
Astrocyte Pathology in Neurodevelopmental Disorders
Subjects: Biochemistry & Molecular Biology

Contributor: Mara Dierssen, Álvaro Fernández Blanco

The discovery in the last decade of unique astroglial features that include their role in synaptic plasticity and memory

function has broadened and refurbished the conception of brain function in health and disease. Astrocytes are both

necessary and sufficient for memory function, and contribute to the pathophysiology of cognitive and intellectual disability

disorders such as Alzheimer’s disease, Fragile X syndrome (FXS), or Down syndrome (DS). We review some of the most

relevant studies demonstrating that astrocytes are involved in the synaptic pathology of the two most common genetic

forms of intellectual disability (FXS and DS).
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1. Introduction

Neurodevelopmental disorders are multifaceted conditions characterised by different degrees of intellectual disability and

impairment in communication (verbal and non-verbal) and motor skills, among others. Intellectual disability is defined by

an overall intelligence quotient below average and deficits in adaptive behaviours, with an early onset during childhood 

. These disorders arise from genetic alterations and/or environmental factors that influence how the brain develops and

have short and long-term consequences on cognition, social interaction, and behaviour.

Traditionally, neurodevelopmental disorders such as Down syndrome (DS), Fragile X syndrome (FXS), or Rett syndrome

have been considered as synaptopathies , characterised by neuronal alterations, including abnormalities in dendritic

architecture , with changes in the complexity of dendritic arborisation , and in spine number , shape

and length , reflecting more immature spines . These changes are accompanied by impaired synaptogenesis

, alterations in synaptic transmission and broad deficits in synaptic plasticity , and are thought to

contribute to learning and memory deficits.

Synaptic plasticity and, specifically, changes in the strength of synaptic connectivity of neurons activated at the time of

learning, are thought to be the basis of memory formation . However, the alteration of the neuronal component does

not completely explain the synaptic alterations or the behavioural and cognitive deficits observed in intellectual disability.

This is possibly the reason why strategies focused on restoring neuronal dendritic abnormalities, impaired synaptic

plasticity, and neurotransmitter imbalance, only achieve partial recovery of these deficits both in mouse models  and

in humans . This highlights the need to consider alternative mechanisms that may contribute to cognitive

pathology.

Lately, the discovery of unique astroglial features that include their role in synaptic plasticity and memory function has

broadened and refurbished the conception of brain function in health and disease. Recent reports underscoring the

astrocyte's capability to modulate neuronal circuit activity and to potentiate synapses  suggest that astrocytes are

both necessary  and sufficient  for memory function. Moreover, studies on intellectual disabilities have recently

uncovered potential contributions of astrocytes to their pathophysiology . Increasing body of evidence

suggests that changes in astrocyte physiology and morphology might be involved in Alzheimer’s disease, FXS, or DS,

among others . In these pathological conditions, astrocytes modify their function and exhibit some common

pathological features including an increase in the number and size of astrocytes together with increased expression of

astroglial proteins such as S100 calcium-binding protein β (S100β) , a calcium binding protein coded by a

HSA21 gene, and the glial fibrillary acidic protein GFAP , the main intermediate filament proteins of mature

astrocytes. In fact, these pathophysiological changes in astrocytes have been linked with reduced neuronal activity ,

spine defects , and impaired memory performance .
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2. Astrocyte Dysfunction in Neurodevelopmental Disorders

The involvement of astroglia in the pathophysiology of neurodevelopmental disorders is supported by their numerous

misregulated glial genes . The proteins encoded by these genes play important roles in the brain, including their

involvement in cell cycle progression, neuronal differentiation, and neuronal damage repair. Along with these genetic

alterations, astrocytes display aberrant morphology  and physiology  that have been directly shown to contribute

not only to synaptic defects and changes in neuronal excitability  but also to neuronal survival .

It is frequent to detect different degrees of astrocyte reactivity (or astrogliosis) in many brain disorders . The term

astrogliosis refers not only to astrocyte numbers, but also to changes at the molecular, cellular, and functional level .  In

general, astrogliosis involves morphological and physiological alterations, such as an increase in the number and size of

the astrocytes, and changes in the expression of astroglial proteins (GFAP and S100β) . Astrogliosis, along with

peripheral macrophages and microglia, promotes an adaptive state that helps facing the origin of the brain insult

(infection, haemorrhage, etc.) by phagocytizing external factors, eliminating toxic neuronal debris, and/or promoting

neuronal survival . However, in cognitive disorders such as DS, FXS, or Alzheimer’s disease, astrocytes are in a

chronic “reactive state”, a continuous dysfunctional mode that can be maladaptive and contribute to the progression of

neurodegeneration and brain dysfunction .

The changes in astroglial function vary depending on the severity of the brain lesion or the genetic alteration, and have

repercussions on adjacent neurons. Given the role of astrocytes in the regulation of synaptic function, it is not surprising

that changes in astrocyte activity, protein secretion, deregulation in gene expression, or modification in the astroglial

membrane channel composition that occur in neurodevelopmental disorders might impair synaptic transmission and,

therefore, memory function. In the next section, we review some of the most relevant studies demonstrating that

astrocytes are involved in the synaptic pathology in DS and FXS, the two most common genetic forms of intellectual

disability.

2.1. Astrocyte Pathology in Fragile X Syndrome (FXS)

FXS is a genetic condition caused by an expansion of the CGG triplet within the fragile X mental retardation 1 gene

(FMR1) that leads to its transcriptional silencing. FMR1 is located in the X chromosome and encodes for the mRNA

binding protein Fragile X Mental Retardation Protein 1 (FMRP) that regulates protein synthesis. The absence of FMRP

interferes with brain development and contributes to FXS pathophysiology . Several lines of evidence suggest that

astroglia might also contribute to synaptic function impairment and memory deficits of individuals with FXS .

However, studies on astrocyte pathology in FXS are sparse and inconsistent: one group reports no astrogliosis seen in

post-mortem brains of persons with FXS  while other describes a gliosis in the CA4 hippocampal region of two

postmortem FXS brains .

One of the most commonly used mouse models for the study of FXS is the Fmr1 knock-out (KO) that recapitulates most

of the neuronal alterations and the phenotypical traits of FXS . This model lacks the expression of FMRP protein in

neurons and astrocytes being thus an interesting tool to uncover the role of astrocyte in FXS. It is still unclear, however,

whether FMRP protein has similar or different functions when expressed in neurons or in astrocytes. In FXS, the FMRP

protein regulates metabotropic glutamate receptor 5 (mGluR5) expression in astrocytes, but not in neurons. In Fmr1 KO

astrocytes, the absence of FMRP leads to misregulation of mGluR5 and reduced expression of glutamate transporter 1

(GLT-1) with subsequent decrease of glutamate uptake in astrocytes  (Figure 1). Increased mGluR5 signalling in

neurons has been long proposed to account for the syndromic features and the cognitive deficits in FXS . In fact, the

acute and chronic pharmacological inhibition of mGluR5 in adult Fmr1 KO mice restores dendritic alterations including

aberrant dendritic morphology, increases protein synthesis, and rescues memory deficits associated with FXS . In

fact, mGluR5 is upregulated in neurons  but downregulated in astrocytes . Thus, the contribution of mGluR5

dysregulation to FXS pathophysiology is more complex than expected. mGluR5 activation has been associated with a

form of synaptic depression, called mGluR5-mediated LTD resulting from the internalization of surface-expressed α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), as a response to mGluR5 activation in neurons

. This is accompanied by reduced presynaptic release of glutamate  that, overall, leads to an exaggerated LTD in

Fmr1 KO mice . Conversely, mGluR5 downregulation in Fmr1 KO astrocytes has been associated with lower astroglial

GLT-1 levels . This might contribute to reduced glutamate reuptake and, therefore, to increased extracellular glutamate

levels which subsequently might activate mGluR5 receptors in postsynaptic neurons, thus promoting mGluR5-mediated

LTD.
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Figure 1. Schematic representation illustrating the astrocyte-synapse alterations in Fragile X syndrome (FXS). (1)

Astrocyte number is preserved. (2) Reduced astrocyte secreted thrombospondin (TSP-1) prevents spine maturation

resulting in more abundant filopodia (immature) spines. (3) Increased S100 calcium-binding protein β (S100β) and GFAP

expression has been described in astrocytes. However, this altered expression has not been directly linked with their

activity or function. (4) Fragile X Mental Retardation Protein (FMRP) absence in FXS astrocytes leads to metabotropic

glutamate receptor 5 (mGluR5) downregulation in astrocytes (yet not in neurons) that negatively regulates glutamate

transporter 1 (GLT-1) expression. Impaired glutamate transport due to decreased astrocyte glutamate-aspartate

transporter 1 (GLAST-1) and GLT-1 expression increases extracellular glutamate levels (5) and astroglial calcium

oscillations (6). This excess of glutamate might activate the postsynaptic mGluR5, which is overexpressed in neurons. (7)

mGluR5 and FMRP oppositely regulate mRNA translation at the synapse: mGluR5 promotes it and FMRP prevents it.

Therefore, increased mGluR5 expression and lack of FMRP in FXS leads to a disbalance in protein expression levels that

account for many of the syndromic features of FXS including an α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

receptor (AMPAR) internalization that leads to an exaggerated mGluR5-mediated long-term depression (LTD) that is

reported in Fmr1 knock-out (KO) mice.

Interestingly, increased GFAP expression, a marker of astrocyte activation, has been reported in the cortex, hippocampus,

and striatum of Fmr1 KO mice , suggesting a reactive gliosis in these particular brain regions. In general, increased

GFAP expression is accompanied by an increase in the number of astrocytes . Nevertheless, there is only one

description of persistent astrogliosis (increased GFAP and S100β expression) in the cerebellum of Fmr1 KO mice , but

no systematic quantification of the astroglial number has been performed in FXS. Complementary to these data, astrocyte

physiology was also reported to be altered in a mouse model with a gain-of-function of the premutation CGG (preCGG)

repeat within the FMR1 gene. preCGG knock-in mice showed increased and asynchronous calcium activity that was

explained by increased glutamate levels in the extracellular space due to reduced expression of glutamate transporters

such as the glutamate-aspartate transporter 1 (GLAST-1) and GLT-1 in astrocytes .

In cellular FXS models, control hippocampal neurons grown in co-culture with FXS astrocytes, showed aberrant dendritic

morphology and decreased expression of synaptic markers (PSD-95) . Conversely, when co-cultured with control

astrocytes, hippocampal FXS neurons developed normally. These dendritic alterations were explained by a reduction in

the expression of thrombospondin (TSP-1) in Fmr1 KO mice astrocytes . TSP-1 is synthesized and secreted by

astrocytes , promoting synaptogenesis  and neurite outgrowth  both during the neurodevelopment  and in the

adult brain . Interestingly, both culturing Fmr1 KO hippocampal neurons with astrocyte-conditioned media of FMRP-

expressing (control) astrocytes and the exogenous application of TSP-1, prevented dendritic spine defects in Fmr1 KO

neurons. This indicates that astrocyte-secreted TSP-1 is a potent modulator of dendritic morphology and that reduced

TSP-1 in FXS astrocytes would contribute to dendritic alterations in FXS neurons.

In agreement with these results, an astrocyte-specific Fmr1 KO mouse model shows similar dendritic and cognitive

alterations than Fmr1 KO mice . However, restoring FMRP expression specifically in Fmr1 KO astrocytes was not

sufficient to restore dendritic and learning deficits associated with FXS suggesting that astrocyte dysfunction does not

completely account for FXS pathophysiology.

2.2. Astrocyte Pathology in Down Syndrome (DS)

DS is the most prevalent cause of intellectual disability of genetic origin. It is due to the presence of a third copy of

HSA21, which results in deregulated gene expression leading to altered brain function. DS brain manifestations include

changes in the volume and connectivity of certain brain regions such as the cerebral cortex, cerebellum, and

hippocampus , and neuroarchitectural alterations such as spine dysgenesis , decreased spine density ,

[73]

[53]

[74]

[75]

[75]

[32]

[76] [77] [78] [79]

[80]

[33]

[81][82] [14][83] [8][9]



and dendritic atrophy . These alterations may deeply perturb information processing in structures related to cognitive

functions such as hippocampus and cortex  and are assumed to underlie some cognitive impairments in DS, ranging

from learning difficulties to spatial memory deficits .

In DS, there is an increased number of astrocytes  (Figure 2). In post-mortem brains of individuals with DS,

astrocytes are more abundant, bigger, and express more astroglial markers (S100β, GFAP) than age-matched controls

. Similar observations were reported in Ts65Dn, a partial trisomic mouse model for DS . Nevertheless, there are

some discrepancies that suggest that GFAP is reduced in particular brain areas . DS foetuses have a higher

percentage of cells with astrocytic phenotype in the hippocampus , thus indicating a shift from neurogenesis to

gliogenesis. This neurogenic-to-gliogenic switch was confirmed in induced pluripotent stem cells (iPSCs) from

monozygotic twins discordant for trisomy 21 in which a shift towards the astroglial phenotype was detected in the

transcriptional signature of DS-iPSC-derived cells, as shown by the increased expression of GFAP, S100β, and Vimentin
. HSA21 genes, such as the Dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A), may play a role

through the activation of the astrogliogenic transcription factor signal transducer and activator of transcription (STAT) that

subsequently induces precocious astrogliogenesis by switching the neural progenitor fate towards the astroglial

phenotype . These findings suggest that gene expression deregulation in DS, and specifically changes in the DYRK1A-

STAT signalling pathway, control the onset of the gliogenic switch and favor the neural progenitor cell fate towards

astrogliogenesis.

Figure 2. Schematic representation illustrating the astrocyte-synapse alterations in DS. (1) Astrocyte number and volume

is increased in DS. (2) Reduced astrocyte secreted TSP-1 prevents spine maturation resulting in more frequent filopodia

(immature) spines. (3) Increased S100β and GFAP expression has been described in astrocytes. S100β upregulation has

been linked with increased astrocyte calcium oscillations (4). Increased astrocyte activity leads to adenosine triphosphate

(ATP) release to the synaptic cleft (5) that is hydrolyzed to adenosine and activates A1 adenosine receptors (A1R) (6).

A R activation prevents glutamate release from the presynaptic terminal and, consequently (7) depresses synaptic

transmission (8). Even though mGluR5 is upregulated in astrocytes (and probably in neurons), no mechanistic studies

have been performed to uncover the contribution of mGluR5 to DS pathophysiology. (9) Reduced glutamate

concentrations can be contributed by increased expression of the glutamate transporter GLAST-1 that leads to increased

astroglial glutamate uptake.

The increased astrocyte number  is accompanied by a reduction in the neuronal population , due to

impaired proliferation  and increased apoptosis . This implies that the neuron to glia ratio would be reduced in

DS, which could have profound implications. In fact, astrocytes are distributed in non-overlapping synaptic territories in the

tridimensional space, which allows to modulate the synaptic transmission of several neurons at a time. These separated

anatomical domains, called synaptic islands , are particularly relevant, as they might prevent the redundancy of

different astrocytes controlling the same or neighbouring synapses. In the DS scenario, astrocytes are increased both in

number and in volume while neuronal numbers are reduced. These physical changes may not only affect how neurons

and astrocytes are distributed and positioned in the tridimensional space but would also determine how many neurons a

single astrocyte contacts. As a consequence, the astrocyte-associated area of influence would be affected, with probable

consequences on neuronal communication. We speculate that the changes in the tridimensional arrangement could lead

to a synaptic island overlap, promoting a misregulation and redundancy in the astroglial control of synaptic transmission.

In DS, astrocytosis is maintained throughout life and is accompanied by an immature astroglial phenotype with decreased

interlaminar processes . Moreover, astroglial physiology is altered, as shown by the increased spontaneous calcium

oscillations in DS astrocytes . This may impact neuronal function, since intracellular calcium transients in astrocytes
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induce the release of gliotransmitters. In fact, DS-iPSCs-derived astrocytes exhibited increased calcium activity, which

was shown to subsequently reduce the excitability of co-cultured neurons . The increase of calcium oscillations was

attributed to S100β overexpression, since normalisation of S100β expression restored calcium activity to control levels

. Interestingly, the reduction of evoked field potentials in DS iPSCs co-cultured neurons was prevented by blocking the

A  adenosine receptor (A R) with 8-Cyclopentyl-1,3-dipropyl xanthine (DPCPX, a potent A R antagonist). This would

suggest that either A R is overexpressed in neurons—a fact that to the best of our knowledge has not yet been described.

A second possible explanation would be that increased adenosine concentration driven by the hydrolysis of an excess of

ATP released consequent to the astrocyte hyperactivity would activate neuronal A Rs. Adenosine has been shown to

activate A R in neighbouring synapses  and A R activation inhibits glutamate release , consistent with the

reduced glutamate levels in DS that lead to an excitatory/inhibitory imbalance . Specifically, the levels of

glutamate are reduced in several brain regions including the parahippocampal gyrus  in the hippocampus  and in

peripheral tissues , which could produce an overall reduction in the neuronal activity. These reduced glutamate levels

could also be explained by the increased expression of the glutamate transporter GLAST-1 in DS astrocytes leading to a

higher glutamate uptake compared to control astroglia . Conversely, the levels of GLT-1 were preserved in DS

astrocytes.

Although there is still some controversy, it seems that in DS, there is also an increased inhibition , since

blocking GABA  receptors restores LTP deficits in Ts65Dn mice , while excitation is preserved  or slightly reduced

. Some studies suggested that the number of excitatory synapses would be reduced , while inhibitory synapses

would be preserved . In DS, there is an upregulation of mGluR5 both in fetal and adult DS brains  and this mGluR5

upregulation is astrocyte-specific . However, no mechanistic studies associating mGluR5 with synaptic alterations

either at the structural or functional level have been performed in mouse models for DS. Nevertheless, the deregulation of

mGluR5 signalling in neurons and/or astrocytes can ultimately lead to alterations in the astrocyte–synapse cross-talk that

is essential for synaptic transmission and contribute, at least to some extent, to the memory deficits associated with DS.

Interestingly, and similar to the FXS scenario, the co-culture of rat hippocampal neurons that were grown on top of human

DS astrocytes showed reduced levels of TSP-1 (around 60% lower compared to WT astrocytes) which led to a reduction

in the neuronal spine number and more immature (filopodia) spines compared to neurons cultured with control astrocytes

. Conversely, the addition of TSP-1 in co-cultures of neurons and DS astrocytes restored the alterations in the

dendritic spines, suggesting that TSP-1 dysfunction in DS contributes to aberrant dendritic morphology.

Studies focusing on astrocyte pathology on DS are scarce and limited and very few have explored in detail the

mechanisms by which astrocytes could contribute to synaptic alterations in DS. Thus, exploring the mechanisms that

might lead to astrocyte–synapse communication such as mGluR5 signalling, purinergic transmission, or deficits in TSP-1

secretion can provide new levels of understanding about the contribution of astrocyte dysfunction to memory deficits in

DS.
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