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Abstract
Aim: The Repressor Element- 1 Silencing Transcription Factor (REST) is an epige-
netic master regulator playing a crucial role in the nervous system. In early devel-
opmental stages, REST downregulation promotes neuronal differentiation and the 
acquisition of the neuronal phenotype. In addition, postnatal fluctuations in REST 
expression contribute to shaping neuronal networks and maintaining network ho-
meostasis. Here we investigate the role of the early postnatal deletion of neuronal 
REST in the assembly and strength of excitatory and inhibitory synaptic connections.
Methods: We investigated excitatory and inhibitory synaptic transmission by 
patch- clamp recordings in acute neocortical slices in a conditional knockout 
mouse model (RestGTi) in which Rest was deleted by delivering PHP.eB adeno- 
associated viruses encoding CRE recombinase under the control of the human 
synapsin I promoter in the lateral ventricles of P0- P1 pups.
Results: We show that, under physiological conditions, Rest deletion increased the 
intrinsic excitability of principal cortical neurons in the primary visual cortex and 
the density and strength of excitatory synaptic connections impinging on them, 
without affecting inhibitory transmission. Conversely, in the presence of a patho-
logical excitation/inhibition imbalance induced by pentylenetetrazol, Rest deletion 
prevented the increase in synaptic excitation and decreased seizure severity.
Conclusion: The data indicate that REST exerts distinct effects on the excitability 
of cortical circuits depending on whether it acts under physiological conditions or 
in the presence of pathologic network hyperexcitability. In the former case, REST 
preserves a correct excitatory/inhibitory balance in cortical circuits, while in the 
latter REST loses its homeostatic activity and may become pro- epileptogenic.
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1  |  INTRODUCTION

The repressor element- 1 silencing transcription factor 
(REST), also known as neuron- restrictive silencer factor, 
is an epigenetic master regulator. Upon binding to a 21 
base pair sequence called repressor element- 1 (RE- 1) or 
neuron- restrictive silencer element (NRSE), REST re-
cruits and coordinates several chromatin- modifying en-
zymes acting mainly as transcriptional repressor.1 RE- 1 
sequences are present in single or multiple copies in the 
promoter regions of numerous neuron- specific genes en-
coding ion channels, neurotransmitters, proteins involved 
in axonal guidance, vesicle trafficking and fusion where it 
exerts transcriptional inhibition.2 In line with this, REST 
downregulation plays a key role in mastering the acquisi-
tion of the neuronal phenotype during embryonal devel-
opment. At first, REST levels are highest in the nuclei of 
pluripotent stem cells. Then, during transition to neural 
progenitors, the REST protein levels dramatically decrease 
because of post- translational degradation.3

Further studies demonstrated that REST in not only a 
switch for neuronal fate but is also critical for the fine- 
tuning of synaptic connectivity and plasticity of neuro-
nal networks during critical periods.4 REST modulation 
participates in the upregulation of the potassium chloride 
transporter 2 (KCC2) in the perinatal period controlling 
the timing of the chloride shift5 fundamental for the es-
tablishment of GABAergic inhibitory transmission.6,7 
Moreover, in postnatal neurons REST regulates the sub-
unit switch in N- methyl- D- aspartate (NMDA) receptors 
that, between P15 and P17 in rats, replaces the GluN2B 
subunits present during early postnatal development with 
the GluN2A subunit.8,9

In addition to these developmental roles, REST is also 
involved in controlling changes in neuronal networks in 
response to stress. While behavioral responses to stress 
can mostly reverse quickly, epigenetic changes to the chro-
matin structure can last longer.10 REST has been reported 
to mediate homeostatic protection from network hyperex-
citability, by constraining the expression of voltage- gated 
sodium channels11 and excitatory synaptic transmission.12 
Moreover, it has been recently demonstrated that REST 
increases the strength of axo- somatic inhibitory synapses 
onto excitatory neurons, while having no effect when the 
postsynaptic target cell was another inhibitory neuron.13 
A similar homeostatic effect was recently observed in as-
trocytes, where REST increases the transcription of the 
glutamate transporter GLT1 and favors the membrane 
exposure of the potassium channel Kir4.1, thus increas-
ing glutamate and potassium clearance from the synaptic 
environment.14

Notwithstanding these effects, the understanding of 
the role of REST in shaping neuronal networks is still 

largely incomplete, especially in the first phases of post-
natal development. Hence, we here investigate the role 
of REST in shaping the neocortical excitatory/inhibitory 
(E/I) networks in the mouse early postnatal period under 
physiological conditions and test its activity under condi-
tions of excitation/inhibition imbalance. To this aim, we 
deleted REST specifically in neurons in vivo in a condi-
tional knockout mouse strain (RestGTi) by using a modified 
AAV vector encoding CRE under the control of the pan- 
neuronal human synapsin I (hSyn1) promoter packaged 
in an engineered viral capsid with increased transduction 
efficiency and biological barrier penetration (PHP.eB). 
Ex  vivo whole- cell patch- clamp recordings and immu-
nochemical mapping of excitatory and inhibitory synap-
tic contacts showed that Rest deletion under physiological 
conditions imbalances cortical synaptic balance in favor of 
excitatory inputs to principal neurons, identifying REST as 
a homeostatic factor that maintains a correct E/I balance 
during the development of cortical networks. On the con-
trary, under conditions of network hyperexcitability, Rest 
deletion prevents the rise of excitatory strength, switching 
the REST action from homeostatic to pro- epileptogenic.

2  |  METHODS

All the material submitted is conform with good 
publishing practice in physiology and the Acta Physiologica 
guidelines.15

2.1 | Animals

Wild- type C57BL/6J male mice were purchased from 
Charles River (Calco, Italy). GTinvRest mice (RestGTi 
mice16) were obtained by Gail Mandel (Portland, 
OR) and the German Gene Trap Consortium (GGTC 
Partners) and kept on a C57BL/6J background in ho-
mozygosity under conditions of environmental enrich-
ment. Mice were maintained on a 12:12 h light/dark 
cycle at constant temperature (22 ± 1°C) and humidity 
(60 ± 10%), with water and pellet diet ad libitum. All the 
experiments were strictly following the guidelines of 
the European Community Council (Directive 2014/63/
EU of 15 May 2014) and were approved by the Italian 
Ministry of Health (Authorization #558/2016- PR and 
#427/2021- PR).

2.2 | Plasmid cloning

The hSyn1 minimal promoter was amplified by PCR 
from phSyn1- GFP- C1- Flag using hSyn1- specific primers 
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(hSyn1- FW and hSyn1- RV; see below for sequences). The 
isolated promoter was cloned in pAAV- CAG- NLSx2- GFP,17 
replacing the CAG promoter. Sequences corresponding to 
either Cre recombinase or a recombinase- dead Cre mu-
tant (ΔCre; Cre deleted at residues 134–343 in the catalytic 
domain), used as a negative control, were PCR- amplified 
from pLenti- PGK- Cre- GFP and pLenti- PGK- ΔCre- GFP,18 
respectively. Isolated Cre and ΔCre sequences were di-
gested and cloned in the intermediate plasmid carrying the 
hSyn1 promoter. The used primers were:

hSyn1- FW: 5′- atccactagtctgcagagggccctgcg- 3′;
hSyn1- RV: 5′- atccgcggccgcgcgccgcagcgcagatgg- 3′;
ΔCre and Cre- FW: 5′- atccgcggccgccaccatggtgaagcgacc- 3′;
ΔCre- RV: 5′- atccggatccctacttacggattcgccgc- 3′;
Cre- RV: 5′- atccttaattaactaatcgccatcttccagcag- 3′;
Oligo containing Pac1- FW: 5′- gatccatatgttaattaaggcgcg
cccaattg- 3′;
Oligo containing Pac1- RV: 5′- gatccaattgggcgcgccttaatt
aacatatg- 3′.

2.3 | AAV production

After checking the integrity of the ITR AAV2 packaging 
signals, AAV1/2 viral particles containing pAAV- hSyn1- 
NLSx2- GFP were generated as previously described.19 
Viruses were purified over heparin columns (GE 
HealthCare Life Science, Milano, Italy) at a concentration 
of 1–10 × 1011 vector genomes (vg)/mL and used at a mul-
tiplicity of infection of 10 000. The infection efficiency was 
70%–90%. pAAV- hSyn1- NLS- GFP-  ΔCRE/CRE were pack-
aged into PHP.eB capsids by Vector Biolabs (Malvern, PA).

2.4 | Assessment of targeting specificity 
in adult mice

Two/three- month- old RestGTi mice were stereotaxically 
injected in the cerebral cortex (AP- 1.46 mm, L 3 mm, DV 
1.5 mm) with 1 μL of 109 vg/mL AAV1/2 hSyn1- NLS- 
GFP- ΔCRE/CRE particles delivered at 0.1 μL/min under 
anesthesia with 1%–3% isoflurane (0.8–1.5 L/min). After 
surgery, analgesics (ketoprofen 0.5–1 mg/kg; dexametha-
sone 5 mg/kg) were administered intraperitoneally.

2.5 | Intraventricular injections in pups

After inducing anesthesia with hypothermia, P0/P1 
RestGTi pups were injected in the lateral ventricles 
with PHP.eB hSyn1- NLS- GFP- ΔCre/Cre particles. The 
injection site was located at about 2/5 of the distance 

between the lambda suture and the eye. We held a glass 
capillary at a depth of 3 mm and perpendicular to the 
pup skull and injected 2 μL of virus and Fast Green 
dye (1:100; 2353- 45- 9, Merck- Millipore, Darmstadt, 
Germany) into each ventricle. After the procedure, 
pups were laid under the heating lamp to recover from 
anesthesia.

2.6 | Immunofluorescence

RestGTi mice, previously injected with either AAV1/2 
hSyn1- NLSx2- GFP or PHP.eB hSyn1- NLS- GFP- ΔCre/
Cre, were transcardially perfused under deep anesthesia 
with ice- cold phosphate- buffered saline (PBS), followed 
by 4% paraformaldehyde in PBS.

2.6.1 | Immunofluorescence

Brains were dissected, post- fixed overnight at 4°C, cryo-
protected in 30% sucrose solution, cut in 30 μm sections 
with a Vibratome (Leica, Wetzlar, Germany) and pro-
cessed for immunofluorescence as previously described.20 
The primary antibodies were: guinea pig anti- green fluo-
rescent protein (GFP; 1:500, Synaptic Systems, Göttingen, 
Germany), rabbit anti- green fluorescent protein (GFP; 
1:500, Synaptic Systems), mouse anti- neuronal nuclear an-
tigen (NeuN; 1:500, Merck), guinea pig anti- glial fibrillary 
acidic protein (GFAP; 1:500, Synaptic Systems), guinea pig 
anti- ionized calcium- binding adapter molecule 1 (Iba1; 
1:500, Synaptic Systems), rabbit anti- vesicular GABA 
transporter (VGAT; 1:250, Synaptic Systems), guinea pig 
anti- vesicular glutamate transporter- 1 (VGLUT1; 1:250, 
Synaptic Systems), mouse anti- gephyrin (1:1000, Synaptic 
Systems), and mouse anti- postsynaptic density protein 95 
(PSD- 95; 1:1000, Thermo- Fisher Scientific). After the in-
cubation with primary antibodies, sections were stained 
with secondary antibodies (anti- guinea pig Alexa Fluor 
488 and 647, anti- rabbit Alexa Fluor 488 and 568, anti- 
mouse Alexa Fluor 568 and 647; Invitrogen, Waltham, 
MA) and the nuclear stain Hoechst 34580 (Thermo- Fisher 
Scientific). Sections were observed with as SP8 confocal 
fluorescence microscope and a 63× oil immersion objec-
tive (Leica, Wetzlar, Germany).

2.6.2 | Promoter specificity and efficiency of 
transduction

GFP positive (GFP+) and specifically labeled cell types 
were analyzed using ImageJ to determine promoter 
specificity (cell type- specific GFP+ cells in percent of the 
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total GFP+ cells) and penetrance (cell type- specific GFP+ 
cells in percent of the total cell type- specific population). 
For the assessment of the AAV transduction efficiency, 
the entire slices were imaged by merging single acqui-
sitions (20× objective) to automatically count Hoechst+ 
and GFP+ cell profiles using ImageJ. The AAV transduc-
tion efficiency was expressed as the ratio between GFP+ 
cells over the total number of Hoechst+ profiles.

2.6.3 | Synaptic density

For each brain slice, serial optical sections were acquired 
with a 63× oil immersion objective at 0.33 μm intervals 
over a total depth of 5 μm for a total of 15 optical sections. 
Maximum intensity projections (MIPs) were generated 
from groups of three consecutive sections yielding five 
MIPs representing 1 μm of depth each. Double- positive 
vGAT+/Gephyrin+ or vGLUT1+/PSD- 95+ puncta were 
counted in an automated fashion with the ImageJ soft-
ware (“Analyze particles” function) and their density was 
expressed as puncta/mm3.

2.7 | In vivo treatment with 
pentylenetetrazol

RestGTi mice, previously injected with PHP.eB hSyn1- 
NLS- GFP- ΔCRE/CRE, were subjected to treatment with 
pentylenetetrazol (PTZ) at P30- P40. PTZ (Merck- Millipore) 
was dissolved in saline and administered intraperitoneally 
at a dose of 60 mg/kg for 2 days on alternate days. After 
the injection, mice were single- housed, videotaped for 
30 min or until death occurred and scored according to a 
modified Racine scale (0, normal behavior; 1, immobility; 
2, twitch; 3, Straub's tail; 4, mild seizure; 5, tonic–clonic 
seizure; 6, death).21

2.8 | Electrophysiology in acute 
brain slices

RestGTi mice, previously injected with the viral vectors at 
P0/P1, were deeply anesthetized at P30- 40 with CO2 and 
sacrificed by cervical dislocation. Brains were immedi-
ately transferred in an ice- cold dissecting artificial cere-
brospinal fluid (aCSF1) containing (in mM): 100 NaCl, 2.5 
KCl, 1.25 NaH2PO4, 25 NaHCO3, 5 sodium ascorbate, 3 
sodium pyruvate, 25 D- Glucose, 10 MgSO4, and 0.5 CaCl2 
(300 mosm/L), bubbled with 95% O2 and 5% CO2, pH 7.4. 
Coronal slices (300 μm thick) were obtained using a vi-
bratome VT1200 S (Leica) in ice- cold aCSF1. After section-
ing, slices were stored for 30 min at 33°C in aCSF1, then at 

RT for ≥30 min before being transferred to the recording 
chamber. Whole- cell patch- clamp recordings were per-
formed in a submerged chamber at 30 ± 1°C with at a con-
stant flow (2 mL/min) of recording artificial cerebrospinal 
fluid (aCSF2) containing (in mM): 120 NaCl, 2.5 KCl, 
1.25 NaH2PO4, 25 NaHCO3, 12.5 Glucose, 1.5 MgSO4, 2.5 
CaCl2 (300 mosm/L), bubbled with 95% O2 and 5% CO2, 
pH 7.4. Glass micropipettes (3–5 MΩ) were filled with an 
internal solution containing (in mM): 110 KGluconate, 20 
KCl, 5 NaCl, 10 Hepes, 0.5 EGTA, 1 MgCl2, 4 MgATP, 0.5 
NaGTP, 20 Na2CreatinineP (290 mOsm/L), pH 7.3. All re-
cordings were obtained from GFP+ pyramidal neurons in 
layer 2/3 of the primary visual cortex (V1), visually identi-
fied based on their pyramidal shape and firing pattern.22 
Before starting each experiment, the resting membrane 
potential (Vm) was measured immediately after break-
ing the membrane and establishing the whole- cell mode. 
Neurons with Vm > −58 mV were discarded. All protocols 
included a 100 ms- long hyperpolarizing step of −5 mV 
to estimate the passive properties of the neurons: input 
resistance (Rin), series resistance (Rs), and membrane ca-
pacitance (Cm). Series resistance was monitored at regular 
intervals throughout the measurements and only record-
ings with low (≤25 MΩ) and stable series resistance were 
included in the study (≤20% change). No series resistance 
compensation and corrections for liquid junction poten-
tials were made. Only c- fast was compensated for the 
membrane capacitance. Only cells with a stable resting 
membrane potential throughout the current- clamp pro-
tocols were included in the analysis.

Current- clamp experiments were performed in the 
presence of inhibitors of AMPA receptors (CNQX, 10 μM), 
GABAA receptors (picrotoxin, 100 μM), NMDA receptors 
(D- APV, 100 μM), GABAB receptors (CGP35348, 5 μM). 
Current injections were performed with a duration of 1 s 
and increasing in amplitude from 0 to 400 pA with 20 pA 
current steps to elicit action potentials and estimate the 
firing threshold. In current- clamp experiments, data were 
sampled at 50 kHz and low- pass filtered at 5 kHz. To ana-
lyze the shape of the action potential the data were sampled 
at 50 kHz and filtered at 10 kHz. To study the biophysical 
properties of the single AP, the plot of the time derivative 
of voltage (dV/dt) versus voltage was obtained (phase- 
plane plot) from the first AP elicited by the minimal cur-
rent injection was used to extract the V threshold (defined 
as the first voltage at which the voltage rate exceeds 5 mV/
ms), AP peak, rising slope, falling slope, trough, and width 
were extracted from the individual phase- plane plots.22,23

Spontaneous excitatory postsynaptic currents (sEP-
SCs) were acquired in the voltage- clamp configuration 
with the membrane potential clamped at −50 mV in the 
presence of only picrotoxin and D- APV. Miniature ex-
citatory postsynaptic currents (mEPSC) were recorded 
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at −50 mV with the addition of tetrodotoxin (TTX, 
1 μM). Spontaneous inhibitory postsynaptic current 
(sIPSC) were recorded at −40 mV in the presence of 
CNQX (10 μM) and D- APV (100 μM) in the bath, using 
a low Cl− intracellular solution containing (in mM): 
150 KGluconate, 1 KCl, 5 NaCl, 10 Hepes, 0.5 EGTA, 4 
MgATP, 0.5 NaGTP, 20 Na2CreatinineP (290 mOsm/L), 
pH 7.3. TTX (1 μM) was added to the bath for miniature 
inhibitory postsynaptic current (mIPSC) recordings. In 
the voltage- clamp mode, data were filtered at 5 kHz and 
sampled at 50 kHz. Data were acquired using a triple 
patch- clamp EPC10 USB amplifier (HEKA, Lambrecht 
Germany) and stored using the Patchmaster (v2 × 73.1) 
software. pCLAMP 10 (Axon) and MATLAB were used 
to analyze current- clamp experiments. MiniAnalysis 
(Synaptosoft Inc., USA) to analyze sEPSCs, mEPSCs, 
sIPSCs, and mIPSCs. Postsynaptic events were identi-
fied using a peak detector function using appropriate 
threshold amplitude (5pA) and threshold area (20 ms * 
pA) for EPSCs and IPSCs. The amplitude of PSCs was 
measured as the difference between the baseline and the 
peak. The frequency of PSCs was calculated by count-
ing the number of PSC events within 4 min. The PSC 
10%–90% rise time was considered as the time taken for 
the PSC to rise from 10% to 90% of its peak amplitude, 
whereas the PSC decay time was considered as the time 
taken for the PSC to decay to 20% of its peak amplitude.

2.9 | Statistics

Data are reported as means ± standard error of the mean 
(SEM). The Shapiro–Wilk test was used to check for nor-
mal distribution. The unpaired Student's t- test was used to 
compare two normally distributed samples. To compare 
experimental groups, one- way, two- way, or two- way re-
peated measures ANOVA followed by the Tukey test was 
used to compare more than two normally distributed sam-
ples. The Kolmogorov–Smirnov and the Fisher exact tests 
were used to assess cumulative curves and contingency, 
respectively. The significance level was fixed at p < 0.05. 
GraphPad Prism 8 software (GraphPad Software Inc., San 
Diego, CA, USA) was used for statistics and graphs.

3  |  RESULTS

3.1 | Induction of neuron- specific 
knockout of REST

To knockout REST specifically in neurons, we designed 
AAV vectors encoding the CRE recombinase under a 
neuron- specific promoter. To cope with the limited AAV 

cargo capacity (4.7 kb),24 we chose the minimal promoter 
hSyn1 (405 bp) able to ensure the transcription start and 
the cellular and tissue specificity.25 First, we replaced the 
ubiquitous CAG promoter located in the pAAV- CAG- 
NLSx2- GFP plasmid with the minimal promoter. We then 
cloned the sequence encoding the CRE recombinase or its 
inactive deletion mutant form (ΔCre) fused with a nuclear 
green fluorescent protein (nGFP), in place of the original 
GFP sequence (Figure 1A).

We firstly verified the efficiency and specificity of the 
minimal promoter by packaging the hSyn1- NLSx2- GFP 
vector plasmid into AAV1/2 capsids that were stereotaxi-
cally injected in the neocortex of 2- month- old RestGTi mice. 
In immunofluorescently labelled brain sections obtained 
4 weeks after the injection (Figure  1B), we analyzed the 
cell- specific expression as the fraction of GFP+ cells posi-
tive for the neuron- specific marker NeuN (compared with 
other cell type- specific markers; Figure 1D) and the pen-
etrance of GFP expression as the fraction of neurons ex-
pressing GFP (compared with other cell types; Figure 1E). 
The hSyn1 minimal promoter showed an almost complete 
specificity for NeuN+ neuronal cells (94.20 ± 0.55%; n = 3 
mice) and almost undetectable expression in GFAP+ as-
troglial cells (0.50 ± 0.25%) and Iba1+ microglial cells 
(0.23 ± 0.12%) cells (Figure  1D). Penetrance was highest 
in neurons (70.53 ± 4.10%), while negligible transduction 
was detected in astroglia (3.60 ± 2.27%) and microglia 
(0.93 ± 0.46%).

For the following experiments, aimed at generating 
widespread REST knockout in the developing postnatal 
brain, hSyn1- NLS- GFP- ΔCRE/CRE vectors were pack-
aged into capsid- engineered AAV- PHP.eB, which pro-
vide improved transduction efficiency, barrier crossing 
and higher diffusion throughout the tissue.17 By inject-
ing these viral particles in the lateral ventricles of RestGTi 
mice pups, we observed that the expression of the re-
porter reached an optimal transduction in the primary 
visual cortex (V1) 4 weeks after the injection (Figure 1H; 
1st wk: 24.89 ± 1.95%; 2nd wk: 28.48 ± 1.39%; 3rd wk: 
35.45 ± 2.85%; 4th wk: 47.87 ± 2.91%).

3.2 | Rest- KO pyramidal neurons in 
layers II/III of the V1 cortex display higher 
intrinsic excitability

The effects of the pan- neuronal Rest KO during postna-
tal development on the intrinsic excitability of excitatory 
pyramidal neurons in layer II/III of V1 were analyzed by 
patch- clamp recordings in acute cortical slices from the V1 
cortex 4 weeks after transduction. We firstly examined the 
passive membrane properties and found that membrane 
capacitance, and resting membrane potential did not 
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differ between ΔCre and Cre neurons (Figure S1). Upon 
steps of depolarizing injected current of increasing ampli-
tude, the number of triggered action potentials (APs) was 

significantly higher in Cre- expressing pyramidal neurons 
compared to ΔCre controls (Figure  2A). The increased 
intrinsic excitability was witnessed by a significantly 
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lower rheobase and higher input resistance (Figure 2C). 
The waveform of the first evoked AP was studied using 
the phase- plane plot analysis, reporting the time deriva-
tive of membrane potential (dV/dt) versus the membrane 
voltage (Figure 2D). This analysis allows to extract the AP 
threshold (Vthres), AP peak (Vmax), depolarizing, and repo-
larizing slopes, trough, and width.

All these waveform parameters were not significantly 
different between ΔCre and Cre neurons (Figure  2E–J). 
These data indicate that the absence of REST increases 
the intrinsic excitability of pyramidal neurons, consis-
tent with its inhibitory role on the expression of voltage- 
dependent sodium channels NaV1.2.11,26

3.3 | Rest- KO pyramidal neurons in 
layers II/III of the V1 cortex display an 
increased frequency of spontaneous and 
miniature excitatory postsynaptic currents

To study whether Rest deletion alter glutamatergic 
transmission, we recorded excitatory (Figure  3) and 
inhibitory (Figure  4) postsynaptic currents (EPSCs and 
IPSCs, respectively) from V1 pyramidal neurons of layers 
II/III after the postnatal deletion of REST. In spontaneous 
EPSC (sEPSCs) recordings (Figure  3A), we observed 
a significant increase in the mean event frequency in 
Cre- expressing neurons compared with ΔCre controls 
(Figure  3B, left), that was clearly apparent from the 
cumulative frequency distribution of the inter- event 
intervals (Figure 3B, right), while no changes were detected 
in the sEPSC amplitude (Figure  3C). As an increase in 
sEPSC frequency is attributable either to changes in 
spontaneous firing or to variation in the density and/or 
probability of spontaneous release of synaptic vesicles, we 
pharmacologically isolated AP- independent miniature 
PSCs (mEPSCs) by repeating the recordings in the presence 
of TTX (Figure  3D). We observed closely similar effects 
as for spontaneous currents: The frequency of mEPSCs in 

Cre neurons was significantly increased (Figure 3D, left), 
with a corresponding higher occurrence of shorter inter- 
event intervals, as compared with recording performed in 
ΔCre controls (Figure 3D, right), while no differences were 
found in the amplitude of mEPSCs (Figure  3F). While 
variations in mPSC amplitude are primarily related to the 
extent of response of postsynaptic receptors,27 alterations 
in the frequency of mPSCs are commonly considered as 
related to the density of active synapses impinging on 
the patched neuron and/or to the probability of quantal 
neurotransmitter release.28 Hence, our observations of a 
similar and selective higher frequency in Cre neurons for 
both sEPSCs and mEPSCs may suggest a higher number 
of excitatory synapses contacting principal neurons with 
the postnatal deletion of REST. The similar frequency 
changes observed in mEPSCs (stochastic release of single 
neurotransmitter quanta) and sEPSCs (which also include 
evoked neurotransmitter release induced by spontaneous 
action potentials) argue against a marked effect of the 
genotype on spontaneous firing activity.

To obtain further information on the excitation/inhi-
bition balance (E/I) on layer II/III V1 pyramidal neurons, 
we next analyzed the frequency and amplitude of spon-
taneous (sIPSCs; Figure  4A) and miniature (mIPSCs; 
Figure  4D) inhibitory currents and found no significant 
differences in either frequency or amplitude of both sIP-
SCs (Figure  4B,C) and mIPSCs (Figure  4E,F) between 
Cre-  and ΔCre- expressing neurons.

To uncover potential effects on quantal neurotrans-
mitter release mechanisms, we also investigated whether 
REST deletion affected the kinetics of spontaneous and 
miniature EPSCs (Figure  S2) and IPSCs (Figure  S3). 
However, the analysis of the decay time, rise time and 
half- width showed no significant differences between 
ΔCre-  and Cre- transduced neurons, making unlikely an 
effect of REST deletion on the kinetics of release.

When the E/I balance was determined in Cre-  and 
ΔCre- expressing neurons by calculating the ratio be-
tween the mEPSC and mIPSC frequencies, it resulted 

F I G U R E  1  Characterization of the pan- neuronal conditional Rest- KO. (A) Scheme of the AAV constructs used in the study. ITR, 
inverted terminal repeats; hSyn1, minimal promoter of human SYN1; NLS- GFP, nuclear localized green fluorescent protein; ΔCre, inactive 
Cre recombinase; Cre, active Cre recombinase; WPRE, woodchuck hepatitis virus post- transcriptional regulatory element. (B) Protocol of 
the imaging experiments used to characterize hSyn1- driven NLS- GFP expression. (C) Representative images of brain cortical slices from 
mice intracortically injected with AAV1/2 hSyn1- NLSx2- GFP stained for left: Hoechst (blue), anti- GFP (green), anti- NeuN (red), and 
anti- GFAP (cyan); right: Hoechst (blue), anti- GFP (green), and anti- Iba1 (magenta). Scale bars, 20 μm. (D) The hSyn1 promoter- driven 
expression specificity was quantified as the ratio between the number of NeuN+/GFP+, GFAP+/GFP+ or IBA1+/GFP+ cells and the total 
number of GFP+ cells. (E) Promoter penetrance expressed as the ratio of the number of GFP+ cells over the total number of NeuN+ (left), 
GFAP+ (middle), and Iba1+ (right) cells. (F) Protocol of the imaging experiments used to characterize the time- course of GFP expression. 
(G) Representative images of sagittal brain slices from pups injected in the lateral ventricles with 2 μL of PHP.eB hSyn1- NLS- GFP- ΔCre 
and sacrificed 1, 2, 3, and 4 weeks after the injections. Slices were stained for Hoechst (blue) and anti- GFP (green). Scale bar, 200 μm. (H) 
Time- course of GFP transduction expressed as percent density of GFP+ cells. All data are expressed as means ± SEM with superimposed 
individual experimental points (n = 3 mice, 5 slices per mouse). *p < 0.05, †p < 0.01, ‡p < 0.001; one- way ANOVA/Tukey's tests.
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significantly increased under conditions of Rest deletion 
(Figure S4).

3.4 | Neuron- specific Rest KO in the 
V1 cortex is associated with a higher 
density of excitatory synapses

To better interpret the above- reported electrophysiologi-
cal results, we analyzed the distribution of excitatory and 
inhibitory synapses in the V1 cortex of mice which had 
been transduced with either ΔCre or Cre for 4 weeks. To 
unambiguously identify excitatory synapses, we used the 
combination of the presynaptic marker VGLUT1 and the 
postsynaptic density marker PSD- 95 (Figure  5A), while 
the identification of inhibitory synapses relied on the co- 
staining with the presynaptic marker VGAT and the post-
synaptic scaffold protein Gephyrin (Figure 5B). We found 
a higher density of excitatory synapses in the V1 cortex 
from Cre- expressing mice as compared to ΔCre controls 
(Figure 5C, left panel; ΔCre: 1.82 ± 0.15 × 107/mm3; Cre: 
3.13 ± 0.52 × 107/mm3; means ± SEM; p = 0.03). On the 
other hand, the density of inhibitory synapses in the very 
same area did not undergo detectable changes following 
Rest deletion compared with ΔCre controls (Figure  5C, 
right panel; ΔCre: 3.74 ± 0.45 × 107/mm3; Cre: 4.21 ± 0.35 
× 107/mm3). The data confirm that the higher frequency 
of mEPSCs is attributable to an absolute increase in excit-
atory synaptic connections following postnatal deletion 
of Rest, while Rest- KO does not affect the development of 
inhibitory synaptic connections. Moreover, the absence 
of changes in mEPSC amplitude is consistent with pre-
vious results showing that the transcriptional effects of 
REST on synaptic transmission predominantly occur at 
the presynaptic level.12 Altogether these results show 
that in normal conditions in V1 in vivo, REST negatively 
controls the number of active synaptic terminals of ex-
citatory neurons (but not of inhibitory neurons) and the 
intrinsic excitability of layers II/III, consistent with its 
homeostatic control of network activity shown in cul-
tured neurons.11,12

3.5 | Deletion of Rest early in 
development attenuates the seizure 
severity in response to repeated 
administration of the convulsant 
pentylenetetrazole

REST has been shown to play different roles under 
physiological conditions or under conditions of patho-
logical hyperexcitability, ranging from homeostatic to 
pro- epileptogenic effects.13,14,26,29,30 However, a clear 
picture is still largely missing.29 To further elucidate the 
effects of the postnatal deletion of REST in neurons, we 
systemically administered the convulsant pentylenetetra-
zole (PTZ), known to alter network stability and homeo-
stasis and simulate an epileptic- like condition by acting 
as a non- competitive antagonist of GABAA receptors.31,32 
RestGTi mice were injected at P0/P1 with the AAV vec-
tors expressing ΔCre (PHP.eB hSyn1- NLS- GFP- ΔCre) or 
Cre (PHP.eB hSyn1- NLS- GFP- Cre) in neurons and were 
treated, 1 month later, with two injections of a threshold 
dose (60 mg/kg) of PTZ administered at a 48- h interval or 
with vehicle to allow for the occurrence of transcriptional 
responses triggered by the first critical event (Figure 6A). 
Seizures were scored as previously described21 from the 
least severe immobility (score 1) to the most severe tonic–
clonic seizures (score 4/5) up to the possible death (score 
6). Figure 6B displays the relative frequency distribution 
of scores in ΔCre-  and Cre- transduced mice on the 2 days 
of PTZ administration, while the occurrence of stage 1, 
stage 4/5 and death is reported in Figure 6C–E. The sei-
zure responses to the first PTZ dose (Day 1) in terms of 
score 1 and score 6 (death) were significantly more severe 
in Rest- deleted mice than in ΔCre- transduced controls, 
consistent with a homeostatic role of REST present in con-
trol mice under basal conditions. However, when the PTZ 
challenge was repeated 48 h later (Day 2), a significant 
decrease of the most severe events (score 4/5 and death) 
was observed in Rest- deleted mice, with a compensatory 
increase of the mildest score 1 seizures (Figure 6C–E). The 
shift from severe to mild seizure events in the absence of 
REST on the second convulsant challenge indicates that 

F I G U R E  2  Knockout of Rest in excitatory pyramidal neurons increases intrinsic excitability and action potential firing without altering 
the properties of the single action potential. Patch- clamp recordings were performed in acute neocortical slices from RestGTi mice that had 
been transduced at P0/P1 with AAV- PHP.eB hSyn1- NLS- GFP viruses expressing either Cre or ΔCre, used as control. (A) Representative 
traces showing action potentials elicited by the same injected current (320 pA) in layer II/III pyramidal neurons in the V1 cortex from 
ΔCre-  (top) and Cre-  (bottom) transduced mice. (B) Plot of the number of elicited action potentials versus injected current in ΔCre-  (red 
symbols) and Cre-  (blue symbols) transduced mice. Points in the plot (means ± SEM) were fitted according to a logistic function. †p < 0.01 
for genotype effect; two- way repeated measures ANOVA. (C) Bar plots showing the rheobase (left) and input resistance (right). *p < 0.05, 
†p < 0.01; two- tailed unpaired Student's t- test. (D) Waveforms of representative action potentials (left) and the corresponding phase- plane 
plot analysis (right) elicited in ΔCre-  (red) and Cre-  (blue) transduced mice. (E–K) Properties of the single action potential extracted from the 
phase- plane plot analysis: V threshold (E), AP peak (F), rising slope (G), falling slope (H), trough (I), and width (J). Bar plots represent the 
means ± SEM with superimposed individual experimental points (ΔCre n = 8, Cre n = 12).
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under pro- epileptic condition, the presence of REST may 
switch from homeostatic to pro- epileptogenic.

3.6 | Rest deletion loses its homeostatic 
role under pro- epileptic conditions

To investigate at the cellular level the effects of Rest 
deletion under this induced ictogenic condition, we 
performed patch- clamp recordings on acute V1 cortical 
slices obtained 30 min after the second PTZ injection. 
We first measured the passive membrane properties 
and found that membrane capacitance, and resting 
membrane potential were similar between ΔCre and Cre 
neurons (Figure S5). Upon steps of depolarizing injected 
current of increasing amplitude, the number of triggered 
action potentials (APs) was significantly higher in Cre- 
expressing pyramidal neurons compared with ΔCre 
controls, as previously found under basal conditions 
(Figure  S6A). However, under ictogenic conditions, the 
increased intrinsic excitability of Cre- transduced mice 
was less pronounced than that observed under basal 
conditions, with a trend toward significance for the 
rheobase (p = 0.054) and no significant changes in input 
resistance and AP waveform parameters (threshold, peak, 
depolarizing, and repolarizing slopes, trough, and width 
of the AP waveform) (Figure S6B–I).

Next, we investigated whether the changes in gluta-
matergic and GABAergic transmission caused Rest dele-
tion were affected under the pro- epileptic conditions. Cre 
mice treated with two vehicle administrations confirmed 
the selective increase of sEPSC (Figure 7A,B) and mEPSC 
(Figure  7C,D) frequency with respect to ΔCre controls. 
However, when both experimental groups were chal-
lenged with the tandem PTZ dose, Cre mice displayed an 
increase in sEPSC frequency but were unable to increase 
the mEPSC frequency, while ΔCre controls showed robust 
increases in the frequency of both sEPSCs and mEPSCs 

(Figure 7B,D). No differences in both sEPSC and mEPSC 
amplitudes were observed across all experimental groups, 
confirming the presynaptic origin of the described effects 
(Figure  7B,D). In Cre mice treated with PTZ, two- way 
ANOVA analysis of mEPSC frequency showed a signif-
icant interaction between treatment and genotype (p 
value = 0.0137). These data show that neuron- specific loss 
of REST increases the frequency of both sEPSCs and mE-
PSCs and that, unlike in control ΔCre mice, a further in-
crease in mEPSC frequency appears to be saturated, since 
the instauration of a hyperexcitability condition by PTZ 
does not trigger any further effect. Therefore, the absence 
of REST under ictogenic conditions seems to dampen, 
rather than increase hyperexcitability.

The same experimental paradigm was used to study 
sIPSCs and mIPSCs (Figure  8). Consistent with pre-
vious results, we did not observe any difference in the 
frequency and amplitude of sIPSCs before and after the 
PTZ challenge in both ΔCre and Cre mice (Figure 8A,B). 
Conversely, Cre mice experienced a decrease in the fre-
quency mIPSCs after the PTZ challenge, while this pa-
rameter was not affected in ΔCre mice (Figure  8C,D). 
Two- way ANOVA analysis of mIPSC frequency in Cre 
mice treated with PTZ, showed a significant interaction 
between treatment and genotype (p value = 0.0252). No 
differences in both sIPSC and mIPSC amplitudes were 
observed across all experimental groups (Figure  8B,D). 
Such decrease in mIPSC frequency observed in REST- 
deleted mice under pro- epileptic conditions could be 
secondary to the failure of PTZ to increase the excitatory 
input to pyramidal neurons and is consistent with the de-
scribed role of REST in promoting an activity- dependent 
inhibitory- onto- excitatory synaptogenesis.13

Interestingly, the E/I balance, determined by calculat-
ing the ratio between the mEPSC and mIPSC frequencies 
in Cre-  and ΔCre- expressing neurons after the second PTZ 
dose, was not significantly changed between the two gen-
otypes (Figure S7).

F I G U R E  3  Rest knockout increases the frequency of spontaneous and miniature EPSCs without affecting spontaneous IPSCs. 
Patch- clamp recordings of sEPSCs and mEPSCs in layer II/III pyramidal neurons of the V1 cortex from acute brain slices from P30- 40 
RestGTi mice that had been transduced at P0/P1 with AAV- PHP.eB hSyn1- NLS- GFP viruses expressing either Cre or ΔCre recombinase. 
(A) Representative traces of sEPSCs recorded in ΔCre-  (red) and Cre-  (blue) transduced mice. The bottom panels represent the boxed 
traces in an expanded temporal scale (events marked with asterisks). plotted in two temporal scales. (B) Bar plots of sEPSC frequency 
(left) and cumulative probability of the inter- event intervals (right). (C) Bar plots of sEPSC amplitude (left) and cumulative probability 
of the amplitude (right). (D) Representative traces of mEPSCs recorded in ΔCre-  (red) and Cre-  (blue) transduced mice. The bottom 
panels represent the boxed traces in an expanded temporal scale (events marked with asterisks). (E) Bar plots of mEPSC frequency (left) 
and cumulative probability of the inter- event intervals (right). (F) Bar plots of mEPSC amplitude (left) and cumulative probability of the 
amplitude (right). Data in bar plots are means ± SEM with superimposed individual experimental points (sEPSCs: n = 12 for both ΔCre and 
Cre; mEPSCs: n = 12 for both ΔCre and Cre). †p < 0.01; two- tailed unpaired Student's t- test (bar plots); †p < 0.01, ‡p < 0.001; Kolmogorov–
Smirnov's test (cumulative curves). Scale bars, 20 pA and 2 s.
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4  |  CONCLUSION

An abnormal, recurrent hyperactivity is a distinctive 
trait of a brain affected by epilepsy.33,34 While mecha-
nisms of homeostatic plasticity dampen hyperactivity 

act under physiological conditions,35 there is evidence 
that they cannot counteract the abnormal network ac-
tivity during epilepsy.30 The inability of homeostatic 
plasticity to control network hyperexcitability might 
be linked to deficiencies in cellular and/or molecular 
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   | 13 of 20VITALE et al.

mechanisms and/or to the establishment of pathological 
long- term plasticity phenomena and could, in principle, 
be counteracted by an activity- dependent exogenous po-
tentiation of homeostatic mechanisms.36,37 At the tran-
scriptomic level, differential changes in the regulation 
of gene expression could affect homeostatic plasticity 
during long- lasting epileptic states. Accumulating evi-
dence indicates that identical transcriptomic pathways 
associated with homeostasis, which under certain cir-
cumstances support the restoration of a normal physi-
ological balance, can have paradoxical effects under 
pathologic conditions intensifying, rather than coun-
teracting, neuronal hyperactivity.38 One transcription 
factor that has been described to have such a dual role 
is REST. While it is widely accepted that REST is in-
duced in an activity- dependent fashion in neurons and 
participates in homeostatic plasticity mechanisms, it is 
still largely debated whether REST has a pro-  or anti- 
epileptic function under pathological hyperactivity 
conditions.30,36

Homeostatic plasticity undergoes regulation through-
out development, and the nature of the compensation 
is contingent upon the state of the network, rather than 
being predetermined at the individual cell level.39 It is 
known that REST is not only critical for neuronal dif-
ferentiation but is also involved in the fine- tuning of the 
network connectivity and plasticity during the postnatal 
critical period.4 Here, we addressed the role of the wide-
spread pan- neuronal knockout of REST induced at birth in 
a REST- cKO mouse on the functional and morphological 
maturation of synaptic connectivity in the V1 cortex and 
what consequences REST deletion may have on seizures 
susceptibility using the recurrent acute seizure model 
of tandem PTZ administration. The seizure provocation 
model using PTZ is widely used to assess seizure propen-
sity and for its actions related to “kindling.”21,40 PTZ is a 
convulsant that inhibits GABAergic neurotransmission by 
being a non- competitive antagonist of GABAA receptors, 
similarly to picrotoxin, even if the precise mechanism of 
action is not completely clear.31,32

To avoid the discrepancies existing in the litera-
ture dealing with Rest- cKO mice in which residual Rest 

transcription is present,41,42 we used a recently gener-
ated Rest- cKO mouse, RestGTi, in which no expression 
of full length or truncated variants of REST occurs.16 In 
this strain, we generated a widespread neuron- specific 
Rest- KO by bilaterally injecting in the lateral ventricles 
of newborn mice an engineered PHP.eB AAV vector with 
increased diffusibility across biological barriers encoding 
CRE recombinase under the control of the minimal hSyn1 
promoter. To create a recurrent acute seizure model, 
we used a tandem administration of two PTZ doses at a 
2 days- interval with the aim to induce a hyperactivity state 
that, in wild- type animals, induces REST transcription 
and activity.11–13

We have found that the early postnatal Rest deletion 
causes an increased excitability of cortical pyramidal neu-
rons associated with strengthening of the excitatory synaptic 
connectivity, while the density and functionality of inhibi-
tory synapses onto pyramidal neurons are not affected. Thus, 
the absence of REST in the critical postnatal period of syn-
apse development and rearrangement brings about an E/I 
imbalance at the level of cortical neurons, at least of layer 
II/III pyramidal neurons of the primary visual cortex. While 
the increased excitability is consistent with the repression 
of the expression of voltage- dependent sodium channels, 
such as Scn2a, by REST,11,26 the change in the E/I synaptic 
balance is specific for excitatory synaptic and is obtained at 
the presynaptic level as consequence of an increased density 
of excitatory connections. These results are consistent with 
previous work showing that the hyperactivity- dependent in-
duction of REST by 4- aminopyridine reduced the strength 
of excitatory synapses in primary hippocampal neurons by 
acting at the presynaptic level.12 These data therefore indi-
cate that, under physiological conditions, REST negatively 
controls the intrinsic excitability and synaptic excitatory in-
puts to cortical pyramidal neurons.

However, when a recurrent epileptic condition was re-
produced by the tandem administration of PTZ, Rest- KO 
mice were unable to increase the frequency of mEPSCs 
as control animals did, suggesting that the excitatory syn-
apses hyperconnected network developed postnatally was 
saturated or refractory to a further increase in excitatory 
strength induced by epileptogenic stimuli. The lack of 

F I G U R E  4  Rest knockout does not affect the frequency and amplitude of spontaneous and miniature IPSCs. Patch- clamp recordings 
of sIPSCs and mIPSCs in layer II/III pyramidal neurons of the V1 cortex from acute brain slices from P30- 40 RestGTi mice that had been 
transduced at P0/P1 with AAV- PHP.eB hSyn1- NLS- GFP viruses expressing either Cre or ΔCre recombinase. (A) Representative traces of 
sIPSCs recorded in ΔCre-  (red) and Cre-  (blue) transduced mice. (B) Bar plots of sIPSC frequency (left) and cumulative probability of the 
inter- event intervals (right). (C) Bar plots of sIPSC amplitude (left) and cumulative probability of the amplitude (right). (D) Representative 
traces of mIPSCs recorded in ΔCre-  (red) and Cre-  (blue) transduced mice. (E) Bar plots of mIPSC frequency (left) and cumulative 
probability of the inter- event intervals (right). (F) Bar plots of mIPSC amplitude (left) and cumulative probability of the amplitude 
(right). Data in bar plots are means ± SEM with superimposed individual experimental points (sIPSCs: n = 8 and n = 9 for ΔCre and Cre, 
respectively; mIPSCs: n = 8 and n = 9 for ΔCre and Cre, respectively). p > 0.05; two- tailed unpaired Student's t- test (bar plots); p > 0.05; 
Kolmogorov–Smirnov's test (cumulative curves). Scale bars, 20 pA and 2 s.
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F I G U R E  5  Rest knockout increases the density of excitatory, but not inhibitory, synapses in the V1 cortex. (A, B) Representative images 
of brain cortical slices of the V1 cortex from RestGTi mice injected in the lateral ventricles at P0/P1 with 2 μL of either PHP.eB hSyn1- NLS- 
GFP- ΔCre or PHP.eB hSyn1- NLS- GFP- Cre. In (A) sections were stained with (from left to right): Hoechst (blue), anti- VGLUT (yellow), and 
anti- PSD- 95 (magenta). In (B) sections were stained with (from left to right): Hoechst (blue), anti- VGAT (red), and anti- Gephyrin (cyan). 
The rightmost panel in (A) and (B) represents the merge of the three stainings with an inset at higher magnification (white square). Scale 
bars, 20 μm (10 μm in the insets). (C) Density of excitatory (left) and inhibitory (right) synapses (synaptic puncta/mm3). Data are expressed as 
means ± SEM with superimposed individual experimental points. *p < 0.05; unpaired Student's t- test (n = 6 mice, 3 slices per mouse).

F I G U R E  6  Rest- KO mice show less severe seizures and higher survival rate after a second dose of PTZ. (A) Timeline of the experimental 
procedure. RestGTi pups, injected at P0/P1 with AAV- PHP.eB hSyn1- NLS- EGFP viruses expressing either Cre or ΔCre, were given a first 
injection of PTZ (60 mg/kg) at P30/P31. Forty- eight hours later (P32/P33), mice were given a PTZ boost at the same dose and were sacrificed 
after 30 min. (B) Occurrence of the various seizure after the first (Day 1) and the second (Day2) PTZ dose (60 mg/kg, i.p.). The phenotype 
of the tested animals is represented according to the following color code: immobility (score 1, white), twitch (score 2, light blue), Straub's 
tail (score 3, cyan), mild seizure (score 4, blue), severe seizure (score 5, dark blue), and death (score 6, black). (C–E) Relative frequency 
of occurrence of the mildest score 1 (immobility; C), the most severe tonic–clonic seizures (score 4/5; D) and death (score 6; E) in the two 
experimental groups at Day 1 and Day 2. *p < 0.05, ‡p < 0.001; Fisher's exact test (n = 10 mice for both ΔCre-  and Cre).
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increase of excitatory strength induced by the convulsant 
was paralleled by the lower propensity to experience se-
vere tonic–clonic seizures and death after the second PTZ 

challenge exhibited by Rest- KO mice, consistent with a 
pro- epileptogenic, rather than homeostatic, role of REST 
under epileptic- like conditions. The associated decrease 
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in mIPSC frequency observed in REST- deleted mice 
subjected to pro- epileptic conditions is the only change 
that was detected in the inhibitory strength upon REST 
deletion and is likely secondary to the failure of PTZ to 
increase the excitatory input to pyramidal neurons or it 
may depend, at least in part, on the effects of PTZ that 
is known to non- competitively block GABAA receptors. 
On the other hand, the fact that REST acts on both neu-
ronal populations is supported by the evidence that REST 
controls the expression of both excitatory and inhibitory 
genes26 and promotes activity- dependent inhibitory- onto- 
excitatory synaptogenesis in vitro.13 However, the failure 
to prevent the increase of sEPSCs in the network, and 
the lack of significant changes in sIPSC frequency after 
PTZ treatment suggest that the role of REST under pro- 
epileptic conditions is more complex, possibly involving, 
inter alia, alterations in the spontaneous firing activity of 
both excitatory and inhibitory neurons.

While the observed role played by REST during early 
development is consistent with its well- characterized 
homeostatic function on neuronal network activity, 
its role played during the epilepsy pathogenesis is still 
largely controversial. Conditional KO mice in which 
REST was deleted in CaMKII- expressing neurons had 
higher susceptibility to kindling, indicating an anti- 
epileptic role of REST in adult excitatory neurons.41 On 
the other hand, cKO mice in which REST was deleted 
using the neuron- specific enolase promoter displayed a 
higher resistance to PTZ- induced tonic–clonic seizures 
with an increase of the PTZ lethal dose.42 Consistently, 
a decrease in kainic acid- induced seizures was observed 
when REST activity was inhibited by the expression of 
an inhibitor of the REST cofactor mSin3.26 Similar re-
sults were found by McClelland et  al.30 who reported 
that the increase of REST in response to kainic acid- 
induced epileptogenic insult contributes to epilepto-
genesis by repression of a group of genes that critically 
influence neuronal function, opening the possibility 
that the pattern of REST- repressed genes changes from 
physiological to pro- epileptic conditions. While these 
partially conflicting results can be explained by the 

different cKO strains, age, cell types, and temporal pro-
file of REST deletion, our data with early postnatal pan- 
neuronal REST deletion are consistent with a switch in 
REST action between homeostatic to pro- epileptogenic 
under pathological hyperexcitability conditions. This 
possibility is also supported by a recent study showing 
that the conditional Rest- KO in adult forebrain excit-
atory neurons reduces seizure excitability to chemical 
PTZ kindling.20 However, we cannot rule out the pos-
sibility that the precocious postnatal knockout of REST 
and the resulting hyperactivity of neuronal networks 
may trigger compensatory changes at the transcriptional 
and post- transcriptional levels that render the brain less 
vulnerable to epileptogenic insults.

It is possible that the controversial information pres-
ent in the literature on the role of REST in epilepsy 
and homeostatic plasticity is related to the diversity of 
studied neuronal population (excitatory versus inhibi-
tory) and of the cKO mouse strain used (complete vs. 
incomplete KO). Further studies are necessary to fully 
understand the environmental conditions under which 
REST acts as pro-  or anti- epileptic transcriptional reg-
ulator. However, from previous reports and the current 
study, it emerges a picture in which REST counteracts 
increased excitability under physiological conditions 
by acting as a homeostatic regulator of neuronal ac-
tivity, while it boosts hyperexcitability associated with 
epileptogenic neurons potentially supporting epilepto-
genesis. It is tempting to speculate that the switch from 
homeostatic to pro- epileptogenic REST activity occurs 
when the primary epileptogenic insult has triggered a 
sequence of heterostatic plasticity events that progres-
sively and irreversibly remove the network activity level 
from the physiological range.
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F I G U R E  7  Treatment with PTZ does not increase the frequency of mEPSCs in Rest knockout mice. After the tandem PTZ challenge 
described in Figure 6A, mice were sacrificed, and the brain was extracted and sliced to perform whole- cell patch- clamp electrophysiology in 
layers II/III of the V1 cortex. (A) Representative traces of sEPSCs from ΔCre-  and Cre- transduced mice that were either administered with 
vehicle (untreated) or treated with PTZ. The bottom panels represent the boxed traces in an expanded temporal scale (events marked with 
asterisks). (B) Bar plots of sEPSC frequency (left) and amplitude (right) recorded in untreated (NT) or PTZ- treated ΔCre-  and Cre- transduced 
mice. (C) Representative traces of mEPSCs from ΔCre-  and Cre- transduced mice that were either administered with vehicle (untreated) or 
treated with PTZ. The bottom panels represent the boxed traces in an expanded temporal scale (events marked with asterisks). (D) Bar plots 
of mEPSC frequency (left) and amplitude (right) recorded in untreated (NT) or PTZ- treated ΔCre-  and Cre- transduced mice. Data in bar 
plots are means ± SEM with superimposed individual experimental points (sEPSCs: n = 12 for both NT Cre and ΔCre; n = 7 for both PTZ Cre 
and ΔCre. mEPSCs: n = 10 and n = 7 for NT ΔCre and Cre, respectively; n = 7 both PTZ Cre and ΔCre). *p < 0.05, †p < 0.01, ‡p < 0.001; two- 
way ANOVA/Tukey's tests.
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F I G U R E  8  Treatment with PTZ decreases the frequency of mIPSCs in Rest knockout mice. After the tandem PTZ challenge described 
in Figure 6A, mice were sacrificed, and the brain was extracted and sliced to perform whole- cell patch- clamp electrophysiology in layers II/
III of the V1 cortex. (A) Representative traces of sIPSCs from ΔCre-  and Cre- transduced mice that were either administered with vehicle 
(untreated) or treated with PTZ. (B) Bar plots of sIPSC frequency (left) and amplitude (right) recorded in untreated (NT) or PTZ- treated 
ΔCre-  and Cre- transduced mice. (C) Representative traces of miPSCs from ΔCre-  and Cre- transduced mice that were either administered 
with vehicle (untreated) or treated with PTZ. (D) Bar plots of mIPSC frequency (left) and amplitude (right) recorded in untreated (NT) or 
PTZ- treated ΔCre-  and Cre- transduced mice. Data in bar plots are means ± SEM with superimposed individual experimental points (sIPSCs 
and mIPSCs: n = 8 and n = 9 for NT ΔCre and Cre, respectively; n = 8 and n = 6 for PTZ ΔCre and Cre, respectively). *p < 0.05; two- way 
ANOVA/Tukey's tests. Scale bars, 20 pA and 2 s.
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