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Astrocytes are essential players of brain circuit development and homeostasis controlling many aspects of synapse
formation, function, plasticity and elimination both during development and adulthood. Accordingly, alterations in
astrocyte morphogenesis and physiology may severely affect proper brain development, causing neurological or
neuropsychiatric conditions. Recent findings revealed a huge astrocyte heterogeneity among different brain areas,

which is likely at the basis of the different synaptogenic potential of these cells in selected brain regions.

astrocyte factors astrocyte diversity synaptogenesis synaptic pruning synaptic plasticity

| 1.Introduction

The synaptogenic role of astrocytes was initially discovered using a purified retinal ganglion cell (RGC) culture
system. RGC neurons grown in the absence of astroglia form very few synapses. However, synapse formation is
increased upon addition of astrocyte-conditioned media (ACM). Since then, a large number of studies
demonstrated that astrocytes are essential players in promoting synaptogenesis, particularly during brain
development, and provided evidence for many astrocyte-secreted factors, including proteins, lipids, and small
molecules that control different aspects of excitatory and inhibitory synapse formation and maturation. During the
last two decades the astrocyte secretome, i.e. entire set of secreted proteins according to the definition coined by
Tjalsma et al., in 200028 has been extensively analyzed in search of synapse-promoting factors. The full list of
astrocytes’ molecules involved in synaptogenesis is reported in Table 1 and has been extensively reviewed in the
last years, (see also MWBIEI) Here we focus on three classes of well-known synaptogenic factors, which play key

roles in early synaptogenesis through recently discovered molecular mechanisms.

| 2. Thrombospondins and Pentraxin 3.

In the first two weeks of postnatal mouse development, which correspond to a period of massive synaptogenesis in
most brain areas, astrocyte-derived thrombospondin 1 and 2 (TSP1, TSP2) are highly expressed and initiate
formation of synapses(&l. This process occurs through TSP binding membrane proteins, including the Ca2* channel
subunit 025-12 or the postsynaptic cell adhesion molecule Neuroligin129. It has been demonstrated that TSPs
induce the formation of ultrastructurally normal synaptic contacts, which are presynaptically active with cycling
synaptic vesicles. Remarkably, they result postsynaptically silent because of the lack of functional 2-amino-3-(5-

methyl-3-ox0-1,2-oxazol-4-yl)propanoic acid (AMPA) receptors(gl.
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An elegant study by Risher and colleagues recently demonstrated that in the cerebral cortex TSP—028-1 interaction
controls synaptogenesis by acting postsynaptically via Rac1l. Indeed, they found that the synaptogenic function
of a2d6-1 is cell autonomous to neurons, requiring the postsynaptic expression of 023-1. Upon TSP—0231
interaction at the postsinaptic level, the guanine nucleotide exchange factors (GEFs), Kalirin-7 and [3-Pix/Cool-1 3,
activate Racl pathway and promote the remodeling of actin cytoskeleton at the nascent synaptic contactll, TSP1
and TSP2 display a developmentally regulated pattern of expression and are downregulated around the second
and third weeks of postnatal developmentl.lt has been known for a long time that the activity of TSPs is
fundamental to promote the formation of early synapses, which are silent. Which is/are the factors involved in the
activation of these first synapses was not known until very recently. Indeed, it has been recently demonstrated that
concomitantly to TSP secretion, astrocytes release the innate immune molecule pentraxin3 (PTX3), which
promotes the functional maturation of excitatory synapses formed during the first wave of synaptogenesis by
inducing AMPA receptors clustering at the synapsel12.

This occurs through a process involving the key PTX3 binding partner, TSG6, the remodeling of the perineural
extracellular matrix surrounding synaptic contacts and requires Bl-integrins. Quite unexpectedly, PTX3 deficient
mice display weaker excitatory synapses in the hippocampus not only at young ages but also at P30, indicating
that lack of endogenous PTXS3 results in synapse defects, which apparently cannot be rescued by other astrocyte-
derived factors expressed at later developmental stages!23I[14I15] see next paragraphs. Notably, PTX3 is able to
interact with TSP1 and 2, but not with TSP4. Upon binding to TSP1, PTX3 activity is inhibited, thus representing an
additional mechanism of control of the processi22. Notably, PTX3 and TSP1 display a spatially and temporally
overlapped expression also in human brain, being higher in the astrocytes of foetal cerebral cortex2€l. The relative
amount of the two molecules could therefore be crucial to set the proper balance between synaptic growth and
synapse maturation during the period of early synaptogenesis. Both common and rare variants of the gene
encoding for TSP1, THBS1, have been found to be associated with Autism Spectrum Disorders (ASD) in a cohort
of 313 patients by Sanger sequencingd. Furthermore single nucleotide polymorphisms (SNPs) of PTX3 gene
have been reported to result in PTX3 deficiency in humans and are associated with changed susceptibility to
infections and altered inflammatory responsel8l22l20] Whether these PTX3 variants might be linked to altered
synaptogenesis under physiological conditions or in response to an inflammatory insult occurring during brain

development is presently not known.
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Figure 1. TSP1 and PTX3 cooperate to promote early formation of functional excitatory synapses. TSP1 binds to
the 0251 receptor on the presynaptic terminals stimulating an increase of structurally normal but silent synapses
and to the 0281 receptor at the postsynaptic site activating Racl and stimulating actin remodelling to promote
spinogenesis. PTX3 promotes the functional maturation of these synapses by recruiting AMPA receptors at the

synapse.

| 3. Hevin and SPARC.

Besides TSPs, two members of the secreted protein acidic, enriched in cysteine (SPARC) family proteins, Hevin
(also known as SPARC-likel/SPARCL1) and SPARC were recognised as astrocyte-secreted factors that control
synapse formation between cultured RGCs. Similar to TSPs, treatment of RGCs with purified Hevin is sufficient to
induce formation of structurally mature, but postsynaptically silent synapsest2l. Analyses of developing visual
cortices in Hevin-null mice revealed fewer thalamocortical synapses and spines displaying features of immaturity,
indicating that the protein is required for proper development of the thalamocortical synaptic connectivity2ll,
Astrocyte-derived Hevin has been demonstrated to serve as a bridge for the non-interacting isoforms of neurexin-
lalpha and neuroligin-1B at the level of thalamocortical connections in the developing visual cortex22l. By contrast,
SPARC antagonizes the synaptogenic action of Hevin through a dominant-negative action, most likely by
interfering with the ability of Hevin to bridge neurexin-lalpha and neuroligin-1B22l. In addition, SPARC is able to
trigger a cell-autonomous programme of synapse elimination[22l. In the developing mouse brain, Hevin and SPARC
are expressed at high levels in astrocytes during the second and third weeks, which coincide with periods of
synapse stabilization and synaptic refinement. Of note, SPARCL1 has been recently identified as part of a network

of genes linked to neuronal damage in the preclinical stages of Alzheimer's disease (AD)22. In particular,
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SPARCL1 variants that correlate with lower gene expression levels in brain are associated with accelerated

cognitive decline during preclinical AD.
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Figure 2. Hevin and SPARC. Astrocyte-secreted Hevin bridges presynaptic neurexin and postsynaptic neuroligin to
favour the recruitment of PSD95 and NMDAR subunits at the synapse. SPARC on the contrary antagonizes Hevin

effect with a still unknown mechanism.

| 4. Glypicans and neuronal pentraxins.

Recently, astrocyte-secreted glypicans 4 and 6 have been discovered by using the same experimental setting (i.e.
RGC cultures and ACM) that led to the discovery of thrombospondins. Glypicans are expressed at later stages of
development (second and third postnatal weeks). Exposure of RGC cultures to glypicans 4 or 6 resulted in
enhanced formation of active excitatory synapses containing GIuAl receptors at difference to the action of TSPs
(13l GPC4 deficient mice show defective excitatory synapses in the hippocampust8 and alteration in social
behaviour which resemble ASD core symptoms and that can be linked with loss of GIuA1[28]. The ability of glypican
4 to induce active synapses involves neuronal pentraxin 1 (NP1) which is released from presynaptic terminals by
signaling through presynaptic protein tyrosine phosphatase receptor delta (PTPRd). NP1 then stimulates AMPA

receptors clustering on the postsynaptic dendrite thus allowing the assembly of functional synapses4],

Neuronal pentraxins - the membrane-bound "neuronal pentraxin receptor" (NPR) and the secreted proteins NP1

and NARP (i.e., NP2) - are expressed by neurons and promote AMPA clustering at excitatory synapses by direct
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binding of the N- terminal domain of the receptor2d28l29][30][31][32][33]  Recently it has been demonstrated that
knockdown of NPR in hippocampal neurons dramatically decreases assembly and function of both excitatory and
inhibitory postsynaptic specializations24!. Evidence showed that NPR recruits and stabilizes NP1 and NARP on the
presynaptic plasma membrane suggesting that neuronal pentraxins act as trans-synaptic organizers of both
excitatory and inhibitory synapses. Diseases associated with GPC4 include Simpson-Golabi-Behmel Syndrome

which in some cases results in mild to severe intellectual disability22.
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Figure 3. Glypican 4 and Neuronal Pentraxin 1. Astrocyte-derived Glypican 4 induces NP1 release from neurons
through the PTPR& receptor. NP1 stimulates AMPA receptors clustering on the postsynaptic terminal making the
synapse functional.
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