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Abstract
Neuron-restrictive silencer factor/repressor element 1 (RE1)-silencing transcription 
factor (NRSF/REST) is a transcriptional repressor of a large cluster of neural genes 
containing RE1 motifs in their promoter region. NRSF/REST is ubiquitously expressed 
in non-neuronal cells, including astrocytes, while it is down-regulated during neuronal 
differentiation. While neuronal NRSF/REST homeostatically regulates intrinsic excit-
ability and synaptic transmission, the role of the high NRSF/REST expression levels in 
the homeostatic functions of astrocytes is poorly understood. Here, we investigated 
the functional consequences of NRSF/REST deletion in primary cortical astrocytes 
derived from NRSF/REST conditional knockout mice (KO). We found that NRSF/REST 
KO astrocyte displayed a markedly reduced activity of inward rectifying K+ channels 
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1  |  INTRODUC TION

Neuron-restrictive silencer factor/repressor element 1 (RE1)-
silencing transcription factor (NRSF/REST, henceforth referred 
to as REST) is a master transcriptional regulator that modulates 
diverse sets of protein-coding and non-coding genes (Baldelli & 
Meldolesi, 2015; Chong et al., 1995; Schoenherr & Anderson, 1995). 
REST binds to gene promoters containing one or more RE1 con-
sensus sites and mediates cell-specific gene repression by re-
cruiting the co-repressors mSin3a and CoREST at its N- and 
C-terminal domains respectively. Co-repressors, in turn, recruit 
multiple chromatin-remodeling factors, including the methyl DNA-
binding protein MeCP2 and the histone deacetylase and histone 
H3K9 methyltransferase G9a, which produce chromatin remod-
eling and nucleosome repositioning (Ballas et al.,  2005; Ballas & 
Mandel, 2005; Zheng et al., 2009), ultimately repressing gene tran-
scription (Abrajano et al., 2009a; Grimes et al., 2000; Schoenherr 
& Anderson, 1995). Many of the over 2000 REST-controlled genes 
are neuron-specific, including those encoding neurotransmitter 
synthesizing enzymes, synaptic vesicle and cytoskeletal proteins, 
growth factors and adhesion molecules, ion channels and neu-
rotransmitter receptors (Bruce et al., 2004; Schoenherr et al., 1996; 
Schoenherr & Anderson, 1995).

In recent years, a growing body of experimental evidence has 
demonstrated that, in the developing brain, REST sets the appro-
priate proportion of neuronal and astrocytic cells and controls their 
differentiation (Abrajano et al., 2009b; Covey et al., 2012; Dewald 
et al., 2011). In neurons, REST expression is sensitive to the levels of 
physiological activity and mediates homeostatic plasticity responses 
to hyperexcitability at the level of both intrinsic excitability and syn-
aptic transmission (Pecoraro Bisogni et al., 2018; Pozzi et al., 2013; 
Prestigio et al., 2021). High REST levels are also crucial for directing 
the differentiation of astrocytes to specific phenotypes (Kohyama 
et al., 2010).

Astrocytes are the most abundant neuroglial cell type of the 
brain known for their high morphological and functional hetero-
geneity. They have a central role in physiological brain signaling 
and their dysfunction is critical in the pathogenesis of several dis-
orders (for review see, Verkhratsky & Nedergaard,  2018; Aronica 
et al.,  2012). They take part in the so-called “tripartite synapse”, 
where an intimate relationship between the pre/postsynaptic neural 
components and perisynaptic astrocytes occurs (Araque et al., 1999; 
Quesseveur et al.,  2013). At the synapse, astrocytes sense neural 
activity, maintain the homeostasis of the extracellular environment 
and participate in information processing within neuronal networks 
by controlling neuronal excitability (Walz, 2000).

During neuronal activity, the large amounts of K+ and gluta-
mate that are released extracellularly must be correctly buffered, 
to prevent network hyperactivity. The inwardly rectifying K+ (Kir) 
channel containing the subunit Kir4.1, specifically expressed in as-
trocytic processes surrounding synapses, but not in neurons (Higashi 
et al., 2001), has been identified as a principal mediator for spatial 
K+ buffering in the astroglial syncytium (Olsen & Sontheimer, 2008). 
Of note, variations in functional expression of astroglial Kir4.1 have 
been shown in several neurodevelopmental and genetic disorders as 
well as in neurodegenerative diseases (Nwaobi et al., 2016), that are 
conditions in which alterations of REST activity are also observed 
(Garcia-Manteiga et al., 2020; Zhao et al., 2017).

The Kir4.1 channel is also responsible for establishing and 
maintaining the astrocytic resting membrane potential and its ac-
tivity is directly linked to glutamate uptake by astrocytes (Olsen & 
Sontheimer, 2008). Astrocytes express two glutamate transporters, 
namely excitatory amino acid transporter 1 (EAAT2 or GLT-1) and 
the glutamate–aspartate transporter (EAAT1 or GLAST) (Dallérac 
et al., 2018; Lee et al., 2009). The activity of GLT-1, the more abun-
dant astrocyte glutamate transporter, is strictly related to the main-
tenance of a hyperpolarized membrane potential by Kir4.1 to ensure 
maximal rates of glutamate transport. It has been observed that 

subtype 4.1 (Kir4.1) underlying spatial K+ buffering that was associated with a de-
creased expression and activity of the glutamate transporter-1 (GLT-1) responsible for 
glutamate uptake by astrocytes. The effects of the impaired astrocyte homeostatic 
functions on neuronal activity were investigated by co-culturing wild-type hippocam-
pal neurons with NRSF/REST KO astrocytes. Interestingly, neurons experienced 
increased neuronal excitability at high firing rates associated with decrease after hy-
perpolarization and increased amplitude of excitatory postsynaptic currents. The data 
indicate that astrocytic NRSF/REST directly participates in neural circuit homeostasis 
by regulating intrinsic excitability and excitatory transmission and that dysfunctions 
of NRSF/REST expression in astrocytes may contribute to the pathogenesis of neu-
rological disorders.
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down-regulation of Kir4.1 or its functional block by Ba2+ is followed by 
a reduction of glutamate uptake by GLT-1 (Kucheryavykh et al., 2007). 
In addition, Kir4.1 conditional knockout (KO) mice are characterized 
by impaired K+ buffering and glutamate uptake, hyperexcitability and 
seizures (Chever et al.,  2010; Djukic et al.,  2007). A similar pheno-
type is observed in mice bearing a primary down-regulation of GLT-1 
(Rothstein et al., 1994, 1996). The strict functional link between Kir4.1 
and GLT-1 suggests that the two membrane actuators form a supra-
molecular complex on the membrane of astrocytes.

In this paper, we analyzed the impact of Rest deletion on the 
function of primary cortical astrocytes derived from a complete 
Rest conditional KO mice (Nechiporuk et al.,  2016). We observed 
that Rest deletion caused a significant depolarization of the resting 
membrane potential by reducing Kir4.1-mediated K+ currents. This 
effect was caused by a decreased density of Kir4.1 exposed at the 
plasma membrane and was associated with a decreased glutamate 
uptake by GLT-1, an effect consistent with the positive modulation 
of GLT-1 expression by REST recently shown to protect dopamine 
neurons from Mn-induced neurotoxicity (Pajarillo et al., 2021, 2022). 
In addition, wild-type neurons co-cultured with Rest-KO astrocytes 
showed decrease afterhyperpolarization, increased excitability at 
high firing rates and increased strength of glutamatergic transmis-
sion. The study demonstrates a role of REST-directed epigenetic 
processes in the maintenance of the homeostatic functions of as-
trocytes, such as K+-buffering and glutamate uptake, and implicates 
astrocytes in the pathogenesis of neurological diseases associated 
with Rest dysregulation.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental animals

Wild-type C57BL/6J mice were obtained from Charles River (Calco, 
Italy). Heterozygous GTinvREST mice (RESTGTi mice; Nechiporuk 
et al., 2016) were kindly provided by Gail Mandel (Portland, United 
States) and the German Gene Trap Consortium (GGTC-Partners). 
Animals were maintained on a C57BL/6J background and kept in 
homozygosity. Two females were housed with one male in standard 
Plexiglas cages (33 × 13 cm), with sawdust bedding and metal top. 
After 2 days of mating, male mice were withdrawn, and dams were 
housed individually in plexiglass cages and checked daily. Mice were 
weaned into cages of same sex pairs. Mice were maintained on a 
12:12 h light/dark cycle (lights on at 7 a.m.) at constant temperature 
(22 ± 1°C) and relative humidity (60 ± 10%), provided drinking water 
and a complete pellet diet (Mucedola, Settimo Milanese, Italy) ad li-
bitum, and housed under conditions of environmental enrichment 
in the IRCCS Ospedale Policlinico San Martino Animal Facility. All 
efforts were made to minimize suffering and reduce the number of 
animals used. All experiments were carried out in accordance with 
the guidelines established by the European Community Council 
(Directive 2010/63/EU of 22 September 2010) and approved by 
the Italian Ministry of Health (Authorizations #73-2014-PR and 

#558/2016-PR). For the experiments, we have used 15 and 5 ani-
mals for astrocytic and neuronal preparations respectively. For pri-
mary cultures of astrocytes about six pups were used for dissection. 
For primary cultures of hippocampal neurons, 6–8 embryos were 
used for dissection. The flowchart of the experimental plan, whose 
details are listed below, is shown in Figure S1.

2.2  |  Primary astrocyte cultures

Primary postnatal cortical astrocytic cultures were prepared from 
homozygous RESTGTi mice (Nechiporuk et al.,  2016) as previously 
described (Chiacchiaretta et al., 2018; Ferroni et al., 2003). Newborn 
pups (P0 to P2) were killed under deep carbon dioxide anesthesia. 
Brains were pooled during primary cell preparation. After removal 
of the meninges, cortical tissue was enzymatically dissociated. 
Astrocytes were plated on poly-D-lysine-coated (0.01 mg/mL) cell 
culture flasks and incubated for about 2 weeks at 37°C, 5% CO2, 
90% humidity in a medium consisting of DMEM (Gibco/Thermo-
Fischer Scientific) supplemented to reach the final concentration 
of 1% glutamine, 1% penicillin/streptomycin, and 10% Fetal Bovine 
Serum (FBS; Gibco/Thermo-Fischer Scientific). At confluence, astro-
cytes were enzymatically detached with trypsin–EDTA and plated 
on 33-mm Petri dishes at a density of 40 000 or 100 000 cells/mL, 
depending on the experiment.

2.3  |  Preparation of viral vectors and 
transduction of primary astrocytes

Sequences containing active or inactive Cre-recombinase were 
cloned into lentiviral vectors under the control of the constitutive 
phosphoglycerokinase (PGK) promoter, generating pLenti-PGK-
Cre-EGFP or pLenti-PGK-ΔCre-EGFP plasmids respectively (Jaudon 
et al., 2020; Kaeser et al., 2011). The production of VSV-pseudotyped 
third-generation lentiviruses was performed as previously described 
(De Palma & Naldini,  2002; Rocchi et al.,  2021). The transduction 
of primary astrocytes obtained from homozygous RestGTi mouse 
cortices, with lentiviruses expressing Cre, but not ΔCre, results in 
re-inversion of the GTinv cassette, terminating transcription up-
stream of remaining REST sequences. The same cultures of primary 
astrocytes were transduced with lentivirus encoding either Cre or 
ΔCre 3 days after plating at a multiplicity of infection of 10 (MOI). 
After 24 h of infection, half of the medium was replaced with fresh 
medium. All experiments were performed 7 days after transduction. 
Transduction efficiency was always above 75% of astrocytes, as 
verified by evaluating the nuclear expression of the GFP reporter.

2.4  |  Astrocyte/neuron co-cultures

For the astrocyte/neuron co-culture experiments, astrocytes were 
seeded on poly-D-lysine-coated (0.01 mg/mL) on Petri dishes 
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(33-mm diameter) at a density of 200 000 cells/mL. After 3 days of 
incubation, astrocytes were subjected to infection with lentivirus 
containing ΔCre and Cre enzymes and the medium was replaced 
after 24 h. Six days later, the complete DMEM medium was replaced 
with Neurobasal (Gibco/Thermo-Fischer Scientific) supplemented 
to reach the final concentration of 10% FBS, 1% glutamine, 1% peni-
cillin/streptomycin, and 2% B27 (Gibco/Thermo-Fischer Scientific). 
The day after, enzymatically dissociated hippocampal neurons ob-
tained from 18-day mouse embryos (E18) were plated on the top of 
astrocytes at a density of 200 000 cells/mL in complete Neurobasal 
medium, as described above. Two hours later, all medium was re-
placed with Neurobasal supplemented with 1% glutamine, 1% peni-
cillin/streptomycin, and 2% B27.

2.5  |  Surface biotinylation and immunoblotting

Seven days after infection, cultured cortical astrocytes were 
washed three times with cold phosphate buffered saline (PBS). 
Astrocytes were incubated with 1  mg/mL biotin (EZLink Sulfo-
NHS-LC-Biotin, Thermo Fisher Scientific, #21335) in PBS pH 8 for 
30 min at 4°C. After biotin withdrawal, astrocytes were washed 
twice with Tris 50 mM pH  8, followed by two washes with PBS 
pH 8.

Astrocytes were lysed with lysis buffer (150 mM NaCl, 50 mM 
TrisCl, pH 7.4, 1 mM EDTA, 1% Triton X-100) supplemented with pro-
tease inhibitors. After 10 min of incubation on ice, cell lysates were 
collected and clarified by centrifugation (10  min at 10 000 × g at 
4°C). Supernatants were incubated with NeutrAvidin agarose resin 
(Thermo Fisher Scientific, #29202) at 4°C for 3  h. Proteins were 
eluted from the agarose resin, resolved by SDS/PAGE and revealed 
by immunoblotting using the ECL chemiluminescence detection 
system (ThermoFisher Scientific). The following antibodies were 
used: mouse monoclonal anti-inwardly rectifying potassium channel 
containing the 4.1 subunit (Kir4.1; Santa Cruz, sc-293 252), rabbit 
polyclonal anti-GLT-1 (EAAT2, Cell Signaling Technology, #3838; 
RRID:AB_2190743), mouse monoclonal anti-actin (Sigma-Aldrich 
Cat# A4700, RRID:AB_476730), rabbit monoclonal anti-GAPDH 
(Cell Signaling Technology Cat# 2118, RRID:AB_561053), mouse 
monoclonal anti-Na+/K+ ATPase alpha-1 (Millipore Cat# 05–369, 
RRID:AB_309699), guinea pig polyclonal anti-GLAST (Chemicon/
Millipore Cat# AB1782). Chemiluminescence intensity was quan-
tified using the ChemiDoc MP Imaging System (GE Healthcare 
BioSciences, Buckinghamshire, UK). To test GLT-1 turnover, astro-
cytes were treated with cycloheximide (Chx, 50 µg/mL; #C1988, 
Sigma Aldrich) for 16 h.

2.6  |  Immunofluorescence

Seven days after infection, cultured cortical astrocytes were 
fixed in PBS with 4% paraformaldehyde (PFA) for 15 min at room 

temperature (RT) and then washed with PBS. Cells were permea-
bilized with 0.1% Triton X-100 in PBS for 5 min at RT and blocked 
with 2% bovine serum albumin (BSA) in PBS for 30 min. Cells were 
incubated with primary antibodies in PBS 2% BSA overnight at 4 °C. 
Astrocytes were immunostained with monoclonal antibodies to glial 
fibrillary acidic protein (GFAP, Sigma Aldrich, Milan, Italy #G3893, 
RRID:AB_477010). After several PBS washes, astrocytes were in-
cubated with the fluorescent secondary antibodies in the blocking 
buffer solution for 1 h. After washing in PBS for three times, astro-
cytes were stained with Hoechst for nuclear detection. After several 
washes in PBS, coverslips were mounted with Mowiol mounting me-
dium. All images used for quantification of the immunofluorescence 
intensity were acquired with a Leica SP8 confocal microscopy (Leica 
Microsystems, Wetzlar, Germany). Images were obtained using a 
63x oil objective at a resolution of 1024 × 1024 pixels and Z-stacks 
were acquired every 300 nm. For each set of experiments, all images 
were acquired using identical exposure settings. Offline analysis was 
performed using the ImageJ software. Astrocyte morphology was 
quantified by using the “Polygon Selections” feature tool and the 
“Measure” function of ImageJ yielding the following shape descrip-
tors: field area (μm2), field perimeter (μm), and circularity index. The
circularity function calculates object circularity using the formula: 
circularity  =  4π(area/perimeter2), ranging from 0 (infinitely elon-
gated polygon) to 1.0 (perfect circle).

2.7  |  3H-glutamate uptake assay

For glutamate uptake experiments, astrocytes were plated at 
concentration of 2 × 105 cells/mL in 6-well plates and the experi-
ments were performed as previously described (Chiacchiaretta 
et al.,  2018). Briefly, astrocyte cultures were washed three times 
with pre-warmed (37°C) HEPES-buffered Hanks-balanced salt solu-
tion. One μCi/mL of L-[3,4-3H]-glutamate (NET490001MC, Perkin
Elmer, Milan, Italy) was added to unlabeled L-glutamate (#G8415, 
Sigma) at a final concentration of 50 μM in standard extracellular 
solution containing (in mM): 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 
HEPES, 5 D-glucose. To isolate GLT-1 operated glutamate trans-
port, the GLAST specific inhibitor 40-amino-5,6,7,8-tetrahydro-4
-(4-methoxyphenyl )-7-(naphthalen-1-yl)-5-oxo-4Hchromene-3-c
arbonitrile (UCPH) was added throughout (10  μM). To detect the 
Na+-independent transport, NaCl was replaced by choline chlo-
ride (#C7017, Sigma). To isolate Kir4.1-mediated glutamate uptake, 
a saturating concentration of Ba2+ (600 μM; #342920, Sigma) was
added to the extracellular solution. To block glutamate transport-
ers, TBOA (100 μM; #2532, Tocris) was added. Cultures were incu-
bated with the isotope on a heating plate at 37°C for 10 min. After 
three washes with PBS, cells were harvested into 400 μL of 1  M 
NaOH solution in MilliQ water. Samples were transferred to vials 
containing 2 mL of aqueous scintillation mixture and counted using 
a liquid scintillation counter (1450 LSC & Luminescence Counter, 
MicroBete TriLux, Perkin Elmer).
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2.8  |  Patch-clamp recordings

2.8.1  |  Primary astrocytes

Infected astrocytes of both phenotypes were used for patch-clamp 
electrophysiological recordings using the whole-cell configura-
tion as previously described (Ferroni et al., 1995). The experiments 
were performed 7 days in vitro (DIV) after infection, using an EPC-
10 amplifier controlled by PatchMaster software (HEKA Elektronik, 
Lambrecht/Pfalz, Germany) and an inverted DMI6000 microscope 
(Leica Microsystems GmbH, Wetzlar, Germany). Patch electrodes 
fabricated from thick borosilicate glasses were pulled to a final re-
sistance of 4–5 MΩ when filled with the standard internal solution. 
Recordings with leak current >200 pA or series resistance >10 MΩ 
were discarded. All recordings were acquired at 50 kHz. Experiments 
were carried out at RT (20–24°C). Salts and other chemicals were of 
the highest purity grade (Sigma, St. Louis, MO). For the experiments 
involving astrocytes, the standard bath saline contained (mM): 
140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 5 glucose, pH  7.4, 
with NaOH and osmolarity adjusted to ~315 mOsm/L with manni-
tol. The intracellular (pipette) solution was composed of (mM): 144 
KCl, 2 MgCl2, 5 EGTA, 10 HEPES, pH 7.2 with KOH and osmolarity 
~300 mOsm/L. Experiments carried out under various extracellular 
K+ concentrations (K+

ext) were done using external solutions with 
K+ salts replaced equimolarly. Aliquots of BaCl2 were prepared in 
MilliQ and 0.2 mM of Ba2+ were added to the extracellular solution 
to block K+ channels, in the presence of the internal solution de-
scribed above. The different saline containing the pharmacologic 
agents was applied with a gravity-driven, local perfusion system at a 
flow rate of ~200 μL/min positioned within ~100 μm of the recorded 
astrocytes. The experiments with IL-1β were performed by incubat-
ing astrocytes with IL-1β (10 ng/mL) or a corresponding amount of 
vehicle (water) and patch-clamp experiments were done 24 h after 
incubation. In the experiments conducted with L-glutamate, exter-
nal solutions with L-glutamate, previously aliquoted into extracel-
lular solution, were used. One mM L-glutamate was added to the 
extracellular solution to stimulate GLT-1 transporters. To isolate the 
currents generated by GLT-1, 10 μM of UCPH were added to the so-
lution to selectively block GLAST. To block glutamate transporters, 
100 μM TBOA (#2532, Tocris) was used.

2.8.2  |  Astrocyte/neuron co-cultures

For the experiment involving astrocyte/neuron co-cultures, cells 
were maintained in standard Tyrode solution containing (in mM): 
140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, pH 7.3 
with NaOH and osmolarity ~315 mOsm/L. For the analysis of neu-
ronal excitability, D-(−)-2-amino-5-phosphonopentnoic acid (D-AP5; 
50 μM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10  μM), and 
bicuculline methiodide (30 μM), were added to block NMDA, non-
NMDA, and GABAA receptors respectively. The standard inter-
nal solution was (in mM): 126 K Gluconate, 4 NaCl, 1 MgSO4, 0.02 

CaCl2, 0.1 BAPTA, 15 glucose, 5 HEPES, 3 ATP, 0.1 GTP (pH 7.2 with 
KOH). Current-clamp recordings of neuronal firing activity and the 
following analysis were performed as previously described (Valente 
et al., 2016). Neuronal cells were held at a potential of −70 mV and 
action potentials (APs) were induced by injection of 10 pA current 
steps of 1 s in pyramidal neurons morphologically identified by their 
teardrop-shaped somata and characteristic apical dendrite after 12–
16 DIV (Prestigio et al.,  2019; Watt et al.,  2000). The mean firing 
frequency was calculated as the number of APs evoked by minimal 
current injection, whereas the instantaneous frequency was esti-
mated as the reciprocal value of the time difference between the 
first two evoked APs. The rheobase was calculated as the minimum 
depolarizing current needed to elicit at least one AP. Current-clump 
recordings were acquired at a 50 kHz and filtered at 1/5 of the ac-
quisition rate with a low-pass Bessel filter. Miniature excitatory 
postsynaptic currents (mEPSCs) were recorded from low-density 
hippocampal neurons in standard external solution containing TTX 
(1  μM; Tocris Bioscience), D-AP5 (50 μM), bicuculline (30 μM), and 
CGP 58845 (10  μM) to block Na+ channels, NMDA, GABAA and 
GABAB receptors and generation and propagation of spontaneous 
action potentials (APs). The amplitude and frequency of mEPSCs 
were calculated using a peak detector function with appropriate 
threshold amplitude and threshold area using the Minianalysis pro-
gram (Synaptosoft).

2.9  |  Statistical analysis

The number of mice necessary for the project was preliminarily cal-
culated based on the experimental variability and need to reach an 
appropriate number of replications for a robust statistical analysis 
and occasional loss of animals because of anesthesia or unpredict-
able factors. The number of animals determine for the planned ex-
periments (sample size, n) was predetermined using the following 
formula: n  =  Z2   ×  σ2/Δ2, where: Z is the value of the distribution
function f(α,β) (with α and β type-I and type-II errors, respectively; 
based on α = 0.05 and 1-β = 0.9), σ is the standard deviation of the 
groups (set between 0.2–0.3 based on similar experiments and pre-
liminary data) and Δ the minimum percent difference that is thought 
to be biologically relevant (0.2 or 20%). No randomization method 
was used, and no animals were excluded, as the study was entirely 
conducted in vitro. Experiments were carried out blind to the ex-
perimenter. No exclusion criteria were pre-determined. Data are 
expressed as means ± standard error of the mean (sem) for number 
of cells (n) or mouse preparations as detailed in the figure legends. 
Normal distribution of data was assessed using the D'Agostino-
Pearson's normality test. The F-test was used to compare variance 
between two sample groups. To compare two normally distributed 
sample groups, the Student's unpaired or paired 2-tailed t-test was 
used. To compare two sample groups that were not normally distrib-
uted, the nonparametric Mann–Whitney's U-test was used. To com-
pare more than two normally distributed sample groups, we used 
one- or two-way ANOVA, followed by the Bonferroni's test. In cases 
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in which data were not normally distributed, one- and two-way 
ANOVA were substituted with the Kruskal–Wallis's and Friedman's 
two-way ANOVA tests, respectively, followed by the Dunn's multi-
ple comparison test. The Grubbs's test was used to detect outliers 
at the 95% confidence level. Alpha levels for all tests were 0.05% 
(95% confidence intervals). Statistical analysis was carried out using 
OriginPro-8 (OriginLab Corp., Northampton, MA, USA) and Prism 
(GraphPad Software, Inc.) software.

3  |  RESULTS

3.1  |  Rest-deleted astrocytes preserve a normal 
cellular morphology

To explore the role of Rest in astrocyte differentiation and func-
tion, we used a conditional mouse model (RESTGTi) bearing a loxed 
inverted gene trap cassette between non-coding exon 1a–c and 
the first coding exon, exon 2 (Nechiporuk et al., 2016). REST gene 
expression in primary RESTGTi astrocytes was knocked out by 
transduction with Cre recombinase (Figure  1a). Primary cortical 
astrocytes, obtained from the cortices of newborn homozygous 
RESTGTi mice, were infected at 18 DIV with lentiviruses encoding 
either functional Cre recombinase (herein referred to as KO) or an 
inactive deletion mutant of Cre recombinase (ΔCre) used as a con-
trol (Ctrl), together with nuclear green fluorescent protein (GFP) as 
a transduction reporter (Figure  1b). Infected astrocytes, cultured 
until 25–28 DIV, were examined morphologically, biochemically, 
and electrophysiologically. The transduction efficiency (∼75–80%) 
was similar in both experimental groups and Cre-infected astro-
cytes showed a very low level of Rest mRNA and protein compared 
to astrocytes infected with ΔCre (Figure 1c–e). Since evidence ex-
ists that the activity of REST influences the differentiation of pri-
mary astrocytes (Kohyama et al., 2010; Liu et al., 2019), and GFAP 
expression is related to astrocyte maturation, we evaluated the 
effect of REST deletion on GFAP expression and cellular distribu-
tion by measuring the GFAP immunoreactive area and circularity 
index. However, no detectable changes in these parameters were 
observed in Cre- (Rest-KO) and ΔCre- (control) transduced astro-
cytes (Figure 1f).

3.2  |  Rest deletion impairs the expression of the 
GLT1-transporter and glutamate uptake

Astrocytes express high levels of the Na+-dependent excitatory 
amino acid transporters GLT-1, responsible for 90% of the clear-
ance of glutamate released into the synaptic cleft (Danbolt, 2001). 
The glutamate transport activity of GLT-1 known to be closely as-
sociated with Kir4.1 channels which set Vrest near the K+ reversal 
potential and provide a large shunt conductance that limits the 
spread of transport-associated currents (Kucheryavykh et al., 2007; 
Tzingounis & Wadiche, 2007).

As REST is known to regulate brain homeostasis under physi-
ological conditions, and canonical RE1 elements are present in the 
regulatory regions of the Slc1A2 gene encoding for GLT-1, we first 
investigated whether REST deletion was affecting the expression 
and function of this major astrocyte glutamate transporter.

We found that Rest deletion was associated with a significant 
decrease of both GLT-1 mRNA (Figure 2a, left) and total protein lev-
els (Figure 2b,c). Notably, when the multiplicity of infection for as-
trocyte transduction was varied, a significant correlation was found 
between the extent of Rest knockdown and the mRNA levels of 
GLT-1, indicating that the control of GLT-1 expression by Rest occurs 
at the transcriptional level (Figure 2a, right). No significant change 
in GLT-1 protein turnover was observed between control and Rest-
KO astrocytes after protein synthesis inhibition with cycloheximide 
(Figure 2d). We also investigated how the decreased GLT-1 expres-
sion in Rest KO astroctytes was affecting the subcellular fate of 
GLT-1 between intracellular and membrane exposed compartments 
astrocytes by surface biotinylation experiments. The results show 
that the decrease in the total expression of GLT-1 in the absence of 
Rest was entirely reflected by a marked decrease of the fraction of 
the transporter targeted to the plasma membrane, while its intracel-
lular pool was not affected (Figure 2b,c). We also investigated by im-
munoblotting whether the other glutamate transporter GLAST was 
affected by Rest deletion or was undergoing any increase to com-
pensate for GLT-1 down-regulation. However, the protein levels of 
GLAST were not significantly affected by Rest deletion (Figure 2e).

3.3  |  Rest deletion impairs glutamate uptake by the 
GLT1-transporter

Next, we analyzed whether the decreased expression and mem-
brane targeting of GLT-1 in Rest KO astrocytes was translating into 
an impairment of glutamate uptake. To this aim, we assessed the 
3H-labeled glutamate (3H-Glu) dynamics in control and Rest-KO as-
trocytes. The Na+-dependent component of glutamate uptake was 
isolated by replacing extracellular Na+ with choline, the contribu-
tion of Kir4.1 channels to glutamate transport was challenged using 
Ba2+ and the GLT-1 operated transport upon administration of the 
specific GLT-1 inhibitor DL-threo-β-benzyloxyaspartic acid (TBOA, 
100 μM). To isolate the activity of GLT-1, all the experiments were 
carried out in the presence of 2-amino-5,6,7,8-tetrahydro-4-(4-met
hoxyphenyl)-7-(naphthalen-1-yl)-5-oxo-4H-chromene-3 carbonitrile 
(UCPH, 10 μM) to block the contribution of the other Na+-dependent 
glutamate/aspartate transporter GLAST, which is also expressed, al-
beit at low levels, in primary astrocytes (Abrahamsen et al., 2013) 
(Figure 3a). In both control and Rest-KO astrocytes, glutamate up-
take was strongly depressed in the presence of choline and almost 
completely inhibited by TBOA, clearly indicating the major contri-
bution of GLT-1 to the uptake mechanism (Figure  3b). Glutamate 
uptake was significantly lower in Rest-KO astrocytes compared to 
control cells, consistent with the possibility of an impaired function 
of Kir4.1 channels. Notably, Ba2+ significantly inhibited glutamate 
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uptake in control astrocytes, but its effect was fully occluded in Rest-
KO astrocytes (Figure 3b).

To get an independent demonstration of the impaired glutamate 
uptake by Rest-KO astrocytes, we measured glutamate-evoked cur-
rents in astrocytes of both phenotypes in the presence of blockers 
of GLAST (UCPH) and ionotropic glutamate receptors (CNQX and 

AP5, 10 and 50 μM respectively). Glutamate uptake is coupled to a 
reversible inward Na+ current evoked in astrocytes clamped at −70 mV 
and challenged with L- glutamate (1 mM; Bergles & Jahr,  1997). In 
agreement with the 3H-Glu uptake assay, Rest-KO astrocytes exhib-
ited glutamate-evoked, TBOA-sensitive inward currents that were 
significantly decreased compared to control astrocytes (Figure  3c). 

F I G U R E  1  Rest deletion does not change the morphology of primary astrocytes. (a) Rest deletion strategy. Primary astrocytes from RESTGTi 
mice bearing an inverted GT cassette between exons 1 and 2 (GTinv; Nechiporuk et al., 2016) were transduced with lentiviral vectors encoding 
either active Cre recombinase fused to nuclear GFP (Rest-KO astrocytes, right) or a GFP-fused, inactive deletion mutant of Cre recombinase 
(ΔCre; control astrocytes, left). (b) Representative images of GFAP immunostaining (red) in primary control and Rest-KO astrocytes (25 DIV). 
DAPI staining was used to label cell nuclei (blue) and nuclear GFP (green) as reporter of infected cells. Merge panels on the right represent 
the superimposition of all images. Scale bar, 20 μm. (c) Mean (± sem) percentage of astrocytes infected with either ΔCre (Ctrl) or Cre (KO) 
encoding lentiviral vectors (n = 22 coverslips from 3 independent preparations; Student's t-test, df = 37, t-value = 0.9276, p = 0.3596). The 
high transduction efficiency (75%–80%) did not differ between the two experimental groups. (d, e) Mean ± sem Rest mRNA (d) and protein (e) 
levels evaluated in control and Rest-KO astrocytes by real-time qPCR (n = 10 independent preparations; ***p < 0.001, Student's t-test, df = 10, 
t-value = 6.738, p = 0.0001) and western blotting (n = 5 different cultures from three independent preparations; **p < 0.01, Student's t-test, 
df = 7, t-value = 4.501, p = 0.0028) respectively. The arrow indicates the specific REST band in the representative immunoblot. (f) Morphological 
analysis of GFAP expression in control and Rest-KO astrocytes. The bar graphs represent the mean (± sem) GFAP immunoreactive area (left) and 
circularity index (right) calculated for control (n = 178) and Rest-KO (n = 176) astrocytes from three independent preparations. Left: Student's 
t-test, df = 352, t-value = 0.664, p = 0.5071; right: Student's t-test, df = 352, t-value = 0.9229, p = 0.3567.
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Altogether these data indicate that Rest, notwithstanding its main ac-
tivity of transcriptional repressor, favors the transcription of GLT-1. 
Moreover, the lack of inhibition of glutamate transport by Ba2+ sug-
gests that a potential involvement of Kir4.1 potassium channels can 
be associated with and contribute to the glutamate uptake phenotype.

3.4  |  Rest deletion in primary astrocytes down-
regulates an inward-rectifier potassium current

To address an involvement of K+ conductances, we next sought 
to determine whether the presence of REST influences the passive 

membrane properties and whole-cell membrane conductance of pri-
mary astrocytes. Macroscopic currents were recorded by the whole-
cell patch clamp technique in control and Rest-KO cells. Compared to 
control astrocytes Rest-KO cells displayed a significantly more depo-
larized resting membrane potential (Vrest) (Figure 4a). To address the 
possibility that the more positive Vrest could be because of a change in 
the resting membrane conductance, astrocytes were stimulated with 
slow voltage ramps. Cells were voltage clamped at the holding poten-
tial (Vh) of −70 mV, and then hyperpolarized for 200 ms at −100 mV to 
reach a steady conductance before applying a slow depolarizing ramp 
to 80 mV (Figure 4b, inset). Compared to Rest-KO astrocytes, control 
cells displayed increasing inward currents at membrane potentials 

F I G U R E  2  The expression of GLT-1, but not of GLAST, is decreased in REST-deleted astrocytes. (a) Left: GLT-1 mRNA levels evaluated by 
real-time qPCR in control and Rest-KO astrocytes (n = 4 independent preparations) ***p < 0.001, Student's t-test, df = 12, t-value = 4.487, 
p = 0.0007. Right: Correlation between the extent of Rest knockdown obtained in primary astrocytes by changing the multiplicity of 
infection and the GLT-1 mRNA levels. Pearson's correlation coefficient: 0.76, p < 0.001 (n = 14 independent preparations). (b) Representative 
immunoblots of cell surface biotinylation performed in control and Rest-KO primary astrocytes cultures. The total expression of GLT-1 
protein (input) was analyzed by immunoblotting together with the biotinylated (extracellularly exposed at the cell surface; ext) and non-
biotinylated (intracellular; in) GLT-1 fractions. Na+/K+-ATPase and GAPDH were included as markers of plasma membrane and cytosolic 
fractions, respectively. Input and intracellular fractions represent 5% of the original samples. (c) Quantitative analysis of the biotinylation 
experiments. The total expression of GLT-1 protein in decreased by REST deletion, consistent with the mRNA changes, and the decrease 
translates into a net decrease of the membrane targeted fraction. The data were normalized to the mean value of control astrocytes 
and expressed as means ± sem (n = 8 and 7 for control and Rest-KO astrocytes, respectively, from three independent preparations). The 
percentage of biotinylated protein was 12.7 ± 2.5 for control and 7.6 ± 0.9 for Rest-KO cells. Unpaired Student's t-test: Input: **p < 0.01, 
df = 13, t-value = 3.102, p = 0.0084; intrac.: df = 13, t-value = 1.025, p = 0.324; extrac.: *p < 0.05, df = 13, t-value = 2.610, p = 0.0216. 
(d) GLT-1 protein turnover in control and Rest-KO astrocytes (n = 4 independent preparations; Ctrl: *p < 0.05, unpaired Student's t-test, 
df = 19, t-value = 2.534, p = 0.0202; KO: *p < 0.05, unpaired Student's t-test, df = 20, t-value = 2.113, p = 0.0474). Astrocytes were 
harvested before (0 h) and 16 h after treatment with cycloheximide (Chx; 50 μg/mL) and subjected to immunoblotting for GLT-1. Top: 
Representative immunoblots. Bottom: Quantitative analysis of GLT-1 turnover. Data were normalized to the mean value of the respective 
experimental group before Chx treatment (0 h) and expressed as means ± sem (0 h: n = 10 and 13; 16 h: n = 16 and 16 different cultures 
for control and Rest-KO astrocytes, respectively, from five independent preparations). *p < 0.05 at 16 h, unpaired Student's t-test, df = 20, 
t-value = 2.113, p = 0.0474. (e) Representative immunoblot (left) and quantitative analysis (right) of the GLAST protein levels evaluated in 
control and Rest-KO astrocytes by western blotting. Data were normalized to the mean value of control astrocytes and expressed as means 
± sem (n = 5 different cultures for both control and Rest-KO astrocytes from three independent preparations; unpaired Student's t-test, 
df = 8, t-value = 1.206, p = 0.2623).
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below Vrest. (Figure  4b). The mean current densities (J  =  pA/pF) at 
−100 and 80 mV in control and Rest-KO astrocytes confirmed that, 
while the membrane conductance at 80 mV was not significantly dif-
ferent in the presence or absence of REST at −100 mV, it was more 
than twofold lower in Rest-KO astrocytes (Figure 4c).

We next addressed the voltage-dependent kinetics of membrane 
currents activated under the two conditions. Astrocytes were stimu-
lated with a family of 200-ms voltage steps (with 10-mV increments) 
from Vh of −70 mV (Figure 4d, inset). Control and Rest-KO astrocytes 
exhibited identical quasi-instantaneous positive currents at potentials 
above −70 mV. By contrast, sustained non-inactivating negative currents 
were triggered at potentials below −70 mV only in control astrocytes 
(Figure 4D,e). The lack of inward current in Rest-KO astrocytes was par-
alleled by an increase in input resistance (Rinput, Figure 4f). Collectively, 
these results demonstrate that primary astrocytes in which Rest is 
knocked out exhibit a more depolarized Vrest and an increase in Rinput 
associated with the absence of inward currents activated at negative 
membrane potentials. The above results suggest that Rest is necessary 
for the expression of a large resting conductance likely mediated by K+ 
flux that determines the negative Vrest in control cells. To corroborate 

this view, electrophysiological experiments were carried out under var-
ious extracellular K+ concentrations (K+

ext). Elevation of K+
ext from 4 

to 40 mM in control astrocytes evoked a ~ 40 mV positive shift in the 
current reversal potential (Erev) but did not affect the Erev of Rest-KO 
cells. Notably, the shift in reversal potential was accompanied by an 
augment in chord conductance at negative potentials (Figure 4g, left), a 
result that was virtually absent in Rest-KO astrocytes (Figure 4g, right). 
The current–voltage relationship of currents evoked with the voltage 
step protocol confirmed these results (Figure 4h). Finally, in control as-
trocytes, but not in Rest-KO cells, Vrest was positively shifted by 40 mV 
(Figure 4i). Collectively, these results indicate that astrocytic Rest reg-
ulates the functional expression of an inward rectifier K+ conductance, 
which has a relevant role in setting Vrest.

3.5  |  The Kir4.1 channel mediates the resting 
potassium conductance functionally regulated by Rest

To identify the K+ channel subtype functionally regulated by Rest, 
we took advantage of a pharmacological signature that allows to 

F I G U R E  3  Glutamate uptake is impaired in astrocytes deleted for Rest. (a) Schematics of the 3H-glutamate uptake experiments. All assays 
were performed in the presence of UCPH (10 μM) to block GLAST. Treatments to assess specificity of the transport and its dependency 
on Kir4.1 included the GLT-1 inhibitor TBOA (100 μM) or vehicle (veh) thereof, the Kir4.1 blocker Ba2+, and the replacement of extracellular
Na+ with choline. (b) Quantitative analysis of 3H-glutamate uptake by control (Ctrl) and Rest-KO astrocytes (21–24 DIV; 11–12 independent 
preparations). Data (means ± sem) were normalized to the mean value of control astrocytes. *p < 0.05, **p < 0.01, ***p < 0.001 versus veh/
Ctrl group; ##p < 0.01, ###p < 0.001 versus veh/Rest-KO group; one-way ANOVA/Bonferroni's tests (n = 4 independent preparations; F(7,
83) = 38.6; p-values: veh Ctrl vs. Ba2+ Ctrl: p = 0.0195; veh Ctrl vs. TBOA Ctrl: p = 0.0001; veh Ctrl vs. Choline Ctrl: p = 0.0001; veh Ctrl
vs. veh KO: p = 0.0025; veh Ctrl vs. Ba2+ KO: p = 0.0001; veh KO vs. Ba2+ KO: p = 0.9999; veh KO vs. TBOA KO: p = 0.0001; veh KO vs.
Choline KO: p = 0.0001). (c) Left: Representative transport current traces obtained during whole-cell voltage-clamp recordings from control 
(black) and Rest-KO (red) astrocytes clamped at Vh of −70 mV. The L-glutamate (1 mM) evoked inward currents were completely blocked 
by 100 μM TBOA. Right: Analysis of the glutamate transport current density (J) recorded in control (Ctrl) and Rest-KO astrocytes, with an 
external solution containing L-Glutamate in the absence or presence of TBOA. ***p < 0.001, GLU Ctrl versus TBOA GLU Ctrl, Wilcoxon 
test, p = 0.0001; *p < 0.05, GLU KO vs TBOA KO, Wilcoxon test, p = 0.0391; #p < 0.05, GLU Ctrl versus GLU KO, Mann–Whitney U-test, 
p = 0.0337 (n = 18 and 8 for control and Rest-KO astrocytes respectively).
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differentiate the type of resting K+ current expressed in astrocytes. 
Indeed, it is well known that astrocytes express inward rectifier (Kir) 
channel subtype 4.1 both in vivo and in vitro (Benfenati et al., 2006; 
Hibino et al., 2004, 2010; Li et al., 2001; Olsen et al., 2015; Seifert 
et al., 2009), but also open rectifier two-pore domains K+ channels 
(K2P) (Ryoo & Park, 2016). The most relevant pharmacological feature 
for distinguishing Kir from K2P conductance is the full blockade of 
Kir4.1 by low micromolar concentrations of extracellular Ba2+, which 
does not affect K2P currents (Ferroni et al., 1995; Olsen et al., 2006; 
Zhou et al., 2009). In control astrocytes, the extracellular adminis-
tration of Ba2+ (200 μM) resulted in the complete inhibition of the
negative ramp currents, while leaving unaltered the positive cur-
rent evoked at depolarized potentials (Figure 5a, left). By contrast, 

in Rest-KO astrocytes, the effect of Ba2+ on the ramp current was 
negligible (Figure 5a, right). These results were corroborated by the 
quantitative analysis of the Ba2+ effect on currents evoked by the 
voltage-step protocol (Figure 5b,c).

As a further indication that Rest controls the functional expres-
sion of Kir4.1, we addressed the effect of interleukin-1β (IL-1β), previ-
ously showed to inhibit Kir4.1-mediated current in astrocytes (Zurolo 
et al., 2012). After a preliminary check by RT-PCR that Rest deletion did 
not affect the expression of the IL-1β receptor, which is not a Rest tar-
get, we incubated astrocytes of either genotype with IL-1β (10 ng/mL) 
for 24 h. While the kinetics of outward currents were not significantly 
affected in both genotypes, IL-1β induced a strong reduction of the 
inward current only in control astrocytes functionally expressing Kir 
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current (Figure 5d,e), a result which was reflected by Vrest decrease in 
this astrocyte population (Figure 5f). Similar findings were obtained by 
the analysis of the current density evoked by the voltage step protocol 
that clearly showed a full occlusion of the effects of IL-1β in Rest-KO as-
trocytes (Figure 5g). Altogether, these results strongly suggest that in 
primary astrocytes the presence of Rest is necessary for the functional 
expression of Kir4.1-mediated resting K+ conductance.

3.6  |  Rest deletion decreases membrane targeting, 
but not total expression levels, of Kir4.1 channels

To dissect the molecular basis of the biophysical and pharmacologi-
cal results, we analyzed the expression levels of Kir4.1 mRNA and 
protein in both control and Rest-KO astrocytes by RT-PCR and west-
ern blotting. In contrast with the functional defect in Kir4.1 currents 
observed in Rest-KO astrocytes, the total mRNA and protein levels 
of Kir4.1 were not affected by Rest deletion (Figure 6a), consistent 
with the fact that Kcnj10 is not a direct REST target gene. Thus, we 
considered the possibility that the intracellular trafficking of the 
channel and/or its subcellular compartmentalization could be indi-
rectly affected by Rest deletion.

To this aim, we run surface biotinylation experiments to quantify, 
by streptavidin affinity pulldown, the ratio between the functional 
channels exposed at the plasma membrane surface and those re-
tained intracellularly (Figure 6b). Interestingly, the surface expres-
sion of Kir4.1 on the plasma membrane was significantly decreased, 
while the intracellular pool of the channel was correspondingly in-
creased (Figure 6c).

This finding is consistent with the biophysical and pharmaco-
logical results described above and indicates that the impaired 
glutamate uptake of Rest-KO astrocytes is linked to the observed 
downregulation of Kir4.1 channels, confirming the important 

contribution of Kir4.1 activity to the Na+-dependent glutamate 
uptake (Shimamoto et al., 1998). Since GLT-1 and Kir4.1 are known 
to form supramolecular complexes in discrete spots on astro-
cyte processes (Higashi et al.,  2001; Murphy-Royal et al.,  2015; 
Schreiner et al., 2014), the fall in membrane GLT-1 can be poten-
tially responsible for the impaired targeting or decreased perma-
nence of Kir4.1 channels at the plasma membrane observed in 
Rest-KO astrocytes.

3.7  |  Neurons co-cultured with Rest-KO astrocytes 
display an altered firing phenotype

We next sought to determine whether the described changes in the 
expression of relevant astrocyte homeostatic proteins in Rest-KO 
astrocytes could affect the neuronal function in terms of single-
cell excitability. To this end, wild-type hippocampal neurons were 
co-cultured with control or Rest-KO astrocytes for 14 days before 
performing patch-clamp measurements of intrinsic excitability in 
visually identified excitatory pyramidal neurons (Figure  7a; Watt 
et al., 2000; Prestigio et al., 2019). Neurons co-cultured with either 
control or Rest-KO astrocytes showed no alteration in Vrest and input 
resistance (Figure 7b,c). Moreover, they responded to the injection 
of depolarizing current-steps (1-s duration of 10 pA increasing am-
plitude) by firing evoked action potentials (APs) with no overt dif-
ferences in the minimum current necessary to evoke the first AP 
(rheobase; Figure 7d,e). However, the analysis of the instantaneous 
firing frequency revealed that Rest deletion in astrocytes strongly 
increased the high-frequency firing activity evoked by intense de-
polarizing currents in wild-type co-cultured neurons, as compared to 
neuronal cocultures with control astrocytes (Ctrl-N; Figure 7f). This 
increased hyperactivity of wild-type neurons cultured with Rest-KO 
astrocytes was confirmed by the significantly higher number of APs 

F I G U R E  4  Rest deletion decreases the astrocyte inward-rectifier K+ conductance. (a) Rest-deleted astrocytes (KO; n = 100 cells) show a 
more positive resting membrane potential compared to control (Ctrl; n = 116 cells) astrocytes. ***p < 0.001, Mann–Whitney test, p < 0.0001. 
(b) Representative inward/outward rectifying currents recorded in control (black) and Rest-KO (red) astrocytes evoked by a voltage ramp 
protocol from a Vh of −70 mV (inset). (c) Ramp current densities (J) at −100 and 80 mV show a sustained reduction of inward current in Rest-
KO astrocytes (n = 102 cells) with respect to control astrocytes (n = 116 cells). 80 mV: Ctrl versus KO, Mann–Whitney U-test, p = 0.6709; 
***p < 0.001, −100 mV: Ctrl versus KO, Mann–Whitney test, p = 0.0001. (d) Representative family of voltage- and time-dependent membrane 
currents evoked by voltage steps (inset). Non-inactivating inward currents were recorded only in control astrocytes. (e) J/V relationship of 
the evoked currents for control and Rest-KO astrocytes shows the same level of outward current in both genotypes and a marked reduction 
of the inward component in Rest-KO astrocytes (inset). *p < 0.05, −100 mV: Ctrl vs KO, Mann–Whitney's U-test, p = 0.0152; ***p < 0.001, from 
−70 to −35 mV, Mann–Whitney's U-test, p = 0.0001. (f) The input resistance, calculated for both genotypes, shows an increase in Rest-KO 
astrocytes (n = 91 cells) with respect to control astrocytes (n = 100 cells). *p < 0.05, Mann–Whitney test, p = 0.0249. All data are expressed 
as means ± sem. (g) Representative current traces of control (Ctrl; black) and Rest-KO (red) astrocytes evoked in 4 and 40 mM extracellular 
K+ ([K+]ext; gray) by replacing the ion with equimolar concentrations of Na+. The increase in [K+]ext positively shifts the reversal potential 
(Erev) of the current in control, but not in Rest-KO, astrocytes. The shift in Erev to more positive potentials is accompanied by a reduction of its 
rectifying profile, which indicates the activation of an inward-rectifier K+ channel that approximates the behavior predicted by the constant 
field theory for simple K+ electrodiffusion. (h) J/V plot of steady-state currents evoked in 4 and 40 mM of [K+]ext with a voltage step protocol 
in control (black) and Rest-KO (red) astrocytes. The Erev shifts and the reduction of the rectifying profile induced by high [K+]ext (gray), 
clearly visible in control astrocytes, are virtually absent in Rest-KO astrocytes. (i) Shifts in Vrest in control (n = 9 cells) and Rest-KO (n = 9 
cells) astrocytes by rising [K+]ext from 4 to 40 mM. **p < 0.01, K+ 4 mM Ctrl vs K+ 40 mM Ctrl, Wilcoxon's matched pairs signed rank test, 
p = 0.0039; K+ 4 mM KO vs K+ 40 mM KO, Wilcoxon's matched pairs signed rank test, p = 0.5469. All data are expressed as means ± sem.
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evoked by injection of 1 s-step of 300 pA of depolarizing current with 
respect to neurons co-cultured with control astrocytes (Figure 7g).

Finally, the analysis of the waveform of the first AP evoked by 
minimal current injection showed that neurons co-cultured with as-
trocytes of both genotypes exhibited the similar amplitude, maximal 
rising slope and threshold of activation. However, wild-type neurons 
co-cultured with Rest-KO astrocytes experienced a decreased am-
plitude of after-hyperpolarization, a phase that strictly depends on 
the extracellular K+ concentration (Figure 7h,i). Collectively, these 
results suggest that the impaired function of Kir4.1 channels in Rest-
KO astrocytes impacts on the K+ buffering activity, increasing the 
excitability of co-cultured neurons in periods of intense electrical 
activity.

3.8  |  Neurons co-cultured with Rest-KO astrocytes 
display strengthened excitatory synaptic transmission

Since we have shown that Rest deletion in astrocytes impairs 
GLT-1 expression and functionality, we tested the hypothesis 
that a decreased glutamate clearance in the synaptic environ-
ment by perisynaptic astrocytes could affect excitatory synaptic 
strength. To this end, we studied the miniature excitatory post-
synaptic currents (mEPSCs) in wild-type neurons co-cultured 
with control or Rest-KO astrocytes (Figure 8a) While the mEPSC 
amplitude reflects the quantal size of neurotransmitter (neuro-
transmitter content of single synaptic vesicles and postsynap-
tic receptor sensitivity), the mEPSC frequency depends on the 
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number of active synapses and the probability of spontaneous 
release of single synaptic vesicles (Stevens, 1993). While mEPSC 
frequency, charge, decay, and rise times were not significantly al-
tered in neurons co-cultured on astrocytes of either genotype, a 
significant increase in the mEPSC amplitude was observed when 
neurons were co-cultured with Rest-KO astrocytes (Figure 8b,c). 
The observed increase in amplitude may reflect a more intense 
postsynaptic effect of single glutamate quanta that, in the ab-
sence of changes in neuronal properties, can be attributed to a 
lower clearance of the released glutamate by perisynaptic Rest-
KO astrocytes.

All the above results suggest that the Rest deletion, which leads 
to impaired astrocytic ability to buffer K+ and glutamate via Kir4.1 
and GLT-1, causes an increased intrinsic excitability that emerges 
under conditions of intense electrical activity, and at the same time, 

potentiates the effect of the released glutamate by increasing the 
excitatory synaptic strength.

4  |  DISCUSSION

Rest was initially known for its ability to repress the expres-
sion of neuronal genes in non-neuronal cells (Chong et al., 1995; 
Schoenherr et al., 1996), such as astrocytes, where it orchestrates 
the lineage and maintains the astrocytic phenotype by repress-
ing the expression of neuron-specific genes containing the RE-1 
binding site (Abrajano et al.,  2009a, 2009b; Ballas et al.,  2005; 
Kohyama et al., 2010). Here, we have studied if Rest deletion af-
fects the physiology of astrocytes and how this deletion impacts 
on neuronal network homeostasis.

F I G U R E  5  The inward-rectifier K+ current down-regulated by Rest deletion is mediated by Kir4.1 channels. (a) Representative ramp 
current traces elicited in control (Ctrl; black) and Rest-KO (red) astrocytes before and after acute treatment with extracellular solution 
containing Ba2+ (200 μMn gray). A higher magnification of currents at negative potentials is shown (inset). (b) Current density (J) recorded
at −100 (left) and 80 (right) mV in both genotypes in the absence or presence of Ba2+ as in A. (c) The net percent effect of Ba2+ at −100 
and 80 mV shows the selective full blockade of inward current in control astrocytes and the full occlusion of the effect by Rest deletion in 
Rest-KO astrocytes. All data are expressed as means ± sem (n = 51 and 45 cells for control and Rest-KO astrocytes respectively). *p < 0.05, 
***p < 0.001, two-way ANOVA/Bonferroni's tests, treatment * genotype F(1, 94) = 29.49, Ctrl veh versus KO veh: p = 0.041; Ctrl veh versus 
Ctrl Ba2+, p = 0.0001; KO veh versus KO Ba2+, p = 0.051. (b, left panel), ***p < 0.001, −100 mV: Ctrl versus KO, Mann–Whitney's U-test, 
p = 0.0001; 80 mV: Ctrl versus KO, Mann–Whitney's U-test, p = 0.6332 (c). (d) Representative ramp current recordings in control (Ctrl; 
black) and Rest-KO (red) astrocytes treated for 24 h with either vehicle (veh) or IL1β (10 ng/mL; gray). (e) Percentage of control and Rest-KO 
astrocytes exhibiting inward current before and after treatment with IL1β (current threshold: −500 pA; n = 3 independent experiments). 
*p < 0.05; **p < 0.01, one-way ANOVA/Bonferroni's tests, F(3, 8) = 10.21, Ctrl veh versus Ctrl IL1β, p = 0.0121; Ctrl veh versus KO veh,
p = 0.0109; Ctrl veh versus KO IL1β, p = 0.0077. (f) Membrane potential in control and Rest-KO astrocytes before and after treatment with 
IL1β. IL1β depolarizes the membrane potential of control astrocytes, while its effect is completely occluded in the already depolarized 
Rest-KO astrocytes. *p < 0.05; ***p < 0.001, one-way ANOVA/Bonferroni's tests, F(3, 64) = 10.19, Ctrl veh versus Ctrl IL1β, p = 0.0448; Ctrl 
veh versus KO veh, p = 0.0001; Ctrl veh versus KO IL1β, p = 0.0001. (g) Current density (J) recorded at −100 (left) and 80 (right) mV for both 
genotypes in the absence (veh) or presence of IL1β. ***p < 0.001, one-way ANOVA/Bonferroni's tests, F(3, 59) = 11,68, Ctrl veh versus Ctrl 
IL1β, p = 0.0001; Ctrl veh versus KO veh, p = 0.0002; Ctrl veh versus KO IL1β, p = 0.0001 (n = 22 and n = 16 for vehicle and IL1β in control 
astrocytes, respectively; n = 15 for both vehicle and IL1β in Rest-KO astrocytes). All data are expressed as means ± sem.

F I G U R E  6  Rest deletion is associated with an impaired targeting of Kir4.1 channels to the plasma membrane. (a) Kir4.1 mRNA levels 
evaluated by real-time qPCR in control (Ctrl) and Rest-KO astrocytes. No significant changes in the total Kir4.1 transcript levels were 
detected. Student's t-test, df = 8, t-value = 1.635, p = 0.1407. (b) Representative immunoblots of cell surface biotinylation performed in 
control and Rest-KO primary astrocytes cultures. The total expression of Kir4.1 protein (input) was analyzed by immunoblotting together 
with the biotinylated (extracellularly exposed at the cell surface; ext) and non-biotinylated (intracellular; in) fractions of Kir4.1. Na+/K+-
ATPase and GAPDH were included as markers of plasma membrane and cytosolic fractions respectively. Input and intracellular fractions 
represent 5% of the original samples. (c) Quantitative analysis of the biotinylation experiments. Data were normalized to the mean value 
of control astrocytes and expressed as means ± sem (n = 5 and 6 different cultures for control and Rest-KO astrocytes, respectively, from 
three independent preparations). The percentage of biotinylated protein was 17.2 ± 3.3 for control and 9.3 ± 1.8 for Rest-KO cells. *p < 0.05, 
***p < 0.001, unpaired Student's t-test: Input: df = 9, t-value = 1.329, p = 0.2167; intrac.: df = 15, t-value = 2.299, p = 0.0363; extrac.: 
df = 15, t-value = 4.711, p = 0.0003.
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While conventional brain-specific Rest KO lines (Gao et al., 2011) 
targeting Rest exon 2 still express a C-terminal REST peptide, we 
used in this study the Rest-KO mouse containing a conditional gene 
trap cassette in an intron of the endogenous Rest gene that termi-
nates transcription upstream from the initiator codon (Nechiporuk 
et al., 2016). Moreover, to avoid the compensatory effects elicited 
by chronic gene deletion, we switched off the Rest gene in primary 
astrocytes using lentiviruses expressing Cre recombinase.

Astrocytes contribute to maintaining neuronal homeostasis 
by buffering ions/molecules that are released during normal and 
sustained firing activity and synaptic transmission (Haydon, 2001; 
Theodosis et al.,  2008). Astrocytes control the [K+

ext] homeosta-
sis by Kir channels, avoiding the hyperexcitation of the neuronal 
network associated with increased extracellular K+

ext (Kofuji & 
Newman,  2004) and the levels of extracellular glutamate at syn-
aptic sites by expressing glutamate transporters that prevent 
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excessive stimulation of glutamate receptors and glutamate spillover 
(Sulkowski et al., 2014).

4.1  |  REST deletion in astrocytes decreases the 
expression of glutamate transporter GLT-1

Astrocytes express high levels of two EAATs that localize in the 
proximity of glutamatergic synapses and perform properly at mem-
brane potentials near the K+ reversal potential, GLAST and GLT-1, 
the latter of which is responsible for the 90% of the clearance of 
glutamate released into the synaptic cleft (Danbolt,  2001). While 

Rest deletion did not affect astrocyte development or morphology, 
it induced a dramatic reduction of the mRNA and protein levels of 
GLT-1, but not of GLAST. The diminished expression of GLT-1 mRNA 
and protein that we found in our model is in full agreement with a 
recent report showing a positive transcriptional effect of Rest on the 
GLT-1 gene through binding the two RE-1 sites present in the GLT-1 
promoter (Pajarillo et al., 2021, 2022). Indeed, although the main ac-
tion of Rest is to repress a variety of target genes, the occupancy of 
promoter RE-1 sites can occasionally induce transcriptional activa-
tion (Bersten et al., 2014; Kallunki et al., 1998; Perera et al., 2015).

The down-regulation of the total and membrane expression of 
GLT-1 in Rest-KO astrocytes markedly impaired in glutamate uptake 

F I G U R E  7  Primary neurons co-cultured with Rest-KO astrocytes display an enhanced intrinsic excitability. (a) Representative merged 
images of hippocampal neurons (14 DIV) co-cultured with control (Ctrl-N) and Rest-KO astrocytes (KO-N). Cells were immunostained 
with DAPI (blue, nuclei), β-tubulin (yellow, neurons), GFAP (red, astrocytes), and GFP (green, transduced astrocytes). Scale bar, 45 μm. (b, 
c) The neuronal resting membrane potential (b) and the input resistance (c) were not significantly different between the two experimental
groups. Mann–Whitney U-test, p = 0.1644 (b); p = 0.4217 (c). (d) Representative current-clamp recordings of neuronal action potentials 
(APs) induced by the injection of −30, 0 and + 300 pA steps for 1 s in Ctrl-N (gray) and KO-N (orange). (e) The rheobase (current to reach 
the threshold voltage for the first AP) is not significantly different between neurons co-cultured with either control or Rest-KO astrocytes. 
Mann–Whitney U-test, p = 0.0516. (f) Instantaneous firing frequency as a function of injected current for Ctrl-N and KO-N phenotypes. 
Neurons co-cultured with Rest-KO astrocytes displayed a significantly higher evoked instantaneous firing frequency at the largest current 
injections (>300 pA). ***p < 0.001, Mann–Whitney U-test, Ctrl-N vs KO-N, 290 pA: p = 0.0010; 300 pA: p = 0.0008; 310 pA: p = 0.0006; 
320 pA: p = 0.0005; 330 pA: p = 0.0003; 340 pA: p = 0.0001; 350 pA: p = 0.0004; 360 pA: p = 0.0010; 370 pA: p = 0.0009; 380 pA: 
p = 0.0001; 390 pA: p = 0.0001. (g) Number of APs evoked at 300 pA of current injected for both experimental conditions. **p < 0.01, 
Mann–Whitney U-test, p = 0.0011. (h) Representative traces of the shape of the first AP evoked by minimal current injection recorded 
in Ctrl-N (gray) and KO-N (orange) co-cultured neurons. (i) AP Amplitude, max rising slope, threshold, and after-hyperpolarization (AHP) 
potentials estimated in neurons co-cultured with either control or Rest-KO astrocytes. All data are expressed as means ± sem with n = 38 
and 41 neurons co-cultured with control and Rest-KO astrocytes respectively. *p < 0.05, Mann–Whitney U-test, Amplitude: p = 0.6332; Max 
rising slope: p = 0.3996; Threshold: p = 0.0929; AHP: p = 0.0326.

F I G U R E  8  Miniature excitatory postsynaptic currents of neurons co-cultured with Rest-KO astrocytes reveal a postsynaptic effect of 
released glutamate. (a) Phase-contrast image of co-cultures of wild-type primary hippocampal neurons with astrocytes. Scale bar, 40 μm. 
(b) Representative traces of mEPSCs from neurons co-cultured with either control (Ctrl-N, gray) or Rest-KO (KO-N, orange) astrocytes. 
(c) Analysis of mEPSCs. From left to right, mEPSC amplitude, frequency, 80% decay time, and 10%–90% rise time are shown. Data are 
expressed as means ± sem with n = 43 and 50 for Ctrl-N and KO-N, respectively, from five independent cultures. **p < 0.001, Mann–
Whitney U-test, Amplitude: p = 0.0063; Frequency: p = 0.4951; 80% decay time: p = 0.3380; 10%–90% rise: p = 0.1390.
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that was insensitive to Ba2+ inhibition through blockade of Kir4.1 
channels that, in control astrocytes, decreases the electrochemical 
gradient driving glutamate uptake. We also found that the impaired 
glutamate uptake is not exclusively caused by the impairment of 
Kir4.1 channeIs, but it is directly attributable to decreased tran-
scription and membrane targeting of GLT-1 in Rest-KO astrocytes. 
The results indicate that the impaired glutamate uptake of Rest-KO 
astrocytes is linked to the observed down-regulation of Kir4.1 chan-
nels. Our data confirm the important contribution of Kir4.1 activity 
to the Na+-dependent glutamate uptake (Shimamoto et al.,  1998); 
however, they do not allow to discern which of the two phenomena 
(decreased targeting of Kir4.1 channels to the membrane and im-
paired glutamate uptake) is the primary consequence of Rest dele-
tion. Since GLT-1 and Kir4.1 that form supramolecular complexes in 
discrete spots on astrocyte processes (Higashi et al., 2001; Murphy-
Royal et al., 2015; Schreiner et al., 2014), the fall in membrane GLT-1 
can be responsible for the impaired targeting or decreased perma-
nence of Kir4.1 channels at the plasma membrane observed in Rest-
KO astrocytes.

4.2  |  Kir4.1 is affected by Rest deletion without 
being a canonical Rest target gene

Although astrocytes express several Kir channel subtypes, Kir 4.1 
is the major pore-forming subunit directly linked to this function, 
as shown by several data obtained in spinal and cortical astrocytes 
(Djukic et al., 2007; Neusch et al., 2001; Olsen et al., 2006, 2007). 
It is also known that Kir4.1 conductance affects the strength of 
electrogenic glutamate uptake in a dual manner: (i) it sets the level 
of astrocyte membrane potential, thus providing the driving force 
for transport; and (i) it limits the spread of transport-associated 
electrical signals by providing a large shunt conductance (Djukic 
et al.,  2007; Dvorzhak et al.,  2016; Olsen & Sontheimer,  2008; 
Seifert et al., 2009; Tzingounis & Wadiche, 2007). Accordingly, al-
terations of ion gradients and membrane depolarization resulting 
from Kir4.1 dysfunction contribute to the reduced activity of other 
ion gradient- and voltage-dependent transporters and can occasion-
ally cause transporter reversion with release of glutamate (Bordey 
& Sontheimer, 1997; D'Ambrosio, 2004). In this respect, it has been 
shown that knockout or Ba2+-mediated inhibition of Kir4.1 are as-
sociated with significant reductions in glutamate transport by GLT-
1, providing evidence for the tight coupling of the two transporters 
(Hibino et al., 2010).

Unlike GLT-1, no canonical RE1 elements are present in the 
regulatory regions of the Kcnj10 gene and, accordingly, the expres-
sion levels of Kir4.1 were not altered by REST deletion. However, 
the insensitivity to Ba2+ inhibition of glutamate uptake brought 
us to consider that a decrease in GLT-1 resulting from REST de-
letion may affect Kir4.1 targeting to the membrane and function. 
Indeed, we found that Rest deletion is associated with a dramatic 
reduction of inward current accompanied by a marked depolariza-
tion of the membrane potential because of an impairment of a K+ 

conductance. As astrocytes are characterized by a highly selec-
tive membrane permeability to K+ and a negative resting potential 
(Ransom & Goldring, 1973), the positive shifted in Vrest, associated 
with Rin increase and reduction of inward current, was interpreted 
as a specific loss of a Kir4.1-mediated current. In astrocytes, the 
probability of Kir4.1 opening at Vrest is high. This contributes to their 
negative resting membrane potential near the reversal K+ poten-
tial (Verkhratsky & Steinhäuser, 2000) and to a large portion of K+ 
permeability, which, in turn, is required for extracellular K+ clear-
ance. These findings are reminiscent of previous reports in retinal 
Muller cells, spinal oligodendrocytes, and complex glia in CA1 stra-
tum radiatum, in which a lack of Kir4.1 caused full loss of inward 
currents and depolarization of the Vrest (Djukic et al., 2007; Kofuji 
et al., 2000; Neusch et al., 2001). The specific impairment of Kir4.1 
function was challenged by the specific blocker Ba2+, whose effect 
was virtually occluded in Rest-KO astrocytes. In addition, Kir4.1 ac-
tivity was impaired in neuroinflammation associated with seizure 
generation in epilepsies of various etiologies (Aronica et al., 2012; 
Vezzani et al., 2011; Zurolo et al., 2012). It has been observed that, 
after status epilepticus, a peak in expression of IL1β in the temporal 
cortex occurs in concomitance with a strong reduction in Kir4.1 ac-
tivity, suggesting that IL1β regulates Kir4.1. Interestingly, Rest-KO 
astrocytes were also insensitive to prolonged treatment with IL1β, 
which instead depressed Kir4.1-mediated inward currents in control 
astrocytes.

The impaired opening probability of Kir4.1 in Rest-KO astro-
cytes suggests that that Rest indirectly regulates the intracellular 
trafficking and functional membrane targeting of Kir4.1 at the post-
transcriptional level. This result opens the possibility that the pri-
mary decrease in the expression of the RE1-containing GLT-1 gene 
secondarily impairs the membrane targeting and/or the lifetime on 
the membrane of Kir4.1. This possibility is supported by previous 
data (Higashi et al.,  2001; Murphy-Royal et al.,  2015; Schreiner 
et al.,  2014) showing that both Kir4.1 channels and GLT-1 co-
distribute in spots on astrocyte processes wrapping glutamatergic 
synapses by forming supramolecular complexes. To corroborate the 
view on the close functional dynamics of the two proteins, it was 
previously shown that Kir4.1 and GLT-1 are both down-regulated 
in astrocytes subjected to traumatic brain injuries in vivo (Gupta & 
Prasad, 2013; Olsen et al., 2010).

4.3  |  Kir4.1 and glutamate clearance impairment 
in Rest-KO astrocytes increase the excitability of co-
cultured neurons

Extracellular K+ and glutamate clearance are among the fundamental 
functions of astrocytes, as they prevent hyperexcitability in the neu-
ronal network (Chamberlin et al., 1990; Tureček & Trussell, 2000). 
An impairment of the Kir4.1 subtype leads to hyperexcitability of 
the perisynaptic environment and results in seizure susceptibil-
ity in both mice and humans, contributing to the pathogenesis of 
a variety of neurological diseases (Bordey & Sontheimer,  1997; 
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Buono et al., 2004; D'Ambrosio et al., 1999; Ferraro et al., 2004; Leis 
et al., 2005; Nwaobi et al., 2016). Also, a decrease in the expression 
and/or function of glial glutamate transporters is associated with the 
epilepsy in humans and GLT-1 deletion in mice leads to seizures and 
death (Kong et al., 2012; Pajarillo et al., 2019; Petr et al., 2015).

Based on the experimental evidence described above, the dual 
Kir4.1 and GLT-1 down-regulation in Rest-KO astrocytes changes 
could affect intrinsic excitability and excitatory neurotransmission. 
Indeed, wild-type neurons co-cultured with Rest-deleted astrocytes 
exhibited impaired after-hyperpolarization potentials following APs 
and a dramatically increased high-frequency firing activity upon in-
tense depolarization. These results are highly suggestive of an im-
paired extracellular K+ buffering by Rest-KO astrocytes that, upon 
intense and sustained firing activity may induce both intrinsic and 
network hyperexcitability. The concomitantly impaired glutamate 
clearance may also alter neuronal network activity by hyperactivat-
ing postsynaptic AMPA receptors. Indeed, neurons co-cultured with 
Rest-KO astrocytes display increased mEPSC amplitude, indicative 
of an increased quantal size of released glutamate because of de-
creased glutamate clearance by astrocyte perisynaptic endfeet. The 
impact of this result is noteworthy, since the deficit in GLT-1 can be 
partially compensated by other glutamate transporters expressed 
by astrocytes, such as GLAST. However, the latter transporter that 
normally contributes to a small fraction of glutamate uptake was re-
cently shown not to be affected by Rest (Pajarillo et al., 2021).

5  |  CONCLUSIONS

Our results demonstrate that Rest positively modulates inward K+ 
currents mediated by Kir4.1, notwithstanding the absence of RE-1 
binding sites in the Kir4.1 gene promoter. The associated impair-
ment in the expression and function of GLT-1 after REST deletion 
confirms the positive transcriptional effect of Rest on the GLT-1 
promoter. Moreover, it offers a molecular explanation for the ob-
served impairment in Kir4.1 function, given that these two mem-
brane actuators work in concert on the astrocyte membrane. This 

study adds new insights into the role of Kir4.1 and GLT-1 in astroglial 
physiopathology. The effects of Rest in astrocytes, uncovered by 
its full deletion, are coherent with an overall homeostatic function 
in the nervous systems under physiological conditions, in concert 
with the homeostatic action of neuronal Rest (Pozzi et al., 2013; see 
Baldelli & Meldolesi, 2015). It has been shown that the low levels of 
Rest expression in neurons can be increased by hyperactivity, result-
ing in a downscaling of intrinsic excitability and excitatory synapses 
and a concomitant upscaling of inhibitory synapses onto excitatory 
neurons (Pecoraro Bisogni et al., 2018; Pozzi et al., 2013; Prestigio 
et al., 2021). Here, we show that the high constitutive levels of Rest 
in astrocytes tonically support GLT-1 expression and Kir4.1 chan-
nel exposure on the plasma membrane, in a GLT-1/Kir4.1 supramo-
lecular complex (Figure 9). This reveals a previously unknown role 
of astrocyte Rest in homeostatic plasticity by boosting K+ buffering 
and glutamate clearance, which are the paramount “housekeeping” 
functions of astrocytes in the brain environment. Such multi-
faceted homeostatic mechanisms could be exploited as a target for 
therapies for paroxysmal neurological diseases caused by network 
hyperexcitability.
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