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covers both historical and current ideas.  

 

Our reply: We are very grateful for this evaluation 

 

I have only one minor comment, in that the English grammar is less than perfect in places, and 

the paper would benefit from careful editing. I provide two examples below, taken from the very 

first paragraph, but there are many similar examples throughout the manuscript, in particular 

missing definite or indefinite articles. 

i) The following sentence is missing a definitive article and commas: "Mechanisms underlying 

THE astroglial contribution to cognition remains DEBATABLE, however, and are in need of 

further investigation". 

ii) The next sentence lacks a definite or indefinite article in front of 'tripartite synapse', whereby 

the sentence "The concept of tripartite synapse..." should read "The concept of the tripartite 

synapse" or "The concept of a tripartite synapse'. 
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morphological astrocytic changes, in addition to physical activity and environmental enrichment 
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I would revise the sentence  

"TNFa is directly involved in this type of plasticity, and astroglia were identified as the principal 

source of this cytokine (Stellwagen and Malenka, 2006)." 

Importantly, this paper mentions both microglia and astrocytes as sources of the cytokine. 

Subsequent work from David Stellwagen also identified microglia as mediating these effects of 

TNFa (in a context of cocaine-induced plasticity; https://pubmed.ncbi.nlm.nih.gov/27112496/) 
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Our reply: Done 
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Considering the importance of this function, I would recommend to add a small dedicated 

section to the review 

 

Our reply: We added a small section on BBB and glio-vascular coupling. 

 

 

Conclusion 

The review often mentions other glial cells, e.g. microglia. It would be interesting to mention 

briefly that astroglial functions are performed in coordination with these other cells 

 

Our reply: We cannot agree more about the importance of microglia; and throughout the text we 

made several notions that astrocytes are working together with microglia (for example in 

synaptic elimination, where microglial cells are actual strippers of the unwanted synaptic 

structures). At the same time this topic I quite wide and requires a dedicated paper; in this our 

review we tried to focus specifically on astroglial mechanisms controlling behavior and synaptic 

transmission, and we are very much afraid that extending these mechanisms to astroglia-

microglial interactions may dilute the message and increase the volume of this review beyond 

reason.  
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Abstract 
 

Astrocytes are heterogeneous population of neural cells with diverse structural, 

functional and molecular characteristics responsible for homeostasis and protection of 

the central nervous system (CNS). Unlike neurones, astrocytes do not generate action 

potentials, but employ fluctuations of cytosolic ions as a substrate for their excitability. 

Ionic signals are associated with neuronal activity and these signals initiate an array of 

responses ranging from the activation of plasmalemmal homeostatic transporters to 

the secretion of numerous signalling molecules including neuromodulators, 

neurotransmitter precursors, metabolic substrates, trophic factors and cytokines.  Thus, 

astrocytes regulate the synaptic connectivity of the neuronal networks by supporting 

neurotransmitter metabolism, synaptogenesis, synaptic elimination and synaptic 

plasticity contributing to cognitive processing including learning, memory, emotions 

and behaviour. Astroglia-specific regulatory pathways affect the most fundamental 

properties of neuronal networks from their excitability to synaptic connectivity. Thus, 

it is the concerted action of glia and neurones, which, by employing distinct 

mechanisms, produce behavioural outputs of the ultimate control centre that we call 

the brain.  
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Abstract 
 

Astrocytes are heterogeneous population of neural cells with diverse structural, 

functional and molecular characteristics responsible for homeostasis and protection of 

the central nervous system (CNS). Unlike neurones, astrocytes do not generate action 

potentials, but employ fluctuations of cytosolic ions as a substrate for their excitability. 

Ionic signals are associated with neuronal activity and these signals initiate an array of 

responses ranging from the activation of plasmalemmal homeostatic transporters to 

the secretion of numerous signalling molecules including neuromodulators, 

neurotransmitter precursors, metabolic substrates, trophic factors and cytokines.  Thus, 

astrocytes regulate the synaptic connectivity of the neuronal networks by supporting 

neurotransmitter metabolism, synaptogenesis, synaptic elimination and synaptic 

plasticity contributing to cognitive processing including learning, memory, emotions 

and behaviour. Astroglia-specific regulatory pathways affect the most fundamental 

properties of neuronal networks from their excitability to synaptic connectivity. Thus, 

it is the concerted action of glia and neurones, which, by employing distinct 

mechanisms, produce behavioural outputs of the ultimate control centre that we call 

the brain.  

 

 

Key words: astrocyte; synaptic connectivity; synaptogenesis; synaptic plasticity; 

synaptic elimination; cognition; learning and memory; behaviour 
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1. Introduction: astrocytes support cognitive functions  

 

The neuronal doctrine, which emerged from seminal ideas of Ramon y Cajal who 

contemplated directional information flow through synaptically connected neuronal 

ensembles, assumes these neuronal constellations the primary and the only substrate 

of the higher cognitive functions that include emotions, learning, memory and 

generation of thoughts. This paradigm of neuronal pre-eminence in information 

processing started to be challenged almost form the moment that the neuronal doctrine 

emerged. In 1895, Carl Ludwig Schleich suggested that astrocytes, through swelling 

or contracting their processes, may mechanically block or permit communication in 

the synapse (Schleich, 1894). One year later, Ramon y Cajal in his book on astroglial 

functions entertained similar ideas of astroglial processes controlling the sleep-

wakefulness brain state: expansion of astroglial processes suppresses synaptic 

connectivity and induces sleep, whereas their retraction allows synaptic transmission 

thus inducing arousal (Ramón y Cajal, 1895). The concept of fundamental role of 

astroglia in cognition has never become extinct; it approached climax in writings of 

Robert Galambos who argued the supremacy of glia in brain functions: “Glia is […] 

conceived as genetically charged to organize and program neuron activity so that the 

best interests of the organism will be served; the essential product of glia action is 

visualized to be what we call innate and acquired behavioural responses. In this 

scheme, neurones in large part merely execute the instructions glia give them” 

(Galambos, 1961). In supporting this unorthodox design Galambos invented the most 

popular misquote of Fritjof Nancen, “glia is the seat of intelligence as it increases in 

size from the lower to the higher forms of animal”, which never occurred in Nancen’s 

original text (Nansen, 1886).   

 

The last decade, when in vivo studies of astroglia have become more common, new 

compelling data have emerged indicating that astrocytes do indeed contribute to 

higher brain functions, including memory and learning (Adamsky et al., 2018; Gao et 

al., 2016; Hertz and Gibbs, 2009; Verkhratsky et al., 2015; Zorec et al., 2015), 

whereas pathophysiological experimentations has revealed a more prominent role for 

astrocytes in disorders of mood, emotion and social integrations (Banasr and Duman, 

2008; Leng et al., 2018; Li et al., 2020; Rajkowska and Stockmeier, 2013; 

Verkhratsky et al., 2010; Verkhratsky et al., 2014; Wang et al., 2017). Mechanisms 

underlying the astroglial contribution to cognition remain debatable and are in need of 

further investigation. The concept of a tripartite synapse that revolutionised glial 

research by suggesting astroglial participation in synaptic transmission through 

vesicular release of neurotransmitters (Araque et al., 1999), has met with criticism 

(Hamilton and Attwell, 2010; Nedergaard and Verkhratsky, 2012) and is yet to be 

characterised in vivo. At the same time a wealth of data showing that astrocytes may 

influence neuronal plasticity, information processing and behaviour by astroglia-

specific (i.e. distinct from neuronal) mechanisms acting though homeostatic support 

or regulation of synapse formation, elimination and plasticity has emerged. In this 

narrative, we shall review these newly discovered pathways and mechanisms that 

place astrocytes as indispensable elements of neural networks underlying higher brain 

functions.   

 

2. Heterogeneity of homoeostatic astroglia  
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Neuroglia represent a class of cells of neuronal (macroglia) and myeloid (microglia) 

origin; neuroglial cells are distributed throughout the brain and spinal cord and 

perform the most diverse functions in the central nervous system (CNS), being mainly 

responsible for homeostasis and defence. The macroglia, derived from neuroectoderm, 

is composed of astrocytes, oligodendrocytes, and oligodendroglial precursors also 

known as NG2 cells, while the microglial cells, derived from the embryonic 

macrophages migrating from the yolk sac, represent the defensive and 

immunocompetent arm of the CNS (Augusto-Oliveira et al., 2019; Ginhoux et al., 

2010; Kettenmann et al., 2011; Kettenmann and Verkhratsky, 2008; Reemst et al., 

2016; Verkhratsky and Butt, 2013; Verkhratsky et al., 2019a). 

 

There is a common, although erroneous, belief that glial cells outnumber neurones in 

the human brain by a factor of 10 (Kast, 2001). Experimental studies firmly 

established that overall counts of neurones and glia in the human brain are roughly 

equal (von Bartheld et al., 2016). The glia to neurone ratio varies between brain 

structures and between species (Herculano-Houzel, 2014). Astrocytes in particular 

account for ~20 – 40% of all glia; astroglial cells are generally more numerous than 

neurones in cortical regions, and substantially less numerous in the cerebellum; of 

note astrocytes indeed outnumber neurones several times in the spinal cord of humans 

and primates (Herculano-Houzel, 2014; Sherwood et al., 2006; Sun et al., 2017; 

Verkhratsky and Butt, 2018; von Bartheld et al., 2016). 

 

Astrocytes are primary homeostatic cells of the CNS (Verkhratsky and Nedergaard, 

2016, 2018) which are distributed throughout the brain and the spinal cord; these cells 

in the nervous tissue present a remarkable morphological, molecular and functional 

diversity, which was generally acknowledged from the very dawn of neuroglial 

research (Fig. 1). According to morpho-functional criteria astrocytes are sub-

classified into (Fig. 2) (Verkhratsky and Nedergaard, 2018; Verkhratsky et al., 

2019b): (i) radial glia, which are the pluripotent neural cells precursors that disappear 

at birth in mammals; (ii) protoplasmic astrocytes of grey matter; (iii) fibrous 

astrocytes of white matter; (iv) specialised astrocytes: (a) velate astrocytes, which are 

found in the brain areas densely packed with small neurones, for example in the 

olfactory bulb or in the granular layer of the cerebellar cortex, (b) perivascular and 

marginal astrocytes, localised near the pia mater, where they form endfeet with blood 

vessels (these astrocytes do not establish contacts with neurons and their main 

function is in establishing the pial and perivascular glia limitans barriers), (c) 

pituicytes, the astrocytes of the neurohypophysis, (d) Gomori astrocytes rich in iron 

and positive for Gomori's chrome alum hematoxylin staining identified in the 

hypothalamus and in the hippocampus and (e) surface-associated astrocytes 

associated with the cortical surface in the posterior prefrontal and amygdaloid cortex; 

(v) radial astrocytes, which include (a) Bergmann glia in the cerebellum, (b) Müller 

glia of the retina, (c) tanycytes of the hypothalamus, hypophysis and the raphe part of 

the spinal cord and (d) radial glia-like neural stem cells of the neurogenic niches;  (vi) 

ependymocytes, choroid plexus cells and retinal pigment epithelial cells. These cells 

line up the ventricles and the subretinal space; the choroid plexus cells produce the 

cerebrospinal fluid. Ependymocytes possess small movable processes (microvilli and 

kinocilia), which by rhythmic movements produce a stream of cerebrospinal fluid. 

Additionally, the brains of humans and higher primates contain highly specialised 

astrocytes such as interlaminar astrocytes, polarised astrocytes and astrocytes with 

varicose projections (Fig. 2).  
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Astrocytes make direct contact with neurones, oligodendrocytes, microglia and blood 

vessels interacting with all these elements (Fig. 3). In particular, in grey matter  

protoplasmic astrocytes create spatially segregated territorial domains; within these 

domains astrocytes integrate neurones, synapses, and neighbouring capillaries into the 

neuro-gliovascular (or neurovascular) unit (Iadecola, 2017). Perivascular processes of 

protoplasmic astrocytes terminate with endfeet which plaster brain blood vessels; 

while the release of vasoctive agents from these endfeet contribute to regulation of 

local blood flow at the levels of capillaries (Mulligan and MacVicar, 2004; Zonta et 

al., 2003).  Astrocytes are also interacting with endothelial cells which form the 

blood-brain barrier; astroglia-derived factors control the integrity of the barrier, in 

particular by regulating expression of tight junctions in the endothelial layer 

(Sweeney et al., 2019).  Astroglial asthenia, for example in neurodegenerative 

pathologies, may result in a loss of this regulatory support, which leads to a down-

regulation of tight junction expression and increase in the permeability of the blood-

brain barrier (Kriauciunaite et al., 2020). 

 

Astrocytes possess receptors to all types of neurotransmitters and neuromodulators; 

although the expression of these receptors is tightly regulated by immediate 

neurochemical environment (Verkhratsky, 2010; Verkhratsky et al., 1998). Being 

equipped with all these receptors, astrocytes receive information associated with 

neuronal synaptic transmission, which triggers astroglial functional responses. 

Astrocytes are utilising specific form of intracellular “ionic” excitability, relying on 

fluctuations of cytosolic concentration of ions such as Ca2+, Na+, K+ and Cl- 

(Kirischuk et al., 1997; Kirischuk et al., 2012; Rose and Verkhratsky, 2016; 

Verkhratsky et al., 2019c). We shall start our narrative with an overview of astroglial 

functions in the healthy brain, with subsequent presentation of astroglial role in 

synaptic processes such as synaptogenesis, synaptic plasticity and synaptic 

elimination which highlight astrocytes as a target for regulating synaptic connectivity, 

information processing, cognition and associated behaviours. 

 

3. Brief on astrocyte morphology, markers and physiology  

 

3.1. Morphology and markers 

 

The striking morphological heterogeneity of astroglial cells have been documented by 

numerous neuroanatomists of late 19th and early 20th centuries (Chvatal and 

Verkhratsky, 2018; Golgi, 1903; Kettenmann and Verkhratsky, 2008; Ramón y Cajal, 

1909; Retzius, 1894). It remains poorly understood how astrocytes mature and reach 

their morphological complexity, although the field has progressed recently. To reach 

morphological complexity, astrocytes need to interact with other cells in the nervous 

tissue. Astrocyte maturation, for example, depends on astrocyte-to-astrocyte contact 

and is regulated by heparin-binding epidermal growth factor-like growth factor 

(HBEGF) and epidermal growth factor receptor (EGFR) signalling (Li et al., 2019). 

Astrocytic morphogenesis and complexity is regulated by fibroblast growth factor 

heartless signalling and astrocytic adhesion protein neuroligin (NLG) 1, 2 and 3, 

which interact with neuronal neurexins (NRX) (Stogsdill et al., 2017; Stork et al., 

2014). There are some indications that astrocyte morphological complexity is also 

regulated by brain-derived neurotrophic factor (BDNF)/truncated TrkB (TrkB.T1) 

signalling. Deletion of astrocytic TrkB.T1 in mice resulted in appearance of 
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morphologically immature astroglia associated with molecular and functional 

disruption (Holt et al., 2019).  

 

Substantial morphological differences in astrocytes are also found within the same 

structures. Based on three-dimensional morphological reconstruction, different 

subgroups of astrocytes were detected in molecular layer of the dentate gyrus of 

rodents and in the hippocampal formation of migratory birds. These subgroups 

respond in a different manner to environmental changes, ageing (Diniz et al., 2016), 

and to physical activity in birds (long non-stop flight) (Carvalho-Paulo et al., 2017). 

These findings suggest that different functions are performed by astrocytic subgroups 

within the same brain structure.  

 

Visualisation of morphological profiles of astrocytes in the nervous tissue relies upon 

immunocytochemistry of astroglia-specific markers. The oldest (Eng et al., 1971) and 

the most popular (Hol and Pekny, 2015) astroglial marker is the glial acidic fibrillary 

protein (GFAP), which is highly expressed in majority of astrocytes in vitro in culture. 

In healthy brain tissue, however, the majority of astrocytes do not express GFAP at 

the level of detection that is possible with immunohistochemistry, and hence a 

substantial sub-population of astrocytes are not labelled with GFAP-antibodies 

(Savchenko et al., 2000; Yeh et al., 2013). Other markers for astrocytes are glutamine 

synthetase (GS), vimentin, astroglial glutamate transporters (GLAST/EAAT1 and 

GLT1/EAAT2), proteins of aldehyde dehydrogenase 1 family member L1 (ALDHL1), 

transcriptional factor SOX9, S100B calcium binding protein, the plasma membrane 

protein/extracellular marker receptor CD44, etc. (Olabarria et al., 2011; Sosunov et al., 

2014; Verkhratsky and Nedergaard, 2018). Some of these markers demonstrate 

regional specificity – for example -crystalline was reported to be specific for striatal 

astrocytes (Chai et al., 2017). The expression pattern of astroglial markers changes 

during development and ageing, and differs between brain regions; quite often 

astrocytes co-express more than one marker (Ben Haim and Rowitch, 2017; Lein et 

al., 2007; Middeldorp and Hol, 2011; Rodriguez et al., 2014; Yeh et al., 2013). Of 

note, some of these astroglial markers can be expressed in other cells of the CNS: for 

example glutamate transporters were found in microglial cells especially in those 

undergoing microgliosis (Lopez-Redondo et al., 2000; Persson et al., 2005).  

 

3.2. Idiosyncratic human astrocytes  

 

Astrocytes of higher primates and humans exhibit greater volumes, larger number of 

branches, and higher arborisation complexity when compared to astroglial cells of 

rodents (Oberheim et al., 2006; Verkhratsky et al., 2018). Larger and more complex 

protoplasmic human astrocytes contact many more synapses compared to astroglia of 

the rodents. In humans, astrocytes cover about 2,000,000 synapses in the 

hippocampus (Oberheim et al., 2009; Verkhratsky et al., 2018) whereas the number 

contacted in the rodent hippocampus does not exceed  80,000 to 120,000 (Bushong et 

al., 2004). Moreover, human astrocytes propagate calcium waves with a speed of up 

to 36µm/s, which is many times faster than that of rodent astrocytes (Oberheim et al., 

2009). 

 

The brains of humans and of some primates also contain several types of highly 

specialised astrocytes, which are absent in other species (Fig. 2). The interlaminar 

astrocytes (observed by many neuroanatomists of 19th century and characterised in 
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detail by Jorge Colombo (Andriezen, 1893; Colombo, 2017; Martinotti, 1889; Retzius, 

1894)) have small spherical cell bodies localised in the subgranular layer of the 

cortex; these cell bodies emanate several very long (~1 mm) spiriform processes, 

which penetrate to cortical layers II to IV. The processes of interlaminar astrocytes 

terminate with boutons, which are also known as terminal masses or end bulbs. The 

interlaminar astrocytes are positive for GFAP, S100B and CD44; however they 

express low levels of glutamate transporters and glutamine synthetase (Oberheim et 

al., 2009; Sosunov et al., 2014). Human brains also contain several subtypes of 

astrocytes with long processes, known as polarised astrocytes or astrocytes with 

varicose projections; somata of these astrocytes can be found in different cortical 

layers; these astrocytes are immunopositive for CD44 and GFAP and often 

demonstrate a mixed marker phenotype between protoplasmic fibrous and 

interlaminar astrocytes (Sosunov et al., 2014).     

 

3.3. Structural plasticity of astrocytes 

 

Astrocytes undergo morphological changes in the course of physiological activity of 

the brain associated with adaptive plasticity. Such morphological plasticity of 

astroglia is for example observed in response to environmental stimulation, including 

physical activity (Salois and Smith, 2016; Saur et al., 2014). Ageing has been shown 

to decrease the complexity of astroglial profiles is some brain regions (Rodriguez et 

al., 2014), whereas environmental stimulation counteracts these age-dependent 

changes (Diniz et al., 2016; Jyothi et al., 2015). Exposure of aged rats to 3-months of 

enriched environment improved their spatial memory and increased density of GFAP 

positive astrocytes and enhanced their arborisation in all areas of hippocampus 

(Sampedro-Piquero et al., 2014). Such morphological plasticity of astrocytes is also 

observed in pathology: for example, physical activity and enriched environment 

rescues astroglial morphological atrophy in mouse models of Alzheimer’s disease 

(Beauquis et al., 2013; Rodriguez et al., 2013). An enriched environment in 

combination with physical activity (but not physical activity alone) was shown to 

rescue failing astroglial population in the visual cortex of sensory deprived (housing 

in the dark) rats (Bengoetxea et al., 2013). At the sub-cellular level, synaptic plasticity 

is accompanied by morphological remodelling of astroglial processes and changes in 

peripheral processes of astrocytes determine the degree of synaptic coverage (Heller 

and Rusakov, 2015). These changes in peripheral astroglial processes may occur not 

only in response to various types of environmental stimulation but to changes of diet. 

For example, two months of caloric restriction provoked significant outgrowth of 

astroglial perisynaptic processes, which, in turn, was associated with an increase long-

term potentiation (LTP) in hippocampus (Popov et al., 2020). 

 

3.4. Molecular heterogeneity 

 

Morphological heterogeneity of astrocytes is associated with substantial molecular 

diversity, as revealed by modern molecular profiling techniques (Cahoy et al., 2008; 

Chai et al., 2017; Yeh et al., 2009). Astrocytes within different brain regions as well 

as of different species possess distinct transcriptional profiles (Doyle et al., 2008; 

John Lin et al., 2017; Morel et al., 2017). For instance, the morphology, 

transcriptomes, and proteomes of striatal and hippocampal astrocytes are significantly 

different. Both types of astrocytes shared the similar proteins responsible for core 

astroglial functions such as K+ buffering, however 2800 transcripts were significantly 
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different between these two astroglial populations (Chai et al., 2017). In the cortex, 

molecular signatures of astrocytes appear to be layer specific with layer-dependent 

interactions between astrocytes and neurones (Lanjakornsiripan et al., 2018); single-

cell transcriptomics of cortical astroglia revealed layered segregation of astrocytes 

with distinct gene expression signatures (Bayraktar et al., 2020). In the cerebellum, 

the astrocyte molecular profile is closely linked to the transcriptional profile of 

neighbouring neurones, where one determines the molecular specificity of the other 

(Farmer et al., 2016). This striking diversity may result in the invocation of distinct 

astroglial pre-programmes. For example, physical activity induces region-specific 

morphological and gene expression changes, suggesting differential astrocyte 

functionality associated with different astroglial populations (Lundquist et al., 2019). 

 

3.5. Functional heterogeneity 

 

Remarkable molecular diversity of astrocytes reflects their ability to express multiple 

cell-specific sets of neurotransmitter receptors, ion channels and transporters 

congruent with the homeostatic demands of their immediate environment, such as 

those associated with synaptic transmission (Hamilton and Attwell, 2010; Olsen et al., 

2015; Verkhratsky, 2010; Verkhratsky and Nedergaard, 2018). Physiological 

stimulation of astroglial receptors trigger specific forms of glial excitability that are 

associated with spatio-temporally organised fluctuations of cytosolic concentration of 

ions. The intracellular Ca2+ and Na+ excitability of astrocytes is well documented 

(Bazargani and Attwell, 2016; Rose and Verkhratsky, 2016; Verkhratsky et al., 1998), 

whereas the signalling role for K+ and Cl- is yet to be properly characterised 

(Verkhratsky et al., 2019c). Astroglial Ca2+ signals, evoked by neuronal activity, 

mechanical and chemical stimuli control gene expression, trigger astroglial secretion 

and instigate reactive astrogliosis (Alberdi et al., 2013; Kanemaru et al., 2013; Khakh 

and McCarthy, 2015; Parpura et al., 2010; Stobart et al., 2018; Verkhratsky et al., 

2016; Verkhratsky et al., 2012). Astroglial intracellular signalling mediated by Na+ 

regulates numerous plasmalemmal Na+-dependent solute carrier (SLC) transporters 

responsible for astroglial homeostatic capabilities. These transporters are critical for 

uptake of neurotransmitters (glutamate, -amino butyric acid, GABA, adenosine and 

catecholamine), for ionostasis of the interstitial fluids, for supply of neurotransmitter 

precursors and for buffering of reactive oxygen species (Rose et al., 2020; 

Verkhratsky and Rose, 2020). Astroglial ionic signalling couple astroglial functions 

with neuronal activity and allow astroglial cells to modulate neuronal excitability and 

synaptic transmission (Martin et al., 2015; Schipke et al., 2008).  

 

The remarkable morphological and molecular heterogeneity of astrocytes underlies 

their contribution to fundamental functions of the CNS, from osmotic balance to 

cognitive processes. Astrocytes interact with other astrocytes and oligodendrocytes, 

with synapses (where they regulate neurotransmitter metabolism and provide energy 

substrates), with microglia and with blood vessels (Fig. 3). In the next sections, we 

shall cover several astroglia-specific mechanisms responsible for regulation of 

synaptic connectivity and synaptic plasticity, which underlie cognitive processes and 

behavioural outputs.  

 

4. Astroglial synaptic coverage and astroglial cradle 
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Probably ~50 - 60% of all synaptic structures in the CNS are enwrapped with 

membranous leaflets formed by terminal extensions of peripheral astroglial processes. 

The degree of astroglial coverage differs between brain regions; for example in 

hippocampus  60 - 90% of synapses are covered by astroglial leaflets (Ventura and 

Harris, 1999; Witcher et al., 2007); in the cerebellum, appendages emanating from 

Bergman glial cell processes cover ~90% of synapses formed by climbing fibres and 

~65%  of synapses formed by parallel fibres on Purkinje neurones (Grosche et al., 

1999; Xu-Friedman et al., 2001), while in the neocortex 30–55% of synapses have 

astroglial coverage (Bernardinelli et al., 2014). The perisynaptic astroglial leaflets are 

exceedingly thin (~100 - 200 nm), and they do not have organelles (Patrushev et al., 

2013; Peters et al., 1991; Reichenbach et al., 2010), except tiny spherical 

mitochondria (Derouiche et al., 2015). These perisynaptic structures are 

immunopositive for glutamate synthetase, astroglial glutamate transporters, ezrin and 

radixin while being immunonegative for GFAP (Derouiche, 2003; Derouiche et al., 

2002; Reichenbach et al., 2010). Astroglial perisynaptic processes are characterised 

by a high surface to volume ratio (~25 m-1) and they account ~80% of the total 

surface area of an astrocyte, although occupying only 4 - 10% of total cell volume 

(Grosche et al., 2002). 

 

Utilising these intimate contacts between astroglial membranes and synaptic 

structures astroglia regulate synaptic connectivity and synaptic function through 

numerous pathways, which include homeostatic control over the synaptic cleft, 

catabolism of neurotransmitters, supply of neuronal elements with neurotransmitter 

precursors and secretion of numerous trophic factors that influence synaptogenesis, 

synaptic maturation and synaptic elimination. These multiple roles for astrocytes in 

the regulation of synaptic transmission have been integrated in a concept of astroglial 

cradle (Nedergaard and Verkhratsky, 2012; Verkhratsky and Nedergaard, 2014). This 

concept envisages that the astroglial perisynaptic structure is a versatile instrument, 

regulating synaptic function through numerous complementary astroglia-specific 

pathways. 

 

5. Astrocytes regulate synaptic formation, maintenance and plasticity  

 

5.1. Astrocytes and synaptogenesis  

 

The initial phases of the embryonic brain development are dominated by 

neuronogenesis; with gliogenic switch emerging at later stages with peak in 

astrogliogenesis occurring in postnatal period (Fig. 4), and astroglial maturation being 

attained around postnatal day 50 in rats (Stichel et al., 1991). In rodents neurones 

appear around embryonic day E12, whereas first astrocytes emerge at around E18 

(Miller, 2018). Neural precursor cells (NPCs) first generate neurones and then 

astrocytes (Fig. 4), although the mechanisms underlying this transition are still not 

fully understood. Initial activation of pro-neuronal genes neurogenin1 and 

neurogenin2, which promote neuronal differentiation, is associated with Wnt/β-

catenin signalling pathway (Hirabayashi et al., 2004). Subsequently, polycomb group 

complex stimulates the transition of NPCs differentiation from neuronal to astroglial 

cells, at the same time suppressing the promotor neurogenin1 in a developmental-

stage-dependent manner (Hirabayashi et al., 2009). In addition, Mek1 and Mek2 

perform critical function allowing radial glia to activate gliogenic mode in the late 

embryogenesis (Li et al., 2012). 
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The life cycle of the synapse includes the following stages (i) formation of an initial 

contact between the presynaptic terminal and postsynaptic neurone; (ii) maturation; 

(iii) stabilisation and maintenance and (iv) elimination. For a substantial sub-

population of synapses, the progression through these stages is regulated by the 

astroglial cradle formed by perisynaptic processes of astrocytes (Verkhratsky and 

Nedergaard, 2014). The seminal observation of fundamental contribution of 

astrocytes to the synaptogenesis was made by Frank Pfrieger and Ben Barres (Pfrieger 

and Barres, 1997) on finding that the addition of astrocytes to neuronal cultures 

results in 7-fold increase in synaptic density. Subsequent in vivo studies demonstrated 

that majority of synapses are formed concurrently with astrocytes, and astrocytes are 

needed for synaptic maturation (Ullian et al., 2001). Rat retinal ganglion cells, for 

example, cannot generate synapses before embryonic day 19, when the first astrocytes 

begin to emerge (Barker et al., 2008). Astrocytes influence synaptogenesis by contact-

dependent mechanism(s) or by release of soluble factors inducing synaptic formation 

(Fig. 5 and Table 1 - see also (Barker et al., 2008; Hama et al., 2004)). For instance, 

adhesion proteins such as γ-protocadherin, localised in astrocytic perisynaptic 

processes, promote synaptogenesis through contact with neurones (Garrett and 

Weiner, 2009). However, recently it was found that γ-protocadherin contacts with 

neuregulin 1 (NLG-1) inhibiting its ability to bind neurorexin 1NRX-1 thus 

preventing synaptogenesis (Molumby et al., 2017). These apparent contradictory 

findings may reflect different roles for γ-protocadherin in different classes of 

neurones at different times.  

 

5.1.1. Thrombospondins  

 

Thrombospondins (TSP), belong to a 5-member family of Ca2+-binding extracellular 

glycoproteins. Homotrimeric TSP-1 and TSP-2 which are necessary for generation of 

excitatory synapses are expressed in and are secreted by astrocytes (Christopherson et 

al., 2005; Hughes et al., 2010). Exposure to TSP increases the total number of 

synapses, but these remain functionally inactive; this silence mode reflects the lack of 

-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) in the 

postsynaptic membrane (Christopherson et al., 2005). Of note, TSPs reduce AMPAR 

presence also in mature neurones (Hennekinne et al., 2013). Synaptic maturation 

requires insertion of AMPAR into the postsynaptic membrane, and this maturation is 

similarly regulated by astrocytes through secretion of tumour necrosis factor- (TNF-

), glypicans 4 and 6 and Wnt, and by extracellular matrix (Allen et al., 2012; Beattie 

et al., 2002; Frischknecht et al., 2009; Kerr et al., 2014; Pyka et al., 2011). 

 

Synaptogenic effects of TSP are mediated through postsynaptic gabapentin receptors 

21 (Eroglu et al., 2009), which in turn mobilise the postsynaptic Rac1, a small Rho 

GTPase that promotes actin reorganisation thus leading to spine reorganisation and 

initiation of synapse formation (Risher et al., 2018). Experiments in vitro have also 

demonstrated that TSPs interact with postsynaptic NLG-1, which also increases 

formation of excitatory synapses (Xu et al., 2010). NLG-1 acts as a synaptic partner to 

presynaptic adhesion protein NRX, arranging synaptic elements into the proper 

position for synaptic formation (Allen, 2014; Clarke and Barres, 2013). The coupling 

between NLG-1 and NRX is also essential for long-term potentiation (LTP), and the 

strengthening of synaptic connections, which results in long-lasting changes in output 

in response to transiently increased input, and the related-LTP spine growth (Wu et al., 
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2019). The view that neuronal NLGs are solely responsible for synaptogenesis was 

recently challenged: it appears that astrocytic NLG-2 exerts control of synaptic 

formation (Stogsdill et al., 2017). The absence of NLG-2 secretion from cortical 

astrocytes in vivo there is a reduction in the formation of excitatory synapses and an 

enhancement of the formation of inhibitory synapses (Stogsdill et al., 2017). These 

effects may be exerted through neuronal NRXs or by affecting the astroglial release of 

synaptogenic factors such as TSPs or hevin. In the retina, TSP-1 secreted by Müller 

glia controls the genesis of excitatory synapses on retinal ganglions cells through 

neuronal TSP-1 receptor -integrin (Koh et al., 2020). 

 

5.1.2. Hevin 

 

Hevin (also known as SPARC-like protein 1) and secreted protein acidic rich in 

cysteine (SPARC) are matricellular proteins of the extracellular matrix (Brekken and 

Sage, 2001). Hevin promotes maturation of silent synapses (lacking postsynaptic 

AMPAR) in the superior colliculus, whereas SPARC antagonises the hevin effects 

(Kucukdereli et al., 2011) by inhibiting postsynaptic β3 integrins and, consequently, 

destabilizing AMPAR in the postsynaptic membrane (Jones et al., 2011). In mice, 

deletion of hevin causes a decrease in the number of synapses whereas in the absence 

of SPARC synaptic density increases (Kucukdereli et al., 2011). In the adulthood, a 

decrease in the SPARC expression occurs, but hevin remains widely expressed 

(Kucukdereli et al., 2011). The molecular mechanisms of hevin-induced 

synaptogenesis involve the synaptic adhesion molecules NRX1 and NLGs; hevin 

promotes bridging between these two molecules (Singh et al., 2016). For example, 

these two proteins are crucial for the thalamocortical synaptogenesis during brain 

development (Singh et al., 2016). 

 

5.1.3. Glypicans 4 and 6 

 

In contrast to both TSPs and hevin, astroglia-secreted glypicans 4 and 6 trigger 

formation of active synapses, which is associated with clustering of GluA1 subunit of 

AMPAR in the postsynaptic membrane (Allen et al., 2012). This mobilisation of 

AMPARs results from glypican-stimulated release of the AMPAR clustering factor 

neuronal pentraxin 1 from the presynaptic terminal; this is mediated by receptor of 

protein tyrosine phosphatase type 2 (RPTP2) (Farhy-Tselnicker et al., 2017).  

 

5.1.4. Transforming growth factor -1 

 

The transforming growth factor -1 (TGF-1) also secreted by astrocytes is a 

cytokine related to neuronal survival (Krieglstein et al., 2002), cellular migration 

(Siegenthaler and Miller, 2004), gene expression (Lesne et al., 2002) and astrocyte 

differentiation (Gomes et al., 2005). The TGF-1 promotes synaptogenesis of both 

inhibitory and excitatory synapses in rodents and humans (Diniz et al., 2012; Diniz et 

al., 2014). In cortical neurones TGF-1 stimulates formation of inhibitory synapses 

through CaM Kinase II (CAMKII) signalling, which induces cluster formation of 

NLG-2 in postsynaptic terminals (Diniz et al., 2014). Blockade of CAMKII disrupt 

inhibitory synaptogenesis but has no effect formation of excitatory synapses (Diniz et 

al., 2014). The excitatory synaptogenesis induced by TGFβ-1 in the cerebral cortex 

utilises D-serine signalling, and the disruption of this pathway blocks the effects of 

TGFβ-1 (Diniz et al., 2012).  
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Synaptogenesis in cerebellar granule neurones is similarly controlled by TGF-1 

(Araujo et al., 2016). Cerebellar granule neurones express TGF-1 receptor TRII at 

both mRNA and protein level. Expression of TGFβ-1 and TRII in cerebellum is 

developmentally regulated: is low in early postnatal days P1 to P9 and it increases 

after P12 and remains at high levels in adulthood (>P30), consistent with its role in 

synaptogenesis. Treatment with TGFβ-1 led to a two-fold increase in glutamatergic 

synapses, which effect was inhibited by pharmacological blockage of TRII receptor 

(Araujo et al., 2016). The TGFβ-1 pathway can be also operation in pathology. Recent 

finding demonstrated that TGFβ-1 prevents synaptic loss in Parkinson’s disease (PD) 

model (Diniz et al., 2019). Treatment with -synuclein (endogenous neurotoxin 

implicated in PD pathophysiology) triggered reactive astrogliosis, which was 

associated with an increased secretion of TGFβ-1 and increased synaptogenesis 

(Diniz et al., 2019).  

 

5.1.5. Cholesterol 

 

Another astroglia-derived factor indispensable for synaptogenesis is represented by 

cholesterol (Mauch et al., 2001). Neuronal production of cholesterol is rather limited, 

and astrocytes have been found to supply extra amounts of cholesterol associated with 

apolipoprotein E (ApoE)-containing lipoprotein. Molecular mechanisms of 

cholesterol-dependent promotion of synapse formation are yet to be fully 

characterised, although studies of recent decade revealed several astroglia-associated 

pathways. The sterol regulatory element-binding protein 2 (SREBP2), the major 

transcription factor regulating cholesterol synthesis, tightly controls the cholesterol 

levels in the brain (Brown and Goldstein, 2009). Genetic ablation of astroglial 

SREBP2 in mice reduced the number and functionality of synapses, affected brain 

development and caused motor deficits (Ferris et al., 2017). Another astroglial 

pathway is linked to the fatty acid binding protein 7 (FABP7), a chaperon for 

lipophilic molecules secreted by astrocytes. The number of excitatory synapses of the 

medial prefrontal cortex was reduced in FABP7-knockout mice while FABP7 

knockout astrocyte-conditioned medium decreased amplitude and frequency of action 

potential-independent miniature excitatory postsynaptic currents (Ebrahimi et al., 

2016). 

 

5.1.6. microRNAs 

 

MicroRNA (miRNA) is a non-coding gene transcript widely expressed in the 

mammalian brains throughout the life span. Processing miRNAs precursors into 

mature miRNAs by endoribonuclease Dicer and subsequent fine-tuning of miRNAs 

contribute to several brain functions including neurogenesis (Li and Jin, 2010), 

neuronal development (Cochella and Hobert, 2012), synaptic plasticity (Ye et al., 

2016) and synaptogenesis (Kos et al., 2016). Astroglial miRNAs regulate release of 

cytokines and chemokines which control the ERK1/2 - CREB signalling cascade 

regulating synaptogenesis (Sun et al., 2019). Selective deletion of astrocytic Dicer in 

postnatal mice leads to disruption of the formation of dendritic spines as well as to 

reduction of mature spines in the cortical and hippocampal neurones. Astrocytic 

chemokine ligand 5 (CCL5), expression of which is suppressed by miR-324-5p, when 

added in neurones treated with Dicer knockout astrocyte-conditioned medium reduced 

number of synapses and disrupted MAPK/CREB signalling (Sun et al., 2019). 
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 5.1.7. Ephrin-B1 

 

Ephrins are membrane-bound guidance cues acting through EphA and EphB receptors, 

which are tyrosine kinases. Ephrine signalling invokes bidirectional neuronal-

astroglial communications (Murai and Pasquale, 2011). Ephrins and ephrine receptors 

have been identified in perisynaptic astrocyte processes (Carmona et al., 2009; Filosa 

et al., 2009). Ephrin-receptor-interaction protein B1 (Ephrin-B1) belongs to a 

transmembrane protein family that establishes short-distance cell-cell signalling 

which can affect morphogenesis, cell migration and positioning, homeostasis, 

plasticity and synaptogenesis (Kania and Klein, 2016). Astrocyte-specific deletion of 

ephrin-B1 in mice leads to an increase in the density of immature dendritic spines in 

the CA1 hippocampal region in adult mice: this increase is, however, associated with 

an attenuated postsynaptic filed potentials indicating increase in a population of silent 

contacts. Over-expression of ephrin leads to a loss of dendritic spines associated with 

impaired contextual memory retention. EPhrin-B1, therefore, was suggested to restrict 

the formation of new synapses in the adult brain that may be involved in synaptic 

remodelling during learning (Koeppen et al., 2018; Nguyen et al., 2020).  

 

5.1.8. Specificity protein 1 

 

The transcription factor Specificity protein 1 (Sp1) is part of specificity 

protein/Kruppel-like family which contributes to several processes associated with 

memory (Citron et al., 2015). Astrocytes express high levels of Sp1 which modulates 

expression of genes involved in neurites outgrowth and synaptogenesis. Genetic 

deletion of Sp1 in mice decrease number of neurones in the cortex and hippocampus, 

whereas in vitro, loss of astroglial Sp1 resulted in disrupted dendritic outgrowth and 

synapse formation. Apparently, this synaptogenic effect relies on increased expression 

of complement protein C1q in the absence of astroglial Sp1 (Hung et al., 2020). 

 

5.1.9. Norrin 

 

Norrin is a protein that acts as an agonist of frizzled-4 and Leucine-rich repeat-

containing G-protein coupled receptor 4 (LGR4), which activate WNT/-catenin 

signalling cascade; in the CNS Norrin is primarily expressed in and secreted by 

astrocytes (Braunger and Tamm, 2012; Deng et al., 2013). Mutation of Norrin 

encoding gene (Norrin cystine knot growth factor gene located on the X chromosome) 

results in Norrie disease (Warburg, 1971) manifested with ocular abnormalities and 

conginitve deficits such as mental retardation, psychosis, and early-onset dementia. 

Astroglia secreted Norrin controls growth of neuronal dendrites and formation of 

dendritic spines; genetic deletion of Norrin led to a profound loss of dendritic spines 

in the cortical layer V; this was also associated hyperactivity in behavioural tests. 

Transfection of astrocytes from layer V with Norrin under control of specific 

astroglial promoter rescued this loss (Miller et al., 2019). 

 

5.2. Astrocytes support synaptic isolation, synaptic maintenance and catabolism of 

neurotransmitters 

 

An important function of astroglia perisynaptic cover is to maintain spatial isolation 

of synaptic transmission, thus preserving signalling specificity. This astroglial 
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isolation is achieved through direct physical fencing of synapses with the addition of 

another diffusional barrier, and by the activity of glutamate transporters that are 

present in abundance in astrocyte membrane and prevent glutamate spill-over 

(Verkhratsky and Nedergaard, 2018). Suppression of glutamate transport with 

pharmacological agents (Arnth-Jensen et al., 2002) or by gene knock-out (Marcaggi et 

al., 2003) permits spill-over and hence increases the duration of excitatory 

postsynaptic currents. Astrocytic synaptic isolation is dynamic and may change 

depending on physiological context, circadian cycle and developmental stage.  

 

Membranes of perisynaptic processes carry numerous transporters and 

neurotransmitter receptors, thus allowing intimate regulation of astroglial homeostatic 

support with neuronal activity (Verkhratsky and Rose, 2020). As astroglial 

perisynaptic processes do not have endoplasmic reticulum, the leading role in ionic 

signalling belongs to ionotropic receptors and SLC transporters with particularly 

strong contribution from glutamate transporters (underlying bulk of Na+ entry in 

response to glutamate (Kirischuk et al., 2007; Rose et al., 2018)) and the Na+/Ca2+ 

exchanger (which brings in Ca2+ when working in the reverse mode (Rose et al., 

2020; Wade et al., 2019)). Astroglial Na+/K+ ATPase, also present in the perisynaptic 

membrane, acts as a major pathway for K+ buffering, while Kir4.1 K+ channels shuttle 

K+ back to neurones after periods of activity to restore ionic balance (Breslin et al., 

2018; Larsen et al., 2016). Thus, perisynaptic astroglial processes provide for 

homeostatic control in the synaptic cleft.   

 

This homeostatic control extends to many processes; during synaptic transmission a 

primary function of astroglia rests in the ability to regulate the level of 

neurotransmitter that is present in the cleft, and to regulate neurotransmitter 

catabolism and the supply of neurones with neurotransmitter precursors. This function 

is particularly critical for glutamatergic and GABA-ergic transmission. Astrocytes 

represent the key element of the glutamate(GABA)-glutamine shuttle, which 

comprises (i) astroglial glutamate transporters; (ii) astroglia-specific enzyme 

glutamine synthetase, and (iii) astroglial and neuronal glutamine transporters that 

provide glutamine transport to neuronal terminals where the latter is converted to 

glutamate and, subsequently to GABA in inhibitory terminals.  

 

Astrocytes provide the major sink for glutamate in the brain; glutamate released from 

the perisynaptic terminals is rapidly buffered by glutamate transporters localised in 

astroglial perisynaptic membranes. Within the short diffusion range of only 0.5 m, 

glutamate is bound by ~ 7000 glutamate transporters, which is ~300 times larger than 

the number of AMPAR on neuronal postsynaptic specialisation (Marcaggi and 

Attwell, 2004). Thus astroglial glutamate transporters control the kinetics of the 

glutamate presence in the cleft, which this controls the amplitude and duration of 

excitatory postsynaptic currents (Asztely et al., 1997; Diamond, 2001; Mennerick and 

Zorumski, 1994; Tsukada et al., 2005) and degree of activation of glutamate 

metabotropic receptors (Brasnjo and Otis, 2001; Reichelt and Knopfel, 2002). The 

astroglial role in regulation of extracellular GABA may be less crucial, owing to the 

presence of a higher density of neuronal GABA transporters. Nonetheless, astrocytic 

GABA transporter type 3 (GAT-3) contributes to the regulation of tonic GABA in 

hippocampus (Kersante et al., 2013). In the thalamus, astroglial GABA transporter 

type 1 (GAT-1) modulates kinetics of inhibitory postsynaptic currents, while 

astrocytic GAT-3 reduces GABA spill-over (Beenhakker and Huguenard, 2010). 
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Glutamate accumulated into astrocytes undergoes enzymatic conversion to glutamine; 

this process is catalysed by glutamine synthetase (Norenberg and Martinez-Hernandez, 

1979). Glutamine in turn represents the obligatory glutamate precursor for neurones 

as the latter are unable to synthesise glutamate de novo and thus they completely rely 

on the astroglial supply of glutamine (Hertz et al., 1999). Glutamate is produced from 

glucose in astrocytes which specifically express pyruvate carboxylase converting 

glucose to -ketoglutarate, from which glutamate is synthesised (Schousboe et al., 

2014; Shank et al., 1985; Yu et al., 1982).   

 

Astrocytes are involved in catabolism of two other principal neurotransmitters in the 

CNS: monoamines and adenosine. Catabolism of monoamines occurs through 

deamination or methylation; deamination is catalysed by monoaminoxidases A and B 

(MAO-A, B); the principal enzyme MAO-B is mainly expressed in astroglia (Levitt et 

al., 1982; Riederer et al., 1987; Saura et al., 1992). Noradrenalin and dopamine are 

transported into astrocytes through Na+-dependent noradrenaline transporter 

(NET/SLC6A2) (Schroeter et al., 2000; Takeda et al., 2002), possibly through the 

Na+-dependent dopamine transporter (DAT/SLC6A3) (Karakaya et al., 2007), and the 

Na+-independent organic cation transporter 3 (OCT3/SLC22A3) (Petrelli et al., 2018).  

Metabolism of dopamine in cortical astrocytes was found to be critically dependent on 

the vesicular monoamine transporter 2 (VMAT2/SLC18A2), which removes cytosolic 

dopamine into cellular organelles; genetic deletion of this transporter significantly 

impairs the catabolism of dopamine, causes aberrant synaptic transmission and 

plasticity, and affected working memory and behavioural flexibility (Petrelli et al., 

2018). 

 

Adenosine is widely present in CNS; both neurones and glia express all types of 

adenosine receptors (A1R – A4R). After being released from neurones or degraded 

form ATP, adenosine is taken up by astrocytes through Na+-dependent concentrating 

and Na+-independent equilibrative transporters (King et al., 2006; Li et al., 2013; 

Peng et al., 2005). In astrocytes, adenosine is phosphorylated to AMP by adenosine 

kinase. Adenosine kinase is the central enzyme of adenosine catabolism and it is 

highly expressed in astroglial cells (Boison, 2008; Studer et al., 2006).   

 

5.3. Astroglia secrete factors regulating synaptic transmission  

 

After being formed, neural circuits mature, stabilise and continuously undergo fine 

tuning associated with structural remodelling of exiting synapses, appearance of new 

ones or with synaptic elimination depending on the physiological contexts and 

environmental challenges (Chung et al., 2015); all these processes being substrates of 

synaptic plasticity. Dendritic spines, for instance, undergo maturation process during 

neuronal activity, or are disconnected and eliminated when involved in redundant or 

weakened connections (Risher et al., 2014). Astroglial homeostatic support is 

fundamental for this rewiring of the brain. For example, monocular enucleation, 

which instigates massive remodelling of visual cortex is associated with rapid 

increase in a subpopulation of ALDHL1-positive protoplasmic astrocytes. Transient 

suppression of astroglial metabolism with fluoroacetate prevents remodelling of 

neuronal circuitry, whereas chronic stimulation of astroglial Gi coupled metabotropic 

receptors potentiates cortical plasticity (Hennes et al., 2020). Astrocytes are also bona 

fide secretory cells, which form a gliocrine system (Vardjan et al., 2019) and release 
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over 200 neuroactive substances including neuromodulators, neurohormones, trophic 

factors, modulators of synaptogenesis etc (Verkhratsky et al., 2016). These astroglia-

derived molecules interact with the pre- and postsynaptic processes and regulate 

synaptic maturation, stabilisation performance (Fig. 6).  

 

5.3.1. Thrombospondins  

 

Thrombospondins appear to regulate synaptogenesis in mature brain thus modulating 

neuronal plasticity through the remodelling of synaptic connectivity in physiological 

and pathophysiological contexts. In the striatum, TSP-1 secretion from astrocytes is 

induced by GABA released from medium spiny neurones; TSP-1, in turn, stimulates 

genesis of new synapses thus potentiating cortico-striatal synaptic transmission 

(Nagai et al., 2019). After stroke, regeneration and plasticity require the expression of 

astroglial TSP-1 and -2; genetic deletion of both TSPs significantly impairs the 

recovery of motor function (Liauw et al., 2008). Expression of TSPs in astrocytes in 

pathological context was shown to be regulated through the signal transducer and 

activator of transcription-3 (STAT3) signalling pathway (Tyzack et al., 2014). Effects 

of TSP on synaptic transmission may also be mediated through acute modulation of 

neurotransmitter receptor presence in the postsynaptic membrane: in cultured rat 

spinal cord neurones TSP-1 suppressed neuronal activity by decreasing the density of 

AMPAR while increasing the density of glycine receptors (Hennekinne et al., 2013). 

In hippocampal neuronal-astroglial cultures TSP-1 released from astrocytes induces 

presynaptic glutamate receptor muting (decrease in the number of active presynaptic 

glutamatergic terminals), which is considered to be a mechanism to protect against 

excitotoxicity (Crawford et al., 2012).  

 

5.3.2. Hevin 

 

Hevin, in addition to its role as a synaptogenic factor, also plays a critical role in the 

maturation of thalamocortical connections. Genetic deletion of hevin in mice results 

in a smaller synapses and thinner spines (Risher et al., 2014). Hevin is critical to 

ocular dominance plasticity, a form of synaptic plasticity where neuronal connections 

undergo remodelling shaped by visual experience. The restoration of astroglial hevin 

during the visual development rescued ocular dominance plasticity disrupted in hevin-

knockout mice, indicating astrocytic control of this kind of synaptic plasticity. The 

action of hevin seems to be mediated through bridging between NLGs and NRXs, 

which recruit N-methyl-D-aspartate receptor to modulate synaptic strength (Singh et 

al., 2016).  

 

5.3.3. TNF- 

 

Astrocytes can control synaptic scaling (a form of synaptic plasticity) by releasing 

TNF- (Stellwagen and Malenka, 2006). Synaptic scaling adjusts the strength of all 

the synapses of an individual neurone to stabilise the firing rate (Turrigiano, 2008). 

TNF- is directly involved in this type of plasticity, and astrocytes together with 

microglial cells were identified as the principal source of this cytokine (Lewitus et al., 

2016; Stellwagen and Malenka, 2006). Astrocytic TNF- also controls synaptic 

strength by increasing surface expression of AMPAR (Beattie et al., 2002). TNF- 

induces rapid exocytosis of AMPARs, which increases the availability of AMPAR at 

the post-synaptic membrane. In addition, long-term treatment with TNF- modulates 
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NMDA currents, suggesting an indirect action in NMDA receptors (Han and Whelan, 

2010). At the same time, TNF- exerts the opposite effect on GABA receptors, 

inducing their internalisation thus affecting synaptic plasticity (Stellwagen et al., 

2005).  

 

5.3.4. Brain derived growth factor 

 

Astroglial cells are key elements of the BDNF signalling in the brain: pro-BDNF, 

produced and released by neurones, accumulates in astrocytes where it is converted 

into mature form of BDNF, and is secreted by vesicle-associated membrane protein 2 

(VAMP2)-mediated exocytosis (Bergami et al., 2008). Astroglia-released BDNF 

modulates synaptic stabilisation by stabilising the density of clusters of synaptobrevin 

and their rate of addition (Hu et al., 2005). Recently, it was demonstrated that 

astrocytic BDNF increases spines density and dendrite outgrowth, which is 

accompanied with cognitive improvements in the 5xTg mouse model of Alzheimer’s 

disease (de Pins et al., 2019). Astroglia secreted BDNF induced phosphorylation of 

neuronal TrkB, which is instrumental for the maintenance of long-term potentiation 

(LTP) and memory retention (Vignoli et al., 2016). The role of TrkB receptors in 

stabilisation of LTP is well documented (Figurov et al., 1996; Korte et al., 1996). The 

disruption of astroglial processing and secretion of BDNF leads to dysfunctional 

synaptic transmission and disruption of memory processes such as altered object 

recognition memory (Vignoli et al., 2016). 

 

5.3.5. Cholesterol 

 

During synaptic activity, presynaptic terminals require proper supply of proteins and 

lipids, the binding of cholesterol and synaptophysin, for instance, is required for the 

biogenesis of synaptic microvesicles. Cholesterol depletion inhibits this biogenesis 

probably by interfering with the formation of synaptic-vesicle curvature, supporting 

the biogenesis of synaptic-like microvesicles (Thiele et al., 2000). Lipid rafts, 

composed mostly of cholesterol and sphingolipids, are critical to the stabilisation of 

plasmalemmal AMPAR (Hering et al., 2003). Depletion of cholesterol/sphingolipids 

from rafts results in structural dysfunction in dendritic spines, reduction of their 

density and increasing in their size, which all disrupt synaptic transmission (Hering et 

al., 2003).  

 

Astrocyte-secreted cholesterol therefore plays a critical role in maintaining synaptic 

connectivity and plasticity (Pfrieger, 2003). Decreased activity of the sterol regulatory 

element-binding protein (SREBP) in astrocytes reduces the astrocytic release of 

cholesterol, which leads to a decrease in the number of synaptic vesicles, reduction in 

the levels of presynaptic synaptosomal-associated protein, 25kDa (SNAP-25) and 

increase in the number of immature or silent synapses. This in turn results in 

dysfunctional synaptic connectivity and deficits in short-term and long-term synaptic 

plasticity (van Deijk et al., 2017). Additionally, astrocytic SREBP2 is critical for 

neurites outgrowth, and the absence of SREBP2 causes behavioural dysfunctions, 

including deficits in learning and memory and aberrant social behaviour, as assessed 

by Stone T-maze and nest-building ability, respectively (Ferris et al., 2017). 

Cholesterol composition of astroglial plasma membrane is significantly modified by 

ketamine, which might be related to the anti-depressant activity of the latter (Lasic et 

al., 2019).   
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5.3.6. L- and D-Serine 

 

The amino acid D-serine is an endogenous positive modulator of NMDA receptors, 

which has been demonstrated to regulate synaptic plasticity in the CNS (Mothet et al., 

2000). For some time D-serine was believed to be an astrocyte-specific 

“gliotransmitter” (Henneberger et al., 2010). However, it has become clear that the D-

serine producing enzyme, serine racemase, is located predominantly in neurones, 

where the bulk of D-serine is produced (Wolosker et al., 2016, 2017). Suppression of 

serine racemase selectively in neurones (by using recombinant DNA technology) 

resulted in 65% reduction of enzyme protein in cortical and hippocampal tissue as 

well as impairment of LTP; analogous suppression of astroglial expression produced 

only marginal reduction in serine racemase protein levels (Benneyworth et al., 2012). 

Nonetheless astrocytes are critical for D-serine production through the supply of 

neurones with the obligatory precursor L-serine, which is synthesised almost 

exclusively in astrocytes. Enzymatic removal of L-serine from extracellular space 

suppressed LTP in hippocampus (Neame et al., 2019). Synthesis of L-serine is 

catabolised by 3-phosphoglycerate dehydrogenase (Phgdh) expressed in astroglia 

(Yamasaki et al., 2001); knocking this enzyme out specifically in astrocytes reduces 

neuronal synthesis of D-serine by ~80% (Yang et al., 2010). Similarly, 

pharmacological inhibition of Phgdh by the selective blocker CBR-5884 decreased 

neuronal synthesis of D-serine by 75%, significantly inhibited NMDA receptor-

mediated field excitatory postsynaptic potentials and halved the magnitude of 

NMDA-receptor mediated LTP (Neame et al., 2019). Deficient function of Phgdh is 

associated with single nucleotide mutations result in severe neurometabolic disorder 

that is manifest by congenital microcephaly, psychomotor retardation, and seizures 

(Klomp et al., 2000). Of note, astrocytes also contain serine hydroxymethyltransferase 

1, which interconverts L-serine and glycine; as a result, astroglia can release glycine 

through the reversed GlyT1 glycine transporter to modulate NMDA receptors (Neame 

et al., 2019), and thus glycine, rather than D-serine, may be the more important in 

regulation of glutamatergic transmission. 

 

5.3.7. Chordin 

 

Chordin-like 1 protein (Chrdl1), a bone morphogenetic protein inhibitor that was 

initially isolated from mouse bone marrow stromal cells (Nakayama et al., 2001) has 

been identified in the astrocytes secretome. Indeed, Chrdl1 appears to be a critical 

factor for the induction and “maturation” of AMRARs, i.e. switch form Ca2+-

permeable, GluA2 lacking form, into a Ca2+-impermeable GluA2 containing form. 

Genetic deletion of Chrdl1 results in the enhanced synaptic plasticity (Blanco-Suarez 

et al., 2018). Null mutations of Chrdl1 in humans result in X-linked megalocornea, 

which is manifested by large cornea and increased risk of cataract (Webb et al., 2012). 

Incidentally, patients suffering from this disease appear to have a higher IQ, and 

higher verbal memory and executive skills (Webb et al., 2012). Moreover, increased 

expression of Chrdl1 mRNA was found in brain samples from patients with 

schizophrenia and bipolar disorder (Gandal et al., 2018), but whether this association 

indicates that these conditions are the results of an astrocytopathy remains unknown. 

 

5.4. Dynamic remodelling of astroglial cradle in regulation of synaptic transmission 
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Astroglial perisynaptic processes are dynamic structures, which can relatively rapidly 

extend or retract, and thus there is the potential to quickly alter the degree of synaptic 

coverage. This form of astroglial morphological plasticity can significantly affect 

synaptic transmission by changing the geometry of extrasynaptic environment, 

affecting diffusion of ions and neurotransmitters, modulating neurotransmitters uptake 

and controlling neurotransmitter spillover (Bernardinelli et al., 2014; Heller and 

Rusakov, 2015). Synaptic modulation through astroglial morphological plasticity was 

described for the first time in the lactating rats: during lactation astroglial processes 

retracted from synapses hence permitting spillover of glutamate, which activated 

presynaptic metabotropic glutamate receptors thus instigating presynaptic inhibition 

of neurotransmitter release (Oliet et al., 2001).  A similar form of astroglial plasticity 

was found in Bergmann glia, which, by retracting perisynaptic processes, induced 

potentiation of excitatory transmission (Iino et al., 2001). Enhanced motility of 

astroglial processes parallels LTP induction in hippocampal slices (Perez-Alvarez et 

al., 2014), while sensory stimulation caused morphological plasticity of astroglial 

perisynaptic processes in vivo (Perez-Alvarez et al., 2014); which resulted in an 

increased synaptic coverage (together with an increase in expression of  glutamate 

transporters) in the barrel cortex (Genoud et al., 2006),  

 

6. Astrocytes contribution to synaptic elimination 

 

Tailoring of neuronal ensembles in both developing and mature brain in response to 

environmental changes requires not only the emergence of new synaptic contacts but 

also elimination of weaned or redundant synapses (Lichtman and Colman, 2000). 

Maturation of the brain is associated with remarkable decrease in overall number of 

synaptic structures. In particular in the human prefrontal cortex the number of 

synapses in children is about 2-3 times higher than in adults (Petanjek et al., 2011). 

Removal of the synapses in a normal physiological context (also known as synaptic 

pruning or synaptic stripping) is achieved by concerted action of astrocytes and 

microglia (Chung et al., 2015; Kettenmann et al., 2013). Synapses are removed 

through phagocytosis, which is a specific function of microglial cells, although 

astrocytes also contribute to this process (Fig. 7). The first suggestion of astroglial 

phagocytosis emerged in late 1970s, which was based on electron microscopy of 

disappearing synaptic boutons in early postnatal spinal motoneurones (Ronnevi, 1977, 

1978). These ideas of astroglial phagocytosis received some experimental support in 

recent years. It appears that in mouse the astroglial transcriptome has high levels of 

expression of genes associated with phagocytosis, including MEGF10, MERTK, AXL, 

INTEGRIN α5β5 and LRP1 (Cahoy et al., 2008). Subsequently astroglial 

phagocytosis was identified in vitro in cell cultures (Chung et al., 2013; Galloway et 

al., 2019), in vivo in the developing retinogeniculate system (Chung et al., 2013) and 

in human cerebral cortical spheroids derived from pluripotent stem cells (Sloan et al., 

2017), although in the latter phagocytosis was predominantly associated with foetal 

phenotypes. Genetic deletion of phagocytic receptors MEGF10 and MERTK impaired 

synaptic pruning (Chung et al., 2013). Phagocytic capacity of astrocytes seems to be 

regulated by ApoE protein with isoforms ApoE2 enhancing and ApoE4 suppressing 

phagocytosis (Chung et al., 2016). Astroglial phagocytosis of large synapses also 

seems to be enhanced by acute sleep deprivation, whereas chronic sleep deprivation 

promotes microglia-associated synaptic pruning (Bellesi et al., 2017).  
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The major role of astrocytes in synaptic elimination is, however, associated with their 

regulation of microglial synaptic stripping through tagging the unwanted synapses by 

using complement system components (Bialas and Stevens, 2013; Stevens et al., 

2007). For example, astrocytes promote up-regulation of C1q, the protein triggering 

the complement cascade, in retinal ganglion cells (RGC), which leads to binding of 

downstream complement protein C3 and subsequent synaptic pruning through C3 

receptors expressed by microglia (Stevens et al., 2007). Thus, by releasing TGF-, 

astrocytes modulate C1q neuronal expression and, consequently, the synaptic 

elimination (Bialas and Stevens, 2013). Mice deficient in C1q or C3 showed disrupted 

synaptic pruning and supernumerary synapses in the geniculate circuit (Stevens et al., 

2007), while mice deficient in neuronal TGF- receptor II showed both reduced 

expression of C1q in RGC and impaired synaptic elimination (Bialas and Stevens, 

2013). These findings implicate TGF- signalling in the synaptic elimination 

mediated through complement system proteins and microglia. The ApoE isoforms, 

apart from controlling astroglial phagocytosis, also regulate the expression of C1q: it 

appears that in ApoE2 knockout mice C1q accumulation was significantly reduced, 

whereas in ApoE4 transgenic mice it was markedly increased (Chung et al., 2016). In 

addition, astrocytes can promote microglial synaptic pruning through secretion of 

interleukin-33 (IL-33), a cytokine from interleukin-1 family that induces microglia to 

engulf synapses (Vainchtein et al., 2018). Astroglial derived IL-33 seems to be critical 

for synapse homeostasis during CNS development, by controlling the appropriate 

density of synapses (Vainchtein et al., 2018). The mechanisms regulating astrocytic 

IL-33 expression, release and downstream effects on microglia remain, however, 

unknown.  

 

7. Astrocytes support long-term potentiation and depression  

 

The wide range of astroglial responses to the activity of neuronal circuits and the 

elaborate signalling pathways between astroglia and neurones have provoked a 

growing interest in the potential role played by astrocytes in cognitive processes. The 

learning process is known to affect astrocytes by increasing their complexity, and, by 

extension, results in an increase in synaptic coverage and more astroglial homeostatic 

support (Allen and Messier, 2013; Anderson et al., 1994; Jones and Greenough, 1996; 

Rodriguez et al., 2013). The most widely recognised electrophysiological correlate of 

learning and memory is represented by LTP and LTD of synaptic strength, which 

have been characterised for various synaptically connected neuronal circuits (Bliss 

and Lomo, 1973; Nicoll, 2017). Astrocytes are known to influence LTP and LTD 

through several mechanisms outlined below.  

 

7.1. Cannabinoids 

 

Endocannabinoid retrograde neurotransmitter system has been discovered in 1980s 

(Devane et al., 1988). Cannabinoid receptors type 1 (CB1R) are arguably the most 

abundant metabotropic receptors in the brain (Ronan et al., 2016); they have been 

detected at both mRNA and protein levels in many brain areas including hippocampus 

(Herkenham et al., 1991) and are expressed in astrocytes (Stella, 2010). Activation of 

CB1R modulates astroglial morphology and molecular profiling, increasing for 

example expression of GFAP or TNF-, and evokes InsP3-mediated Ca2+ release 

from the endoplasmic reticulum store (Navarrete and Araque, 2008). Stimulation of 

astrocytes with cannabinoids may result in depression or potentiation of synaptic 



 21 

transmission. Mice lacking astrocytic CB1R displayed induction of LTD and impaired 

spatial working memory (Han et al., 2012). At the same time, CB1R seems to control 

hippocampal LTP possibly through interacting with D-serine production (Robin et al., 

2018). 

 

7.2. Astrocytes-derived chemokines and cytokines 

 

The expression of chemokines and cytokines is crucial for cognitive processes 

(McAfoose and Baune, 2009). Interleukin 6 (IL-6), for example, is predominantly 

expressed by reactive astrocytes and is involved in inflammation as well as in 

neurotrophic and neuroprotective signalling (Van Wagoner and Benveniste, 1999). It 

has been reported to also modulate memory and cognition. Increased IL-6 gene 

expression accompanies LTP suggesting its role involvement in synaptic plasticity 

(Balschun et al., 2004). Specific disruption of astrocytic IL-6 and its receptors (IL-6R) 

induced behavioural deficits. Astroglia-specific IL-6 and IL-6R knockout mice 

present deficits related to anxiety and exploratory behaviours as assessed by hole-

board and elevated plus-maze tests (Quintana et al., 2013). In the same, astroglial IL-6 

knockout results in deficits in spatial learning in Morris water-maze test and in social 

behaviour as assessed by dominance tube and resident intruder tests (Erta et al., 2015). 

Electrophysiological and activation/expression studies using transgenic mice over-

expressing astrocytic IL-6 have indicated that this cytokine contributes to GABAergic 

transmission in the amygdala and hippocampus, which transmission drives emotional 

alterations such as anxiety and depressive-like behaviour (Roberts, Khom et al. 2019). 

 

For many years, interleukin-1 (IL-1) has been known to play a role in learning and 

memory. However, a compelling study from Raz Yirmiya’s group highlights the 

central role of the IL-1R1 receptor on astrocytes in fear-conditioning and water maze 

paradigms (Ben Menachem-Zidon et al., 2011). When NPCs from wild type or IL-

1R1 knockout animals are transplanted into hippocampus of wild type or IL-1R1 

knockout host mice, the NPCs were found to differentiate into astrocytes, but not to 

neurones or oligodendrocytes. The IL-1R1 knockout mice engrafted with IL-1R1 

knockout cells exhibited strong memory deficits in the fear-conditioning and water 

maze tests as well as impaired in LTP. In contrast IL-1R1 knockout mice transplanted 

with wild type NPCs displayed complete memory recovery and partial restoration of 

LTP (Ben Menachem-Zidon et al., 2011). 

 

7.3. Lactate 

 

Lactate, a by-product of aerobic glycolysis, is an energy substrate readily used by 

neurones for ATP production; it is synthesised and secreted by astrocytes and 

contributes to brain energy metabolism (Pellerin and Magistretti, 2012). Learning 

process is accompanied with an increase in extracellular lactate in the rodent 

hippocampus (Suzuki et al., 2011). Inhibition of astroglial monocarboxylate 

transporters MCT1 and MCT4 (transporters responsible for export of lactate) or 

neuronal transporter MCT2 (responsible for neuronal lactate import), inhibited LTP 

and induced amnesia, both of which were rescued by L-lactate (Suzuki et al., 2011). 

Inhibition of astroglial glycogenolysis causes memory impairment, which can be 

rescued by lactate as well as by Krebs cycle substrates pyruvate and ketone body 

B3HB (Descalzi et al., 2019). Similarly, astroglial production of lactate regulated 

through 2-adrenoceptors is needed for memory consolidation (Gao et al., 2016). At 
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the ultrastructural level, inhibition of astroglial glycose metabolism and lactate 

production suppressed the learning-associated increases in spine volume and 

postsynaptic density surface both being the substrates of long-term memory (Vezzoli 

et al., 2019). Astroglia-derived lactate is essential for induction of molecular 

processes associated to memory formation such as learning-induced mRNA 

translation (Descalzi et al., 2019), induction of phosphor-CREB and phosphor-cofilin 

(Suzuki et al., 2011), and for expression of neuronal genes related to synaptic 

plasticity such as Arc, c-Fos, and Zif268 through modulation of NMDAR and 

downstream Erk1/2 cascade (Yang et al., 2014). These and other findings clearly 

indicated that astrocyte-neurone lactate shuttle is necessary to support memory 

processes (Alberini et al., 2018).  

 

There is growing evidence indicating that lactate may also act as a signalling 

molecule for astrocyte-neurone communications (Bergersen, 2015; DiNuzzo, 2016). 

Lactate was reported to inhibit electrical activity of neurones in culture (Bozzo et al., 

2013) and in vivo (Gilbert et al., 2006). In locus coeruleus, secretion of lactate 

following optogenetic activation of astrocytes led to excitation of neurones and 

release of noradrenaline release both in slices and in vivo (Tang et al., 2014). 

Signalling function of lactate is arguably mediated through dedicated receptor(s); such 

as the hydroxycarboxylic acid (HCA)/GRP81 G-protein coupled receptor coupled 

with cAMP signalling cascade, which are expressed in many neurones and in 

astroglial endfeet (Lauritzen et al., 2014).  

 

7.4. Astrocytes and brain gamma- and theta- oscillations 

 

Astrocytes modulate neuronal activity and regulate memory processes through 

maintenance of functional gamma-oscillations; inhibition of astroglial secretion 

impaired upon novel object recognition behaviour together with disruption of gamma-

oscillations (Lee et al., 2014). Similarly, interfering with astroglial soluble N-

ethylmaleimide-sensitive fusion protein attachment protein receptors (SNARE 

proteins) impairs neural theta-oscillations between dorsal hippocampus and prefrontal 

areas. This leads to remarkable cognitive deficits as assessed by behavioural tests 

including the Morris water maze, novel object recognition, and hole board tests; all 

these abnormalities could be rescued by the exogenous administration of D-serine 

(Sardinha et al., 2017). Astroglia-derived protein S100B has been shown to coordinate 

theta and gamma oscillations and improve cognitive flexibility. Chemical ablation of 

astrocytes with L--aminoadipic acid reduced cognitive flexibility and decreased 

power of delta, alpha and gamma oscillations; whereas infusion of S100B or 

optogenetic stimulation of astroglial Ca2+ signalling enhanced cognitive flexibility 

(Brockett et al., 2018). 

 

8. Astrocytes in higher brain functions 

 

Studying, analysing and interpreting the role of astroglia in regulation of animal 

cognition, memory, emotions and behaviours is a strenuous challenge that requires 

specific experimental models in which stimulation of astrocytes can be done with 

precision and within a normal physiological context. These experimental models 

range from astroglial ablation (by gliotoxins such as L--aminoadipic acid or glial 

metabolism inhibitors such as fluorocitrate) to the use of pharmacological agents to 

just block/inhibit astrocytes function momentarily (such the inhibitor of mitochondrial 
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fission, Mdivi-1, that markedly reduced the expression of GFAP) and genetically 

modified animals. Many of these approaches have been comprehensively reviewed in 

2015 (Oliveira et al., 2015), and thus here we have focussed on more recent 

discoveries, summarised in Table 2. We need only to note that new state-of-the- art 

technologies such as optogenetics or designer receptors that can be exclusively 

activated by designer drugs require care in the interpretation of the results as they are 

not as straightforward as they might seem. Adding a new channel or a receptor allows 

cell-specific stimulation, but it also adds new signalling cascades, which may not 

reflect the mechanisms employed by the cells in their native state. 

    

8.1 Astrocytes in memory and cognition 

 

Cognition comprises complex abilities such as learning, memory, attention, reasoning, 

language and decision-making. Although many aspects are involved in cognitive 

processes, in animal models, cognition is investigated by testing learning and memory 

and, to a smaller extent, by employing attention paradigms. Many studies have shed 

light on the astrocytic involvement in cognitive processes by demonstrating that 

manipulating with astrocyte-specific molecules and processes does affect cognitive 

processes, although the question of astrocytes as substrates of information processing 

remains, hitherto, unanswered. 

 

Conceptually, manipulations with astroglial signalling (transcription factors, clock 

genes, neurotransmitters and neuromodulators receptors, molecular cascades 

associated with Ca2+ signalling, synaptogenic factors and secretion-related molecules) 

and metabolic factors (lactate, mitochondrial enzymatic cascades) affect learning and 

memory and have been assessed in a number of well-established behavioural tests. 

These tests include fear conditioning, novel object location test, spatial object location, 

hole-board test, the Morris water maze, open field test, contextual and auditory fear 

conditioning and inhibitory avoidance test (Table 2), which all reflect changes in short 

and long-term memory. These data have, collectively, corroborate an importance of 

astroglial homeostatic pathways to support and maintain higher cognitive function.   

 

8.2. Astrocytes and motor behaviour 

 

The ultimate output of the brain information processing that underlie all types of 

behaviours, conscious or sub-conspicuous is manifested in the muscle contraction and 

motor activity. “The infinite diversity of the external manifestations of cerebral 

activities can be reduced ultimately to one phenomenon - muscular movement. Does a 

child laugh at the sight of its toy, does Garibaldi smile when they expel him for 

excessive love of the fatherland, does a girl tremble at the first thought of love, does 

Newton create world-governing laws and inscribe them on paper - everywhere, in 

every case the ultimate fact is muscular movement." 1 Disruption or manipulation with 

astroglia-specific pathways has been demonstrated to modify motor behaviour in 

several animal models.  

                                                 
1 Сеченов И. М. Рефлексы головного мозга, 1866, СПб: Типография А. 

Гончарова, pp. 186; English translation  Sechenov, I. Reflexes of the Brain, 1965, 

MIT Press 
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Although the ultimate step in initiation of motor behaviours belongs to motoneurones, 

astrocytes were recently found to influence motor behaviour through numerous 

astroglial-specific mechanisms. Alterations of astroglial Ca2+ signalling, for example, 

are sufficient to alter motor behaviour in mice. Acute enhancement of locomotion 

produced by amphetamine is reduced in mice with astroglia-specific deletion of InsP3 

receptors type 2, which generate global astroglial Ca2+ signals (Corkrum et al., 2020).  

Similarly, astroglia-specific InsP3 receptor type 2 knockout mice displayed impaired 

motor skills learning (Padmashri et al., 2015). Motor learning was likewise impaired 

in animals with genetic deletion of astroglial transcription factor specificity protein 1 

or Sp1 (Hung et al., 2020).  

 

Motor behaviours are also regulated by astroglia-derived IL-6. Impairments of 

astroglial IL-6 production by deletion of IL-6 or IL-6R (Erta et al., 2015), or by 

overexpression of IL-6 (Roberts et al., 2019) resulted in aberrant motor behaviour and 

emotional alterations in various contexts. Astroglial energy metabolism also seems to 

link to regulation of motor behaviour. Astrocytes produce several times more reactive 

oxygen species (ROS) than neurones (Lopez-Fabuel et al., 2016); these astroglia-

derived ROS seem to regulate brain metabolism and a reduction of astroglia ROS 

production decreased motor activity (Vicente-Gutierrez et al., 2019). Motor functions 

are also affected by manipulations with astrocytic receptors. Adenosine A2A receptors 

contribute to regulation of motor activity (Svenningsson et al., 1999) and, very 

recently, it was found that selective astrocytic deletion of A2AR resulted in aberrant 

glutamatergic transmission and altered motor activity (Matos et al., 2015). Genetic 

deletion of astroglial histamine receptor 1 (H1R) caused reduced motor activity and 

this abnormal motor behaviour led to alterations in circadian cycle (Karpati et al., 

2019). 

 

8.3. Astrocytes and avoidance behaviour 

 

In the ventral tegmental area, astrocytes modulate (through glutamate uptake) 

glutamate availability to regulate GABAergic inhibition of dopamine neurones, thus 

affecting avoidance and approach behaviour. Optogenetic stimulation of astrocytes 

expressing channel rhodopsin 2, which triggers an increase in cytoplasmic Na+ thus 

modulating glutamate neurotransmission, induced real-time avoidance in mice as 

assessed by a real-time place preference test. This astroglia-driven pathway ultimately 

relied upon expression of glutamate transporter GLT-1 (Gomez et al., 2019). These 

experiments demonstrate that astrocytes can trigger complex behavioural paradigm 

using astroglia-specific homeostatic mechanisms. 

 

8.4. Astrocytes and emotional behaviour 

 

Emotional behaviours such as fear and anxiety are strongly related to amygdala and 

its functionally different subnuclei (LeDoux, 2000). Among them the medial nuclei 

from central amygdala contributes to emotional information processing (Duvarci and 

Pare, 2014). Stimulation of astrocytes with endogenously mobilised endocannabioids 

acting through CB1 receptors potentiated inhibitory transmission between lateral and 

medial nuclei of amygdala and regulated excitatory transmission between basolateral 

and central amygdala. The former effect was mediated by A2A adenosine receptors 

whereas the latter was mediated by A1 adenosine receptors. Activation of an astroglial 
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pathway in amygdala led to a decrease of firing rate of neurones in medial nuclei and 

reduced fear expression in a fear-conditioning paradigm (Martin-Fernandez et al., 

2017).  

 

8.5. Astrocytes and pathological behaviours  

 

The role of astroglia in controlling behavioural patterns is often revealed by 

instigating and analysing specific pathological behaviours. Astrocytes in striatum, for 

example, contribute to development of hyperactivity with disrupted attention through 

the release of TSP-1 that boosts synaptogenesis in striatal medium spiny neurones 

(Nagai et al., 2019). Suppression of calcium signalling in astrocytes in striatum by 

over-expression of the plasmalemmal Ca2+ pump alters firing patterns of striatal 

medium spiny neurones and instigates repetitive self-grooming behaviour. These 

changes were directly linked to astroglia homeostatic GABA uptake; inhibition of 

glial GABA transporter GAT-3/SLC6A11 rectified this pathological behaviour (Yu et 

al., 2018). Astroglial cells are associated with mood disorders; significant reduction in 

astroglial densities and atrophy of astroglial profiles has been identified in post-

mortem tissues from patients with major depressive disorder (Bowley et al., 2002; 

Ongur et al., 1998; Rajkowska et al., 2018; Rajkowska et al., 1999; Rajkowska and 

Stockmeier, 2013; Verkhratsky et al., 2014). Ablation of astrocytes in prefrontal 

cortex of rats with L--aminoadipic acid was sufficient to trigger depressive-like 

behaviours, while classical anti-depressants have been shown to target astroglial 

cascades (Czeh and Di Benedetto, 2013; Lasic et al., 2019; Peng et al., 2015; Rivera 

and Butt, 2019). Chronic unpredicted stress, which is used to induce depressive-like 

behaviour in rodents, results in astroglial atrophy and a decrease in the number of 

GFAP-positive astrocytes (Ardalan et al., 2017; Tynan et al., 2013). These astroglial 

changes are reversed by anti-depressant drugs (Ardalan et al., 2017; Machado-Santos 

et al., 2019). However, it has been claimed that exposure of repeated chronic stress 

results in increased astroglial complexity (Machado-Santos et al., 2019). Furthermore, 

depressive behaviours are seemingly associated with compromised astroglial 

homeostatic capacity: selective inhibition of the expression of glutamate transporters 

by the regional injection of silencing mRNAs precipitates depressive-like behaviours 

in mice (Fullana et al., 2019). Depression has been linked to aberrant astroglial 

secretion of ATP (Cao et al., 2013), while astroglia-associated epoxyeicosatrienoic 

acid, and the enzyme that produces it -soluble epoxide hydrolase - were increased in 

mouse depression model as well as in post-mortem human tissues. Impaired 

epoxyeicosatrienoic acid signalling is thought to provoke depressive behaviour 

through altered astroglial ATP secretion (Xiong et al., 2019). In summary, 

compromised astroglial homeostasis and the morphological atrophy of astrocytes 

results in reduced synaptic coverage may be responsible for the initiation of mood 

disorders and depressive-like behaviours in animal models. 

 

8.6. Astrocytes and food intake behaviour 

 

Regulation of the body energy requirements and the downstream food intake 

behaviour is provided by a complex cellular network of the hypothalamic nuclei 

comprised of the arcuate nucleus, the ventromedial hypothalamic nucleus, and the 

paraventricular nucleus. Hypothalamic protoplasmic astrocytes as well as specialised 

tanycytes contribute to all aspects of hypothalamic function: they are involved in 

chemoception, and in the control of appetite by the regulation of the hormones leptin, 
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ghrelin, and insulin (Garcia-Caceres et al., 2019; Morton et al., 2006). Changes in 

glucose concentration in the blood regulate appetite and satiation, which was 

established more than a century ago (Carlson, 1919). In hypothalamus glucose-

sensing cells are involve several sub-populations of neurones and the tanycytes 

(Burdakov et al., 2005; Garcia-Caceres et al., 2019). Tanycytes of 2 subtype form 

the blood-brain barrier in the medial eminence; the barrier is sealed by tight junctions 

formed between somata of tanycytes. The processes of tanycytes contact fenestrated 

vessels of the pituitary portal blood system and thus directly monitor blood 

composition (Mullier et al., 2010; Schaeffer et al., 2013). Glucose triggers Ca2+ 

signalling and propagating Ca2+ waves in tanycytes, which, arguably, then signal to 

hypothalamic neurones (Bolborea and Dale, 2015; Orellana et al., 2012). Tanycytes 

also express leptin receptors (LepR) that are localised in tanycyte processes 

contacting the fenestrated capillaries (Balland et al., 2014). Tanycytes are known to 

take up leptin and ghrelin and transport them to hypothalamic neurones (Balland et al., 

2014; Cabral et al., 2014; Collden et al., 2015; Schaeffer et al., 2013).  

 

Specific deletion of LepRs from astrocytes reduced density and morphological 

complexity of hypothalamic astrocytes (without any effect on astroglial cells in 

hippocampus), which resulted in reduced synaptic coverage of appetite controlling 

agouti-related protein expressing neurones and pro-opiomelanocortin-expressing 

neurones. This impaired synaptic transmission and triggered aberrant feeding 

behaviour: feeding was abnormally increased after fasting and ghrelin administration 

whereas leptin-depended feeding was decreased (Kim et al., 2014). In a further study, 

chemogenetic stimulation of medial basal hypothalamic astrocytes suppressed basal 

feeding as well as feeding evoked by ghrelin (Yang et al., 2015). 

 

8.7. Astrocytes in regulation of circadian rhythms and sleep 

 

Unexpectedly, astrocytes have been found to control motor behaviours associated 

with circadian rhythms. For a long time, the rhythms have been considered to stem 

solely from neuronal activity and inter-neuronal connections in suprachiasmatic 

nucleus of hypothalamus.  It appears, however, that astrocytes express the 

transcription-translation negative feedback loop mechanism (TTFL) that requires the 

Clock/Bmal1-dependent daytime expression of Period (Per) and Cryptochrome (Cry) 

genes (Menet et al., 2014). Astrocytes express this transcription factor, and genetic 

deletion of it from astrocytes instigates abnormal motor behaviour linked to the 

circadian cycle (Barca-Mayo et al., 2017; Tso et al., 2017). Moreover, when neuronal 

Cry was deleted, astroglial cell-autonomous TTFL was able to drive both molecular 

oscillations in the CNS and circadian behaviour in mice (Brancaccio et al., 2019). 

 

The role of astrocytes in regulation of sleep was suggested by Ramon y Cajal (Ramón 

y Cajal, 1895). The fundamental states of the brain, wakefulness and sleep, are 

regulated by two systems, by the circadian clock and by neurotransmitters, which 

control sleep homeostat and arousal. Astrocytes contribute to both sleep regulatory 

systems. Sleep affects astroglial transcriptome, with 1.4% of all transcripts 

undergoing changes in expression in sleep when compare to wakefulness; incidentally 

sleep does not affect transcriptome of oligodendrocytes (Bellesi et al., 2015; Bellesi et 

al., 2013). Sleep also indices the morphological plasticity of astrocytes which leads to 

an increase in extracellular volume (Xie et al., 2013) and increase in synaptic 

coverage by astroglial processes (Bellesi et al., 2015). The urge to sleep or sleep 
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homeostat is seemingly associated with accumulation of adenosine in the brain during 

wake state; this accumulation of adenosine originates from astroglial ATP secretion; 

secreted ATP is rapidly degraded to adenosine by ectonucleotidases, adenosine in turn 

inhibits neuronal activity acting through A1 presynaptic receptors (Halassa et al., 

2009; Haydon, 2017). 

 

Arousal is triggered by the release of monoamines, which is paralleled by changes in 

the interstitial ion composition: extracellular K+ is increased, whereas extracellular 

concentrations of  Ca2+, Mg2+ and H+ are diminished (Bazargani and Attwell, 2017; 

Ding et al., 2016). These perturbations are directly linked to astroglial function: 

astrocytes are main receivers of noradrenergic transmission in the brain and astrocytes 

are primarily responsible for controlling the ionic composition of the interstitial fluid 

providing for the tissue “ionostasis” (Ding et al., 2013; Ding et al., 2016; Verkhratsky 

and Nedergaard, 2018). Astrocytes seem to regulate various aspects of sleep: for 

example, expression of astroglia-specific fatty acid binding protein Fapb7 oscillates 

with the sleep-wake cycle. Missense mutation of this protein results in fragmented 

sleep in humans, whereas genetic deletion or expression of missense mutation in 

astrocytes of mice triggers very same sleep abnormality (Gerstner et al., 2017). 

Astroglial Ca2+ signalling similarly shows associations with sleep- wake cycle; Ca2+ 

signalling seems to be reduced during sleep and is maximal at the moment of 

awakening. Deletion of astroglial InsP3 receptors type II which suppresses global 

astroglial Ca2+ signalling results in sleep fragmentation (Bojarskaite et al., 2019).    

 

8.8. Human astrocytes in rodent brain – do they add some intelligence?   

 

As we have discussed, human astrocytes differ considerably from astrocytes in 

rodents; human astrocytes are larger, are more complex, and there are human specific 

sub-types of astroglia which are not present in other mammals. This, of course, makes 

the extrapolation of rodent-derived data to understand the contribution of human 

astrocytes to brain physiology and behaviour problematic. Thus the “humanisation” of 

neuroglial research is of paramount importance. This is of particular importance for 

studies in neuropathology as many human diseases do not occur in animals and the 

value of animal models is dubious (Verkhratsky et al., 2017). Astrocytes are 

considered by many to be part of a ”computing unit”, in which they contribute to the 

integration of numerous inputs and are then able to alter signalling in any thousand, if 

not millions, of synapses, that lie within astrocytic territorial domains. In this way 

they have the potential to add significantly to the modulation and computing power of 

neural networks (Mitterauer, 2013; Porto-Pazos et al., 2011; Tang et al., 2019). 

Following this logic, human astrocytes may provide an essential cellular element of 

human intelligence. Intra-brain grafting of foetal human astroglia into mouse pups at 

postnatal day 1 created a mice-human chimeric brain (Han et al., 2013; Windrem et 

al., 2014). The human astrocytes, engrafted in the mouse, were larger than the host 

astrocytes, preserving the characteristics of human astrocytes, and they populated 

substantial parts of the host brain and replaced mouse glial progenitor cells. The 

presence of the human astrocytes in the mouse brain was accompanied with a 

decrease in the threshold for LTP in hippocampus, in enhanced memory and learning 

ability in cognitive tests, such as novel object recognition or auditory fear 

conditioning (Han et al., 2013). Whether this finding indicates that human astrocytes 

intrinsically contribute to cognitive function or whether the increased homeostatic 

power of the human astroglial cells was responsible for the elevated performance of 



 28 

neuronal networks is unknown. However, what is certain is that these experiments 

have catapulted interest in astrocyte function and cognition into the mainstream of 

neuroscience research.  

 

9. Conclusion 

 

Astrocytes are primary homeostatic cells of the CNS, and as such they are endowed 

with extended repertoire of molecular programmes and signalling pathways that are 

responsible for maintenance of neural tissue. By employing these programmes, 

astrocytes influence and regulate synaptic transmission and functional activity of 

neuronal ensembles responsible for the functional output of the CNS. Astroglia-

specific regulatory pathways affect the most fundamental properties of neuronal 

networks from their excitability to synaptic connectivity. Thus, it is the concerted 

action of glia and neurones, which, by engaging distinct mechanisms, produce 

behavioural outputs of the ultimate control centre that we call the brain.  
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Figure legends 
 

Figure 1. Morphological diversity of astrocytes as seen in early neuroanatomic 

studies. 

 

A: Images of astroglia drawn by Santiago Ramon y Cajal showing Golgi impregnated 

glia from human cortex (two months old child). These images are part of the 

collection of the Cajal Legacy at the Cajal Institute of the Spanish Research Council 

(CSIC). “®CAJAL INSTITUTE, CSIC”. Madrid, Spain. Images have been kindly 

provided by Professor Ricardo Martínez Murillo 

B: Images of Golgi-stained parenchymal glia (astrocytes) from human foetal brain as 

seen by Gustav Retzius (Retzius, 1894). 

C: Parenchymal glia drawn by Otto Deiters, showing greay matter glial cell on the 

right and white matter glial cell on the left (Deiters, 1865). 

D: Astroglial syncytium drawn by Abert von Kölliker (Kölliker, 1867). 

E: Pair of spider-like glial cells (Spinnezellen) from the vicinity of the human brain 

ventricle ependyma as seen by Moritz  Jastrowitz (Jastrowitz, 1871). 

F: Glial cells (glial corpuscles - Gliakörperchen) with prominent arborisation drawn 

by Victor  Butzke (Butzke, 1872). 

G: Image of two star-like parenchymal glial cells made by Eduard Rindfleisch 

(Rindfleisch, 1873). 

For more details on early history of glial research see also (Chvatal and Verkhratsky, 

2018).  

 

Figure 2. Classification of astrocytes.  

 

Astrocytes can be subdivided into distinct subtypes according to morphology, brain 

region and function. The brains of high primates and humans additionally contain 

highly specialised astroglial cells.  

 

Figure 3. Astrocytes interact with diverse cellular structures including blood vessels, 

oligodendrocytes, neurones, microglia and other astrocytes, contributing to various 

functions (clockwise from the top) such as regulation of the blood brain barrier, 

supporting axons, myelination and connectome, forming astrocyte-astrocyte and 

astrocyte-oligodendrocyte syncytia, controlling (in concert with microglia) synaptic 

elimination and modulating synaptogenesis, cognition and behaviour by the 

neurochemical dialogue with synapses.  

 

Figure 4. In mammals, early development of the nervous system is dominated by 

neuronogenesis from neuronal precursors, which originate by asymmetric division of 

radial glia. The peak of astrogliogenesis coincides with postnatal massive 

synaptogenesis.  

 

Figure 5.  Astrocytes regulate synpatogenesis.  

 

Astrocyte-secreted molecules regulate synapse formation through different pathways 

(clockwise from the top left): astrocyte-released thrombospondins (TSP) acts by 

bridging NLG-1β and NRX-1, reorganizing postsynaptic density through 21 

receptors and through -integrin receptors; hevin, similarly to TSP, acts by bridging 

NLG-1β and NRX-1 glypicans 4 and 6 mobilise AMPAR to postsynaptic terminal 
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by stimulating pentraxin release and clustering through RPTP2 activation; cholesterol 

promotes synapses formation through SREBP2 and FABP7 signalling;. Sp1 regulates 

synapse formation by reducing C1q accumulation in the synapse environment; ephrin-

B1 modulates synaptogenesis controlling spine formation; miRNA-324-5p supresses 

CCL5 release providing proper signalling for synaptogenesis; and TGFβ-1 promotes 

synapse formation by inserting NLG-2 in the postsynaptic terminal through CAMKII 

signalling. 

 

Figure 6. Modulation of synaptic plasticity by astrocytes.  

 

Astrocyte-secreted molecules control synaptic plasticity using different mechanisms 

(clockwise from the top left): thrombospondins (TSP) impacts synaptic transmission 

by inserting glycine receptors and removing AMPA receptors from postsynaptic 

terminal; hevin works by recruiting NMDA receptors to postsynaptic terminal 

mediated by the bridging of NLG-1 and NRX-1; TNF- modulates synaptic 

transmission through increasing the density of postsynaptic AMPA receptors and a 

decrease of density of postsynaptic GABA receptors; chordin modulates synaptic 

plasticity promoting maturation of AMPA receptors by increasing the density of 

AMPA receptors containing GluA2 subunit; astroglia-secreted L-serine is an obligator 

precursor of  D-serine, which acts on postsynaptic NMDA receptors; cholesterol 

promotes stabilization of postsynaptic AMPA receptors, number of synaptic vesicles 

and levels of SNAP-25; finally BNDF supports synaptic transmission by inducing 

clusters of synaptobrevin and phosphorylation of TrKB. 

 

Figure 7. Astrocytic involvement in synaptic elimination.  

 

Astrocytes sense weak synapses and promote synaptic pruning through MERTK and 

MEGF10 signalling (top left); TGF- released by astrocytes induces complement 

cascade C1q-C3 and subsequent synaptic elimination by microglia through microglial 

C3R (top right); astroglial ApoE modulates synaptic pruning according isoform, with 

ApoE4 inducing larger accumulation of C1q in the synapse (middle); IL-33 released 

by astrocyte induces microglia to engulf synapses through unknown mechanisms 

(bottom). 



Tables 

 

Table 1.  Astrocyte-secreted molecules involved in synaptogenesis. 

 

Molecule Nature Synapse Type 
Synaptogenic 

Effect 
Mechanism/Ligand Reference 

Thrombospondins Matricellular Proteins Excitatory Promote 

Mobilization by Gabapentin Receptor α2δ1 of Rac1 

GTPase, promoting actin reorganization and 

consequent spine adjustment favouring synaptic 

formation 

 

Through β1-Integrin receptor 

 

Possibly through astroglial NLG2 adhesion 

molecule 

(Eroglu et al., 2009; Koh 

et al., 2020; Risher et al., 

2018; Stogsdill et al., 

2017) 

Hevin Matricellular Excitatory Promote 

Essential to promote spatial arrangement between 

Neuronal NLG1 and NRX1α, two isoforms that do 

not interact with each other 

(Singh et al., 2016) 

Glypican 4 and 6 Heparan Sulphate Proteoglycan Excitatory Promote 

Regulation of release of axonal pentraxin1 

clustering AMPAR in the postsynaptic terminal 

promoting active synapse formation 

(Allen et al., 2012; Farhy-

Tselnicker et al., 2017) 

TGFβ-1 Cytokine Excitatory Promote 
Through D-serine/NMDAR 

signalling 
(Diniz et al., 2012) 
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Inhibitory Promote 
Induction of cluster formation of neuronal NGL2 in 

postsynaptic terminals through CAMKII signalling 
(Diniz et al., 2014) 

Cholesterol Lipid Excitatory Promote Through SREBP2 and FABP7 signalling 
(Ebrahimi et al., 2016; 

Ferris et al., 2017) 

miR-324-5p microRNA Excitatory Promote 
Inhibition of astroglial CCL5 expression and 

maintenance of MAPK/CREB signalling 
(Sun et al., 2019) 

Ephrin-B1 Transmembrane Protein Excitatory Promote Synaptic remodelling increasing spine formation (Nguyen et al., 2020) 

Specificity protein 

1,Sp1 
Transcription factor protein Excitatory Promote Regulating complement proteins expression (Hung et al., 2020) 

Norrin 

Agonist of frizzled-4 and 

Leucine-rich repeat-containing G-

protein coupled receptor 4 

(LGR4) 

Dendrites and 

dendritic 

spines 

Promote 
Regulates growth of dendrites and the density of 

dendritic spines  
(Miller et al., 2019) 
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Table 2: Astrocyte-specific molecules involved in cognitive processes and behaviours. 

Molecule Approach Specie Behavioural and Cognitive Effects Test Reference 

Memory and Cognition 

Ephrin-B1 
Astrocytic-specific ablation of Ephrin-B1 

/ astrocytic over-expression of Ephrin-B1 
Mouse 

Enhanced contextual memory / Impaired 

contextual memory 
Fear conditioning test 

(Koeppen et 

al., 2018) 

Brain and Muscle ARNT-

Like 1, Bmal1 

Ablation of Bmal1 in GLAST-positive 

astrocytes in supraoptical nucleus 
Mouse 

Disrupted object recognition memory and 

spatial memory 

Novel object location test; 

spatial object location test 

(Barca-Mayo 

et al., 2017) 

Interleukin-6, IL-6 
Astrocytic-specific deletion of IL-6 or IL-

6R 
Mouse Impaired spatial learning 

Hole-board test; Morris 

water maze 

(Erta et al., 

2015) 

Monocarboxylate 

transporter 1, MCT1 
MCT1 deficient mouse Mouse Impaired avoidance learning 

Step-through inhibitory 

avoidance test 

(Tadi et al., 

2015) 

NE, cAMP,Ca2+ 

adrenoceptors  

Monitoring of astrocytic cAMP levels by 

Epac1-based red fluorescent cAMP probe 

and Ca2+ imaging on awake mouse 

Mouse  
Regulation of sustained attention (vigilance), 

modulation of contextual memory 

Air puff and head-fixed 

fear conditioning tests 

(Oe et al., 

2020) 

Glutamate transporter 1, 

GLT-1 
Astrocytic-specific deletion of GLT-1  Mouse Impaired avoidance and preference learning 

Laser conditioned place 

avoidance test; open field 

test; real-time place 

preference test 

(Gomez et al., 

2019) 

? 
Optogenetic and chemogenetic activation 

of CA1 astrocytes  
Mouse  Enhanced spatial and contextual memory 

T-maze test; fear 

conditioning test (novel 

context and auditory cue) 

(Adamsky et 

al., 2018) 

Glucocorticoid receptors 
Astrocytic-specific deletion of 

glucocorticoid receptors 
Mouse 

Impaired contextual and associative 

memory, impairments in astroglial glucose 

metabolism 

Conditioned place 

preference/aversion test; 

Shock application and test 

of conditioned fear 

(Tertil et al., 

2018) 

Neuronal adenosine 

receptors A1 and A2A 

Selective activation of astrocytes in 

medial subdivision of central amygdala 

using cannabinoids or DREADD results 

Mouse 
Impaired contextual memory, reduced fear 

expression 

Delayed auditory fear 

conditioning test 

(Martin-

Fernandez et 

al., 2017) 
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in activation of neuronal A1 and A2A 

adenosine receptors  

Adenosine A2A receptors 
Astrocytic deletion of Gs-coupled 

adenosine receptor A2A 
Mouse 

Improved spatial memory and contextual 

memory 

Morris water maze; open 

field test 

(Orr et al., 

2015) 

Adenosine A2A receptors 
Astrocytic deletion of Gs-coupled 

adenosine receptor A2A 
Mouse Impaired working memory 

Y-maze spontaneous 

alternation test; 8 baitd-

arms radial arm maze 

(Matos et al., 

2015) 

Trombospondin-1, TSP1 Activation of astroglial TSP1 release Mouse Hyperactivity and disrupted attention 

Rearing test; open field 

test; marble burying test; 

rotarod test; Open field test 

with bright light stimulus 

(Nagai et al., 

2019) 

Mitochondrial ROS 
Astrocytic-specific disruption of 

mitochondrial ROS production 
Mouse Impaired object recognition memory 

Novel object recognition 

test 

(Vicente-

Gutierrez et 

al., 2019) 

2-adrenoceptors, 2AR 
Selective pharmacological inhibition of 

astrocytic 2AR 
Rat 

Impaired long-term memory formation and 

memory consolidation 

Contextual and auditory 

fear conditioning; 

inhibitory avoidance test 

(Gao et al., 

2016) 

Cannabinoid receptor 1, 

CB1R 

Astrocytic-specific deletion of 

hippocampal CB1R 
Mouse Impaired object recognition memory 

Novel object recognition 

test 

(Robin et al., 

2018) 

Lactate 
Disruption of glycogen metabolism in 

astrocytes 
Mouse Impaired object recognition memory 

Novel object recognition 

test 

(Vezzoli et al., 

2019) 

Lactate 
Inhibition of glycogen phosphorylase into 

the basolateral amygdala 
Rat Impaired preference memory 

Conditioned place 

preference 

(Boury-Jamot 

et al., 2016) 

Lactate Chemical inhibition of lactate production Mouse Impaired spatial learning Morris water maze test 
(Harris et al., 

2019) 

Protein S100B, Ca2+ 

Chemogenetic activation of astroglial 

Ca2+ signalling / inactivation of 

endogenous S100B in chemogenetically 

Rat 
Increased cognitive flexibility / impaired 

cognitive flexibility 

Attentional set-shifting 

task 

(Brockett et 

al., 2018) 
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activated astrocytes 

Transcription factor 

specificity protein 1, Sp1 
Astroglia-specific Sp1 knockout Mouse Impaired object recognition memory 

Novel object recognition 

test 

(Hung et al., 

2020) 

InsP3 receptor, type 2, 

InsP3R2 
Genetic ablation of InsP3R2 Mouse 

Impaired remote contextual, object 

recognition and spatial memory 

Novel object recognition 

test; contextual fear 

conditioning test; Barnes 

maze test 

(Pinto-Duarte 

et al., 2019) 

SNARE protein 
Astroglial expression of dominant 

negative SNARE, dnSNARE  
Mouse 

Impaired spatial memory, working memory 

and object recognition memory 

Morris water maze test; 

novel object recognition 

test; hole board test 

(Sardinha et 

al., 2017) 

DREADD metabotropic 

receptor 

Astrocytic-specific activation of Gi-

coupled receptor hM4Di 
Mouse Impaired remote memory 

Non-associative place 

recognition; fear 

conditioning test 

(Kol et al., 

2019) 

Motor activity 

Brain and Muscle ARNT-

Like 1,Bmal1 

GLAST-positive Astrocyte ablation of 

Bmal1 in SCN 
Mouse 

Aberrant locomotor behaviour associated to 

impaired circadian cycle 

Running wheels under 

standard LD cycle and 

constant Darkness 

(Barca-Mayo 

et al., 2017) 

Brain and Muscle ARNT-

Like 1, Bmal1 

Ablation of Bmal1in SCN 

Aldh1L1 positive astrocytes 
Mouse 

Arrhythmic locomotor behaviour associated 

to circadian cycle 

Running wheels under 

standard LD cycle and 

constant Darkness 

(Tso et al., 

2017) 

Interleukin-6, IL-6; 

intereleukin-6 receptor, 

IL-6R 

Astrocytic-specific deletion of IL-6 or IL-

6R 
Mouse 

Reduced locomotor and exploratory 

behaviours 
Hole-board test 

(Erta et al., 

2015) 

Interleukin-6, IL-6 
Transgenic mice over- IL-6 specifically in 

astrocytes 
Mouse Reduced exploratory behaviour 

Open field test; light/dark 

transfer test 

(Roberts et al., 

2019) 

Mitochondrial ROS 
Astrocytic-specific disruption of 

mitochondrial ROS production 
Mouse 

Reduced locomotor and exploratory 

behaviour 
Open field test 

(Vicente-

Gutierrez et 

al., 2019) 
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Cryptochrome (Cry 1) 

gene 

Astrocytic-specific induction of Cry1 and 

neuronal Cry1 knockout 
Mouse 

Regulation (initiation and maintenance) of 

locomotor behaviour associated to circadian 

cycle 

Running wheels 
(Brancaccio et 

al., 2019) 

Adenosine A2A receptor, 

A2AR 
Astrocytic-specific deletion of A2AR Mouse Increased psychomotor behaviour 

MK-801 psychomotor 

response 

(Matos et al., 

2015) 

Ca2+ 
Astrocytic Ca2+ signalling evoked by 

synaptically released dopamine 
Mouse Increased locomotor behaviour Locomotor chambers 

(Corkrum et 

al., 2020) 

InsP3 receptor type 2, 

Ca2+ 

Selective reduction of astrocytic Ca2+ 

signalling 
Mouse Impaired motor-skills learning Motor-Skill Training 

(Padmashri et 

al., 2015) 

Transcription factor 

specificity protein 1, Sp1 
Astrocytic Sp1 knockout Mouse Impaired motor learning Rotarod test 

(Hung et al., 

2020)  

Histamine 1 receptor, 

H1R 
Astrocytic H1R knockout Mouse Reduced locomotor behaviour 

Home cage locomotor 

recording 

(Karpati et al., 

2019) 

Mood and emotion 

Interleukin-6, IL-6 
Astrocytic-specific deletion of IL-6 or IL-

6R 
Mouse 

Increased anxiety and increased aggressive 

behaviour 

Plus-maze test; Morris 

water maze; resident-

intruder test 

(Erta et al., 

2015) 

Interleukin-6, IL-6 
Transgenic mice expressing elevated 

levels of astrocytic IL-6 
Mouse Increased depressive-like behaviour 

Forced swimming test; tail 

suspension test 

(Roberts et al., 

2019) 

Epoxide hydrolase (sEH) 

EET 

Astrocytic-specific deletion of Ephx2 

gene (which encodes sEH, a key enzyme 

in epoxyeicosatrienoic acid, EET, 

signalling) 

Mouse 
Enhanced resilience to stress and 

antidepressant-like effects 

Chronic social defeat 

stress; forced swimming 

test; Chronic mild stress 

and sucrose preference test 

(Xiong et al., 

2019) 

Glutamate transporter-1, 

GLT1 

Astrocytic-specific inducible deletion of 

GLT1 
Mouse 

Excessive Repetitive behaviour including 

self-grooming and tic-like head shakes 

Grooming and tic-like 

movements in a novel 

environment; Grooming in 

a familiar environment 

(Aida et al., 

2015) 
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Glutamate transporter-1, 

GLT-1 

Selective pharmacological inhibition of 

astrocytic GLT-1  
Rat Antidepressant effect 

Forced swimming test; 

novelty-supressed feeding 

test 

(Gasull-Camos 

et al., 2017) 

Glutamate transporter-1, 

GLT-1, Glutamate 

Aspartate Transporter, 

GLAST  

Selective knockdown of GLAST and 

GLT-1 in astrocytes from IL 
Mouse  Increased depressive-like behaviour 

Tail suspension test; forced 

swimming test; sucrose 

preference test 

(Fullana et al., 

2019) 

Menin  
Astrocytic-specific down regulation of 

Menin encoding  gene MEN1 
Mouse 

Increased depressive-like behaviour and 

Impaired social behaviour 

Forced swimming test; tail 

suspension test; sucrose 

preference test; social 

interaction test 

(Leng et al., 

2018) 

Glypican 4, Gpc4 Juvenile Gpc4 knockout Mouse Hyperactivity Open field test 
(Dowling and 

Allen, 2018) 

Histamine 1 receptor, 

H1R 
Astrocytic H1R knockout Mouse Increased aggressive behaviour Resident intruder test 

(Karpati et 

al., 2019) 

Ca2+  
Reduction of Ca+2 signalling in striatal 

astrocytes 
Mouse Excessive self-grooming behaviour 

Self-Grooming Behaviour 

measurement (open field 

chamber) 

(Yu et al., 

2018) 

Sleep 

FABP7 
Fabp7 deficiency; FABP7.T61M 

missense mutation 

Human; 

mouse 
Fragmented sleep 

Human sleep analysis; 

EEG/EMG monitoring and 

analysis 

(Gerstner et 

al., 2017) 

Ca2+ 
Genetic ablation of astrocytic InsP3-

receptors 
Mouse 

Fragmentation of slow-wave sleep and 

increased the frequency of sleep spindles 

Sleep-wake state scoring 

(filtered ECoG and EMG 

signals) 

(Bojarskaite et 

al., 2019)  

? 

Optogenetic (channelrhodopsin-2) 

stimulation of astrocytes in posterior 

hypothalamus 

Mouse  Induction of sleep  
EEG, EMG and video 

recordings 

(Pelluru et al., 

2016) 

Food intake 
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DREADD metabotropic 

receptor 

DREADD-mediated stimulation of dorsal 

vagal complex astrocytes 
Mouse Reduced food intake 

Feeding assays; home cage 

food seeking 

(MacDonald et 

al., 2020) 

Adenosine 
DREADD-mediated stimulation of medial 

basal hypothalamus astrocytes 
Mouse Reduced food intake Feeding assays 

(Yang et al., 

2015) 

Adenosine A1 receptor 
Optogenetic stimulation of astrocytes in 

medial basal hypothalamus 
Mouse Reduced food intake 

In Vivo Photostimulation 

and Feeding Assays 

(Sweeney et 

al., 2016) 

Nuclear factor -light-

chain-enhancer of 

activated B cells, NFB 

Inhibition of NFB signalling in 

astrocytes 
Mouse  Increased food intake 

Acute high-fat diet intake 

measure 

 

(Buckman et 

al., 2015) 

Ca2+ 
Selective activation of Ca2+ signalling in 

hypothalamic astrocytes 
Mouse Reduced food intake 

Food intake and feeding 

assays 

(Chen et al., 

2016) 
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