susceptibility to kainate-induced seizures was determined as
previously described (Bozzi et al. 2000; Corradini et al. 2014).
Briefly, p140Cap+/+, p140Cap−/−, Flox-p140Cap and C-p140Cap
mice received 25–35mg/kg body weight intraperitoneal (i.p.)
kainic acid (KA, Sigma Aldrich, St. Louis, MO) dissolved in saline
solution. Following injection, animals were returned to cages
where seizure severity was scored every 10min for a maximum
of 3 h, according to a modified Racine scale (Bozzi et al. 2000;
Corradini et al. 2014): stage 0, normal behavior; stage 1, immo-
bility; stage 2, forelimb and/or tail extension, rigid posture;
stage 3, repetitive movements, head bobbing; stage 4, rearing
and falling; stage 5, continuous rearing and falling; stage 6,
severe whole-body convulsions; stage 7, death. Saline-injected
animals of both genotypes were used as controls. Observers
were blind to treatment and genotype of each animal and
scores were assigned based on the maximum stage reached
during the observational period. Data collected were used to
calculate the time course of seizure severity for each genotype.

Immunofluorescence on Primary Hippocampal Cultures

Primary hippocampal cultures were fixed at 16 DIV with 4%
formaldehyde 4% sucrose, and immunofluorescence staining
was performed using the following antibodies: p140Cap mono-
clonal antibody (generated in our lab and used 1:500) and VGAT
Rabbit polyclonal (affinity purified from Synaptic System
131 003, 1:500). After 3 washings in phosphate-buffer saline
(PBS), cultured neurons were rinsed in a PBS—0.1% Triton solu-
tion for 5min followed by 30min of saturation with PBS—5%
BSA at room temperature. The primary antibody was diluted in a
PBS—1% BSA solution and incubated for 2–3 h at 4 °C. After 3
washes, secondary antibodies were incubated at 1:1000 for 1 h
at R.T. Coverslips were mounted with Prolong. Images were
acquired at LSM 510 META confocal microscope (Leica
Microsystems, Germany), using a 63×-oil objective and ana-
lyzed with Fiji ImageJ software.

Immunohistochemistry and Immunofluorescence

For immunohistochemistry experiments, animals were anes-
thetized with an intraperitoneal injection of a mixture of Zoletil
(fixed-ratio combination 1:1 of zolazepam and tiletamine)
(Zoletil: 80mg/Kg. Alcyon, Italy) and Xilazine (Nerfasin: 10mg/Kg.
Alcyon, Italy) and transcardially perfused with PBS followed
by 4% ice-cold formaldehyde in 0.1M phosphate buffer (PB, pH
7.4). After perfusion, brains were dissected and postfixed in the
same fixative solution overnight at 4 °C. After several washes in
0.1M PB, brains were cryoprotected by immersion in 10, 20, and
30% sucrose solutions. Coronal sections (30 μm) were cut with a
cryostat and stored at 20 °C in a solution containing 30% ethyl-
ene glycol and 25% glycerol in 0.1M PB (pH 7.2) until processing.
Immunohistochemistry was carried out according to a protocol
for free-floating sections as previously described (Morello et al.
2017). After being rinsed in PBS (3 × 10min), sections were
immersed in 1% H2O2 in PBS for 20min to block endogenous
peroxidase activity. After a blocking step in PBS containing
0.05% Triton X-100 and 10% normal goat serum (NGS), sections
were incubated overnight at RT with the following primary
antibodies diluted in PBS with 3% NGS and 0.05% Triton X-100:
rat anti-somatostatin (SOM, MAB354, 1:250; Millipore
Corporation), rabbit anti-calretinin (CR, 214 102, 1:500; SYSY,
Goettingen, Germany), mouse anti-parvalbumin (PV, 235,
1:10 000; Swant, Marly, Switzerland). The following day, after

several PBS rinses, the sections were incubated for 1 h with the
appropriate biotinylated secondary antibodies (1:250, Vector
Labs; Burlingame, CA) diluted in PBS with 3% NGS and 0.05%
Triton X-100, followed by 1h incubation in a solution containing
a biotin-avidin complex (1:100, Vector Labs). Finally, sections
were immersed in a solution containing 3,3′-diaminobenzidine
(DAB) (0.05% in TRIS-HCl, pH 7.6) with 0.01% H2O2 as chromogen
for the peroxidase reaction.

For immunofluorescence experiments, following 3 rinses in
PBS and the blocking step, sections were incubated overnight at
4 °C with the following primary antibodies: rabbit polyclonal
anti-VGAT (VGAT, 131 003, 1:1000 SYSY) and mouse monoclo-
nal anti-neuron-specific nuclear protein (NeuN, MAB377 clone
A60, 1:500, Merck Millipore). On the following day, after 3 wash-
ing in PBS, sections were immersed for 2 h at RT in secondary
fluorescent antibodies (Alexa Fluor Secondary Antibodies 1:200,
Invitrogen). After several PBS rinses, the sections were
mounted on glass slides and observed with a bright-field micro-
scope (Eclipse 800, Nikon, Japan) equipped with a CCD camera
(Axiocam HRc, Zeiss, Germany) or a 510 META laser-scanning
confocal microscope (Zeiss, Germany).

Quantitative Analysis of Immunohistochemical Signals

The numbers of INs were estimated in coronal sections. For
each animal, 4 sections along the rostro-caudal axis of the dor-
sal hippocampus were analyzed. Digital micrographs were pro-
cessed with the software ImageJ, and the number of
immunolabeled cells was calculated manually. All data are
reported as mean ± SEM. Statistical analysis was done by
Student’s t-test, using GraphPad Prism software (La Jolla, CA,
USA). For the quantification of inhibitory synapses, images
were acquired in stratum pyramidale of the CA1 hippocampal
subfield using a 40× oil immersion lens with an additional con-
focal zoom of up to 3 (voxel sizes of 0.10 × 0.10 × 1 μm). The
parameters of acquisition (laser power, pinhole, gain, offset)
were maintained constant between the 2 groups. Images were
analyzed with the ImageJ software.

Electron Microscopy

Mice were perfused with 1% formaldehyde/1% glutaraldehyde
in phosphate buffer (0.1M PB, pH 7.4). Their brains were post-
fixed in the same fixative overnight, and small specimens taken
from the dorsal hippocampus were postfixed in 1% OsO4 in
0.1M cacodylate buffer, dehydrated, and embedded in epoxy
resin. Ultrathin sections were stained with uranyl acetate and
lead citrate and observed in a JEM-1010 transmission electron
microscope (Jeol) equipped with a side-mounted CCD camera
(Mega View III, Soft Imaging System). The density of perisomatic
GABAergic synapses was assessed by analyzing 381 digitized
images from 3 p140Cap−/− and 3 control mice. Images were cap-
tured in CA1 stratum pyramidale. Type 2 synapses surrounding
the cell body of pyramidal neurons were identified by the pres-
ence of numerous presynaptic vesicles, a visible synaptic cleft
and symmetric pre- and postsynaptic specializations. The perim-
eter of pyramidal cells was measured with the Mega View soft-
ware. Image acquisition and morphometric analysis were
performed by an experimenter blind to the genotype of the mice.

Real-time PCR

Total RNA was extracted from dissected Median Ganglionic
Eminence (MGE), Caudal Ganglionic Eminence (CGE) and
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Lateral Ganglionic Eminence (LGE) samples from E15.15
p140Cap+/+ embryos using Trizol Reagent (Ambion, Life
Technologies Italia, Torino, Italy) and its concentration was
determined with a NanoDrop™ 1100 (NanoDrop Technologies,
Wilmington, DE, USA). Total RNA was reverse-transcribed with
a high capacity cDNA reverse transcription kit (#4 368 813,
Applied BioSystem) according to manufacturer’s instruction
and amplified with specific primers. RT-PCR analysis was car-
ried out in 96-well plates in the ABI Prism 7300 real-time PCR
system using Power SYBR® Green PCR Master Mix (#4 367 659,
Invitrogen), specific primers and 10 ng total RNA converted into
cDNA in 10 μl final volume.

Primers sequences:

p140Cap FW 5′CGGGATCCTGCAGCGGCAGCGCAC3′
p140Cap REV5′GCGAATTCCACATACCCTCATCCACTTGCC3′
GAPDH FW 5′AGAAGGTGGTGAAGCAGGCATC3′
GAPDH REV 5′CGGCATCGAAGGTGGAAGAGTG3′

Immunostaining of Mouse Embryonic Cortex

Embryonic brains were dissected at E12.5 and fixed for 12–16 h
at 4 °C in 4% formaldehyde. To evaluate proliferation, pregnant
females were injected at E12.5 with 35mg/kg 5-ethynyl-2 deox-
yuridine (EdU). Fixed brains were equilibrated in 30% sucrose in
PBS for 12–24 h at 4 °C, embedded with Tissue-TEK (O.C.T.,
Sakura Finetek), snap-frozen in liquid nitrogen, and stored at
−20 °C. Sectioning was performed at 20 μm with a cryostat.
Cryosections were rehydrated 5 times in PBS before further pro-
cessing. For Nkx2.1 staining, monoclonal antibodies 8G7G3/1
from Thermo fisher were used at 1:100 dilution. Cryosections
were subjected to antigen retrieval by heating in 0.01M citrate
buffer pH 6.0 at 70 °C for 1 h. Sections were permeabilized using
0.3% Triton X-100 in PBS for 30min and quenched with 0.1M
glycine for 30min, and incubated with primary antibodies over-
night at 4 °C, followed by secondary antibody for 1 h at room
temperature in a solution of 0.2% gelatin, 300mM NaCl, and
0.3% Triton X-100 in PBS. DNA was stained in the last wash
using DAPI. For EdU detection, the Click-iT EdU Alexa Fluor 488
Imaging Kit (Invitrogen, Carlsbad, CA) was used, according to
the supplier’s instructions. Apoptosis was measured by the
TUNEL assay using “In Situ cell death detection kit, TMD red”
(Roche, Basel; Switzerland) according to manufacturer’s proto-
col. Following TUNEL staining, sections were counterstained
with DAPI. The slides were mounted using ProLong anti-fade
reagent (Thermo Fisher Scientific, Waltham, MA, USA). Imaging
was performed using a Leica TCS SP5-AOBS 5-channel confocal
system (Leica Microsystems) equipped with a 405-nm diode, an
argon ion, and a 561-nm DPSS laser. Fixed cells were imaged
using a HCX PL APO 20X/ DRY objective. Edu+ cells were
counted on DAPI+ cells, from a cropped MGE image of known
area, processed with ImageJ software.

Results
p140Cap Localizes at Inhibitory Synapses and its Loss
Leads to Presynaptic GABAergic Alterations

We have previously demonstrated that p140Cap is part of the
excitatory postsynaptic compartment (Jaworski et al. 2009;
Repetto et al. 2014). To investigate if p140Cap localizes at inhib-
itory synapses, we performed double labeling immunofluores-
cence of primary hippocampal neurons using an antibody that
recognizes the vesicular GABA transporter VGAT, a specific

marker of inhibitory presynaptic terminals. The colocalization
of p140Cap (green labeling) with VGAT (red labeling) was evi-
dent in 16 DIV cultures (Fig. 1A), suggesting presynaptic locali-
zation. This is consistent with previous electron microscopic
observations in the rat brain (Ito et al. 2008).

To investigate the functional relevance of p140Cap at inhibi-
tory synapses, we tested whether removal of p140Cap altered
the synaptic activity of inhibitory INs. Miniature GABAergic
post synaptic currents (mIPSCs) were recorded from 16-18 DIV
hippocampal p140Cap+/+ or p140Cap−/− neurons. Cells were
held at −70mV (Vh), and perfused locally with a Tyrode solu-
tion containing 300 nM TTX and 1mM kynurenic acid to block
both spontaneous action potentials and glutamatergic postsyn-
aptic activity. Data were collected from 3 independent experi-
ments for each genotype (Fig. 1B) (Baldelli et al. 2002, 2005; Allio
et al. 2015). p140Cap ablation increased mIPSCs frequency by
approximately 4-fold compared to controls. Mean inter-event
intervals decreased from 1.74 ± 1.2 s in control (n = 1371 from
16 cells) to 0.33 ± 0.02 s in p140Cap−/− neurons (n = 1775 from 13
cells; p < 0.001) (Fig. 1C, left panel), with no difference in the
average amplitude (−38.5 ± 0.9 pA in control vs. −40.1 ± 0.6 pA
in p140Cap−/− neurons; p = 0.135) (Fig. 1D, left panel). The corre-
sponding cumulative probability functions of the inter-event
intervals and amplitudes are shown in Fig. 1C,D (right panels).
These data are consistent with a potential presynaptic alter-
ation of basal GABA release in the absence of p140Cap.

We then investigated whether p140Cap ablation altered the
electrically evoked inhibitory postsynaptic currents (eIPSCs)
induced by presynaptic action potential stimulation. The
absence of the adapter protein caused a marked increase of
eIPSCs (0.78 ± 0.12 nA in control (n = 14 cells) versus 1.32 ±
0.33 nA in p140Cap−/− neurons (n = 8 cells); p = 0.033) (Fig. 1E).
To test if p140Cap−/− neurons exhibit a larger synaptic vesicle
readily releasable pool (RRP), neurons were stimulated with a
500mM hypertonic sucrose modified Tyrode’s solution. The
integral of the area under the current evoked by the stimulus
that represents the RRP (Pyle et al. 2000) was significantly larger
in p140Cap−/− neurons as compared to controls (p = 0.023,
unpaired t-test) (Fig. 1F). The same occurred to the current
amplitude that increased from −0.80 ± 0.09 nA in control (n = 14
cells) to −1.34 ± 0.28 nA in p140Cap−/− neurons (n = 8 cells) (p =
0.018, unpaired t-test). Conversely, the postsynaptic response
of primary hippocampal neurons to saturating GABA concen-
trations (10 μM) was comparable in control and p140Cap−/− neu-
rons (p = 0.527) (Fig. 1G).

Given that ablation of p140Cap does not alter the mean
amplitude of miniature events in 16-18 DIV hippocampal neu-
rons, it is likely that the absence of p140Cap preserves the uni-
tary conductance and the density of postsynaptic GABAA

receptors. To examine this, we measured the unitary conduc-
tance of GABAA channels by using the peak-scaled variance
analysis (PSVA) of mIPSCs, which allows an estimate of the uni-
tary current i carried by single postsynaptic GABAA channels
(Traynelis et al. 1993). Figure 2A summarizes the procedure fol-
lowed to determine the variance, σ2(t), from a group of mIPSCs,
with data collected from 3 independent experiments for each
genotype (see Materials and Methods). In 16-18 DIV neurons,
loss of p140Cap caused almost no changes to the σ2(t) versus
mean current (I(t)) relationship (Fig. 2B,C). The plot was clearly
parabolic in both cases. The initial slope of the parabola yielded
an estimate of the weighted single-channel current. On aver-
age, we obtained similar mean unitary currents of −2.2 ± 0.1 pA
(n = 13 cells) and −2.0 ± 0.1 pA (n = 9 cells) in control
and p140Cap−/− neurons (P = 0.469), respectively (Fig. 2D),
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corresponding to a mean single-channel conductance of 31.0
and 28.6 pS. Because the mean amplitude of mIPSCs was not
altered by the absence of p140Cap (Fig. 1D, left panel), we con-
cluded that in 16-18 DIV hippocampal neurons the density of
GABAA receptors was unaffected by the loss of p140 Cap
(Fig. 1D, right panel).

Taken together, these data indicate that loss of p140Cap has
specific potentiating presynaptic effects, consisting in
enhanced RRP that result in increased mIPSC frequency and
higher eIPSCs, without effects on the conductance and density
of functional postsynaptic GABAA receptors. Interestingly, con-
focal analysis revealed a significant increase of the density of

Figure 1. Localization of p140Cap in the VGAT-positive presynaptic compartment and presynaptic electrophysiological GABAergic alterations in p140Cap−/− mice.

(A) p140Cap localizes with the inhibitory presynaptic marker VGAT// Immunofluorescence staining on 16 DIV hippocampal primary interneurons. Cells were stained

for p140Cap in green and VGAT in red; scale bar: 10 μm. (B) Representative mIPSCs recorded from p140Cap+/+ (black traces); and p140Cap−/− (gray traces) primary hip-

pocampal cultures at 16-18 DIV. (C) Cumulative probability functions of the inter-event intervals for p140Cap+/+ (black trace) and p140Cap−/− (gray trace). The inset to

the left shows the mean frequency of events that results 4-fold higher for p140Cap−/− as compared to p140Cap+/+. (D) Same as for (C) but concerning the mIPSC ampli-

tude. (E) Top. Representative eIPSCs recorded during presynaptic stimulation of a control (black trace) and p140Cap−/− (gray trace) neurons; Vh = −70mV. Bottom. The

mean peak amplitude of eIPSCs from control and p140Cap−/− neurons. (F) Response of neurons to 500mM hypertonic sucrose containing Tyrode’s solution.

(G) Representative postsynaptic responses of hippocampal neurons to 10 μM GABA. Black trace is from p140Cap+/+ neurons while gray trace is from p140Cap−/− cells.

6 | Cerebral Cortex

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhx306/4637601
by Biblioteca Veterinaria user
on 23 January 2018



VGAT puncta formed on target dendrites by individual axons in
p140Cap−/− neurons, with respect to age-matched control neu-
rons (Fig. 2E) (number of VGAT/μm, p140Cap+/+ = 0.139 ± 0.006;
p140Cap−/− = 0.173 ± 0.006; number of examined dendrites: 36
p140Cap+/+, 43 p140Cap−/−; 3 independent experiments, data
are presented as mean ± SEM. Unpaired t-test, p = 0.0003),
indicating that not only the release properties at inhibitory
terminals but also the ability to form inhibitory synapses on
target neurons is changed in neurons lacking p140Cap.

p140Cap−/− Cultures Display Abnormal Spontaneous
Firing Properties and Enhanced Network
Synchronization During Neuronal Maturation

To investigate whether the increased number of functional
inhibitory synapses affects network activity during neuronal
maturation in p140Cap−/− neurons, we compared the electrical
properties of p140Cap+/+ and p140Cap−/− hippocampal net-
works using micro-electrode arrays (MEAs). Spontaneous firing
of hippocampal neurons was monitored at 2 developmental
stages (9 and 18 DIV) in order to assess the maturation of the
network. As shown previously (Gavello et al. 2012), the firing
properties of hippocampal neurons vary significantly with time
in these conditions. Spontaneous activity is mainly character-
ized by an asynchronous spike train activity with limited num-
ber of bursts in immature cultures, that switches to a burst
activity characterized by a higher degree of synchronization in
mature cultures.

The firing frequency at 9 DIV was significantly lower in
p140Cap−/− (0.50 ± 0.05 Hz, n = 11 MEA, 277 channels, 3 inde-
pendent experiments) with respect to controls (0.74 ± 0.11 Hz,
n = 5 MEA; 400 channels, 3 independent experiments, P = 0.022
unpaired t-test) (Fig. 3A,B). On the contrary, at 18 DIV the
absence of p140Cap induced a 3-fold increase in firing fre-
quency compared to controls (2.55 ± 0.13 Hz vs. 0.87 ± 0.05 Hz,
respectively; P < 0.0001, unpaired t-test) (Fig. 3C,D). In addition,
the number of bursts (12.3 ± 0.5 vs. 6.2 ± 0.4, P < 0.0001,
unpaired t-test) and the burst duration (0.36 ± 0.04 vs. 0.09 ±
0.004 s, P < 0.0001, unpaired t-test) were significantly larger in
p140Cap−/− neurons with respect to controls (Fig. 3E,F).

Besides monitoring simultaneously the activity of many
neurons (60 or more), MEA recordings allow to evaluate the
degree of synchronization of neuronal networks during culture
maturation (Gavello et al. 2012). We found that p140Cap−/− neu-
rons exhibited synchronized activity at earlier stages than the
control. p140Cap−/− neurons displayed an increased synchro-
nism at 9 DIV that was absent in control neurons of the same
age. This effect was clearly visible when comparing the raster
plots, where action potentials (AP) monitored by each active
recording channel are converted in a sequence of vertical lines
versus time, and by the relative cross-correlation peak. In 9 DIV
control neurons, AP activity is distributed randomly over time
(Fig. 3G, left plot), becoming more synchronized at 18 DIV,
when nearly all recording channels display synchronous AP
bursts for tens of seconds (Fig. 3I, left plot). Conversely,
p140Cap−/− neurons displayed, already at 9 DIV, robust syn-
chronous firing (Fig. 3G, right plot), that increased at 18 DIV

Figure 2. Peak-scaled variance analysis of mIPSCs and overall density of VGAT punctae. (A–D) Peak-scaled variance analysis of mIPSCs. (A) Time course of the mean

variance σ2(t) (top) and mean current I(t) (bottom), obtained by averaging mIPSCs of nearly the same amplitude. The gray rectangle indicates the temporal window

where the σ2 vs. I plots of panel (B) and (C) were derived (see Materials and Methods for details). (B,C) σ2 vs. I plots obtained from mIPSCs recorded in p140Cap+/+ (B)

and p140Cap−/− neurons (C). (E) Representative images of 16-18 DIV p140Cap+/+ and p140Cap−/− hippocampal primary neurons stained for the inhibitory presynaptic

marker vGAT (red) and the microtubule protein Tubulin (green), and relative quantification of the density of VGAT puncta per unit length. Scale bar value = 10 μm.
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(Fig. 3I, right plot), as shown by the relative correlation peak
(Fig. 3H). Firing activity was evident in a large number of
recording channels (80 ± 5% vs. 81 ± 8%, respectively) and was
highly synchronous in both p140Cap+/+ and p140Cap−/−

neuronal networks, suggesting that at 18 DIV comparable areas
of both networks were effectively interconnected. The mean
cross-correlation peak estimated from the recording channels
were high in both cases (0.35 ± 0.2 vs. 0.32 ± 0.2, respectively)

Figure 3. MEAs analysis on 9 and 18 DIV hippocampal neurons from p140Cap+/+ and p140Cap−/− mice. (A) Representative traces of spontaneous firing from primary

hippocampal neurons at 9 DIV measured with conventional micro-electrode arrays (MEAs). p140Cap+/+ traces are shown in black (left) while p140Cap−/− traces are in

gray (right). (B) Firing frequency (phasic) was significantly smaller in p140Cap−/− (as compared to control neurons at 9 DIV). (C) At 18 DIV spikes were principally

grouped in bursts. This was the case for p140Cap+/+ as well as for p140Cap−/− neurons. The insets at the bottom are a representation of the events indicated by the

rectangle at an enlarged timescale. (D) Quantification of firing frequency at 18 DIV. (E, F) Burst number and burst duration. (G) Representative raster plots from MEA

recordings of primary hippocampal networks at 9 DIV from p140Cap+/+ (black traces) and p140Cap−/− neurons (gray traces). (H) Mean cross-correlation peaks at 9 DIV

in p140Cap−/− neurons compared to controls. (I, J) Same as for panel (G) and (H) but for 18 DIV neurons. (K) Representative time course of the cross-correlation function

recorded for p140Cap+/+ from channel 12 and p140Cap−/− neurons from channel 65. (L) Mean width of the cross-correlation function obtained from p140Cap+/+ and

p140Cap−/− neuronal networks.
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(Fig. 3J), but exhibited a significantly different shape (Fig. 3K). In
control neurons the cross-correlation function was significantly
narrow (mean width at 0.05 was 197 ± 57ms; n = 7 MEA), while
in p140Cap−/− neurons the cross-correlation function after
peaking at a maximal value at t = 0 persisted for longer times
(mean width at 0.05 was 520 ± 185ms, n = 13 MEA; P = 0.0001,
unpaired t-test) (Fig. 3L). This time-extended strong correlation
results most likely from the prolonged bursting activity of neu-
rons in the absence of p140Cap, and ensures a more effective
synchronous activity within the network.

p140Cap−/− Mice are more Susceptible to
4-Aminopyridine-induced Seizures In Vitro and to
Kainate-induced Seizures In Vivo

The finding that knocking out p140Cap leads to higher hippo-
campal network synchronization at early times in cultured hip-
pocampal neurons prompted us to test the ability of p140Cap−/−

mice to develop seizure-like events (SLEs). We first induced
SLEs in vitro using brain horizontal slices containing the hippo-
campus and the entorhinal cortex (EC), extracellularly perfused
with the pro-convulsive compound 4-aminopyridine (4-AP).
Local field potential (LFP) recordings (Fig. 4A and inset below)
were performed by placing the tip of artificial cerebrospinal
fluid (ACF)-filled glass pipettes in the CA1 area of the hippo-
campus and in layer II–III of the EC. A few minutes after start-
ing the perfusion, tonic-clonic SLEs became detectable in 5 out
of 14 p140Cap+/+ slices (36%). Interestingly, a larger percentage
of p140Cap−/− slices (6 out of 8, 75%) displayed 4-AP-induced
SLEs as compared to p140Cap+/+ preparations (p = 0.031, z-test
for 2 population proportions) (Fig. 4B). Furthermore, the average
number of SLEs per minute was significantly higher in
p140Cap−/− than in control slices (0.34 ± 0.04 vs. 0.19 ± 0.03,
respectively, N = 6 slices from 3 p140Cap−/− mice and N = 5
slices from 3 p140Cap+/+ mice, p = 0.038, unpaired t-test)
(Fig. 4C). Conversely, the average SLE duration was not different
in the 2 groups (p140Cap+/+: 31 ± 10 s, p140Cap−/−: 39 ± 6 s,
unpaired t-test, p = 0.9) (Fig. 4D). These results demonstrate
that a higher hippocampal network synchronization is sufficient
to make p140Cap−/− hippocampal slices perfused with 4-AP more
prone to develop seizure-like events.

We then analyzed if seizure susceptibility is altered in
p140Cap−/− mice in vivo after kainic acid (KA) treatment. Figure
4E shows the time course of the behavioral response of
p140Cap+/+ and p140Cap−/− mice to 35mg/kg KA over a 3-h
period after i.p. administration. In all mice, this dose of KA
resulted in immobility and staring within the first 10min, fol-
lowed by head bobbing and stereotyped movements (stage 2
and 3 of Racine’s scale) (Bozzi et al. 2000). 20min after KA injec-
tion, p140Cap−/− mice rapidly progressed to stage 5 and 6 and
showed continued generalized activity, while only 50%
p140Cap+/+ mice slowly reached stage 5 (genotype as between-
subject factor and time within subject factor; effect of time: F =
9,67, p = 0.0001; effect of genotype: F = 12.29, p = 0.0057, 2-way
repeated measure analysis of variance followed by Bonferroni
post hoc test). Overall, the latency to the first stage 5 (status
epilepticus) seizure differed between p140Cap+/+ (70.3 ±
0.3min, N = 3) and p140Cap−/− mice (26.6 ± 3.3min, N = 3; p =
0.0002, unpaired t-test) (Fig. 4F). Mortality rate following KA
administration was strongly different between control and
p140Cap−/− mice (p140Cap+/+ 0/7; p140Cap−/− 5/7 stats). Thus,
the progression of clinical signs following KA treatment was
dramatically different in control and knockout animals.

p140Cap−/− Mice Display Higher Density of Inhibitory
Synapses in the Hippocampus

To verify whether the enhanced inhibitory synapse density
described in p140Cap−/− cultures (Fig. 2E) was also present in
the intact brain, we measured the density of inhibitory VGAT-
positive synapses in the CA1 region of both control and
p140Cap−/− hippocampi by immunofluorescence and confocal
microscopy (Fig. 5A, a-c). We found a significant increase of
both the density and size of VGAT puncta in CA1 of mutant
mice compared to controls (Number of VGAT puncta/μm2:
p140Cap+/+ = 0.059 ± 0.004, p140Cap−/− = 0.080 ± 0.005; area of
VGAT puncta on field area: p140Cap+/+ = 0.016 ± 0.002,
p140Cap−/− = 0.034 ± 0.004, n = 5 p140Cap+/+ mice, n = 5
p140Cap−/− mice; Mann–Whitney Rank Sum Test p = 0.019 for
density; p = 0.003 for area analysis) (Fig. 5B,C). To confirm these
data, we also performed an electron microscopic analysis of
perisomatic synapses in the same hippocampal region (Fig. 5D).
We found a significant increase of the number of symmetric
synaptic appositions surrounding the cell body of CA1 pyra-
midal neurons in p140Cap−/− versus age-matched control
mice (number of perisomatic symmetric synapse per 100 μm:

Figure 4. Seizure susceptibility in p140Cap+/+ and p140Cap−/− mice. (A)

Representative LFP traces recorded in the hippocampus of p140Cap+/+ (black)

and p140Cap−/− (gray) mice during bath perfusion with 4-AP (100mM). The inset

below shows enlarged individual ictal discharges. (B) Summary of the total

percentage of slices showing detectable seizure-like activity (SLE). (C) Average

SLE frequency. (D) Average SLE duration in p140Cap+/+ and p140Cap−/−.

(E) Progression of behavioral changes after systemic KA administration (35mg/

kg, i.p.) in p140Cap+/+ and p140Cap−/− mice over a 3 h observation period. Data

represent mean seizure scores ± SEM. (F) Latency to the first Stage 5: compari-

son between p140Cap+/+ and p140Cap−/− shows that mutant animals need less

time to reach status epilepticus.
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p140Cap+/+ 5 ± 0.6, N = 3; p140Cap−/− 8 ± 0.76N = 3; p = 0.019)
(Fig. 5E). Moreover, the size of GABAergic terminals establish-
ing perisomatic synapses was also increased in mouse
mutants (p140Cap+/+ 0.498 ± 0.059 μm2 N = 3; p140Cap−/− 0.682
± 0.016 μm2 N = 3; p = 0.039) (Fig. 5F). These results indicate
that both p140Cap-depleted neuronal cultures and p140Cap−/−

mice display an increased number of inhibitory synapses
impinging on CA1 pyramidal neurons.

To further characterize the inhibitory interneuron network
in the hippocampus, we quantified 3 major classes of INs, i.e.,
Parvalbumin (PV), Somatostatin (SST) and Calretinin (CR) posi-
tive cells. This analysis was performed in the CA1 region of 8-
week-old p140Cap+/+ and p140Cap−/− mice using specific anti-
bodies (see Supplemental Fig. 1 for representative images of the
2 genotypes). We observed a significant increase in the number
of PV+ cells (≥34,1%, unpaired t-test p < 0.0001) (Fig. 5G), and

Figure 5. Quantification of VGAT inhibitory synapses and EdU analysis in p140Cap+/+ and p140Cap−/− mice. (A) Representative immunofluorescence pictures of VGAT

puncta in the CA1 region of 2-month-old p140Cap+/+ and p140Cap−/− hippocampi (panel a). NeuN was used as marker (panel b). Merge is shown in panel c. Scale bar =

10 μm. (B) and (C) Quantification of VGAT density (B) and total area of VGAT puncta/area field (C). (D) Representative electron microscopy pictures of hippocampal

CA1 region of perisomatic inhibitory synapses in 2-month-old mice. Arrows indicates symmetric synaptic appositions. (E) and (F) Quantification of density (E) and

area (F) Scale bar. (G)–(I). Percentage quantification of Parvalbumin (PV) (G), Somatostatin (SST) (H) and Calretinin (CR) (I) positive cells in the CA1 region of the 2 geno-

types. (J) Quantitative real-time RT-PCR analysis of p140Cap transcript in E15.5 CGE + LGE and MGE from p140Cap+/+ embryos. (K) Representative immunofluorescence

pictures of E12.5 total MGE stained for EdU (green nuclei), Nkx2.1 (red nuclei) and DAPI (blue nuclei) from p140Cap+/+ and p140Cap−/− mice. Scale bar = 50 μm. (L)

Cropped-Horizontal section of MGE from p140Cap+/+ and p140Cap−/−, with green cells representing EdU-positive cells and DAPI staining for nuclei. Scale bar = 50 μm.

(M) Quantification of EdU-positive cells on DAPI-positive cells from panels L.
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SST+ cells (≥66,4%, unpaired t-test p = 0.0065) (Fig. 5H) in
p140Cap−/− mice with respect to p140Cap+/+ mice, whereas the
number of CR+ interneurons was unchanged (≤6,6% unpaired
t-test p = 0.543 n.s.) (n = 5 p140Cap+/+ mice, n = 5 p140Cap−/−

mice) (Fig. 5I).

p140Cap−/− Mice Display Increased Number of Actively
cycling Interneuron Progenitors in MGE

Hippocampal GABAergic interneurons originate from the gan-
glionic eminences (GE), which are transitory embryonic struc-
tures in the developing ventral telencephalon (Tricoire et al.
2011). It is known that interneuron diversity largely emerges
from spatially segregated progenitor cells with distinct tran-
scriptional profiles in the medial, caudal and lateral ganglionic
eminence (MGE, CGE and LGE). Respectively, the MGE gives rise
to the large majority of PV- and SST-expressing interneurons,
while CR+ cells mostly originate from CGE (Gelman and Marín
2010; Maroof et al. 2010; Vaghi et al. 2014). For these reasons,
we analyzed the expression profile of p140Cap transcript in
both MGE and CGE + LGE in E15.5 p140Cap+/+ embryos using
qRT-PCR. Results indicated that the p140Cap mRNA is signifi-
cantly enriched in MGE region compared to CGE + LGE (Fig. 5J).
The MGE versus the CGE + LGE were further identified by the
expression of the specific markers Nkx2.1 and Coup II, respec-
tively (Supplemental Fig. 2A). Moreover, immunofluorescence
and confocal analysis confirmed the presence of the p140Cap
protein in the MGE already at E12.5 stage (Supplemental Fig. 2B),
with a major intensity gradient in the Sub-Ventricular zone
(SVZ), compared to the Ventricular zone (VZ). These observations
suggest that p140Cap may play a specific role in the niche were
PV+ and SST+ cells originate during development

To verify whether deletion of p140Cap affects the dynamic
equilibrium between cell proliferation and cell death in Nkx2.1
progenitors, we quantified the number of actively cycling inter-
neuron progenitors on MGE sections of E12.5 embryonic brains.
This experiment revealed a small, but statistically significant
increase (about 15%) in the number of BrdU-positive cells in the
ventricular zone of p140Cap−/− mice compared to controls
(p140Cap+/+ 0.403 ± 0.016 n = 7; p140Cap−/− 0.469 ± 0.018 n = 4;
unpaired t-test p = 0.009) (Fig. 5K–M). Analysis of TUNEL-
positive cells in MGE at the same time point did not disclose
any significant difference between the 2 genotypes, indicating
that the processes of cell survival and apoptosis are not
affected by the lack of p140Cap (Supplementary Fig. 2C). Indeed
we found a very small percentage of TUNEL-positive cells at
this stage (less than 0.1% of total number of cells), suggesting
that apoptosis is not a primary event at this developmental
stage. Interestingly, in p140Cap−/− MGE, a higher number of
Nkx2.1-positive nuclei, the specific marker of MGE-interneuron
progenitors, has been detected not only in the ventricular zone
(VZ) but also in the sub-ventricular zone (SVZ) and in the man-
tle zone (MZ), 2 areas where in normal conditions, the process
of cell-cycle exit and differentiation should be already started
(Supplementary Fig. 2D, E).

Specific Ablation of p140Cap in Forebrain INs Leads to
Higher Susceptibility to Develop Seizures In Vitro and
Increased Density of Inhibitory Synapses

To investigate the relevance of p140Cap in the inhibitory net-
work, we generated a conditional mouse model (hereafter
called C-p140Cap) in which p140Cap is removed only in Dlx5/
6-expressing INs by crossing p140Cap lox/lox mice with the Dlx5/

6-Cre line (Supplementary Figure 3A,B). Confocal analyses of C-
p140Cap mice revealed a 42% increase in the density of VGAT
puncta in the CA1 region of the hippocampus (VGAT puncta
per μm2, Flox-p140Cap: 0.166 ± 0.017 n = 5, C-p140Cap: 0.245 ±
0.024 n = 4; unpaired t-test p = 0.0293) as well as an increase in
the size of VGAT-positive structures (VGAT puncta area on field
area-normalized value, Flox-p140Cap: 0.089 ± 0.001, C-p140Cap
0.10 ± 0.003; n = 5 mice per genotype; unpaired t-test p = 0.0017)
(Fig. 6A,B). C-p140Cap mice also displayed higher susceptibility
to 4-aminopyridine-induced seizures in vitro, as assessed by
the increased frequency of ictal events (Flox-p140Cap fre-
quency: 0.23 ± 0.05 SLE/minute, n = 11 slices in 4 mice, C-
p140Cap: 0.34 ± 0.04 SLE/minute, n = 10 slices in 4 mice, p 0.034,
unpaired t-test; Flox-p140Cap SLE duration: 69 ± 11 s, n = 11
slices in 4 mice, C-p140Cap: 75 ± 12 s, n = 10 slices in 4 mice, p =
0.728, unpaired t-test) (Fig. 6C,D). However, seizures susceptibil-
ity after kainic acid treatment in vivo (Supplementary Fig. 4A),
number of PV+ and SST+ interneurons in the hippocampus
(Supplementary Fig. 4B) and number of proliferating interneu-
ron progenitors in MGE of E12.5 embryos (Supplementary
Fig. 4C) are not altered in C-p140Cap mice with respect to con-
trol Flox-p140Cap mice. These data indicate that selective
removal of p140Cap from inhibitory interneurons, by using
Dlx5/6-Cre line, enhances inhibitory synaptogenesis and alters
E/I balance in hippocampal circuits without affecting some of
the early events occurring in the IN progenitors pool, such as
the number of proliferating Nkx2.1-positive cells.

Discussion
In the present study, we demonstrate that the adapter protein
p140Cap plays a fundamental role in the development and
refinement of the inhibitory network by regulating both the
number and the activity of GABAergic synapses.

We and others have previously demonstrated that p140Cap
is involved in the organization of the excitatory postsynaptic
density (Sheng and Hoogenraad 2007; Tomasoni et al. 2013;
Repetto et al. 2014; Fossati et al. 2015; Alfieri et al. 2017) and
eventually plays a central role in learning and memory pro-
cesses (Jaworski et al. 2009; Repetto et al. 2014). Indeed
p140Cap−/− mice display impaired LTP and defective establish-
ment and consolidation of new declarative memories (Repetto
et al. 2014). At the cellular and molecular level the lack of
p140Cap leads to the disruption of dendritic spine integrity
(Jaworski et al. 2009; Tomasoni et al. 2013) which may be
responsible for the LTP defect in hippocampal slices (Repetto
et al. 2014). These studies pointed to a role for this protein in
the molecular organization of excitatory synapses and indi-
cated that p140Cap acts as a hub for postsynaptic complexes
relevant to psychiatric and neurological disorders (Alfieri et al.
2017).

We here report that p140Cap is present in GABAergic pre-
synaptic structures and its ablation results in altered
GABAergic inhibitory neurotransmission (increased mIPSC fre-
quency and GABA release) and increased number of inhibitory
synapses impinging on pyramidal neurons. Therefore p140Cap
regulates the developmental assembly of inhibitory circuits. Of
note, some of the proteins localized in the inhibitory compart-
ment were identified in the p140Cap synaptic interactome
(Alfieri et al. 2017).

Interneurons are local circuit cells mainly responsible for
inhibitory activity in the adult hippocampus, thereby control-
ling the activity of the principal excitatory cells (Trygve et al.
2007) and regulating the proper E/I balance (Freund and Buzsáki
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1996; Somogyi and Klausberger 2005). In addition, they strongly
regulate neocortical development by modulating several cellu-
lar processes such as neuronal proliferation, migration, differ-
entiation and connectivity. Notably, altered inhibition results
in pathological rearrangements which are responsible, in gen-
eral, for impaired neuronal development (Tyzio et al. 2006,
2014; Gogolla et al. 2009), altered circuitry formation (Antonucci
et al. 2012; Berryer et al. 2016) and abnormal neuronal plasticity
(Hensch 2005; Harauzov et al. 2010; Succol et al. 2012; Deidda
et al. 2015). In agreement, several developmental brain disor-
ders such as autism, intellectual disability and schizophrenia
result from an imbalanced E/I tone and are associated with
alterations in GABAergic neurotransmission (Hashimoto et al.
2005; Tabuchi et al. 2007; Coghlan et al. 2012).

Several recent studies have demonstrated that fast synaptic
inhibition mediated by different types of GABA releasing inter-
neurons is also important for the generation of network oscilla-
tions, i.e., the neuronal activity generating network synchrony.
This optimal brain status is essential to strengthen information
processing and cognitive functions and to prevent a wide range
of neurological diseases including epilepsy, schizophrenia, and
autism spectrum disorders (ASDs) (for review see Coghlan et al.
2012; Marín 2012; Rapanelli et al. 2017). Synchronicity is one of
the requisites of a functional neuronal network and GABAergic
interneurons are the key players of this phenomenon through
multiple mechanisms, including the depolarizing action of
GABA during brain development, transient synaptic connec-
tions, extrasynaptic transmission, gap junction coupling, and
the presence of pacemaker-like neurons (Blankenship et al.
2009; Bonifazi et al. 2009). Dysfunctions concerning some of
those molecular mechanisms could be at the basis of the aber-
rant phenotype that we observe in p140Cap−/− models such as
the cognitive and memory defects (Repetto et al. 2014).

Our results indicate that the absence of p140Cap results in a
significant increase in neuronal network firing and synchroni-
zation, which are crucial for neuronal information processing
and storage in the hippocampus (Chen et al. 2005; Li et al.
2007). Of note, spontaneous synchronized bursts were detected
in p140Cap−/− neuronal networks both in vivo and in vitro.
Indeed, differently from p140Cap+/+ neuronal networks, which
produce spontaneous synchronized bursts mostly after 2 weeks
of cell seeding, p140Cap−/− cells exhibited synchronized activity
already at 9 DIV, a time window where control neurons fire
mostly in single-spike fashion. In line with the higher hippo-
campal network synchronization, both the global deletion of
p140Cap or the selective removal of the protein from forebrain
interneurons resulted in increased susceptibility to
pharmacological-induced protocols of epilepsy.

Besides resulting in increased ability to form inhibitory
synapses, the genetic ablation of p140Cap during brain develop-
ment results in increased number of inhibitory interneurons—
in particular the PV+ and SST+ cells—in CA1 hippocampal
region, suggesting that the process of interneuron generation
during development may be controlled by this protein. Of note,
both p140Cap transcript and protein are already present at
E12.5 in the MGE, the embryonic region where PV+ and SST+

interneurons originate (see also Supplementary Fig. 2A), thus
opening the possibility that p140Cap may regulate neural pro-
genitor proliferation as well as the process of interneuron
migration out of MGE. The adapter protein p140Cap has been
recently demonstrated to interfere with growth factor-
dependent signaling in breast cancer cells, by inhibiting prolif-
erative signals, such as the EGF-dependent Ras/Erk1/2 signaling
(Damiano et al. 2010). In particular, in transformed cells,
p140Cap expression limits tumor growth and confers the ability
to activate the apoptotic program restoring mammary gland

Figure 6. Selective removal of p140Cap from inhibitory interneurons affects the inhibitory compartment. (A) Representative VGAT immunofluorescence in CA1 hippo-

campal region of control (Flox-p140Cap) (left panels) and p140Cap conditional (C-p140Cap) (right panels) brain slices. Lower panels are a high magnification of the

inset. Scale bar value = 10 μm. (B) VGAT-positive puncta density in Dlx5/6-Cre slices compared to controls and total area of VGAT puncta/area field. (C) Representative

LFP traces recorded in the hippocampus of Flox-p140Cap and C-p140Cap mice during bath perfusion with 4-AP (100 μM). Calibration: 500 μV, 60 s. (D) The average SLE

frequency, but not duration, was found significantly increased in p140Cap conditional brain slices compared to their controls.
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tissue morphogenesis (Mailleux et al. 2007; Grasso et al. 2017).
Therefore, in neuron precursors, p140Cap deficiency might
affect the dynamic equilibrium between cell proliferation and
cell differentiation in Nkx2.1 progenitor cells. The higher num-
ber of EdU-positive cells, which is not accompanied by a
decreased cellular apoptosis, in the ventricular zone of
p140Cap−/− mice may thus account for the increased number in
MGE-derived parvalbumin and somatostatin interneurons in
the hippocampus of p140Cap−/− mice. This is also consistent
with the presence of Nkx2.1-positive nuclei of MGE-interneuron
progenitors in the p140Cap−/− SVZ, where in normal conditions,
the process of cell-cycle exit and differentiation should be
already started (see Supplementary Fig. 2D,E). As an alternative
mechanism, p140Cap has been recently found to stabilize
E-cadherin at the cell membrane (Damiano et al. 2010). On neu-
rons, the same E-cadherin is crucial for interneuron differentia-
tion and correct guidance towards the cortex. Finally, the
p140Cap-dependent inhibition of EGFR and Erk1/2 signaling
observed in tumor cells (Damiano et al. 2010) may also account
for the aberrant inhibitory synaptogenesis in GABAergic inter-
neurons in p140Cap KO hippocampi. In recent times, different
factors have been implicated in the control of inhibitory synap-
togenesis, including Neuregulin 2 (Lee et al. 2015), FGF7
(Dabrowski et al. 2015), Semaphorin 4D (Kuzirian et al. 2013),
SYNGAP1 (Berryer et al. 2016), and most notably BDNF (Bath
et al. 2012). Of note, all these factors may require, for their
action, KRAS-ERK1/2 mediated signaling and indeed an up-
regulation of ERK signaling during early phases of postnatal
development leads to a selective enhancement of synaptogen-
esis in GABAergic interneurons (Papale et al. 2017).

As already mentioned, interneuron defects are known to
represent one of the main causes of brain development disor-
ders and are also involved in neurodegenerative or injury-based
disorders (Hunt and Baraban 2015). In epilepsy, the synchroni-
zation of neuronal firing involves the interaction of GABAergic
inhibitory and glutamatergic excitatory mechanisms (Wu et al.
2015). In this pathological situation, fundamental disturbance in
the E/I balance may result in abnormal activity of forebrain-
neuronal circuits, which over time leads to epileptogenesis.
Even if the role of interneurons in epilepsy is still discussed, the
results of recent studies have stressed the importance of
GABAergic neurons in triggering this phenomenon (Yekhlef
et al. 2015; Avoli et al. 2016). In fact, activation of PV+ interneur-
ons appears to generate sustained epileptic events (Shiri et al.
2015; Yekhlef et al. 2015) and contribute to their maintainance
(Ellender et al. 2014); (Khoshkhoo et al. 2017). Since these cells
largely mediate synaptic inhibition, their proepileptic effect
may sound counterintuitive. However, synchronous activation
of groups of PV+ and SST+ interneurons results in a transient
increase in extracellular potassium concentration ([K+]o), which
mediates membrane potential depolarization (Yekhlef et al.
2015). Such depolarization at times reaches a critical threshold
for action potential firing in a relatively large number of sur-
rounding cells (including principal glutamatergic neurons),
inducing a massive activation and a further increase in [K+]o.
This phenomenon marks the initial stage of a seizure, which
continues as the network keeps firing in a synchronous fashion
and possibly propagates by recruiting further neighboring areas.
In addition to their ability to start seizures using a non-synaptic
effect (i.e., the [K+]o increase), GABAergic interneurons may con-
tribute to seizure maintenance as their continuous release of
GABA eventually leads to an increase in chloride concentration
in postsynaptic cells, resulting in a depolarizing shift in Cl−

reversal potential and consequently in an excitatory, rather

than inhibitory, effect of GABA (Huberfeld et al. 2007; Kaila
et al. 2014). These evidences are in line with the increased sus-
ceptibility of p140Cap−/− mice to epileptogenic agents, even
though their hippocampal network is enriched in the inhibitory
component.

Notably selective removal of p140Cap in the Dlx5/6-expres-
sing interneurons does not affect the number of interneuron
progenitors in MGE and of mature PV+ and SST+ interneurons
in the hippocampus, as well the susceptibility to kainic acid-
induced seizures in vivo, suggesting that either p140Cap may
contribute to some molecular events occurring in the progeni-
tor pool before Dlx5/6-driven Cre expression, in particular the
mitotic competence of the progenitors, or that the presence of
p140Cap in populations other than INs is relevant for a correct
INs function. The use of additional models (Taniguchi et al.
2011) may help to elucidate the role of p140Cap expression in
early phases of INs development.

This work puts therefore the basis to further investigating
the role of p140Cap in defining the E/I balance during hippo-
campal circuitry definition and the synaptopathies associated
with its absence.

Supplementary Material
Supplementary data is available at Cerebral Cortex online.
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