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1. Abbreviations index 

AD = Alzheimer’s disease 

ALS = amyotrophic lateral sclerosis 

AP = action potential 

AQP = aquaporin  

βTrCP = β-transducin repeat containing E3 ubiquitin protein ligase 

BMP = bone morphogenetic protein  

BSA = bovine serum albumin 

Ca2+
in = intracellular calcium  

CI = circularity index 

CNS = central nervous system  

CREB = cAMP response element-binding protein 

DIV = days in vitro 

DL-TBOA = DL-threo-β-benzyloxyaspartic acid 

DYRK1A = dual specificity tyrosine-phosphorylation-regulated kinase 1A 

EAAT = excitatory amino acid transporters 

Erk 1/2 = extracellular signal-regulated kinase 1 and 2 

EK = equilibrium potential for K+  

ESC = embryonic stem cell 

FBS = fetal bovine serum 

GABA = y-aminobutyric acid 

GBM = glioblastoma multiforme 

GLAST= glutamate/aspartate transporter 

GLT-1 = glutamate transporter-1 

GS = glutamine synthetase 

HAUSP = Herpesvirus-associated ubiquitin-specific protease 

HCN1 = hyperpolarization-activated and cyclic nucleotide-gated channel 

HD = Huntington’s diseases 

HDAC = histone deacetylase 
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HIPPI = huntingtin interacting protein 1 protein interactor 

IP3 = inositol-3-phosphate 

JAK-STAT = janus kinase signal transducer and activator of transcription 

K+
ext = extracellular potassium  

Kav = voltage-gated potassium channel 

Kir = K+ inward rectifier  

KO = knockout  

MPP+ = 1-methyl-4-phenylpyridinium ion 

Nav = voltage-gated sodium channel 

NLS = nuclear localization signals 

NRSE = neuron-restricting silencing element 

NRSF = Neuron-restrictive silencer factor  

NSC = neural stem cell 

nSR100 = neural-specific Ser/Arg repeat-related protein of 100 kDa 

PAG = phosphate-activated glutaminase 

PBS = phosphate buffered saline 

PD = Parkinson’s disease  

RE1 = repressor element 1  

REST = repressor element 1-silencing transcription factor  

RGC = radial glial cell 

RILP = REST-interacting LIM domain protein 

Rinput = input resistance 

RT = room temperature 

SEM = standard error of the mean 

SOD1 = superoxide dismutase 1 

SZ = schizophrenia 

TBP = TATA-binding protein 

TCA = tricarboxylic acid 

Vh = holding potential 

Vrest = resting membrane potential 

ZF = zinc finger 
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2. Abstract 

Neuron-restrictive silencer factor/repressor element 1 (RE1)-silencing transcription 

factor (NRSF/REST) regulates many genes and signaling pathways involved in neuronal 

differentiation, synaptic homeostasis and maintenance of normal glial cell functions. 

REST activity is progressively downregulated in neurons during development, while it is 

normally expressed in glial cells. Astrocytes are the most abundant glial cells and play an 

important role in maintaining the functional integrity of neuronal networks by forming 

tripartite synapses. In this study, we have explored the in vitro role of REST in astrocyte 

functions using REST conditional knockout mice (REST-KO). We studied the 

electrophysiological properties of primary cultures of REST-KO cortical astrocytes by the 

patch-clamp method. We provided biophysical and pharmacological evidence of a 

reduced plasma membrane density of the inward rectifying K+ channel subtypes 4.1 

(Kir4.1). Loss of Kir4.1 causes reduction of the expression and activity of glutamate 

transporter-1 (GLT-1), accompanied by a decrease in the astroglial glutamate uptake. 

Because a reduced activity of astrocyte Kir4.1 has been observed in a number of 

neurological diseases including temporal lobe epilepsy, we have studied the firing 

properties of neurons co-cultured with REST-KO astrocytes. Loss of Kir4.1 impairs the 

astrocyte ability to buffer extracellular K+ concentration that, increased by neuronal 

activity, indirectly enhances the action potential firing of neurons co-cultured with REST-

KO astrocytes. This study adds a new piece to the discovery of REST-regulated 

mechanisms in astrocytes and contributes to our understanding of the involvement of 

Kir4.1 and GLT-1 in a variety of neurological disorders.  
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3. Introduction 

3.1. REST in the brain 

The regulation and balance of gene expression is critical for the development and 

function of the central nervous system (CNS). The CNS works by a complex network of 

signalling molecules/regulators to maintain a fine control of homeostasis and 

orchestrate multiple gene expression programs. This function leads to a systematic 

acquisition and maintenance of neuronal and glial morphological and functional 

identity. The identification and characterization of these molecules and regulators, the 

biochemical pathways that they control, as well as their target genes is essential to 

understanding the regulation of neuronal and glial cell development, function, and 

pathology. Among these, many recent clues have shown that the neuron-restrictive 

silencer factor/repressor element 1 (RE1)-silencing transcription factor (NRSF/REST, 

here called REST) plays a central role under normal conditions, as well as in several brain 

disorders.  

REST is a master transcriptional and post-transcriptional regulator that modulates 

diverse sets of protein-coding and non-coding genes1. REST was independently 

identified by the laboratories of Mandel and Anderson in 1995 that discovered it as a  

protein expressed in all cells except mature neurons and hence described by both 

research teams as a repressor of neuronal genes2,3. Subsequent studies of 

bioinformatics and chromatin immunoprecipitation revealed that over 40% of REST 

target genes are expressed in the CNS and encode for ion channels, synaptic proteins, 

neural cell adhesion factors and guidance/migration molecules4–6. Structurally, REST 

belongs to the Kruppel-type family of zinc finger (ZF) transcription factors, having nine 

ZF repeats, eight of which located in the N-terminal domain (Fig. 1). The multi-zinc 

protein binds to a conserved 21-23 bp motif that is known as RE-1, also called neuron-

restricting silencing element (NRSE) that has been detected in a large number of 

neuronal genes5.  
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Figure 1. Scheme of the structure of REST repressor protein. The REST protein contains a DNA-
binding domain of eight ZFs (green cylinders), two repressor domains (RD1 and RD2), lysine- and 
proline-rich domains, two nuclear localization signals (NLS), a phosphodegron, and a further C-
terminal ZF domain (modified from Tang et al., 20217). 
 
 

Neuronal and glial cells of different brain areas and species express REST 8. In general, 

REST is expressed in the whole brain during development, although in adult neurons its 

expression is strongly decreased2,3. Recent studies described high levels of REST mRNA 

in most non-neuronal tissues, undifferentiated neuronal progenitors, glial cells, 

endothelial cells and stem cells of areas involved in neurogenesis, such as the dentate 

gyrus2,9–11. It has been observed that REST mRNA is differentially expressed in different 

types of mature neurons of the adult rat brain where it is involved in the maintenance 

of neuronal identity by modulation of the expression level of its target genes12. In the 

adult rat brain, REST mRNA was found in neuron-like cells, including cells of the olfactory 

system, cerebral cortex, hippocampus, thalamus/hypothalamus, substantia nigra pars 

compacta, pontine nuclei and cerebellum12. The highest levels were detected in the 

neurons of the hippocampus, pons/medulla, and midbrain12. Moreover, it has been 

observed that rat neurons express REST splice variants 12. All these findings collectively 

lead to the idea that gene regulation by REST could have different levels of activity 

depending on the presence of co-factors and its affinity for the target genes13. In 

addition, REST might act only above a threshold concentration to control the expression 

level of target genes in the various neuronal populations12. 

Although numerous studies have demonstrated that REST mRNA levels decrease during 

brain development, it seems that its expression increases with physiological aging14. For 

example, in prefrontal cortex extracts, REST expression was significantly higher in aged 

individuals compared with young adults14. These studies suggest that REST could be 

important as a neuroprotective modulator, through the suppression of genes potentially 

involved in cell senescence. 
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3.2. REST structure, isoforms and regulation 

The human REST gene comprises 24 kb of genomic DNA, composed of (i) three non-

coding alternative 5' exons associated with different promoters, (ii) three coding exons 

(IV-VI) and (iii) an internal exon with alternative splicing, exon N, containing a premature 

stop codon, between exon V and VI (Fig. 215). Exon N can give rise to six alternative 

transcripts12,16. Structural analyses of the human, mouse and rat genomes 

demonstrated that the structure of REST exons and introns is highly conserved across 

these species.16 

The three 5′ exons, designated as “a”, “b” and “c”, are depicted in Figure 2. REST 

transcripts begin at any of such exons. The transcripts starting at exon “a” are the most 

abundant (about 80%), whereas the transcripts under control of exons “b” and “c” are 

less common (19% and 1%, respectively)15. The presence of three 5′ exons suggests that 

REST contains at least three promoters. Promoter “a” is the most active in non-neuronal 

cells, whereas “b” is more active in neuronal cells, and “c” has weak activity in non-

neuronal cells and neural progenitors and none in neuronal cells. 17 Hence, “c” acts as a 

strong silencer of the other two REST promoters15. The cell-type-specific regulation of 

REST promoters by adjacent or distal enhancers/repressors depends on the action of 

trans-acting factors binding to these regions18. In the promoter of REST, GC boxes are 

located before exon “a”, which are cis-acting transcriptional regulatory elements 

containing the sequence 5′-GGGCGG-3′. The GC boxes allow the increase of transcription 

of the REST gene by potentiating the promoter activity (Fig. 2). The TATA-like sequence 

and the CAAT box, two non-coding sequences of nucleotides that influence gene 

transcription, are located upstream of the CG boxes in the promoter. Both elements 

have a low interspecies conservation and their modulatory effect on human REST has 

not yet been proved16. Additionally, 2 kb away from exon “a”,  binding sites for the 

transcription factors Nanog and Oct4, required to maintain the pluripotency and self-

renewal of cells, were identified15,18 (Fig. 2). 
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Figure 2. Schematic representation of REST promoter region. REST transcripts begin at one of three 
alternatively used 5′ exons (indicated by black boxes labeled “a”, “b”, and “c”). Upstream of exon A 
TATA and CAAT boxes are located and 2 kb away, binding sites for Nanog and Oct4 (represented as 
ovals) are found15. 

 

REST undergoes alternative splicing to produce variants with different capacities to 

mediate gene repression12,19. In addition to full-length REST (isoform 1), the REST mRNA 

splicing variants identified and characterized thus far, include REST1, REST4 (named also 

sNRSF), REST-N62, REST-N4, and REST-5F12,19. The REST1 transcript contains only exon 

1 and encodes for isoform 220. Three distinct transcripts encode for isoform 3, also called 

REST4 or sNRSF: (i) the REST-N62 transcript, generated by insertion of exon N, (ii) the 

REST-N4 transcript that has an alternative splicing-mediated addition of 4 bp within exon 

N, and (iii) the sNRSF transcript, identified in human small cell lung cancer, that has a 

missing C-terminal repressor domain16,21 (Fig.3). The REST-5F resulting from skipping 

exon V and exon N, encodes for isoform 4. 

 

Figure 3. REST mRNA and alternative splice variants. The human REST gene comprises three 
alternative non-coding 5' exons (represented by the first white box on the left), three coding exons 
(dark blue) and the alternative N exon (light blue). The smaller boxes represent the ZFs containing 
the DNA binding domain (white) and the NLS (red). The six REST splicing isoforms are represented 
(modified by Faronato and Coulson, 201121). 
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Among the splicing variants, only REST4 and REST5 have been detected in neurons12, 

with REST4 being the most investigated one. The biological function of REST4 is not yet 

fully understood, albeit it is highly conserved in humans, mice and rat16. REST4 

comprises the N-terminal repressor domain and only five ZFs, having an additional exon 

between exons 3 and 4 that leads to a premature stop codon22. Therefore REST4 lacks 

the critical domains required for REST-mediated transcriptional silencing of target genes 

and, in particular, the seventh ZF domain, which is thought to be responsible for binding 

to DNA22. As a consequence, it should not be able to bind the RE-1 site on DNA. When 

REST4 was identified in 1998, it was shown to be capable of repressing gene expression 

even without direct DNA binding12. In subsequent years, the hypothesis that REST4 

operates as a de-repressor has emerged23. In this context, it was proposed that REST 

and REST4 interact to form an inactive heterodimer complex capable to prevent the 

REST binding to the RE-1 sequence, causing de-repression23,24. It was found that REST 

transcript could give REST4 by the action of a splicing regulator, i.e. the neural-specific 

Ser/Arg repeat-related protein of 100 kDa (nSR100), which directly induces alternative 

splicing of REST transcripts to produce REST412. Consequently, REST has a greatly 

reduced repressive activity, resulting in the expression of REST targets in neural cells. 

Blockade of nSR100 expression in the developing mouse brain impairs neurogenesis25. 

In addition, REST directly silences the expression of nSR100, thereby preventing the 

expression of REST4 and other neural-specific alternative splicing variants in non-neural 

cells25. REST isoforms themselves play a key role in the physiological control of REST19. 

Nakano and colleagues reported that post-transcriptional inactivation of REST by 

alternative splicing is essential for the de-repression of many neuronal genes and, in 

particular, is required for hearing in humans and mice19. 

REST undergoes diffuse, context-dependent alternative splicing, leading to 

approximately 45 mRNA variants that result in structurally and functionally different 

isoforms of the REST protein26. REST mutations that affect alternative splicing could 

impair the proper action of REST, leading to a variety of pathological conditions including 

different cancer types16,20,26. Chen and Miller in 2013 examined the REST pre-mRNA 

splicing repertoire in 27 patients with kidney, liver and lung cancer and discovered that 
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all patients presented differential expression of REST splicing variants in both cancer 

cells and neighboring normal cells 26. Moreover, loss of REST and increased splicing of 

REST4 have been detected in an aggressive subset of breast cancers and have also been 

correlated with the development of prostate cancers with a neuroendocrine 

phenotype27,28. In addition, REST-N62 and sNRSF have been found in human 

neuroblastoma and lung cancers, respectively16,22. These studies in humans have 

provided insight into several isoforms with context-specific alternative splicing, relating 

them to different cancer types and providing further insights into the complexity of REST 

gene regulation. 

In contrast to the regulation of REST target genes, little is known concerning the 

regulation of REST expression. It is possible that REST gene expression is defined not at 

the transcriptional level, but rather by post-transcriptional and/or post-translational 

modifications in a cell-specific manner. In this context, structural analyses of genomes 

have shown that the structure of exons and introns is conserved and that there are three 

5′ exons where promoter “c” acts as a strong silencer of the other two promoters15,18 

(Fig. 2).  

The transcriptional regulation of REST involves several positive/negative elements29, 

including the cAMP response element-binding protein (CREB), the specificity-protein 1  

and 3 , the dual-specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A), the 

huntingtin-interacting protein 1 protein interactor (HIPPI), the Wnt signaling cascade 

and microRNAs. The cellular transcription factor CREB half-site, located in the first REST 

promoter fragment, operates as a positive REST regulator following CREB application29. 

Also the interaction of specificity protein 1  and 3 are important to fine-tune REST 

transcription during neuronal differentiation30. DYRK1A affects the local spatial-

temporal changes of REST levels, according to its dose and kinase activity31. HIPPI binds 

the promoter of REST, increasing its expression in both neuronal and non-neuronal 

cells32. Moreover, REST is a direct target of the canonical Wnt signaling cascade33. Wnt 

and its receptors are expressed in a controlled spatial-temporal fashion during CNS 

development and are important for the normal growth of neural tissue33. In fact, the 

Wnt pathway controls neural stem cell differentiation by direct REST regulation33. 
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Finally, REST mRNA stability is regulated by several microRNAs such as miR-218 and miR-

9/miR-9*34. The first one negatively regulates REST expression35, whereas the 

bifunctional miR-9/miR-9* targets two components of the REST complex: miR-9 targets 

REST and miR-9* targets CoREST34. The latter mechanism implies that REST can regulate 

its expression by a double negative feedback involving REST-dependent expression of a 

specific microRNA34. 

REST shows different apparent molecular weights due to the presence of post-

translational modifications that control REST activity24. Among these, the most common 

REST post-translational modification is glycosylation, consisting in a covalent addition of 

one or more carbohydrates residues (“glycans”), during or after the synthesis of the 

protein. Although little is known about full-length REST glycosylation, experimental data 

obtained on REST4 indicated that REST might be O-glycosylated on the C-terminal 

region, a post-translation modification that is not required for REST DNA-binding 

activity24. 

Phosphorylation/dephosphorylation processes also play a key role in the 

stability/degradation of the REST protein 36–38. REST contains two nearby but distinct 

degron motifs that serve as binding sites, one containing E1009 and S101337 and the 

other containing S1024, S1027, and S103036. Phosphorylation of these serine residues 

by casein kinase 1 (CK1) facilitates the binding to a chaperone protein (β-transducin 

repeat-containing E3 ubiquitin protein ligase; βTrCP) that transports REST to the 

proteasome for degradation 39. These data support the important role of 

phosphorylation in the regulation of the stability and half-life of the REST protein across 

a conserved phosphodegron36. A number of kinases involved in tuning REST levels 

through phosphorylation have been identified over time39,40. CK1, mentioned earlier, 

has been found as a major upstream factor regulating REST expression through 

phosphorylation of two neighboring phosphodegrons39. Various phosphodegrons are 

present within the REST protein sequence and different kinases can phosphorylate the 

same residue. For example, polo-like kinase 1 directly phosphorylates the REST 

phosphodegron acting a potent regulator of REST stability40. Nesti and colleagues 

identified S861/S864 as a target  of phosphorylation by extracellular signal-regulated 
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kinase 1 and 2 (Erk 1/2)41. Furthermore, the phosphodegron can be targeted by protein 

phosphatases40. The C-terminal domain small phosphatase 1 controls the stability of the 

REST complex through dephosphorylation of the same site (S861/S864) at the C-

terminus of REST, protecting REST from degradation41,42. 

The REST sequence has a specific consensus site for a Herpesvirus-associated ubiquitin-

specific protease (HAUSP), which acts as a de-ubiquitinase, counterbalancing the activity 

of βTrCP43. Thus, even HAUSP plays a key role in the regulation of REST expression during 

neural differentiation. The downregulation of HAUSP, together with the upregulation of 

βTrCP in neuronal progenitors, leads to a negative modulation of REST protein levels, 

enabling neuronal differentiation43. Several pieces of evidence have been recently 

collected showing that the dysregulation of REST phosphorylation leads to several brain 

pathologies40,44. For example, the phosphorylation-mediated degradation of REST is 

critical in the progression of triple-negative breast cancer, and breakdown of this 

mechanism impairs cancer transformation, progression and formation of metastasis40. 

REST phosphorylation has also been related to the acquisition of neuroendocrine 

phenotype in prostate cancer. This evidence has highlighted the impact of 

phosphorylation on REST stability under physiological and pathological conditions. 

REST binds the conserved 21-23 bp RE-1 motif also known as NRSE, distributed in the 

target genes' regulatory regions2,10. RE-1 has been found in more than 1,000 genes 

involved in fundamental neuronal specific traits, including voltage-gated ion channels 

and neurotransmitter receptors, synaptic vesicle proteins and neurotransmitter 

synthesis6. Moreover, in silico analysis identified nearly 2000 putative REST targets in 

the mammalian genome, in both coding and non-coding genes6,45. 

REST performs active gene repression by its central DNA-binding domain consisting of 

C2H2 ZFs, small DNA recognition units that are usually organized in tandem, and by two 

repressor domains that reside at the N- and C-terminals46–48. Thanks to its domain 

organization, REST acts as a scaffold recruiting multiple co-repressors, such as mSin3 and 

CoREST at the N- and C-terminal, respectively13,49,50. These two important co-repressors 

recruit additional factors/enzymes involved in chromatin remodeling and histone 

modification. They are controlled at multiple levels ensuring a reliable repression of 
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their target genes13,50. mSin3 interacts with several histone deacetylases (HDACs) and 

with the methylated CpG-binding protein, MeCP213,50. CoREST action involves histone 

methyltransferases, HDACs and chromatin remodeling complexes, such as Brg1, G9a 

and others15 (Fig. 4). The chromatin remodeling complexes change the chromatin state 

by adding factors for gene repression, as H3K9me2, and/or removing markers for gene 

activation, as H3K4, thus producing a more condensed and less accessible state of 

chromatin51. Among these factors the Brg1 enzyme, recruited by the C-terminal 

repressor domain, stabilizes the interaction between REST and RE-1 sites using its ATP-

dependent remodeling activity52. Once associated with chromatin, REST mediates 

repression through histone deacetylase, histone demethylase and histone methylase 

activities53,54. Furthermore, REST also plays a direct role in transcriptional gene 

repression interacting with both TATA-binding protein (TBP) and small C-terminal 

domain phosphatases, two proteins involved in the transcription machinery55,56. In 

particular, the interaction between REST and TBP inhibits the formation of the 

transcription pre-initiation complex55. The small C-terminal domain phosphatase is a 

transcriptional regulator that silences neuronal genes and is localized by REST to the C-

terminal domain of RNA polymerase II, where induces polymerase deactivation by 

dephosphorylation 55,56. 
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Figure 4. Schematic representation of long-term gene silencing mediated by REST. After REST 
binding to the RE-1 motif, the corepressors mSin3 and CoREST bind the N- and C-terminals of the 
protein, respectively. Both corepressors recruit HDACs, whereas CoREST at the same time recruits 
other enzymes such as G9a, LSD1, and BGR1. After several steps, long-term silencing of target genes 
may be determined by the interactions of recruited HP1 proteins to adjacent nucleosomes, which 
generate the compact chromatin state15. 
 
 

According to its expression in different tissues, REST mediates both transient and long-

term silencing, either by remaining associated with RE-1 sites itself or by leaving CoREST 

attached after its dissociation13,49, thus representing an efficient mechanism of gene 

modulation across multiple RE-1 sites. The REST-CoREST complex triggers different 

mechanisms of epigenetic silencing depending on whether it is required to inactivate 

neuronal genes in terminally differentiated non-neuronal cells or to inhibit neuronal 

genes in embryonic stem and progenitor cells57. In cells where long-term silencing of 
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neuronal genes is required, the REST-CoREST complex needs to enroll chromatin 

modifiers, such as HP1 proteins, which are recruited to adjacent nucleosomes, as shown 

in several studies (Fig. 4d)54,57,58. In contrast, in stem cells, neuronal genes undergo 

epigenetic modifications that result in an inactive, but reversible, chromatin state that 

is available for subsequent activation13,57. 

 

3.3. REST and CNS cells  

A basic feature in vertebrates concerning the CNS development is that the diverse cell 

types inside it are generated sequentially: first neurons, followed by oligodendrocytes 

and then astrocytes59,60. At the beginning of neural development, during the expansion 

phase, neural stem cells (NSCs) undergo limited amplification, mainly symmetric 

divisions, producing a first pool of cortical progenitors that generates apical radial glial 

cells (RGCs). During the neurogenic phase, most apical RGCs divide asymmetrically to 

generate nascent projection neurons, either directly or indirectly through intermediate 

progenitor cells or basal RGCs61–64. At the end of neurogenesis, RGCs become gliogenic 

and cortical progenitors revert to symmetric divisions generating oligodendrocytes and 

astrocytes65. 

In general, individual cell categories are defined by the expression of a unique repertoire 

of coding and non-coding transcripts66–68. A complex set of extracellular spatial and 

temporal factors determines the fate of stem and progenitor cells inside the nervous 

system. These factors induce the sequential activation and/or inactivation of selective 

classes of genes and combinations of transcription factors, leading to functionally 

different cells and determining neuronal and glial fate specification66–68. The acquisition 

and maintenance of neuronal and glial identity are epigenetically driven though the 

regulation of neural genes by transcriptional repressors and corepressors5.  

REST is involved in several key biological processes, such as the determination of 

neuron-specific gene expression after differentiation, and the control of the pathways 

that underlie neuronal gene expression during early embryogenesis. Indeed, the loss of 

REST is critical for the acquisition of the neuronal phenotype, promoting both context-
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dependent gene repression/activation, gene activation and long-term gene silencing2,3. 

In the case of gliogenesis, however, REST represses the expression of numerous neural-

specific genes in neural progenitor cells (NPCs)1,69–71. The importance of the REST 

function was demonstrated by studies using REST-KO models. The mouse REST-full KO 

embryos have a normal development until embryonic day 9.5, but after this stage, they 

undergo cellular disorganization and widespread apoptotic cell death producing an 

insufficient CNS growth and malformations of development, leading to death at 

embryonic day 11.572.  

Together with its corepressors, REST inhibits the expression of numerous neural-specific 

genes in embryonic stem cells (ESCs), in NPCs and in terminally differentiated non-neural 

tissues73. REST is expressed in neural progenitors, where it performs epigenetic 

remodeling to repress a wide array of neural-specific genes, including genes involved in 

the formation and maintenance of synaptic contacts, axon guidance, synaptic plasticity 

and structural remodeling, synaptic vesicle proteins, ion channels, receptors and 

transporters4,13,15. In this context, the loss of REST during the final stages of neuronal 

differentiation is critical for the acquisition of the neuronal phenotype, because REST 

reduction subtends the selective upregulation of neural-specific genes6,1313,74. Neuron 

progenitors differentiate into mature neurons by a mechanism that allows the 

dissociation of the REST repressor complex from the RE-1 site of neuronal genes13. At 

the end, when mature neurons are formed, REST protein reaches undetectable levels of 

expression13,43. 

Several studies have started to identify the specific components of REST regulatory 

machinery during development75. We have described above that the low expression of 

REST allows the transcription of a large panel of genes, which are necessary for the 

acquisition of the unique phenotype of neuronal cells13,76. By this, REST plays a role in 

controlling neurogenesis in the adult hippocampus, in the maintenance of a pool of adult 

neural stem cell and in the control of stage-specific differentiation by the coordinated 

regulation of neuronal, ribosome biogenesis and proliferation genes11,77. However, 

recent studies suggest that REST function inside the brain is also associated with the 

regional glial lineage specification and differentiation. In glial cells, REST supports the 
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expression/repression of many genes involved in the lineage differentiation, 

maturation, preservation of the specific phenotype, as well as for their transformations 

under several brain diseases1,57. In this context, numerous studies have well 

characterized the developmental stage-specific profiles for REST and CoREST target 

genes in glial cells1,75,78. 

During neural development, the transition from neurogenesis to gliogenesis implies a 

return to symmetric division of progenitors and a sequential differentiation in 

oligodendrocytes and astrocytes79. REST is a critical factor driving significant changes in 

the signaling environment of progenitor NSCs57,73. REST is important to maintain and 

regulate general glial functions, as a function of the context and the developmental 

stage13,75,80. REST supports oligodendrocyte specification and maturation by targeting 

genes involved in their developmental pathways, such as sonic hedgehog, platelet-

derived growth factor and fibroblast growth factor1. The morphogen sonic hedgehog is 

secreted by NSCs and promotes oligodendrogenesis by inducing the expression of Olig1 

and Olig2, two essential determinants of oligodendrocytic fate. PDGF promotes the 

growth of oligodendrocytic glial progenitor cells and allows their early differentiation. 

Fibroblast growth factor signaling has also been shown to promote oligodendrogenesis 

at high concentrations in progenitor cultures1,79.  

REST has also been shown to stimulate progenitor specification to astroglial fate by 

targeting key genes, encoding for Notch, bone morphogenetic protein (BMP), Janus 

kinase (JAK) and signal transducer and activator of transcription (STAT)1,80–82. Many 

studies have reported the importance of Notch signaling in astrocyte formation, since it 

is a pro-proliferation factor critical for embryonic specification of NPCs79,81,83,84. BMP 

signaling is strictly involved in astrogliogenesis80,85 and particularly the subtype 2 (BMP2) 

that up-regulates and supports REST transcription during astrocytic differentiation of 

NPCs, by the downstream protein Smad. This transcription factor binds to Smad-binding 

elements in the regulatory region RE-1 of the REST gene80. BMP and Notch, which 

promote astrogenesis, require pre-activation of the JAK-STAT pathway79,82,86. It has been 

postulated that the JAK-STAT pathway is fully active in early neural progenitors working 

as regulator of mechanisms that promote astrocyte development and, at the same time, 
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deter neuronal differentiation in the embryonic cortex86. In this sense, REST is involved 

in mechanisms that maintain a finest ratio between neurons and glial cells during 

differentiation. REST is also critical to ensure a constant self-renewal of HSCs and NPCs, 

because when it is reduced to low levels for neuronal differentiation, its expression in 

cells generated from NPCs designated to the astrogliogenesis remains unaffected87. 

As mentioned above, when astrocytes are differentiated, REST is normally associated 

with typical neuronal genes containing the RE-1 binding site75. Several studies observed 

that when REST repressive function was suppressed in astrocytes, the neuronal genes 

were de-repressed, confirming that REST prevents neuronal phenotype development in 

astrocytic cells78,87. Indeed, Abrajano and colleagues described that REST is involved in 

the recruitment of epigenetic and regulatory co-factors that control glial gene 

expression75. REST together with the cofactor CoREST, targets a large number of genes 

encoding epigenetic factors, such as DNA methylation factors, DNA methyltransferases 

and methyl-CpG binding domain proteins, histone modifying enzymes, 

deacetylases/demethylases and switch/sucrose non-fermentable chromatin-

remodeling complex1. These gene panels demonstrate that REST, together with 

corepressors, plays key roles in encoding glial cell identity and function1,75.  

Furthermore, REST is critical in glial responses against neuroinflammatory conditions 

and pathological degeneration, when the nervous tissue environment must change 

rapidly88,89. In rat NPC cultures, signaling from inflamed tissue leads to expression of 

REST78.  In turn, it responds to these abnormal stimuli by reducing their neurogenic 

capacity and promoting gliogenesis, resulting determinant in the NPC-specific response 

to innate immunity under pathophysiological conditions78. 

Immunocytochemistry studies on human cortex show that individual astrocytes have 

strong variability in REST expression9. In fact, REST astrocytic expression varies 

enormously, from low levels similar to those observed in neurons, to very high levels as 

those observed in microglia9. The extreme heterogeneity of astrocytes in terms of 

shape, size, protein and receptor expression is well-known, but at the moment has not 

been totally explained90,91. The described variable levels of REST could play a central role 

in this high heterogeneity.  
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3.4. REST and brain disorders 

The role of REST in brain disorders has been discussed in several recent articles8,92. REST 

is a critical gene regulator, by direct and indirect mechanisms, in several pathological 

processes of CNS. As of now, numerous pieces of evidence indicate that REST is also an 

important transcriptional regulator in mature neurons characterized by a high plasticity 

and rearrangement. In this context, REST plays a key role in the regulation of genes 

important for synaptic plasticity and homeostasis93. Moreover, REST is also involved in 

normal aging mediating neuroprotective pathways by the negative modulation of genes 

involved in neuronal death64. Thus, REST activation levels inside CNS control the dualism 

of neuroprotection-neurodegeneration in the aging brain.  

Dysregulation of REST is implicated in several neurodegenerative disorders, including 

Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s diseases (HD) (for a recent review 

see8). The final action of REST on its target genes depends on several distinct elements, 

including the nature of target itself, the cell environment and the function of REST 

effectors. Hence, the perturbation of REST function may be due to the impairment of 

several pathways, which may result in a wide spectrum of disorders74.  

Different central diseases are linked to REST dysfunction in diverse brain cells. For 

example, a negative modulation of REST is associated to Schizophrenia (SZ)94. The 

downregulation of REST in a neuronal cell line leads a deregulation of SMARCA2 gene, 

which encodes BRM subunit in the switch/sucrose non-fermentable chromatin-

remodeling complex, which in turn produces an alteration of dendritic spine 

morphology, an intermediate phenotype of SZ94.   

While, during normal brain aging, REST increments have a neuroprotective role74, in AD 

REST is markedly downregulated in selected vulnerable neuronal populations14. In 

particular, REST loses its normal nuclear localization and co-localizes with amyloid-β in 

light chain 3-positive autophagosomes along with misfolded pathological proteins14. 

This phenomenon leads to a depression of genes that promote cell death and the 

development of hallmarks of AD pathology, and at the same time, positively modulates 
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the expression of stress response genes that delay the disease progression14. In HD 

patients, opposite to what happens in AD patients, an abnormal REST accumulation in 

the nucleus of selectively vulnerable striatal neurons is observed, triggering the 

pathological events that underlie the HD95. Mutant huntingtin, a protein essential for 

normal development before birth, impaired the interaction between REST nuclear 

localization complex and huntingtin-associated protein-1 , thus altering the appropriate 

nuclear localization of REST95,96.  

The role of REST in PD has been recently investigated. When the human dopaminergic 

neural cell line, named SH-SY5Y, was treated with 1-methyl-4-phenylpyridinium ion 

(MPP+), a potent inhibitor of dopamine neurons known to produces a PD-like disease, 

an increase in REST rising that produced a general protective effect was observed97. The 

same REST-dependent effect was described also in vivo, when nigrostriatal 

dopaminergic neurons were exposed to MPP+ and REST levels were increased98,99. 

REST expression is also upregulated during stroke100. Normally, serine/threonine CK1 

acts as an upstream signal regulating the stability of REST by phosphorylating REST 

serine residues and allowing the recognition and the binding of REST by E3 β-TrCP ligase 

39. It has been shown that in differentiated neurons, global ischemia reduces CK1 and E3 

β-TrCP ligase levels, resulting in an increase of REST expression and, subsequently, a 

down-regulation of REST pro-survival target genes100. Moreover, molecular and genetic 

approaches have shown that REST mRNA and protein levels are consistently upregulated 

in selectively sensitive mature hippocampal neurons after ischemic injury. These 

increases correlate with the reduction of histone acetylation and gene silencing of the 

AMPA receptor GluR2 subunit101. Calderone and colleagues reproduced an in vitro 

model of ischemia consisting in  oxygen-glucose deprivation of rat hippocampal slices, 

to study the role of REST during ischemia101. They observed that when REST was 

selectively downregulated by antisense oligodeoxynucleotides, the levels of GluA2 were 

also downregulated, and this negative modulation significantly lowered neuronal death 

101. These findings strongly suggest that REST plays a key role in the intracellular signaling 

pathways mediating cell death after insults101. 
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The expression of REST is upregulated in neuropathic pain102, a state where pain 

thresholds to common stimuli are decreased and analgesic effects are attenuated103. 

The repressive effect of REST may be involved in downregulation of ion channels and 

analgesia genes that cause neuropathic pain. Indeed, it was found that two subtypes of 

voltage-gated sodium (Nav) and potassium channels (Kv), Nav2.1 and Kv4.3104 

respectively, are downregulated in dorsal root ganglia after injury, likely lowering the 

pain turn-on threshold105.  

As observed in neurodegenerative diseases, a dysregulation of REST levels was also 

observed in diverse brain tumors. Under these conditions, REST was down- or up-

regulated in a tumor-specific manner8. Blom and colleagues, in a study encompassing 

161 nervous system tumors, found no activating or inactivating mutations regulating the 

REST gene, suggesting that its dysregulation in the different tumor forms depends on 

external factors.106. The downregulation of REST expression has been detected in several 

neuroblastoma cell lines, such as in NS20Y, NIE11, and in NIH3T3 cells107. In contrast, in 

medulloblastoma cells and associated tumors, REST showed high levels of expression108. 

In human glioblastoma multiforme (GBM), REST is highly expressed in tumorigenic-

competent self-renewing GBM cells, and its knockdown strongly reduces their in vitro 

self-renewal and in vivo tumorigenic capacity, indicating that REST contributes to GBM 

maintenance109. 

The dysregulation of REST and the repression of its target genes are also implicated in 

the pathogenesis of several forms of epilepsy110. Under physiological conditions, REST 

expression is low in the adult hippocampus, but its levels increase after seizures110–112. 

The question concerning the physio-pathological significance of this increase is not yet 

completely understood110,113. A REST-dependent regulatory region has been identified 

in the gene encoding for the hyperpolarization-activated and cyclic nucleotide-gated 

channel (HCN1) that is persistently down-regulated after a proepileptogenic insult110,114. 

The blockade of REST-mediated HCN1 gene repression in a mouse model of temporal 

lobe epilepsy significantly suppressed the development of seizures, suggesting its 

important role in epilepsy111. Successive investigations found that gene repression 

resulting from increased REST was not limited to HCN1 genes, but also extended to 
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genes encoding other channels and signaling proteins99,111. The use of specific decoy 

oligonucleotides to impair REST binding to the RE-1 DNA sequence of its target genes 

elicited a reduction in the initial seizure pattern99,111. 

A further link between REST dysfunction and epilepsy is caused by mutation of the REST-

interacting LIM domain protein (RILP), which normally binds and keeps REST in the 

cytoplasm, thus inhibiting  and gene silencing activity115. A mutation in RILP causes 

mislocalization of REST in the progressive myoclonic epilepsy-ataxia syndrome116. In a 

study concerning this syndrome, several families were found to have a mutation 

(R104Q) in the RILP translocator 116. When this mutation was cloned in vitro, it caused a 

block of the normal REST translocation from the nucleus to cytosol116. These results 

suggest that tissues bearing mutant RILP have constitutively active REST, which 

inappropriately downregulates its target genes116. The progressive myoclonic epilepsy -

ataxia syndrome may occur when brain regions expressing mutant RILP display an 

altered expression of REST target genes, resulting in dysregulation of neurotransmission 

factors and hyperexcitability105,116. 

The increasing knowledge in REST physiology and pathology is promising for future 

developments in new therapies for brain diseases92,99. An interesting approach in this 

sense, has been developed for HD99. As previously mentioned, one of the mechanisms 

contributing to the pathogenesis of HD is the accumulation of REST in neuronal nuclei 

resulting in an increased repression of targets95. Two pharmacological approaches able 

to reduce REST complex formation that pathologically accumulates in the nucleus of HD 

cells were developed and subsequently tested in various cell lines and in vivo. The first 

drug called quinolone-like 91 decreased the nuclear accumulation of mSin3b, the 

corepressor of the N-terminal REST operating complex95. The second compound, X5050, 

decreased REST levels in cells by stimulating its breakdown117. After application of these 

drugs, several REST target genes increased95. 

In several pain models, drugs against REST have been developed and tested. Notably, 

two peptidomimetics that compete with the N-terminus of REST, called mS-11 and C737, 

have been formulated to inhibit mSin3 binding and mitigate gene repression118,119. In a 

mouse model of sciatic nerve injury, mS-11 administration restored the threshold for 
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pain stimulation of C-fibers to basal levels118. C737 injection treated weight loss induced 

by cold stress and acted as a therapeutic protector119. 

The most concrete therapeutic attempts regarding REST have been developed in 

different cancer terapies92. In the therapy of medulloblastoma, the interaction between 

REST and its co-repressor mSin3 is targeted by some drugs that prevent their binding. 

However, these drugs are still under investigation92,120. Other REST-targeted anticancer 

drugs have an epigenetic function, affecting the viability of medulloblastoma cells121. 

Moreover, other drugs act binding enzymes such as LSD1122 and deubiquitinase USP37, 

which are considered as anti-medulloblastoma factors123. Moreover, when REST 

transcription was blocked in glioblastoma, a block of tumor progression was observed92. 

Another therapeutic approach against breast cancer is based on demethylation of 

REST124. 

Various types of epilepsy are treated with valproic acid125. The precise mechanism of 

action of this drug is unclear. Its pharmacological effects seem to involve the control of 

GABA levels, the negative modulation of Nav channels and the inhibition of histone 

deacetylase125. In this context, valproic acid is a high-affinity inhibitor of histone 

deacetylase but it is not specific for forms 1 and 2 of the enzyme, which are critical for 

transcriptional repression by REST. Valproic acid is also known to act on sixteen other 

forms of the enzyme, so its mechanism of action remains under investigation to develop 

therapeutics specific for the first class deacetylases125. Such drugs could be useful in 

treatments for neurodegenerative disorders and learning and memory defects99,126.  

Potentially all the above-mentioned therapies, either being used to treat brain disorders 

or being investigational, have the common goal of modulating REST activity in neuronal 

and non-neuronal cells. 

 

3.5. Astrocytes 

Glial cells surround and envelop neuronal cell bodies as well as blood vessels, axons and 

synapses throughout the nervous system127–130. Nervous system glial cells are classified 

based on morphology, function and location inside nervous system as microglia, 
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Schwann cells, oligodendrocytes and astrocytes131. Microglia keep the brain under 

surveillance for damage or infection132. Schwann cells and oligodendrocytes wrap 

myelin around axons in peripheral nervous system and in CNS, respectively133.   

Astrocytes are the most abundant glial cells in the CNS and play a fundamental role in 

the maintenance of homeostasis and neuronal physiology134–136. Astrocytes, in addition 

to define the microarchitecture of the brain and have trophic support functions, play 

important roles in the maintaining the functional integrity of the whole brain. It is known 

that a single astrocyte connects about 105 neurons, forming the so-called “tripartite 

synapses”, consisting of presynaptic terminal, postsynaptic side and the peri-synaptic 

feet of astrocytes137,138.  By this architecture, astrocytes are actively involved in the 

regulation of synaptic function and information processing139. They directly support 

neurons in terms of energy and metabolic precursors used to synthetize 

neurotransmitters. By this mechanism, they provide a discrete and precise encoding of 

synaptic signals and neurotransmission inside the neuronal network.  

Although they are not neurons, astrocytes display exocytotic release of 

gliotransmitters137 that occurs primarily at tripartite synapses140,141. They secrete factors 

that regulate essential processes such as the number of synapses, postsynaptic activity 

through up-regulation of postsynaptic receptor expression and the enhancement of the 

release probability at the presynaptic level142–146.  

Astrocytes are central elements in the control of extracellular water homeostasis inside 

the nervous system147,148. To do this, they express a particular type of channel protein 

called aquaporin (AQP) on the membrane surface149,150. AQPs are a family of small 

membrane channels that facilitate bidirectional water transport in response to osmotic 

gradients97. Aquaporin type 4 (AQP4) is a member of this family and is the main water 

channel in the brain and spinal cord150,152. Highly expressed in astrocytes, AQP4 are 

localized to specialized membrane domains on astrocytic endfeets, and are close to both 

blood vessels and astrocyte compartments that encompass glutamatergic 

synapses150,152. The central role of AQP4 in astrocytic function was demonstrated in 

1997 when AQP4-KO mice were generated153. AQP4 play a central role in the modulation 

of extracellular space diffusion154, in synaptic plasticity and memory formation155, as 
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well as in K+ buffering156 cooperating with other membrane proteins such as K+ 

channels150.  

Astrocytes also contribute to the homeostatic control of blood supply to the brain by 

their functional interactions with the vascular system, forming a closely associated 

structure with blood vessels157. The functional coupling between astrocytes and 

endothelial cells is essential to set-up the blood-brain barrier157. The blood-brain barrier 

is a biochemical barrier that regulates the passage of compounds between the 

circulating blood and the brain158, composed of endothelial cells, astrocytes and 

pericytes. Thanks to the close interaction with the vascular system, astrocytes control 

local blood flow using their processes and by releasing several autacoids including 

prostaglandins, nitric oxide and arachidonic acid159,160. In this way, they are actively 

involved in the fine control of energetic requirements, controlling regional increases in 

blood flow, that in turn regulates the concentration of oxygen and glucose in the brain 

regions159,160. 

Several astrocytic functions that underlie brain homeostasis are due to intracellular 

calcium concentration (Ca2+
in) fluctuations inside the astroglial syncytium161 Several 

factors modulate the increase Ca2+
in in astrocytes, most of which are released during 

neuronal activity. Among these, glutamate, y-aminobutyric acid (GABA) and ATP are the 

most important162–164. In particular ATP, released during synaptic activity, acts through 

the activation of G-protein-coupled receptors on astrocytic membrane surface. This in 

turn activates the inositol-3-phosphate (IP3) pathway, leading to IP3 receptor activation 

and Ca2+ release from the endoplasmic reticulum (Fig. 5)161,165.  
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Figure 5. Ca2+ sources for vesicle-based secretion in astrocytes166.  

 

The increase of Ca2+
in propagates along astrocyte processes through gap-junctions 

between adjacent glial cells, allowing Ca2+ waves to propagate over long distances inside 

the syncytium167. The consequence of the increase of Ca2+
in in astrocytes is the release 

of gliotransmitters, such as ATP, glutamate, D-serine and GABA141,167. In addition, the 

release of several vasoactive factors at vascular endings are also regulated by Ca2+ 

waves. Among these, arachidonic acid, prostaglandins, 20-hydroxyeicosatetraenoic 

acid, epoxyeicosatrienoic acids, phospholipase C and adenosine have been recently well 

characterized159. Several studies have reported that the misfunction of the Ca2+ signaling 

mechanism in astrocytes could be an important molecular determinant in several 

neurological disorders, including epilepsy, AD and HD140,168,169. 

Thanks to the discovery of Ca2+ channel expression on astroglial membrane, as well as 

of other ion channels such as K+ channels, astrocytes are now seen as fundamental 

functional actors inside CNS128,170. In this context, astrocytes are fundamental cells in 

the homeostatic control of neuronal network also through the so called spatial K+ 

buffering171. This process is functionally coupled to another important astrocytic 

mechanism of control, glutamate buffering172. The K+ and glutamate buffering work 

together to avoid hyperexcitation of the neuronal network and the fine tuning of the 

whole CNS functionality172.  
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3.6. Potassium and glutamate homeostasis in the CNS 

During sustained neuronal activity, the extracellular K+ concentration is temporarily 

raised causing depolarization of neighboring neurons, which if uncorrected would 

produce network hyperexcitability173. K+ buffering is performed rapidly by astroglial cells 

primarily by the Kir channels171. 

Kir channels are classified into seven different subfamilies (Kir1.0-Kir7.0) that include   

more than twenty members, depending on their electrophysiological and molecular 

properties174,175. At the astrocytic level, K+ buffering is mainly mediated by the Kir 

channels containing the 4.1 subunit (Kir4.1), encoded by the KCNJI0 gene176. Astrocytes 

from Kir4.1-KO mice have a dramatic reduction of Kir currents, cellular depolarization 

and reduced K+ buffering capacity177. Other than the homomeric Kir4.1 channel, 

heteromeric Kir channels have been described, formed by Kir4.1/Kir5.1 and Kir4.1/2.1 

subunits, albeit much less expressed178. The expression of Kir4.1 in both brain and spinal 

cord astrocytes increases during development171,179,180. Under physiological conditions, 

and normal neuronal activity, astrocytes remove the excess of K+ from the extracellular 

space through Kir4.1 channels, redistributing it through the astrocytic syncytium to 

distant sites where extracellular K+ concentration (K+
ext) is low181. Because Kir4.1 

channels show both weakly rectifying properties and lack of intrinsic voltage-

dependence, they enable both K+ influx and efflux by electrochemical gradient175. In 

addition, they are actively involved in the maintenance of the negative membrane 

potential of astroglial cell175. The control of negative resting membrane potential is 

crucial for the regulation of Na+-dependent glutamate uptake182. Because Kir4.1 

channels are strictly voltage- and K+
ext-dependent, K+ uptake occurs in the 

hyperpolarized astrocyte when K+
ext is high. Conversely, K+ release occurs when the 

astrocyte is depolarized and K+
ext is low175. The K+ released during neuronal activity will 

be absorbed by astrocytes with strong negative membrane potential and redistributed 

through gap junctions to astrocytes with weakly negative membrane potential183. These 

astrocytes in turn will have a strong tendency to release K+ where its concentration is 

low, such as around blood vessels175.  
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Several studies have evidenced that some brain diseases have a common denominator 

in the deficiency of astrocyte Kir4.1-mediated currents184–189. In this context, reduced 

expression of Kir4.1 has been found in mouse models of neurodegenerative diseases 

characterized by impaired K+ homeostasis, such as HD and amyotrophic lateral sclerosis 

(ALS)185,187,188. HD mouse models have been associated with a decreased functional 

expression of Kir4.1 channels, resulting in high extracellular striatal K+ in vivo, thereby 

enhancing neuron excitability. Rescuing the loss of astrocytic Kir4.1 channels resulted in 

an improvement of various symptoms associated with HD in mouse models. These 

findings indicate the astrocytic Kir4.1 as a potential cellular target for therapeutic 

strategies in HD164. 

A number of studies have established that Kir4.1 channels play a role in the onset and 

progression of ALS185,187,190. In glial cells of the spinal cord of the superoxide dismutase 

1 (SOD1)G93A mouse model, a mutation that causes ALS, a progressive loss of Kir4.1 was 

revealed185. Since exposure of motor neuron to high extracellular K+ concentrations 

resulted in cell death, it is likely that the loss of Kir4.1 impairs perineural K+ homeostasis 

and contributes to motor neuron degeneration through an excitotoxic mechanism in the 

SOD1G93A mutant mice185. A subsequent study has also revealed impaired expression of 

Kir4.1 in the brainstem and cortex of the SOD1G93A ALS rat187. Patch-clamp recordings on 

cultured cortical SOD1G93A ALS astrocytes displayed a significantly reduced Kir4.1 current 

density, at different extracellular K+ concentrations187. 

Downregulation of Kir4.1 channel expression has been reported in reactive astrocytes a 

few days after global cerebral ischemia186. Using the patch-clamp technique, the 

membrane properties of hippocampal astrocytes were studied at various intervals after 

ischemia (from 2 h to 5 weeks). Astrocytes progressively depolarized starting 3 days after 

ischemia, which coincided with Kir4.1 down-regulation in reactive astrocytes186. 

Mutations in KCNJ10, the gene encoding the Kir4.1 subunits, have been associated with 

seizure susceptibility in both mice and humans184,189. In the mouse gene, a single 

nucleotide polymorphism (Thr262Ser) appears to be involved in seizure susceptibility 

control189. In the human gene, a single nucleotide polymorphism leads to an Arg271Cys 

substitution in KCNJ10 that is a risk factor for epilepsy184. Recently, rare mutations in the 
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Kir4.1 channel subunits have been reported to strongly impair channel conductance, 

leading to severe clinical syndromes, including epilepsy191,192.  

As evidenced by the genetic ablation of Kir4.1 in astrocytes, impairment of extracellular 

K+ buffering is functionally coupled to the alteration of astroglial glutamate uptake182,193. 

The expression of Kir4.1 sets the resting membrane potential near equilibrium potential 

for K+ (EK), typically around -85 mV, that ensures the maximal glutamate transport rates 

through glial specific transporters, which work more efficiently at negative potentials171. 

By this mechanism, astrocytes preserve neuronal integrity by removing the excess 

glutamate resulting from synaptic transmission. Thanks to this buffering, astrocytes 

prevent a general excitotoxicity associated with the excessive activation of glutamate 

receptors and the activation of oxidative-dependent stress patways194–196. The excess of 

glutamate is collected by specific astrocyte transporters known as excitatory amino acid 

transporters (EAAT)197,198. Once inside astrocytes, glutamate is converted to α-

ketoglutarate by glutamate dehydrogenase or by a transaminase reaction, and then 

conveyed into the astrocytic tricarboxylic acid (TCA) cycle173. Alternatively, it is 

converted to glutamine by the enzyme glutamine synthetase (GS)199. Glutamine is 

extruded by the Na+-driven glutamine transporter SNAT3 into the extrasynaptic space 

and taken up by neurons that convert it back to glutamate via phosphate-activated 

glutaminase (PAG), restoring the presynaptic glutamate stores200–202. This glutamate-

recycling pathway represents a vital pathway inside CNS203 and it is known as the 

glutamate-glutamine cycle (see Fig. 6). 
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Figure 6. The glutamate–glutamine cycle. Astrocytic glutamate transporters, EEATs, recover the 
excess glutamate released during synaptic activity. Astrocytes convert glutamate to α-ketoglutarate 
by glutamate dehydrogenase or a transaminase reaction to join the TCA cycle. Alternatively, 
glutamate is converted to glutamine by the GS enzyme. SNAT3 then transports glutamine into the 
extracellular space where it is captured by neurons. Here, PAGs convert glutamine back to glutamate 
and deliver it back into synaptic vesicles203. 

 

Currently, five humans isoforms of EAAT transporters are known, named EAAT1, EAAT2, 

EAAT3, EAAT4 and EAAT5197,198. The glutamate transporters EAAT1 and EAAT2 and their 

rodent homologs glutamate-aspartate transporter (GLAST) and glutamate transporter-

1 (GLT-1) respectively, are those most expressed in the astrocytic plasma membrane. 

Both GLAST and GLT1 have a similar structure and retain the 65% of homology at the 

amino acid level197. Functionally, both transporters have the same affinity for glutamate 

and are capable to reduce the extracellular glutamate concentration to the same 

level204,205. However, they differ in the expression profile inside the brain and are 

differentially regulated during development206,207. GLAST is found throughout the CNS, 

but in different concentrations in different regions. After birth, radial glial cells and 

immature astrocytes in the forebrain and cerebellum express GLAST. In adulthood, it is 

mostly found in Bergmann's glial cells in the cerebellum208,209, Müller's glia in the 
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retina210, and circumventricular organs211, while it has a limited expression in the 

forebrain.  

In rodents, GLT-1 is expressed at postnatal week 3 and reaches the adult levels by week 

5212. In the adult brain, GLT-1 represents the major EAAT expressed by mature 

astrocytes208. GLT-1 is mostly abundant in forebrain regions, with the highest levels in 

astrocytes of the caudate nucleus, cortex and hippocampus208. 

Within the synaptic cleft, glutamate concentration can transiently increase from < 20 

nM to 1 mM following action potentials213. Meanwhile, cytosolic glutamate 

concentration varies from 1 to 10 mM in different cell types214. Under physiological 

conditions, astrocytes maintain the extracellular glutamate level below the toxic 

threshold in order to avoid neuronal hyperexcitability or receptor desensitization172. To 

do this, astrocytes can change the expression and/or the activity of the transporter at 

the plasma membrane, thereby fine-tuning the clearance of glutamate. In cultured 

astrocytes, the expression of both transporters is stimulated by dibutyryl-cAMP or by 

growth factors, in association with the morphological and biochemical maturation of 

astrocytes215. 

Alterations of the expression of astrocytic glutamate transporters underlie multiple 

neurological diseases, such as traumatic brain injury, epilepsy216 and ALS217. In 

particular, several data showed that in the brain tissue of patients suffering of ALS, 

epilepsy, PD, AD and HD, the levels of GLT-1 and GLAST proteins are lower218–223. 

Abnormal levels of EAAT genes are associated with SZ224. Mice lacking EAAT1 showed 

behavioral alterations like enhanced locomotor activity in new environment, but not in 

the home cage225. EAAT- KO elicited spontaneous lethal seizures in homozygous mice, 

high susceptibility to brain injury, and short lifespan216.  Heterozygous EAAT2-KO mice 

showed abnormalities when compared with wild-type, such as increased locomotion in 

a novel environment and improved freezing responses in the conditioned fear test226.  

Early research documented decreased EAAT1 and EAAT2 expression levels in AD 

brains227. Later analyses showed that astrocytic expression of EAAT2 was lower in AD 

subjects with dementia than in patients with mild cognitive impairment 228, suggesting 

a protective role for EAAT2 expression in astrocytes. Indeed, gene loss accelerates 
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cognitive deficits given by AD229. In classic AD transgenic models with global 

overexpression of mutant proteins, a decrease in EAAT1 and EAAT2 levels has been 

observed, together with impaired glutamate re-uptake activity and altered 

glutamatergic neurotransmission230,231. Some studies in astrocyte cultures argue that 

EAATs expression or localization is influenced by Amyloid-β, which is the causative factor 

in AD and this would provide an explanation for the decreased glutamate re-uptake seen 

in AD231. 

Studies performed in vitro, in transgenic models, and patients with HD have found 

abnormalities in EAAT2 transcript levels. In particular, lower levels of the EAAT2 

transcript were detected in tissues from patients with HD compared to control 

groups232. Strikingly, mutant huntingtin can directly reduce transporter expression, since 

when mutant huntingtin was induced in astrocytes, this was sufficient to decrease 

EAAT2 transcription and cause the HD phenotype in mice233. 

In ALS patients, glutamate levels in plasma and cerebrospinal fluid were significantly 

elevated in comparison with healthy patients234,235. Increases in glutamate levels were 

attributed to altered glutamate uptake. Later studies actually found a marked 

downregulation of EAAT2 levels in the spinal cord of ALS patients236. Importantly, an 

EAAT2 gene mutation has been identified that compromises glutamate transport likely 

due to a defect in glycosylation that reduces its surface exposure237. 

There are several investigations concerning epileptic seizures and their influence on 

EAATs expression levels238–240. Amount and function of glial EAATs decrease in the 

chronic phase of epilepsy in both rodents and patients, and this likely contributes to 

brain damage and epileptogenesis. EAAT2-KO, in particular, leads to seizures and death 

in mice239,241. In contrast, EAAT2 overexpression in astrocytes reduces chronic seizure 

frequency and mortality in an epilepsy model239,241.  

GLT-1 and GLAST are antiporters that carry a glutamate molecule inside to cell together 

with three Na2+ and one H+ ions while one K+ ion transported to extracellular space.  

Since Kir4.1 channels are responsible for maintaining a negative resting potential in 

astrocytes, they ensure maximal glutamate transport rates through GLT-1 and 

GLAST242,243. Indeed, blocking Kir4.1 channels with Ba2+ inhibits glutamate clearance, 
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supporting the significant role of membrane hyperpolarization in glutamate 

clearance171,244. In addition, KO mice for Kir4.1 experience a drastic reduction of 

glutamate uptake and, accordingly, show high susceptibility to seizures182. 
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4. Aim of the study 

The transcriptional regulator REST negatively controls several neuronal genes including 

those encoding for neurotransmitter receptors/synthesizing enzymes, synaptic vesicle 

proteins, adhesion factors and ion channels10. It is ubiquitously expressed in non-

neuronal cells, such as glial cells, where it suppresses the expression of genes important 

for neuronal differentiation80. Kir4.1 in astrocytes is largely responsible for K+ buffering 

and for maintaining the astrocytic resting membrane potential. The setting up of a 

negative membrane potential would ensure maximal clearance rates of glutamate via 

GLT-1 that has a higher density in the astrocytic membrane as well245. 

The primary aim was to investigate the role of REST in the function of astrocytes in vitro. 

We focused our attention on the functional consequences of REST deletion in primary 

cultures of mouse cortical astrocytes by studying the changes in the two main 

homeostatic functions of astrocytes, namely K+ clearance and glutamate uptake. Given 

its close association with Kir4.1 and its importance in glutamate clearance, we also 

sought to explore the relationships between REST and GLT-1. We also investigated the 

consequences of deleting REST in astrocytes on neurons co-cultured with them, testing 

the hypothesis that impairment of Kir4.1 and GLT-1 would cause hyperexcitability and 

seizures. 
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5. Materials and Methods  

5.1. Animals and cell culture preparation 

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 were 

approved by the Italian Ministry of Health (Authorization #73-2014-PR on Dec 5, 2014).  

Wild-type C57BL/6J were obtained from Charles River (Wilmington, MA) and 

heterozygous GTinvREST mice71 were kindly provided by Gail Mandel (Portland, United 

States). They exploited a mouse line carrying a GT in the Rest intron (RestGT) between 

non-coding exon 1a-c and the first coding exon, exon 2. The GT cassette contains a splice 

acceptor site upstream of a promoter-less β-galactosidase and neomycin gene fusion (b-

geo) and a polyadenylation sequence246. RestGT mice were crossed to mice expressing 

the Flpe recombinase transgene247 and this resulted in the inversion of the GT cassette 

(GTinv) to restore normal splicing of Rest exons 1a-c to exon 2, obtaining RestGTi mice, 

heterozygous for the inverted allele. RestGTi homozygous mice were provided to us by 

the above-mentioned laboratory. 

Sequences containing either active or inactive Cre-recombinase were cloned 

respectively into pLenti-PGK-Cre-EGFP or pLenti-PGK-ΔCre-EGFP plasmids248,249. The 

production of VSV-pseudo typed third-generation lentiviruses was performed as 

previously described250. The transfection of astrocytes, obtained from RestGTi mouse 

cortex, with lentiviral particles expressing Cre results in re-inversion of the GTinv 

cassette, terminating transcription upstream of remaining Rest sequence. 

The mouse was bred at the San Martino (GE, Italy) SPF animal facility, maintained on a 

C57BL/6J background and propagated in homozygosity. Two females were housed with 

one male in standard Plexiglas cages (33 x 13 cm), with sawdust bedding and metal top. 

After two days of mating, male mice were withdrawn and dams were housed individually 

in Plexiglas cages and daily checked. Mice were maintained on a 12:12 h light/dark cycle 

(lights on at 7 a.m.). The temperature was maintained at 22±1 °C and relative humidity 
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at 60±10%. Animals were provided drinking water and complete pellet diet (Mucedola, 

Settimo Milanese, Italy) ad libitum. Mice were weaned into cages of same sex pairs. 

Primary cultures of cortical astrocytes were prepared from both genotypes as described 

before251,252. All efforts were made to minimize suffering and reduce the number of 

animals used. Briefly, new-born pups (P0 to P2) were sacrified and, 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 medium consisting of DMEM (Gibco/Thermo-Fischer 

Scientific) supplemented to reach the final concentration of 1% glutamine, 1% 

penicillin/streptomycin and 10% Foetal Bovine Serum (FBS; Gibco/Thermo-Fischer 

Scientific). Typically, cultured astrocytes are grown in a medium supplemented with FBS 

because, even though it does not represent a physiological condition, it contains growth 

factors and fulfils several metabolic requirements of cultured cells that allow rapid 

proliferation253,254 . At confluence, astrocytes were enzymatically detached (trypsin–

EDTA) and plated on petri dishes (33-mm diameter) at a density of 40,000 or 100,000 

cells/ml, depending on the experiment. Cultures were incubated and maintained in the 

humidified incubator at 37 °C, 5% CO2. Cells were subjected to infection with lentivirus 

containing Δ-Cre and Cre enzymes, 3 days after plating on petri dishes. Astrocytes were 

infected with lentiviruses at n=10 multiplicity of infection. After 24 h from infection, half 

of the medium was replaced with fresh medium. All experiments were performed after 

7 days in vitro (div) of lentivirus incubation. Transduction efficiency was always above 

75% of astrocytes and was verified thanks to the nuclear expression of the GFP reporter. 

For experiment concerning astrocytic/neuronal co-cultures, astrocytes were seeded on 

poly-D-lysine-coated (0.01 mg/ml) on petri dishes (33-mm diameter) at a density of 

200,000 cells/ml. After 3 days of incubation, astrocytes were subjected to infection with 

lentivirus containing Δ-Cre and Cre enzymes and the medium was replaced after 24 h.  

Six days later, the complete DMEM medium was replaced with the Neurobasal medium 

(Gibco/Thermo-Fischer Scientific) supplemented to reach the final concentration of 10% 

FBS, 1% glutamine, 1% penicillin/streptomycin and 2% B27 (Gibco/Thermo-Fischer 

Scientific). The day after, enzymatically dissociated hippocampal neurons obtained from 
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18-day mouse embryos 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 the 

medium was replaced with a Neurobasal supplemented with 1% glutamine, 1% 

penicillin/streptomycin and 2% B27. 

 

5.2. Biotinylation, immunoblotting and 

immunofluorescence 

After 7 days from infection, cultured cortical astrocytes were washed three times with 

cold PBS. Astrocytes were incubated with 1 mg/mL biotin (EZLink Sulfo-NHS-LC-Biotin, 

Thermo Fisher Scientific, #21335) in phosphate buffered saline (PBS) pH 8.0 for 30 min 

at 4 °C. After removing biotin, astrocytes were washed twice with Tris 50 mM pH 8, 

waiting 5 min between each wash. Then astrocytes were washed twice with PBS pH 8. 

Astrocytes were lysed with lysis buffer (150 mM NaCl, 50 mM Tris⋅HCl, pH 7.4, 1 mM 

EDTA, 1% Triton X-100) supplemented with protease inhibitors. After 10 min of 

incubation on ice, cell lysates were collected and clarified by centrifugation (10 min at 

10,000 x g at 4 °C). Supernatants were incubated with NeutrAvidin agarose resin 

(Thermo Fisher Scientific, #29202) for 3 h. Proteins were eluted from the agarose resin, 

resolved by SDS/PAGE and analyzed by immunoblotting. 

The following antibodies were used: mouse monoclonal anti-Kir4.1 (1C11, Santa Cruz, 

sc-293252), rabbit polyclonal anti-EAAT2 (Cell Signaling Technology, #3838). Signal 

intensities were quantified using the ChemiDoc MP Imaging System (GE Healthcare 

BioSciences, Buckinghamshire, UK). 

After 7 days from 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 then permeabilized with 0.1% Triton X-100 in PBS for 5 min and blocked 

with 2% bovine serum albumin (BSA) in PBS for 30 min at RT. Then cells were incubated 

with primary antibodies in PBS 2% BSA overnight at 4 °C. Astrocytes were 

immunostained with antibodies against mouse monoclonal anti glial fibrillary acidic 
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protein (GFAP, Sigma Aldrich, Milan, Italy #G3893). After several PBS washes, astrocytes 

were incubated for 1 h with the fluorescent secondary antibodies in blocking buffer 

solution. Astrocytes were then washed three times in PBS and then stained with Hoechst 

for nuclei detection. After several washes in PBS, coverslips were mounted with Mowiol 

mounting medium. All images used for quantification of the immunofluorescence 

intensity were acquired with a Leica SP8 confocal microcopy (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 in ImageJ, using the “Polygon Selections” feature 

tool Analyze-Measure function, to quantify the following shape descriptors: field area 

(μm2), field perimeter (μm) and circularity index (CI). The circularity function calculates 

object circularity using the formula: circularity = 4π (area/perimeter2); circularity range 

from 0 (infinitely elongated polygon) to 1.0 (perfect circle). 

 

5.3. Glutamate uptake assay 

For glutamate uptake experiments, astrocytes were plated at concentration of 2x105 

cell/ml in 6-well plates and experiments were performed as previously described252. 

Briefly, astrocyte cultures were washed three times with pre-warmed (37 °C) HEPES-

buffered Hanks' balanced salt solution. 1 µCi/ml of [3H] l-glutamate (NET490001MC, 

Perkin Elmer, Milan, Italy) was added to unlabelled l-glutamate (#G8415, Sigma) to reach 

a final concentration of 50 µM to isolate Na+-dependent transport in standard bath 

saline contained (in mM): 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 5 glucose. To 

isolate Na+-independent transport, NaCl was replaced by choline chloride (#C7017, 

Sigma). To isolate Kir4.1-mediated glutamate uptake oversaturation (600 µM) of Ba2+ 

(#342920, Sigma) was added to the Na+ solution. To block glutamate transporters 100 

µM of GLT-1 blocker DL-threo-β-benzyloxyaspartic acid (DL-TBOA, #2532, Tocris) was 
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added to the Na+ solution. Cultures were incubated with the isotope on a heating plate 

at 37 °C for 10 min. After three washes with PBS, cells were harvested into 400 ml of 1 

M NaOH solution in MilliQ water. The samples for radioactivity detection were moved 

to vials containing 2 ml of aqueous scintillation mixture and counted using a liquid 

scintillation counter (1450 LSC & Luminescence Counter, MicroBete TriLux, Perkin 

Elmer). 

 

5.4. Patch-clamp recordings 

Infected astrocytes of both genotypes were used for patch-clamp electrophysiological 

recordings using the whole-cell configuration as previously described255. The 

experiments were performed 7 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 resistance 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 recording 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 

experiment involving astrocyte, 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 mannitol. 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+
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 described above. In experiments conducted with 

L-glutamate, were used external solutions with L-Glutamate previously aliquoted into 

extracellular solution. 1 mM L-Glutamate was added to the extracellular solution to 

stimulate GLT-1 channels. To isolate the currents generated by GLT-1, 10 µM of the 
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amino-5,6,7,8-tetrahydro-4-(4-methoxyphenyl)-7-(naphthalen-1-yl)-5-oxo-4H-

chromene-3-carbonitrile (UCPH), the selective GLAST channel-specific blocker, was 

added to the solution. To block glutamate transporters, 100 µM TBOA (#2532, Tocris) 

was added to the Na+ solution.   

The different saline containing the pharmacologic agents were 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 IL1β were performed incubating 

astrocytes with IL1β (10 ng/ml) or corresponding amount of vehicle (water) and patch-

clamp experiments were conducted 24 h after incubation.  

For experiments 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 osmolality ~315 mOsm/l. For the analysis of neuronal 

excitability, D-(-)-2-amino-5-phosphonopentnoic acid (D-AP5; 50 µM), 6-yano -7 

notroquinoxaline-2,3-dione (CNQX; 10 µM), and bicuculline methiodide (30 µM), were 

added to block NMDA, non-NMDA, and GABAA receptors, respectively. The standard 

internal 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). For recording miniature 

excitatory postsynaptic currents (mEPSCs), bicuculline methiodide (30 µM), CGP58845 

(5 µM), D-AP5 (50 µM) and tetrodotoxin (TTX; 300 nM) were added to the extracellular 

solution to block GABAA, GABAB, NMDA receptors and generation and propagation of 

spontaneous action potentials (APs).  

Current-clamp recordings of neuronal firing activity and the following analysis were 

performed as previously described256. Neuronal cells were hold at potential of -70 mV 

and 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 div257,258. The mean firing frequency was calculated as the number 

of APs evoked by minimal current injection, whereas the instantaneous frequency was 

estimated 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 
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at least one AP. Current-clump recordings were acquired at a 50 kHz and filtered at 1/5 

of the acquisition rate with a low-pass Bessel filter. 

Miniature excitatory postsynaptic currents (mEPSCs) were recorded from low-density 

hippocampal neurons in standard external solution containing the following: TTX (1 μm; 

Tocris Bioscience), D-AP5 (50 μm), CGP 58845 (10 μm), and bicuculline (30 μm). The 

amplitude and frequency of mEPSCs were calculated using a peak detector function with 

appropriate threshold amplitude and threshold area using the Minianalysis program 

(Synaptosoft). 

 

5.5. Statistical analysis  

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 2 sample groups. To compare 2 normally distributed sample groups, 

the unpaired or paired 2-tailed Student’s t-test was used. To compare 2 sample groups 

that were not normally distributed, the nonparametric Mann-Whitney’s U-test was 

used. To compare more than 2 normally distributed sample groups, we used one- or 

two-way ANOVA, followed by the Bonferroni’s test. When 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 post-hoc 

multiple comparison test. 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.  
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6. Results 

6.1. Astrocytes with REST deficiency preserve a normal 
cellular morphology 

We investigated the role of REST in astrocyte differentiation and function using 

genetically modified RESTfl/fl mice71. We have acutely knocked-out REST by infecting 

primary astrocyte cultures derived from mice homozygous for the floxed mutant alleles 

of the REST with lentiviruses expressing recombinant Cre. We cultured primary cortical 

astrocytes from new-born homozygous REST knock-in mice and, after re-plating them 

on petri dishes at 15 div, we infected them with lentiviruses expressing mutant Cre 

recombinase (Δ-CRE) or functional Cre recombinase (Cre) enzymes at 18 div for 24 h. 

The Δ-CRE is a defective, non-functional enzyme that represents our control condition 

(Ctrl), while Cre is the functioning enzyme, which acts by silencing REST (KO). Infected 

astrocytes were cultured until 25-28 div when were analysed morphologically, 

biochemically, and electrophysiologically. Both Cre and Δ-CRE constructs also contain 

the gene encoding for Green Fluorescent Protein (GFP), which offers the advantage to 

optically identify infected cells, showing a nuclear localization. The level of astrocytic 

infection was very similar under both conditions (∼70%, Fig. 1A-C). As expected, cells 

infected by Cre showed very low levels of REST mRNA and protein compared to astroglial 

cells infected by Δ-Cre, with the efficiency of cell infection (∼75%) similar under both 

conditions (Fig. 1D). Astrocytes in vivo exhibit a process-bearing shape (for a review259). 

Since there is evidence that in vitro the activation of REST influences the morphological 

differentiation of primary astrocytes80, we measured various morphological parameters 

from immunocytochemical images obtained by confocal microscopy. Cells were co-

stained with anti-GFAP antibodies to detect astroglia, anti-GFP to detect infected cells 

and Hoechst to visualize nuclei. Among the morphological parameters we measured 

perimeter, area and CI of astrocytes under both conditions (Fig. 1E). The results clearly 

indicate that the astrocyte morphology was not affected by REST deletion, as none of 
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the investigated parameters was significantly changed between Ctrl and REST-KO 

astrocytes.  

 

 
Figure 1. REST deletion did not produce changes in cell morphology of primary cultured astrocytes. 
A. KO strategy. Mice with the inverted GT cassette Rest GTinv, resulting in normal splicing, were 
generated by mating RestGT mice to mice containing the Flpe transgene (left). The infection of 
postnatal astrocytes with Cre-recombinase-encoding lentivirus, resulted in re-inversion of the GTinv 

cassette, splicing of exons 1a–c to the -geo gene instead of exon 2, and terminating transcription 
upstream of remaining REST sequences (right). B. Representative confocal images of GFAP 
immunostaining (red) in Ctrl and REST-KO mouse primary culture of astrocytic cells (25 div). DAPI 
staining was used to label cell nuclei (blue) and GFP (green) as reporter for infected cells. Merge 
panels represent the superimposition of all images. Scale bars, 20 μm. C. Percentage of astrocytes 

infected with Cre and Cre lentiviruses, in control (Ctrl, black) and REST-KO (KO, red) cortical 
astrocytes (17-20 div). The percentage of infected cells in both conditions was the same (p>0.05, 
Student’s t-test/Mann Whitney’s U-test). D. Bar-graph of mRNA (left) and protein (right) expression 
levels of REST evaluated by real-time PCR and western blotting analysis in Ctrl and REST-KO 
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astrocytes. E. Analysis of Ctrl and REST-KO astrocytic morphology. From left to right, bar-graphs 
represent the perimeter, area and the CI calculated for Ctrl (n=178) and KO (n=176) astrocytes from 
3 independent preparations. All data are expressed as means±SEM **p<0.01, ***p<0.001, Student’s 
t-test/Mann Whitney’s U-test.  

 

 

6.2. REST deletion in primary astrocytes selectively 
downregulates an inward rectifier current                    

To analyse the effects of REST deletion on the electrical membrane properties of primary 

astrocytes, macroscopic currents were recorded by patch-clamp using whole-cell 

configuration on isolated Ctrl and REST-KO cultured cells. Compared to Ctrl astrocytes, 

REST-KO cells displayed significantly more depolarized resting membrane potentials 

(Vrest) (Fig. 2A). To address the possibility that the depolarized Vrest could be due to a 

change in background membrane conductance, we applied a slow voltage ramp that 

allows monitoring the background conductance in a large range of membrane voltages. 

Astrocytes, voltage clamped at the holding potential (Vh) of -70 mV, were hyperpolarized 

for 200 ms at -100 mV before the application of a slow depolarizing ramp to +80 mV (Fig. 

2B, inset). The results show that while Ctrl cells had an outwardly rectifying ramp current 

profile with physiological inward currents at negative voltages, REST-KO astrocytes had 

no significant current at low potentials (Fig. 2B, red and black trace, respectively). The 

mean current densities (J=pA/pF) at -100 mV and +80 mV in REST-KO astrocytes indicate 

that the conductance was not significantly altered at positive voltage, it was two-fold 

smaller at -100 mV with respect to Ctrl astrocytes (Fig. 2C). The lack of inward current in 

REST-KO astrocytes was accompanied by an increase in the rectification profile of 

macroscopic conductance. 

We next sought to determine the voltage-dependent kinetics of astrocyte currents in 

the presence and absence of REST. A family of 200 ms-voltage steps (increments of 10 

mV) from a Vh of -70 mV were used to activate voltage- and time-dependent membrane 

currents from -100 mv to +80 mV (inset in Fig. 2D). Ctrl astrocytes exhibited sustained 

non-inactivating negative currents at potentials below -70 mV and non-inactivating, 

quasi-instantaneous positive currents at potentials above -70 mV (Fig. 2D, E; black 
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line/symbols). By contrast, only non-inactivating positive currents with an outwardly 

rectifying profile were evoked at potentials above -40 mV in REST-KO astrocytes (Fig. 

2D, E; red line/symbols). The absence of this inward current in REST-KO astrocytes was 

accompanied by a significant increase of the input resistance (Rinput, Fig. 2F). In addition 

to the sustained inward current, in a subset of astrocytes belonging to both 

experimental groups, depolarizing steps above -50 mV induced rapidly activating fast 

inactivating currents (Fig. 2G). This transient voltage-dependent conductance peaked at 

-30 mV and was abolished when extracellular Na+ (140 mM Na+
ext) was replaced with 

choline (0 mM Na+
ext) or when the classical Na+ channel blocker Tetrodotoxin (TTX, 1 

μM) was added to the physiological recording solution (Fig. 2H). Importantly, the 

percentage of astrocytes that exhibited this bona fide transient Na+ current was the 

same for both genotypes (Fig. 2I). Collectively, the results clearly demonstrate that 

primary astrocytes in which REST is deleted exhibit a selective downregulation of the 

hyperpolarization-activated, non-inactivating inward current and a depolarized resting 

membrane potential. 
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Figure 2. Effects of KO of REST on astrocyte whole-cell macroscopic currents A. REST-KO astrocytes 
show a more positive resting membrane potential compared to Ctrl cells. B. Representative 
macroscopic currents recorded in Ctrl (black) and REST-KO (red) astrocytes evoked with a voltage 
ramp protocol shown in the inset. C. Ramp current densities (J) of both genotypes measured at -100 
and +80 mV using the protocol depicted in (B) show that REST-KO cells have a significant reduction 
of inward current compared to Ctrl. D. Representative family of voltage- and time-dependent 
membrane currents evoked by the protocol showed in the inset. The non-inactivating inward 
currents were recorded only in control astrocytes. E. Current density vs. voltage relationship of 
currents elicited show the same level of outward current under both conditions, but a significant 
reduction of inward component in KO cells (inset). F. Rinput bar-graph calculated for both genotypes. 
G. Representative recordings of voltage-step currents for Ctrl cells illustrating the expression of a 
transiently activated inward current. The inset shows the magnification of this component for both 
genotypes. H. Statistical analysis of transient inward current density studied at peak potential (-30 
mV) for Ctrl and REST-KO astrocytes in external solution containing 140 mM, 0 mM of Na+ and in 
presence of TTX (1 µM). I. Percentage of expression of this conductance in both genotypes across 
different culture preparations (n=5). About 30% of both Ctrl and REST-KO recorded astrocytes show 
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this Na+-dependent transiently activated inward current. All data are expressed as means±SEM 
*p<0.05; ***p<0.01, Student’s t-test/Mann Whitney’s U-test. n=109 and n=97 for Ctrl and REST-KO 
astrocytes, respectively. 
 

 

6.3. REST deletion negatively modulates an inward-
rectifier K+ current 

The previous results clearly indicate that primary astrocytes expressing REST displayed 

both positive and negative sustained currents that changed polarity at around -70 mV, 

while REST-deficient cells exhibited only positive currents activated at potentials above 

-40 mV. We hypothesized that REST is necessary for the upregulation of a background 

K+ conductance, which also contributes to define the negative Vrest observed in control 

astrocytes (see Fig. 2A). To address this point in detail, electrophysiological experiments 

were carried out under various extracellular K+ concentrations (K+
ext). When K+

ext was 

increased from 4 to 40 mM in Ctrl, but not in REST-KO astrocytes, the evoked ramp 

currents changed polarity at more positive potentials, an effect that was paralleled by a 

reduction in current rectification (Fig. 3A). The quantitative analysis of the J values 

recorded under these conditions for Ctrl/ REST-KO genotypes using a family of 200 ms-

voltage steps protocol, corroborate these findings (Fig. 3B). The analysis of Vrest as 

function of K+
ext in the two genotypes clearly indicates that this K+ current directly 

contributes to set the Vrest in primary astrocytes expressing REST (Fig. 3C). 

Altogether, these results support the tenet that, in control astrocytes, the functional 

expression of a background K+ conductance has a relevant role for setting the very 

negative Vrest. The K+
ext dependence of the current evoked at negative potentials 

suggests that this conductance is mediated by inward rectifier K+ channel (Kir) and in 

particular by the 4.1 subtype, which several studies have identified to be largely 

expressed by astrocytes in many brain regions in vivo148, 178,260,261 and in vitro262. 
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Figure 3. REST deletion decreases the astrocytic inward-rectifier K+ conductance. A. Representative 
current traces of Ctrl and REST-KO astrocytes evoked in 4 mM and 40 mM extracellular K+ (K+

ext) by 
replacing equimolarly Na+. The increase in K+

ext positively shifts the reversal potential (Erev) of Ctrl 
current, but not of REST-KO current. The shift in Erev to more positive potentials is accompanied by a 
reduction of rectifying profile, which indicates the activation of an inward-rectifier K+ channel that 
approximates the behaviour predicted by the constant field theory for simple K+ electrodiffusion. B. 
J-V plot of steady-state currents evoked in 4 mM and 40 mM of K+

ext with a voltage step protocol in 
Ctrl and REST-KO astrocytes. The statistical analysis confirms the data presented in A. C. The shifts in 
Erev measured in 4 mM and 40 mM of K+

ext were fitted by a least-squares linear regression. All data 
are expressed as means±SEM (Ctrl, n=9; KO, n = 9) ***p <0.001, paired Student’s t-test/Wilcoxon’s 
test. 
 

 

A distinctive  feature of astrocytic Kir4.1-mediated current is its full blockade by low 

micromolar concentrations of extracellular Ba2+180,255. To corroborate the hypothesis 

that under our experimental conditions the background K+ current in REST-expressing 

astrocytes was mediated by Kir4.1 channels, comparative experiments were performed 

in both Ctrl and REST-KO astrocytes in the presence or absence of Ba2+. In Ctrl astrocytes, 
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the extracellular administration of Ba2+ (200 μM) resulted in the complete inhibition of 

the negative ramp currents but did not affect the positive current evoked at depolarized 

potentials (Fig. 4A, left). The voltage intercept of ramp current before and after Ba2+ 

exposure was at ∼-75 mV confirming that, in these astrocytes, the background 

conductance was mediated by a Ba2+-sensitive K+ channel. By contrast, in REST-KO 

astrocytes the Ba2+ challenge did not modify the evoked ramp current (Fig. 4A, right). 

Notably, the profiles of the current following Ba2+ administration in Ctrl and REST-KO 

astrocytes perfectly overlapped, adding further support to the concept that REST 

specifically controls the functional expression of the Ba2+-sensitive Kir4.1 current (data 

not shown). The same results were achieved by means of a voltage-step protocol (Fig. 

4B) that was also used to calculate the current density at -100 mV and +80 mV in the 

presence or absence of Ba2+ in astrocytes from both genotypes (Fig. 4C). The analysis of 

the net effect of Ba2+ calculated in both Ctrl and REST-KO astrocytes at -100 mV and +80 

mV (Fig. 4D) confirms the strong Ba2+-sensitivity of the current activated at negative 

potentials, a result that reasonably rules out the possibility that other K+ channels 

subtypes contribute to the negative K+ current evoked in REST-expressing primary 

astrocytes.   
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Figure 4. The inward-rectifier K+ current down-regulated by REST deletion is mediated by Kir4.1 
channels. A. Representative ramp current traces elicited in Ctrl and KO astrocytes before (black/red) 
and after (grey) acute treatment with extracellular solutions contain Ba2+ (200 µM). Magnification of 
the currents at negative potentials is shown in the inset. B. Representative current traces evoked by 
a family of voltage steps before (left) and after acute treatment of the Ctrl/REST-KO cells with 
Ba2+(right). C. Statistical analysis of J recorded at -100 (left) and +80 mV (right) for both genotypes 
studied with or without Ba2+ as in (A) with the protocol depicted in (B). ***p<0.001, 2-way ANOVA 
followed by Bonferroni’s multiple comparison test (Ctrl, n=24; REST-KO, n=22). D. Bar-graph of Ba2+ 
effect at -100 and +80 mV for Ctrl and REST-KO cells showing the selective and complete blockade of 
the inward current expressed in Ctrl cells. All data are expressed as means±SEM (Ctrl, n=24; REST-
KO, n=22). ***p<0.001, unpaired Student’s t-test/Mann Whitney’s U-test. 
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To further confirm that REST controls Kir functional expression, we took advantage of 

the evidence that interleukin 1β (IL1β) downregulates the Kir4.1-mediated current in 

astroglial cells263. To address this issue, primary astrocytes of both genotypes were 

incubated for 24 h with either IL1β (10 ng/ml) or vehicle (veh). Under these conditions, 

IL1β potently and specifically decreased the number of astrocytes that displayed inward 

current elicited by ramp stimulation in Ctrl astrocytes (20% of IL1β-treated astrocytes 

vs. 77.5% of vehicle-treated astrocytes) but had no effect in REST-KO cells. (Fig. 5A, C). 

Accordingly, long-term IL1β exposure caused a depolarization of mean Vrest in Ctrl 

astrocytes, which was not apparent in REST-KO cells (Fig. 5B). 
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Figure 5. Kir4.1 channels are downregulated by chronic treatment with IL1β in control astrocytes, 
but not in REST-KO cells. A. Representative ramp current recordings in Ctrl and REST-KO cells treated 
for 24 h with either vehicle (black) or IL1β (10 ng/ml, grey). B. Ctrl astrocytes treated with IL1β show 
a reduction of membrane potential value compared to REST-KO cells. *p<0.05, ***p<0.001, 
Student’s t-test/Mann Whitney’s U-test C. Statistical analysis of J recorded at -100 and +80 mV for 
both genotypes treated in the presence or absence of IL1β. ***p<0.001, 2-way ANOVA followed by 
Bonferroni’s multiple comparison test (n=22,16 and n=15,15 for Ctrl/Veh, Ctrl/IL1β and REST-
KO/Veh, REST-KO /IL1β astrocytes, respectively). All data are expressed as means±SEM. 

 

 

The functional and pharmacological analyses indicated that primary astrocytes 

expressing REST exhibit Kir4.1-mediated currents, while REST deletion caused a 

downregulation of Kir expression. To get insight at the molecular level into the 

mechanism underlying the observed effects, we addressed the expression level of Kir4.1 

in subcellular compartments of both Ctrl and REST-KO primary astrocytes. 
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Immunoblotting and surface biotinylation experiments showed that, although REST 

deletion did not change total Kir4.1 protein expression, it significantly decreased its 

exposure at the plasma membrane (Fig. 6A, B). Taken together, these results support 

the hypothesis that REST controls the functional expression of Kir4.1 channels and that 

its absence alters the post-translational processes that govern the plasma membrane 

targeting and turnover of Kir4.1.  

Figure 6. Kir4.1 channels are less expressed at the plasma membrane in REST-KO astrocytes. A. 
Representative immunoblots of cell surface biotinylation performed in Ctrl and REST-KO primary 
astrocyte cultures against Kir4.1. Total cell lysates (input), biotinylated (cell surface, extracellular), 
and non-biotinylated (intracellular, intracellular) fractions were analysed by immunoblotting. Na/K-
ATPase and GAPDH were included as markers of the plasma membrane and cytosolic fractions, 
respectively. B. Statistical analysis of the biotinylation experiments. Data were normalized to the 
mean value of control astrocytes treated with vehicle and expressed as means±SEM. *p<0.05, 
Student’s t-test/Mann Whitney’s U-test (n=4 independent preparations).  
 
 
 

6.4. Kir4.1 downregulation by REST deletion impairs 
glutamate uptake by GLT1 

The activity of Kir4.1 channels is associated with glutamate uptake by setting Vrest close 

to the negative reversal potential of K+, hence increasing the maximal transport rates 

via the Na+-dependent GLT-1 transporter264. To demonstrate that the functional 

impairment of Kir4.1 channels in REST-KO primary astrocytes affects glutamate uptake, 

we assayed of 3H-glutamate (3H-Glu) uptake in Ctrl and REST-KO astrocytes. Cells were 

infected and maintained for one week in culture (the same time-window used for the 
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electrophysiological experiments) before assay. The day of the experiment, the cell 

medium was replaced with physiological solution containing 3H-Glu in the presence or 

absence of choline, to isolate the Na+-dependent glutamate transport, or of Ba2+ to 

inhibit Kir4.1. To rule out the potential role of GLAST265 under our experimental 

conditions, the specific GLAST inhibitor UCPH (10 μM) was added to the bath solution. 

To test for the specificity of glutamate uptake by GLT-1, we replaced extracellular Na+ 

with choline or challenged the assay with the competitive GLT-1 blocker DL-TBOA (100 

μM). Under both conditions, a strong decrease in glutamate uptake was observed in Ctrl 

astrocytes. Moreover, the dependence of glutamate uptake on a full functionality of 

Kir4.1 channels was confirmed by the significantly decreased glutamate uptake in the 

presence of Ba2+ in control cells (Fig. 7A). Compared to Ctrl astrocytes, REST-KO cells 

showed a significantly decreased basal uptake of glutamate that was not further 

affected by Ba2+. Altogether, these results show that the ability to uptake glutamate is 

significantly impaired in REST-KO astrocytes and confirm the important contribution of 

Kir4.1 channel activity to the Na+-dependent glutamate uptake266.  

To confirm that glutamate uptake after REST deletion is defective, we measured 

glutamate-evoked currents in astrocytes of both genotypes under conditions of 

blockade of GLAST (by the antagonist UCPH) and of the ionotropic glutamate receptors 

(CNQX and AP5). As previously described267, a reversible inward current was evoked in 

astrocytes clamped at -70 mV and challenged with L-glutamate (1 mM). Of note, 

compared to Ctrl astrocytes, in REST-KO cells the glutamate-evoked, TBOA-sensitive 

inward currents were significantly diminished (Fig. 7B).  

Since the results clearly indicate that REST-KO astrocytes display a reduced basal 

capacity of glutamate uptake, we next evaluated whether this effect was reflected by a 

change in GLT-1 expression in REST-KO, in view of the recent report of a positive control 

exerted by REST on GLT-1 expression268. 

The results showed that the repression of REST decreased both GLT-1 mRNA and protein 

levels in KO astrocytes compared to Ctrl (Fig. 7C, D). While the GLT-1 protein level at the 

plasma membrane, analysed by surface biotinylation, was significantly decreased in 

REST-KO astrocytes (Fig. 7E). These results suggest that the absence of REST, in addition 
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to downregulating Kir4.1 channel, also causes an impairment in astroglial glutamate 

uptake by reducing the expression of GLT-1, especially at the plasma membrane. 

 

Figure 7. Glutamate uptake was altered in astrocytes with Kir4.1 downregulated by REST deletion. 
A. Quantitative analysis of glutamate uptake by both control and REST-KO astrocytes (21-24 div). 
Data were normalized to the mean value of Ctrl astrocytes. B. On the left the representative traces 
of currents obtained during whole-cell voltage-clamp recording from astrocytes clamped at a holding 
potential of -70 mV. L-glutamate (1 mM) evoked inward currents that were completely blocked by 
100 µM TBOA. On the right, the current density (J) is shown from Ctrl and REST-KO astrocytes 
recordings, in an external solution containing L-Glutamate and in presence of TBOA.  # p<0.05, ## 
p<0.01, paired Student’s t-test/Wilcoxon’s test; *p<0.05, Student’s t-test/Mann Whitney’s U-test 
(n=20 and n=10 for Ctrl and REST-KO astrocytes, respectively). C. Bar-graph of mRNA expression 
levels of GLT-1 evaluated by real-time PCR in Ctrl and REST-KO astrocytes (n=4 independent 
preparations) *p<0.05, Student’s t-test/Mann Whitney’s U-test. D. Representative immunoblots and 
quantification of protein expression levels of GLT-1 evaluated by western blotting analysis in Ctrl and 
REST-KO astrocytes (n=4 independent preparations). *p<0.05, paired Student’s t-test/Wilcoxon’s 
test.  E. Surface biotinylation of Ctrl and REST-KO primary astrocytes. Left: representative 
immunoblots labelled with antibodies to GLT-1 showing biotinylated (extracellular), and non-
biotinylated (intracellular) fractions. Na/K-ATPase and GAPDH were included as markers of the 
plasma membrane and cytosolic fractions, respectively. Right: statistical analysis of the experiment 
presented in E (n=4 independent preparations). Data were normalized to the mean value of control 
astrocytes (n=4 independent preparations). *p<0.05, Student’s t-test/Mann Whitney’s U-test. All 
data are expressed as means±SEM. 
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6.5. Neurons co-cultured with REST KO astrocytes display 
altered firing phenotypes  

We next sought to determine whether the described changes in the expression of 

relevant astrocyte homeostatic proteins in primary REST-KO astrocytes could affect the 

neuronal function in term of single cell excitability. To this end, wild-type hippocampal 

neurons were co-cultured with Ctrl (Astro Ctrl) or REST-KO (Astro KO) astrocytes for 14 

days before performing measurements of neuronal excitability. Excitatory pyramidal 

neurons were visually identified in co-cultures and analysed by patch-clamp under 

current-clamp configuration257,258 (Fig. 8A). Neurons co-cultured with Ctrl or REST-KO 

astrocytes did not show any difference in Vrest or Rinput (Fig. 8B, C). Moreover, they 

responded to the injection of a depolarizing current with similar firing of action 

potentials (APs) with no overt differences in the minimum amount of current necessary 

to evoke the first AP (Rheobase, Fig. 8D).  

The instantaneous firing frequency was studied by delivering constant current pulses (1-

s duration) of increasing amplitude (10 pA) and measuring the resulting AP firing rate. 

The analysis revealed that REST ablation in primary astrocytes strongly increased the 

high-frequency firing activity evoked by intense depolarizing currents in co-cultured 

neurons (Fig. 8F).  The same level of hyperactivity in these neurons was observed by 

counting the number of APs evoked by injection of 1 s-step of 300 pA of depolarizing 

current (Fig. 8G).  

Finally, the analysis of the shape of the first AP evoked by minimal current injection 

showed that the neurons co-cultured with Ctrl or REST-KO astrocytes exhibited the same 

amplitude and maximal rising slope of APs. However, neurons co-cultured with REST-KO 

astrocytes experienced a decreased amplitude of after-hyperpolarization, a phase that 

strictly depends on the extracellular K+ concentration (Fig. 8H, I).  

Collectively, these results show that neurons co-cultured with REST-KO primary 

astrocytes display increased intrinsic excitability that emerges under conditions of 

intense electrical activity. Whether these effects are causal consequences of the deficits 

in homeostatic proteins such as Kir4.1 and GLT-1 observed in the co-cultured REST-KO 

astrocytes remains to be established and warrants further studies. 
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Figure 8. The excitability of neurons co-cultured with REST-KO astrocytes is increased at large 
current injections. A. Representative merged images of hippocampal neurons (14 div) co-cultured 
with Ctrl and REST-KO astrocytes. Cells were immunostained with DAPI (blue, nuclei), β-tubulin (red, 
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neurons), GFAP (yellow, astrocytes), and GFP (green, Ctrl/KO infected cells). Scale bar, 45 μm. B. 
Neuronal resting membrane potential was not significantly different between the two groups. C, D. 
Bar-graph of neuronal Rinput (C) and rheobase (D) recorded in neurons co-cultured with Ctrl/REST-KO 
astrocytes. E. Representative current-clamp recordings of neuronal APs induced by the injection of 
−30, 0 and +300 pA steps for 1 s in neurons co-cultured with Ctrl (black) and REST-KO (red) astrocytes. 
F. Instantaneous firing frequency as a function of injected current for neurons co-cultured with Ctrl 
and REST-KO astrocytes. In the presence of REST-KO astrocytes, neurons displayed a higher evoked 
instantaneous firing frequency with a significant difference observed at large current injections (>300 
pA). G. Number of APs evoked at 300 pA of injected current in neurons co-cultured with Ctrl and 
REST-KO astrocytes. H. Representative traces of the shape of the first AP evoked by minimal current 
injection recorded in neurons co-cultured with Ctrl (black) and REST-KO (red) astrocytes. I. Values of 
the AP amplitude, maximum rising slope, threshold and after-hyperpolarization potential (AHP) 
estimated in neurons co-cultured with Ctrl (black) and REST-KO (red) astrocytes. All data are 
expressed as means±SEM with n=56 and n=55 for neurons co-cultured with Ctrl and REST-KO 
astrocytes, respectively, from 8 independent cultures. *p<0.05; **p<0.01, Student’s t-test/Mann 
Whitney’s U-test. 
 
 
 
 

We have previously shown that silencing REST impairs GLT-1 expression and 

functionality. Thus, we tested the hypothesis that a decrease in the clearance of 

glutamate in the synaptic environment by perisynaptic astrocytes enhances post-

synaptic activity. To this end, we studied the mEPSCs in wild-type hippocampal neurons 

co-cultured with either Ctrl or REST-KO astrocytes (Fig. 9A). 

A significant increase in the amplitude in neurons co-cultured with REST-KO astrocytes 

(Fig. 9B) was observed, while the mEPSC frequency, charge, decay, and rise times (Figure 

C–F) were not significantly altered. 

Since the mEPSC frequency depends on both the density of active synapses impinging 

onto the patched neuron and the probability of release of single vesicles, while the 

mEPSC amplitude reflects the quantal size, i.e., the neurotransmitter content of a single 

synaptic vesicle and the density of postsynaptic receptors269, the specific increase in 

amplitude  indicates  a more intense postsynaptic effect of single glutamate quanta that, 

in the absence of changes in neuronal properties can be attributed to a lower 

clearance/uptake of the released glutamate by perisynaptic REST-KO astrocytes.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7470917/figure/F5/
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Figure 9. mEPSCs of neurons co-cultured with REST-KO astrocytes reveal a postsynaptic effect.  A. 
Representative traces of mEPSCs from wild-type hippocampal neurons co-cultured with either Ctrl 
(black) or REST-KO (red) astrocytes. B-F. Analysis of mEPSCs. From left to right, mEPSC amplitude, 
frequency, area (charge), 80% decay time, and 10%-90% rise time are shown. Data are expressed as 
means±SEM with n=30 and n=34 for neurons co-cultured with Ctrl and REST-KO astrocytes, 
respectively, from 4 independent cultures. **p<0.05, Student’s t-test/Mann Whitney’s U-test. 
 
 
 
 
 
 
 
 
 
 
 
 
 



60 
 

7. Discussion 

Functional relevance of REST in astrocyte functions 

REST was initially known for its ability to repress the expression of neuronal genes in 

non-neuronal tissues2,10, such as astrocytes. A number of studies have confirmed that it 

also plays a major role in orchestrating the lineage and maintenance of the astrocyte 

phenotype13,75,80. Once astrocytes are differentiated, REST persists, repressing the 

expression of neuron-specific genes containing the RE-1 binding site1,80. Previous studies 

have shown that deletion of REST in astrocytes resulted in de-repression of neuronal 

genes, supporting the assumption that REST prevents the development of the neuronal 

phenotype in astrocytic cells1. Recently, it has been shown that REST, by binding to RE-

1 consensus sites, can also activate and enhance gene transcription in astrocytes268,270–

272. 

Within the nervous tissue, astrocytes play central roles maintaining bidirectional 

communication with neurons and buffering ions and molecules that are released during 

normal and sustained firing and synaptic activity137,138. During neuronal activity, the 

extracellular K+ concentration is temporarily elevated causing depolarization of nearby 

membranes. Astrocytes play a key role in the control of K+
ext homeostasis by Kir 

channels, avoiding the hyperexcitation of the neuronal network associated with 

increased extracellular K+
ext

181. Although several Kir channel subtypes are present in glial 

cells, numerous lines of evidence consistently reveal that Kir4.1 is the major pore-

forming subunit in these cells and is directly linked to astrocyte function180,182,273,274. In 

this context, several data obtained in spinal and cortical astrocytes further prove that 

the genetic deletion of Kir4.1 is sufficient to dramatically reduce the K+ permeability 

mediated by Kir channels180,264.   

One of the most important astrocytic functions is the clearance of synaptically released 

glutamate that terminates the synaptic action of the transmitter. Potassium buffering 

by astrocyte is directly linked with the uptake of  released glutamate. Indeed, glutamate 

clearance by astrocytes occurs via GLT-1 and GLAST transporters, which function much 

more efficiently at negative resting potentials, made possible by Kir4.1.  
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The goal of the thesis work was to determine if and how the absence of REST affects the 

physiology of astrocytes and how these changes reflect neuronal physiology. To avoid 

the compensatory effects of constitutive KO of genes, we induced an acute deletion of 

the REST gene in primary cortical astrocytes from a conditional cKO mouse (Cre/RESTfl/fl) 

using lentiviruses expressing mutant (Ctrl) or functional (KO) Cre recombinase. 

 

REST and astrocyte K+ buffering 

REST KO does not alter astrocyte morphology or induce astrocyte activation. However, 

astrocytes in which REST was deleted experience a dramatic reduction of inward current 

accompanied by a marked depolarization of resting membrane potential, indicating that 

REST-KO astrocytes lack either an inward cationic current or an outward anion current 

(i.e., chloride current). This is also evident by the values of Vrest at zero current, which 

are positive in REST-KO astrocytes and by the increased Rinput, both indicators of 

impairment of a K+ conductance. It is known that astrocytes are characterized by a highly 

selective membrane permeability to K+ and a negative resting potential275. Thus, the 

positively shifted Vrest, the augmented Rinput and the reduction of inward current can all 

be explained by a specific loss of a Kir4.1-related current. Our findings are consistent 

with previous reports based on studies of retinal Muller cells, spinal oligodendrocytes, 

and complex glia in CA1 stratum radiatum in which a lack of Kir4.1 was shown to 

depolarize the resting membrane potential of glial cells associated with complete loss 

of inward currents177,182,273. 

We employed biophysical and pharmacological tools to demonstrate that the 

impairment in Kir4.1 function was the main signature of REST deletion in astrocytes. A 

typical distinctive feature given by Kir4.1 expression is that the inward current increases 

with increasing K+
ext concentration (in proportion of the square root of K+

ext)276,277. 

Indeed, REST KO astrocytes are not able to change the Vrev to more positive values in 

response to the EK change. This alteration indicates that there are not sufficient K+ 

channels available to support the entry of K+ ions into the cell. The involvement of Kir4.1 

channels is also confirmed by the absence of effect of Ba2+ in REST-KO cells278, a 
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treatment that, as observed in previous studies, causes a depolarization of astrocyte 

membrane depolarizes up to 35 mV278. Biophysical and pharmacological tests indicate 

that in astrocytes the probability of Kir4.1 opening at resting membrane potentials is 

high. This contributes to their negative resting membrane potential near the EK
279 and 

to a large portion of K+ permeability, which, in turn, is required for extracellular K+ 

clearance.  In REST KO astrocytes, the resulting opening probability of Kir4.1 is impaired, 

suggesting that the channel may be directly or indirectly regulated by REST. 

Changes in Kir4.1 expression have been recently related to a dysregulation of immune-

inflammatory function of astrocytes, inducing seizure generation in epilepsy of various 

etiologies263,280,281. 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 the expression of Kir4.1 mRNA, suggesting that IL1β regulates Kir4.1263. 

Interestingly, REST-KO astrocytes are also insensitive to prolonged treatment with IL1β, 

further indicating that REST silencing results in negative modulation or a reduction of 

membrane expression of astrocyte Kir4.1 channels. Our hypothesis was supported by 

surface biotinylation experiments, which confirmed that the membrane expression of 

Kir4.1 in REST-KO astrocytes is indeed significantly decreased. In the absence of gross 

changes in the total astrocyte expression of Kir4.1, consistent with the absence of RE-1 

sites in the promoter region of the Kcnj10 gene, these data suggest that REST controls 

Kir4.1 channel trafficking and membrane localization at the post-transcriptional level, 

by regulating some other factor responsible for Kir4.1 membrane targeting. 

Hence, it is obvious that if a high concentration of K+ in the extracellular space, following 

sustained neuronal activity, is not buffered by astrocytes, it can cause general neuronal 

network hyperexcitability. In this context, a fine-tuning of the Kir4.1 expression and 

function is functionally relevant. In fact, it has been demonstrated that K+ channel 

expression and function is involved in the pathogenesis of a variety of neurological 

diseases including ischemia, HD, ALS, AD, and epilepsy184–189. Several studies have 

established that Kir4.1 channels are down-regulated in regions interested by 

injury179,282. Such observations strongly indicate that the functional expression of 

astrocytic Kir4.1 in vivo can be regulated in a variety of physio-pathological conditions283.  
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REST and astrocyte glutamate transport 

The alteration of ion gradients and membrane depolarization resulting from Kir4.1 

deficiency can result in a reduced activity of other ion gradient- and voltage-dependent 

transporters. Indeed, these alterations have been shown to affect glutamate transporter 

function and occasionally cause transporter reversion with release of glutamate284,285. 

Astrocytes express high levels of Na+-dependent excitatory amino acid transporters 

(EAATs) that localize in the proximity of glutamatergic synapses and perform properly at 

very negative membrane potentials near the EK: EEAT1 or GLAST and EEAT2 or GLT-1. In 

particular, the latter transporter is responsible for 90% of the clearance of glutamate 

released into the synaptic cleft198.  

Thus, we tested the possibility that the decrease in Kir4.1 currents by REST KO results in 

an impaired glutamate uptake by GLT-1.  Indeed, REST knocked out astrocytes show an 

impaired glutamate uptake that is not further affected by Ba2+-mediated blockade of 

Kir4.1 channels. This phenotype is due to a decreased transcription of the GLT-1 gene in 

REST KO astrocytes associated with a decreased membrane targeting of the transporter. 

The decreased expression of GLT-1 mRNA and protein after REST KO is in full agreement 

with a recent report showing a positive transcriptional effect of REST on the GLT-1 

gene268. Indeed, it has been shown that, although the main action of REST is to repress 

a variety of target genes, the occupancy of promoter RE-1 sites can occasionally induce 

transcriptional activation272,286,287. 

 

REST KO astrocyte profoundly alter neuronal network activity 

Extracellular K+ and glutamate clearance are among the fundamental functions of 

astrocytes, as they prevent hyperexcitability in the neuronal network288,289. It has been 

shown that a functional failure in the regulation of extracellular K+ and glutamate 

homeostasis negatively impacts on neuronal network excitability182,225,282. In particular, 

an impairment of the Kir4.1 subtypes leads to hyperexcitability of the perisynaptic 

environment and results in seizure susceptibility in both mice and humans184,189. 

Furthermore, a decrease in the expression and function of glial EEATs was found to be 
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associated with the chronic phase of epilepsy in either rodents or humans. EAAT2-KO, 

in particular, leads to seizures and death in mice239,241. Because both Kir4.1 and GLT-1 

are downregulated in REST-KO astrocytes, we thought that these changes may affect 

excitatory neurotransmission. Indeed, normal neurons cultured with REST-deleted 

astrocytes exhibit impaired after-hyperpolarization potentials following APs and 

dramatically increased firing frequencies evoked by strongly depolarizing current pulses. 

These results are highly suggestive of an impaired extracellular K+ buffering by REST-KO 

astrocytes and indicate that neurons co-cultured with astrocytes lacking REST become 

hyperexcitable.  

On the other hand, impaired glutamate clearance may also alter neuronal network 

activity by hyperactivating post-synaptic AMPA receptors. This possibility was also 

addressed in a synaptic environment influenced by the presence of REST KO astrocytes 

co-cultured with normal neurons. Under these conditions, mEPSCs of co-cultured 

neurons are characterized by augmented mEPSC amplitude, indicative of an increased 

quantum size of released glutamate that may reflect a higher amount of glutamate 

retention in the perisynaptic space due to impaired glutamate clearance by astrocyte 

perisynaptic endfeets. 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 recently shown not to be affected by REST268.  

 

REST and the inter-relationships between astrocyte Kir4.1 and GLT-1 

REST deletion in astrocytes result in an impaired function, but not altered expression, of 

Kir4.1, consistent with the fact that Kcnj10 is not a direct REST target gene. The 

concomitant changes in GLT-1 can explain this strict interdependence between Kir4.1 

channel functionality and expression of REST protein. It is 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 conductance171,182,261,290,291. It has also been shown that Kir4.1 
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KO or Ba2+-mediated inhibition are associated with significant reductions in glutamate 

transport by GLT-1, providing evidence for the tight coupling of the two 

transporters292,293. In addition, previous data212,294,295 have shown that both Kir4.1 

channels and GLT-1 co-distribute in spots on astrocyte processes wrapping 

glutamatergic synapses by forming supramolecular complexes. 

Much less is known on the reverse effect, i.e., the possibility that primary changes in 

GLT-1 expression, membrane targeting and/or activity affect the function of Kir4.1 

channels. REST has been recently shown to increase GLT-1 expression at the 

transcriptional level by directly binding the two RE-1 sites present in the GLT-1 

promoter268, a report that is fully consistent with the significant decrease in GLT-1 mRNA 

and protein we observed  in REST KO astrocytes. 

This study helps reveal the role of REST in non-neuronal cells and, concurrently, adds 

new insights into the role of Kir4.1 and GLT-1 in astrocyte physiopathology. The effects 

of REST in astrocytes, uncovered by REST deletion, are coherent with an overall 

homeostatic function of REST in the nervous tissue under physiological conditions. It has 

been shown that the low levels of REST expression in neurons can be increased by 

hyperactivity, resulting in a downscaling of intrinsic excitability and excitatory synapses 

and a concomitant upscaling of inhibitory synapses onto excitatory neurons113,296,297. 

Here, we show that the high constitutive levels of REST in astrocytes tonically support 

GLT-1 expression and, through GLT-1/Kir4.1 supramolecular relationships, the 

membrane exposure and function of Kir4.1 channels. 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 aimed at neurological diseases caused by network hyperexcitability, 

such as epilepsy and other CNS disorders. 
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8. Conclusions  

The results presented in this thesis demonstrate that REST positively modulates inward 

K+ currents mediated by Kir4.1, notwithstanding the fact that the Kir4.1 gene promoter 

lacks RE-1 binding sites. The associated impairment in the expression and function of 

GLT-1 glutamate transporter in the absence of REST, confirms the positive 

transcriptional effect of REST on the GLT-1 promoter. Moreover, it offers a molecular 

explanation for the observed impairment in Kir4.1 function, given the fact that these 

two membrane actuators work in concert on the astrocyte membrane. The functional 

changes observed in REST knocked out astrocytes are reflected by functional changes in 

wild type neurons co-cultured with them that denote a decrease in K+ buffering and a 

decreased clearance of released glutamate. Overall, this study reveals an overall 

homeostatic role of REST in astrocytes and adds new insights into the role and regulation 

of Kir4.1 and GLT-1 in astrocyte function.  
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