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Abstract

Astrocytes, the most abundant glial cells in the mammalian brain, are critical regulators of brain
development and physiology through dynamic and often bidirectional interactions with neuronal
synapses. Despite the clear importance of astrocytes for the establishment and maintenance of
proper synaptic connectivity, our understanding of their role in brain function is still in its infancy.
We propose that this is at least in part due to large gaps in our knowledge of the cell biology of
astrocytes and the mechanisms they use to interact with synapses. In this review, we summarize
some of the seminal findings that yield important insight into the cellular and molecular basis of
astrocyte-neuron communication, focusing on the role of astrocytes in the development and
remodeling of synapses. Furthermore, we will pose some pressing questions that need to be
addressed to advance our mechanistic understanding of the role of astrocytes in regulating synaptic
development.

Introduction to astrocytes

Astrocytes comprise the most abundant population of glia in the mammalian brain. They are
crucial for the proper health and function of the nervous system, as they provide important
metabolic and trophic support to neurons (Banker, 1980). The timeline of astrocyte
generation, differentiation and maturation differs between different brain regions; however,
astrocyte birth and development usually happens after the main periods of neurogenesis and
neuronal migration are completed in the mammalian brain (Miller and Gauthier, 2007). An
important exception to this occurs within the neurogenic regions of the adult brain, such as
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the dentate gyrus of the hippocampus or the subventricular region of the cortex, in which
resident astrocytes are thought to provide signals that participate in the generation of new
neurons and their integration into existing circuits (Gongalves et al., 2016; Krzisch et al.,
2015; Sultan et al., 2015).

Classical neuroanatomical studies categorized rodent astrocytes into two groups on the basis
of their morphology and location (Kettenmann and Verkhratsky, 2008). The first group
contains the protoplasmic astrocytes of the grey matter, which are highly ramified to
infiltrate the surrounding neuropil (Figure 1A). These astrocytes ensheath neuronal synapses
through their fine perisynaptic processes (PAPs, Figure 1B), which emanate from the
secondary and tertiary branches, giving these cells their characteristically intricate “bushy”
structure (Bushong et al., 2004; Witcher et al., 2007; Witcher et al., 2010). Protoplasmic
astrocytes are also in direct contact with blood vessels through a specialized cellular
compartment called the end-foot (Foo et al., 2011). The second group is the fibrous
astrocytes of the white matter. Fibrous astrocytes are associated with myelinated axonal
tracts such as the corpus callosum and are in contact with the nodes of Ranvier. Even though
all astrocytes share common properties, recent physiological and gene expression profiling
studies revealed that astrocytes are a far more diverse cell population than previously
appreciated. For example, astrocytes have distinct properties in different brain regions and at
different periods of development (Cahoy et al., 2008; Chai et al., 2017; John Lin et al., 2017,
Morel et al., 2017). In fact the study of astrocyte diversity and heterogeneity now constitutes
a flourishing subject in neuroscience and we will discuss the recent discoveries on this topic
in more detail (Bayraktar et al., 2015; Zhang and Barres, 2010).

Astrocyte-like cells perform important and analogous functions in species as distant as flies
and humans. In the fruit fly, like in mammals, astrocytes surround neuronal cell bodies and
proximal neurites, couple to the vasculature, and closely associate with synapses (Freeman,
2015). Across species the number and size of astrocytes increase with increasing brain size
and cognitive capabilities (Allen, 2014; Stogsdill and Eroglu, 2017). For example, the
human brain contains several more populations of astrocytes than the rodent brain, evident
by their unique structures (Oberheim et al., 2009; Sosunov et al., 2014). Furthermore, human
astrocytes are up to threefold larger and more than 10 fold more ramified than their rodent
counterparts. Recent gene expression studies found interesting differences between human
and rodent astrocytes, which indicate that the unique features of human astrocytes are in
large part cell-autonomous (Zhang et al., 2016). In agreement with this possibility injection
of human glial progenitors, which give rise to astrocytes and oligodendrocyte-lineage cells,
into the mouse brain significantly altered mouse brain connectivity and enhanced behavior
(Han et al., 2013). The ability to generate human astrocytes from fibroblast-derived induced
pluripotent stem cells (iPSCs) now provides new opportunities to decipher the unique
functions of human astrocytes and interrogate the importance of astrocytes in human
cognition (Krencik et al., 2017; Krencik and Zhang, 2011; Sloan et al., 2017).

Astrocytes are integral components of synapses

In the mature brain the processes of protoplasmic astrocytes extensively infiltrate into the
neuropil and wrap around synapses. In this way astrocytes completely parcel out the gray
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matter in a non-overlapping manner, forming separate anatomical domains (Bushong et al.,
2002). A single mouse cortical astrocyte is estimated to contact over 100,000 synapses;
whereas a human astrocyte can contact up to 2,000,000 synapses (Bushong et al., 2002;
Oberheim et al., 2009). A similar tile-like organization of other astrocyte-like radial glia
cells have also been observed for cerebellar Bergmann glia, which ensheath Purkinje cell
synapses, and retinal Muller Glia, which ensheath synapses within the inner and outer
plexiform layers (Lippman Bell et al., 2010; Lippman et al., 2008; Wang et al., 2017). These
observations indicate that astrocytes, through their fine processes, have the ability to sense
and adhere to synapses and coordinate with the neighboring astrocytes to tile and completely
cover the neuropil. Astrocytes do not ensheath all synapses however, and synapse
association of astrocytes is a dynamic process that can be altered by neuronal activity
(Bernardinelli et al., 2014; Genoud et al., 2006; Xu-Friedman et al., 2001). In agreement
with this possibility, astrocyte coverage of synaptic contacts is altered during development,
in response to injury and in various physiological conditions such as partition, starvation and
satiety (Hirrlinger et al., 2004; Procko et al., 2011; Theodosis et al., 2008). Most of these
changes occur over a slow timescale of hours to days, and it is unclear whether the cue for
altered astrocyte-synapse interaction is a direct sensing of alterations in neuronal activity, or
an additional signal released by neurons.

Importantly, the astrocyte processes that ensheath synapses form a critical functional
compartment of the synapse, that is required for the maintenance of brain homeostasis and
neuronal health (Araque et al., 1999). These perisynaptic astrocyte processes rapidly remove
synaptically released neurotransmitters from the interstitial space avoiding their
extrasynaptic accumulation and limiting their “spill over” to nearby synapses (Figure 1C)
(Murphy-Royal et al., 2017). For example, astrocytic processes are laden with glutamate
transporters, which ensure that glutamate does not accumulate extrasynaptically, which
could otherwise cause excitotoxicity (Tanaka et al., 1997; Yang et al., 2009). Astrocytes then
break down excess glutamate into glutamine and shuttle it back to neurons to provide the
building blocks for ongoing synaptic transmission (Tani et al., 2014). Similarly, through
numerous channels, astrocytes control the ionic balance at the synapse including potassium
ions, which is crucial for sustainability of proper synaptic transmission (Djukic et al., 2007;
Kuffler, 1967; Sibille et al., 2014).

Besides these critical functions of astrocytes at the synapse, perisynaptic astrocyte processes
are also decorated with metabotropic and ionotropic neurotransmitter receptors (Agulhon et
al., 2008). Thus, astrocytes possess the ability to monitor ongoing local activity of synaptic
circuits (Figure 1C). The activation of these receptors are known to generate dynamic Ca2*
transients in astrocytes, which are observed both at the cell somas and distal astrocyte
processes (Shigetomi et al., 2013). It has been proposed that the synaptic activity-driven
astrocytic Ca2* rise triggers secretion of neuroactive molecules, commonly known as
gliotransmitters, from astrocytes that directly signal to synapses to control proper basal
synaptic transmission and modulate neural plasticity (Araque et al., 2014). However,
research in this area also yielded conflicting results and controversy as to the Ca2*
dependence of gliotransmitter release, the identity of gliotransmitters and the astrocyte
specificity of the manipulations used to study these pathways (Hamilton and Attwell, 2010;
Nedergaard and Verkhratsky, 2012; Sloan and Barres, 2014). It is important to note that the
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Ca?*-transients that occur in astrocytes are of a much slower time scale than what occurs in
neurons during neurotransmission (Shigetomi et al., 2016). Thus, both the nature and the
function of astrocytic Ca2*-transients are likely to be distinct from that of neuronal Ca?*-
signaling, which underlie fast synaptic transmission. In fact recent studies in Drosophila and
mice have demonstrated that astrocytes respond to slow-acting neuromodulators such as
norepinephrine, tyramine and octopamine with increases in intracellular calcium (Ding et
al., 2013; Ma et al., 2016; Paukert et al., 2014). In Drosophila, astrocytic activation by
octopamine/tyramine leads to inhibition of dopaminergic neuron firing and alterations in
behavior, demonstrating an in vivo role for astrocyte calcium signaling in regulating
neuronal circuit function (Ma et al., 2016).

In summary, the studies on astrocyte-synapse interactions have revealed that astrocytes form
an integral component of the nervous system architecture. These brain cells are critical
regulators of brain function and plasticity, through dynamic and bidirectional interactions
with synapses. In the rest of this Review, we will focus on the contributions of astrocytes to
the development and remodeling of neuronal synapses, and discuss implications for defects
in these pathways in neurodevelopmental disorders.

Astrocytic control of synapse development

Astrocyte-synapse interactions play a definitive role in synapse development across different
regions of the central nervous system (CNS). For example, in the developing rodent cerebral
cortex, neurons take their positions in their respective layers and extend their axons to their
appropriate targets by birth. However, the main periods of synaptogenesis, corresponding to
the second and third postnatal weeks, occur only after the birth and differentiation of
astrocytes is completed (Freeman, 2010). This is not a coincidence. A number of studies,
which we will discuss here, revealed that in fact astrocyte-derived signals are required for
the formation, functional maturation and refinement of synapses and circuits.

The first evidence for a critical role of astrocytes in regulating synaptogenesis came from
experiments carried out 20 years ago, where it was demonstrated that rodent neurons grown
in isolation in vitro formed few synapses, and the addition of astrocytes to the neurons
greatly increased both the number of synapses and the strength of the synapses that formed
(Pfrieger and Barres, 1997; Ullian et al., 2001). These initial findings have been replicated
across species, demonstrating a role for glial cells in regulating synaptogenesis in C. elegans
(Colén-Ramos et al., 2007), Drosophila (Muthukumar et al., 2014), Xenopus (Cao and Ko,
2007), rodent (Né&gler et al., 2001; Ullian et al., 2001) and human (Hartley et al., 1999;
Johnson et al., 2007) neurons. Astrocytes regulate the formation of many types of synapses,
including glutamatergic (Ullian et al., 2001), GABAergic (Elmariah et al., 2005; Hughes et
al., 2010), glycinergic (Cuevas et al., 2005) and cholinergic (Cao and Ko, 2007; Reddy et al.,
2003). Based on these findings an important area of research has been to identify the signals
that astrocytes use to regulate neuronal synapse formation, and the pathways activated in
neurons in response to these signals. We now know that astrocytes use multiple synaptogenic
cues to signal to neurons, and these comprise both contact-mediated and secreted cues
(Table 1).
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Most work in this field has focused on identifying secreted signals that regulate formation
and function of glutamatergic synapses (Figure 2A-B). The first to be identified was
cholesterol (Goritz et al., 2005; Mauch et al., 2001), a lipid that is synthesized by astrocytes
and secreted in complex with ApoE to be taken up by neurons. Cholesterol was shown to
increase the number of vesicles present in the presynaptic terminal and increase release
probability, leading to an overall increase in presynaptic function. Mice with decreased lipid
synthesis specifically in astrocytes in vivo show decreased release of cholesterol from
astrocytes and impaired synaptic development, with decreased numbers of presynaptic
vesicles and defects in synaptic plasticity (van Deijk et al., 2017). It is unclear, however, if
astrocyte-secreted ApoE itself is involved in regulating synapse function in vivo. Such a role
for ApoE would have important clinical implications as mutations in ApoE are strongly
linked to neurodegenerative diseases, such as Alzheimer’s disease (Jackwang et al., 2014).

Astrocytes secrete Thrombospondins (TSP1 and 2) (Christopherson et al., 2005) and
SPARCL1/Hevin (Kucukdereli et al., 2011) as signals that control the formation of structural
glutamatergic synapses (Figure 2A). The synapses induced by these signals contain all of the
structural elements of a synapse (such as presynaptic vesicles, active release sites and
postsynaptic density) and are presynaptically active because they release and reuptake
synaptic vesicles. However, they are postsynaptically silent synapses, because they contain
only NMDA glutamate receptors, but lack AMPA glutamate receptors (Christopherson et al.,
2005; Singh et al., 2016). Interestingly, astrocytes also produce an antagonist of the
prosynaptogenic Hevin, called SPARC (Kucukdereli et al., 2011). In addition to blocking
Hevin-induced synapse formation, SPARC also decreases the number of AMPA glutamate
receptors present in postsynaptic terminals (Jones et al., 2011). Furthermore, at cholinergic
synapses SPARC prevents maturation of presynaptic terminals and triggers a cell-
autonomous program of synapse elimination (Albrecht et al., 2012; L6pez-Murcia et al.,
2015). These findings collectively show that SPARC acts as an overall negative regulator of
synapse number and function.

In addition to astrocyte-secreted proteins that control structural synapse formation, a number
of astrocyte-derived signals that positively regulate AMPA receptor localization to
postsynaptic terminals have been identified. By increasing synaptic AMPA receptor levels,
these signals all act to enhance excitatory postsynaptic function. These include the heparan
sulfate proteoglycans glypican 4 and 6 (Gpc4 and 6), which bring GluA1 AMPA receptors to
newly forming synaptic sites and subsequent recruitment of postsynaptic density proteins
and fully functional synapse formation (Figure 2B) (Allen et al., 2012). TNFa increases
AMPAR levels at existing synapses and conversely decreases GABAA receptors at
inhibitory synapses leading to overall increased neuronal activity, and is involved in
homeostatic scaling to maintain neuronal network activity (Beattie et al., 2002; Stellwagen
et al., 2005; Stellwagen and Malenka, 2006). Wingless/Wnt secreted from glia has been
shown to cluster glutamate receptors at the Drosophila neuromuscular junction (Kerr et al.,
2014). Studies in mammals have shown similar roles for Whnts at excitatory synapses,
however the source of Wnt has not been determined (Ciani et al., 2011). Given astrocytes are
enriched for mRNA for Wnt ligands (Zhang et al., 2014), it will be interesting to determine
if the same pathway exists in the mammalian brain.
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Contact-mediated signaling between astrocytes and neurons also regulate synaptogenesis;
however, our knowledge of the nature of these signals is rather limited. Interestingly, most of
the contact-mediated astrocyte-neuron signaling events that have been identified so far act in
embryonic neurons suggesting that contact between astrocytes and neurons is an important
permissive first step in neuronal synapse formation. For example, contact of an astrocyte on
any part of an embryonic hippocampal neuron induces PKC-signaling throughout the neuron
that then allows it to form synapses (Hama et al., 2004). Similarly, embryonic retinal
ganglion cell neurons are unable to respond to secreted synaptogenic signals from astrocytes
until they have been physically contacted by an astrocyte, again suggesting astrocyte contact
changes the maturation state of the neuron (Barker et al., 2008). Gamma protocadherins, cell
adhesion proteins that are found both on astrocytes and neurons, act locally as adhesion
complexes between astrocyte processes and synapses that promote formation of both
excitatory and inhibitory synapses (Garrett and Weiner, 2009).

An important step in synapse development is the elimination of superfluous synapses in an
activity-dependent manner. With the exception of SPARC, which blocks new synapse
formation in response to Hevin (Kucukdereli et al., 2011), all of the roles of astrocytes at
synapses so far described are positive. To provide balance and to prevent excessive and
inappropriate synaptogenesis from occurring it seems necessary that astrocytes will also
regulate synapse elimination. This has been demonstrated to occur both as a direct and an
indirect mechanism. Astrocytes can directly phagocytose excess synapses in the developing
brain via the functions of astrocytic phagocytic receptors Mertk and Megf10 (Figure 2C)
(Chung et al., 2013). Astrocytes indirectly regulate synapse elimination via the secretion of
TGFp, which upregulates C1q in neurons, leading to tagging of synapses for elimination by
phagocytosis by microglia (Figure 2C) (Bialas and Stevens, 2013; Schafer et al., 2012). Both
synapse elimination processes are activity-dependent; thus, are highly likely to be involved
in controlling the remodeling of circuits in response to experience.

Why do astrocytes make so many different signals? This may be related to the specialized
function that each signal has as described above, for example regulating receptor recruitment
or presynaptic release. In addition, some of the astrocyte-secreted signals may be
specifically regulating the formation and/or maturation of a subset of synapses. This has
been shown to be the case for Hevin. In the developing mouse cortex, Hevin is specifically
required for the formation of a subset of excitatory synapses: the thalamocortical
connections between thalamic axons and cortical dendrites (Risher et al., 2014).
Investigation of the ultrastructure of cortical dendrites at high resolution revealed that
astrocyte-secreted Hevin is required for a developmental refinement step that occurs at the
level of single dendritic spine heads. During early postnatal development dendritic spines
often receive two excitatory inputs, one from a thalamic axon and another from a cortical
axon. As synapses mature the spines lose one of these inputs and keep the other, achieving
the characteristic “one spine = one synapse” organization. Absence of Hevin results in
persistence of dendritic spines which are still doubly innervated, most likely due to the
inability of thalamocortical connections to compete for spines with cortical inputs (Risher et
al., 2014).
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Currently, we do not know whether other astrocyte-secreted proteins such as
thrombospondins and glypicans also have synapse-specific roles. Furthermore, so far each of
these astrocyte synaptogenic cues has been studied in isolation. An important next step is to
ask how all these diverse signals work together in vivo to sculpt developing neuronal
circuits. Are all signals expressed by the same astrocytes at the same time (Figure 3)? Are
they distributed equally to all the nearby neurons? A comprehensive mapping of the /in vivo
spatial and temporal expression of all currently identified astrocyte synaptogenic signals is
required as a first step to answer this. There is already strong evidence from work in the
developing mouse spinal cord for regional specification of astrocytes and their synaptogenic
potential. It was found that spinal cord astrocytes originate from specific gliogenic domains
in the dorsal or ventral spinal cord (Tsai et al., 2012), and have different gene expression
(Molofsky et al., 2014). Contrary to what is often assumed, these different subgroup of
astrocytes do not have redundant functions in synaptogenesis. When abundance of one class
of spinal cord astrocytes was reduced by 70% by genetic ablation, the neighboring group of
astrocytes were unable to compensate for their loss (Tsai et al., 2012). It is important to note
that in Drosophila ablation of 50% of astrocytes leads to the remaining astrocytes to increase
their domain size to compensate for the loss, whereas with ablation of 75% of the astrocytes
the remaining cells are unable to compensate, suggesting a minimum number of astrocytes
may be required for maintaining proper synaptic function (Muthukumar et al., 2014).

Astrocyte-synapse interaction regulate plasticity of neuronal circuits

Much progress has been made in understanding how astrocytes regulate the development of
neuronal synapses. Synapse strength and number can change in the adult brain as a result of
experience and learning, and a role for astrocyte remodeling of synapses in these processes
has been proposed. Much of the evidence for this has come from studies of plasticity in mice
lacking known astrocyte-secreted synapse modifying factors described above, such as Hevin,
SPARC and TNFa. For example the ability to induce long term potentiation (LTP) of
synapses in hippocampal slices prepared from SPARC knock out (KO) mice is impaired, and
this is hypothesized to be due to the increased strength of individual synapses present in the
KO before plasticity is induced which prevents the further strengthening of synapses (Jones
etal., 2011). TNFa is involved in a different form of plasticity, known as homeostatic
scaling, where the strength of all of the synapses on a neuron are altered in response to
changes in neuronal activity patterns (Stellwagen and Malenka, 2006). Hippocampal slices
prepared from TNFa KO mice show normal LTP and long term depression (LTD), but no
increase in synaptic strength in response to prolonged activity deprivation. Mice lacking
Hevin (Hevin KO) do not show a form of /n vivo plasticity called ocular dominance
plasticity, where synapses in the visual cortex remodel in response to changed visual
experience (Singh et al., 2016). Rescue of Hevin expression specifically in developing visual
cortex astrocytes of the Hevin KOs resulted in restoration of ocular dominance plasticity,
showing that astrocytic expression of Hevin is sufficient to control this form of plasticity
(Singh et al., 2016). Ocular dominance plasticity occurs through a combination of LTD, LTP
and homeostatic scaling (Espinosa and Stryker, 2012), so it will be important to determine
which of these plasticity mechanisms is defective in Hevin null mice.

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 8

Most work demonstrating a role for astrocyte factors in regulating synaptic plasticity has
been performed in germline KO mice. This makes it hard to directly identify a role for these
factors in synaptic plasticity when many of these mice already display defects in
synaptogenesis, meaning the plasticity defect may be secondary to the synaptogenesis
defect. Allowing synapses to develop normally in the presence of astrocyte synaptogenic
factors, and conditionally removing them in the adult, will allow separation of a
developmental from a plasticity role. In addition, the targeted removal of factors just from
astrocytes, rather than globally, will help determine the requirement of an astrocytic source.

How do neurons respond to astrocyte synaptogenic cues?

Now that numerous synaptogenic signals from astrocytes have been identified, it is
important to understand how they interact with neurons to regulate neuronal synapse
formation and function. An attractive hypothesis is that astrocyte-secreted signals would
regulate synaptogenic pathways within neurons, providing an additional level of control of
these signaling cascades. This has been shown to be the case for a number of astrocyte-
secreted synaptogenic proteins (Baldwin and Eroglu, 2017). Thrombospondins were found
to induce synaptogenesis by binding to a neuronal receptor, the calcium channel subunit
a256-1 (gene name: Cacna2d-1). a28-1 is a type 1 membrane protein with a large
extracellular domain that contains a protein interaction fold known as von Willebrand Factor
A (VWEF-A) domain. All five members of the thrombospondin family proteins can induce
synapse formation via the synaptogenic interaction that is mediated through their EGF-like
domains, which bind to the VWF-A domain of a26-1 (Eroglu et al., 2009). This interaction
is thought to cause a conformational change in a26-1, allowing for activation of a yet
unknown synaptogenic signaling pathway in neurons (Risher and Eroglu, 2012).
Interestingly, Gabapentin, a drug used to treat epilepsy and neuropathic pain, perturbs this
interaction and strongly blocks thrombospondin induced synaptogenesis (Eroglu et al.,
2009). This finding also suggests that astrocyte dysfunction may contribute to
neuropathologies such as epilepsy and neuropathic pain (Faria et al., 2017).

On the other hand, Hevin regulates formation of thalamocortical glutamatergic synapses by
bridging presynaptic neurexin-lalpha (NRX1a) with postsynaptic neuroligin-1B (NL1B)
(Singh et al., 2016), two neuronal cell adhesion molecules that do not interact with each
other. A region within Hevin interacts concurrently with the extracellular domains of
NRX1a and NL1B. This transcellular interaction and bridging is required for Hevin’s
synaptogenic activity. Interestingly, thrombospondin can also interact with neuroligins (Xu
et al., 2009), suggesting a potential cooperation or competition between Hevin and
thrombospondins in regulating synaptogenesis. In the case of SPARC, its ability to decrease
synaptic levels of AMPA receptors is mediated by inhibiting signaling through p-integrins,
receptors known to stabilize AMPAR at synapses (Jones et al., 2011). How SPARC
antagonizes Hevin-induced synapse formation remains to be elucidated. Astrocyte-secreted
glypican 4, which induces synapse formation by first clustering GluA1 AMPA receptors,
acts by signaling through the protein phosphatase receptor PTPRS present in the presynaptic
terminal. This leads to release of the AMPA receptor clustering factor neuronal pentraxin 1,
which then binds to postsynaptic GIuA1 AMPA receptors and stabilizes them on the surface
to induce synapse formation (Farhy-Tselnicker et al., 2017).
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Astrocyte-secreted factors also strongly induce inhibitory synapse formation and function,
but the identity of the signals are unknown. However, it has been established that astrocytic
control of inhibitory synaptogenesis requires both BDNF (Brain Derived Neurotrophic
Factor) and its receptor TrkB-signaling in neurons (Elmariah et al., 2005). How astrocytes
control inhibition in the CNS is a critically important question in the field, which needs to be
addressed to achieve a better understanding of the role of astrocytes in synaptic connectivity
and regulating neuronal excitability.

How is release of synaptogenic signals from astrocytes regulated?

Much work on understanding how astrocytes regulate neuronal synapses has focused on
identifying the signals astrocytes release and the response that these signals induce in
neurons. An equally important part of this mechanism is identifying whether the release of
synaptogenic signals from astrocytes is regulated, and if so how. This has been investigated
for a limited number of astrocyte-secreted synaptogenic signals. For example, the secretion
of thrombospondins from astrocytes in vitro is stimulated by treatment with ATP acting
through purinergic receptors (Tran and Neary, 2006). SPARC secretion from astrocytes is
stimulated by glutamate (Jones et al., 2011), and as SPARC decreases synaptic AMPAR
levels this provides a potential homeostatic feedback loop to decrease synaptic excitability in
the presence of increased excitability. TNFa release is decreased by glutamate (Stellwagen
and Malenka, 2006). Because TNFa. increases synaptic AMPAR this feedback loop again
provides a homeostatic mechanism to limit excitability.

Based on these findings it seems likely that the expression and release of synaptogenic
factors from astrocytes is regulated, however evidence for this occurring in vivo is currently
lacking. Experiments to address this should be conducted at two levels. First, many astrocyte
synaptogenic signals show temporal differences in mRNA and protein expression levels. For
example in the cortex, thrombospondins 1 and 2 are most highly expressed in the first
postnatal week when synapses are first forming and downregulated after that, whereas Hevin
increases in the second postnatal week when synapses are maturing (Cahoy et al., 2008;
Christopherson et al., 2005; Risher et al., 2014). It is not known whether these changes in
expression of synaptogenic factors are an intrinsic part of the astrocyte maturation process,
or being regulated by interactions with neighboring neurons. Experiments to manipulate
neuronal activity in vivo would go some way to addressing this. Interestingly, dark rearing,
which changes neuronal activity patterns in the visual cortex, causes a delay in the structural
maturation of astrocytes in the visual cortex (Muller, 1990), as does knocking out glutamate
release from cortical neurons in vivo (Morel et al., 2014). This strongly suggests that
astrocyte maturation, and therefore expression of synaptogenic factors, is influenced by the
neurons they interact with.

Second, it is important to determine if the secretion of synaptogenic signals from astrocytes
in vivo is constitutive or controlled by neurons, and whether it can be restricted to specific
astrocyte domains (Figure 3D). It seems likely from in vitro work that the secretion of some
synaptogenic signals from astrocytes will be regulated by activation of neurotransmitter
receptors on astrocytes. This work has been performed on bulk cultures of astrocytes and
assayed release over relatively long timeframes, with no ability to measure release in a
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spatially restricted way. In the mature brain one astrocyte can contact as many as 100,000
synapses within its domain via fine processes (Bushong et al., 2002). During development
there is an increase in astrocyte domain size and in the number of synapses that fall within
their domain (Morel et al., 2014), again raising the possibility that astrocytes may regulate
synapse formation on a local level via spatially restricted release of synaptogenic factors.
Addressing this will require an understanding of where synaptogenic proteins are localized
within astrocytes, how they are trafficked within the cell, and if they are present in sub-
cellular compartments that make them accessible for release such as vesicles. Interestingly,
recent work has shown that astrocytes have mMRNA and ribosomes in their distal perisynaptic
processes (Sakers et al., 2017), analogous to dendritically localized mRNA in neurons,
raising the possibility that mRNA for synaptogenic factors may be localized to astrocytic
regions opposed to synapses.

Do all astrocytes have the same synaptogenic potential?

There is increasing evidence that astrocytes in different brain regions are not identical, and
even neighboring astrocytes within the same brain region may have differences. Much of the
evidence for this comes from mRNA profiling of isolated astrocytes from different brain
regions of both rodents and humans (Chai et al., 2017; Doyle et al., 2008; Malik et al., 2014;
Molofsky et al., 2013; Morel et al., 2017; Zhang et al., 2014; Zhang et al., 2016). More
recently single cell RNAseq has shown local differences in astrocytes and the potential for at
least two populations of astrocytes to exist within the cerebral cortex (Darmanis et al., 2015;
Zeisel et al., 2015). An analysis of cortical astrocytes separated based on differential
expression of cell-surface markers identified five unique populations of cells (John Lin et al.,
2017). Given these global differences in astrocyte populations, it is now important to use
these datasets to ask whether expression of astrocytic genes that regulate synapses show
regional specializations. So far most of the functional characterization of astrocyte sub-
populations has been performed in vitro (see below), however determining the importance of
astrocyte diversity to synaptic development and function /n vivo is an important next step.
For example, does removing a regionally-specialized astrocyte gene affect synapses just in
that brain region, or does ectopic expression of that gene in astrocytes that don’t normally
express it change the synapses those astrocytes interact with?

One approach to address the question of whether regional differences in astrocyte gene
expression are functionally meaningful for synaptogenic potential has been to use in vitro
cultures of astrocytes and neurons isolated from different brain regions. Isolating cortical
and subcortical cell types demonstrated that in region-matched astrocyte-neuron cultures the
astrocytes induced robust process outgrowth and active synapse formation in the neurons,
whereas when astrocytes and neurons from different brain regions were cultured together
there were deficiencies in process outgrowth and synaptogenesis (Morel et al., 2017).
Similarly, (Buosi et al., 2017) performed in vitro experiments mixing astrocytes and neurons
from different brain regions and found altered synaptogenic potency of astrocytes from
different brain regions, and correlated this with different secreted levels of known
synaptogenic factors such as Hevin, SPARC, Gpc4 and Gpc6. An alternative approach was
to ask if subsets of astrocytes from within the cortex had different synaptogenic potential
(John Lin et al., 2017). From the five identified astrocyte groups, two were tested for their
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ability to induce synapses between cortical neurons. One group had higher expression of
known synapse regulating genes such as Hevin and SPARC, and indeed had a stronger
ability to induce synapse formation between cortical neurons compared to the astrocytes
with low levels of synaptogenic genes. Given that the majority of studies identifying
astrocyte synaptogenic signals have focused on cortical astrocytes, this suggests that future
work should ask if unique synaptogenic factors are produced by astrocytes in other brain
regions. Additionally, determining whether it is only changes in astrocytes that mediate these
regional specializations, and/or changes in the receptors for these factors expressed by
neurons, will give insight into the meaning of astrocyte specialization.

It is important to determine what induces regionally specialized astrocytes. For example, is it
based on their developmental origins, or does the environment of the astrocytes regulate
their properties (Garcia-Marqués and L6pez-Mascaraque, 2013)? One place this question
has been explored is in the cerebellum, where two morphologically distinct types of
astrocytes reside in close proximity - the radial glia-like Bergmann glia, and the
protoplasmic-like velate astrocytes. In addition to obvious morphological differences, these
two types of astrocytes also display many gene expression differences, such as high levels of
AMPA receptors in Bergmann glia and aquaporin 4 in velate astrocytes. Sonic hedgehog
(Shh) released from neighboring neurons regulates these specialized properties of Bergmann
glia, demonstrating that morphogen release from neurons can regulate astrocyte function
(Farmer et al., 2016). Interestingly, gene expression in Planaria glia is also regulated by
hedgehog released from neurons, suggesting this pathway is highly conserved (Wang et al.,
2016). Studies have shown that other morphogens including fibroblast growth factor (FGF)
released from neurons (Stork et al., 2014) and bone morphogenetic protein (BMP) (Scholze
et al., 2014) can induce structural maturation of astrocytes. It will be interesting to determine
if these effects show regional specializations, and can also regulate expression of genes
related to synaptogenesis in astrocytes.

Astrocyte-synapse interactions are disrupted in neurodevelopmental

disorders

Alteration in synapse formation, synaptic function and synaptic remodeling has been
implicated in a number of neurodevelopmental disorders, including autism spectrum
disorder (ASD) (Parikshak et al., 2013). Given the important roles of astrocytes in regulating
synapses in the brain, it seems likely that alterations in astrocyte-synapse interaction will be
involved in these pathologies (Blanco-Suarez et al., 2017). ASD has been linked to
mutations in hundreds of genes (Jeste and Geschwind, 2014), so an important question is to
ask whether any of these genes are enriched in astrocytes and known to have roles in
synaptic regulation. An analysis of the SFARI database of 881 genes implicated in ASD
(https://gene.sfari.org/) identified cases linked to mutations in Gpc4, Gpc6, Hevin, TSP1 and
FABP7, all astrocyte-enriched factors that regulate synaptogenesis (Allen et al., 2012;
Christopherson et al., 2005; Ebrahimi et al., 2016; Kucukdereli et al., 2011). Conversely, this
list also includes known neuronal receptors for astrocyte-secreted synaptogenic factors,
including multiple neuroligins which mediate both Hevin and TSP1 synaptogenesis, and
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neurexins which mediate Hevin effects (Singh et al., 2016; Xu et al., 2009). These data
suggest in some cases of ASD, alterations in astrocyte function may be causative.

An alternative way of addressing this question has been to ask whether astrocytes that
contain ASD mutations have adverse effects on neuronal synaptic development. This has
been investigated for multiple genetic forms of ASD, using both rodent models and human
patient iPSC derived astrocytes. Rett's syndrome is caused by a mutation in Mecp2, a
transcriptional repressor. Astrocytes that are mutant for Mecp2 have negative effects on the
development of WT neurons, including decreasing neuronal process outgrowth and
decreasing synaptic function (Ballas et al., 2009; Williams et al., 2014). Rescuing the
genetic deficit specifically in astrocytes in vivo in a mouse model of Rett's syndrome is
sufficient to rescue some of the disease features, including increasing dendritic outgrowth
and synapse number (Lioy et al., 2011). In vitro studies showed that addition of IGF-1,
which is currently in clinical trials for Rett's syndrome, was able to block some of the
negative effects of Rett's astrocytes on neuronal development (Williams et al., 2014), though
the mechanisms underlying this rescue are not known. In Fragile X syndrome there are
mutations in the RNA binding protein Fmrl. Like in Rett's syndrome, astrocytes with Fmrl
mutations inhibit WT neuron development, with neurons showing delayed dendritic
outgrowth and synapse formation (Jacobs et al., 2010). At least two alterations in astrocyte
protein secretion from Fragile X mutant astrocytes have been linked to these effects. The
first is an increased secretion of neurotrophin 3 (NT3), with NT3 inhibiting dendritic
outgrowth and synaptogenesis (Yang et al., 2012). The second is a decreased release of
TSP1 from Fragile X astrocytes, with addition of TSP1 protein to Fragile X astrocyte
rescuing the synaptogenesis defects (Cheng et al., 2016). In Down's syndrome, a related
neurodevelopmental disorder caused by trisomy of chromosome 21, astrocytes also do not
support neuronal development or synapse formation, with WT neurons showing immature
spines when cultured with Down's syndrome astrocytes. Interestingly, Down's syndrome
astrocytes show decreased expression of multiple synaptogenic proteins including TSP1 and
Gpc6, and like with Fragile X syndrome, the addition of TSP1 to Down's syndrome
astrocytes is sufficient to rescue some of the synaptogenic deficits (Chen et al., 2014; Garcia
et al., 2010). Finally in Costello syndrome, caused by mutations in HRAS, an opposite
alteration in astrocyte function is observed. Astrocytes appear to mature early and produce
excess levels of secreted factors that regulate synapses, including TSP1 and Gpc6, and
treating WT neurons with Costello syndrome astrocytes causes increased synapse formation
(Krencik et al., 2015).

There is compelling evidence that astrocytes are contributing to the neuronal and synaptic
deficits reported in ASDs. By examining already known factors that astrocytes use to
regulate synapses, such as thrombospondins and glypicans, some of the underlying
molecular mechanisms have been revealed. More in depth and unbiased analysis of
alterations in protein secretion across ASDs should yield additional targets for therapy. What
is striking is that each of these neurodevelopmental disorders is caused by diverse genetic
mutations, yet the changes in expression and release of synaptogenic factors from astrocytes
is overlapping. This points to a shared defect in astrocyte development across these
disorders. Importantly, altered synaptogenic potential of astrocytes can either be a deficit, as
seen in Fragile X and Down's syndrome, or an excess, like in Costello Syndrome. This
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suggests that the levels of astrocyte synaptogenic proteins, not just their presence or absence,
are important regulators of neuronal synaptic development.

Conclusion

Astrocytes are an integral part of neuronal circuits, and essential regulators of synaptic
development. The work described above has laid the ground work for beginning to
understand on a cell biological level how astrocytes are interacting with and regulating
neurons. Future work to address the questions we have raised will improve our
understanding of this process and reveal the importance that astrocytes have in development.
Moreover, a better understanding of astrocyte biology will take us one big step closer to
revealing how our brains work.

Acknowledgments

Work in the lab of NJA is supported by NIH/NINDS R01 NS089791, the Hearst, Pew, Ellison, Dana and Whitehall
Foundations. Work in the lab of CE is supported by NIH/NIDA R01 DA031833, NIH/NINDS R01 NS096352,
NIH/NIEHS R0O1 ES025549 and by Simons Foundation Autism Research Initiative and Holland-Trice Brain
Research Foundation.

References

Agulhon C, Petravicz J, McMullen AB, Sweger EJ, Minton SK, Taves SR, Casper KB, Fiacco TA,
McCarthy KD. What Is the Role of Astrocyte Calcium in Neurophysiology? Neuron. 2008; 59:932—
946. [PubMed: 18817732]
Albrecht D, Lopez-Murcia FJ, Perez-Gonzalez AP, Lichtner G, Solsona C, Llobet A. SPARC prevents
maturation of cholinergic presynaptic terminals. Mol Cell Neurosci. 2012; 49:364-374. [PubMed:
22306863]
Allen NJ. Astrocyte regulation of synaptic behavior. Annu Rev Cell Dev Biol. 2014; 30:439-463.
[PubMed: 25288116]
Allen NJ, Bennett ML, Foo LC, Wang GX, Chakraborty C, Smith SJ, Barres BA. Astrocyte glypicans
4 and 6 promote formation of excitatory synapses via GIluA1 AMPA receptors. Nature. 2012;
486:410-414. [PubMed: 22722203]
Araque A, Carmignoto G, Haydon Philip G, Oliet Stéphane HR, Robitaille R, Volterra A.
Gliotransmitters Travel in Time and Space. Neuron. 2014; 81:728-739. [PubMed: 24559669]
Araque A, Parpura V, Sanzgiri RP, Haydon PG. Tripartite synapses: glia, the unacknowledged partner.
Trends in Neurosciences. 1999; 22:208-215. [PubMed: 10322493]
Baldwin KT, Eroglu C. Molecular mechanisms of astrocyte-induced synaptogenesis. Curr Opin
Neurobiol. 2017; 45:113-120. [PubMed: 28570864]
Ballas N, Lioy DT, Grunseich C, Mandel G. Non-cell autonomous influence of MeCP2-deficient glia
on neuronal dendritic morphology. Nat Neurosci. 2009; 12:311-317. [PubMed: 19234456]
Banker G. Trophic interactions between astroglial cells and hippocampal neurons in culture. Science.
1980; 209:809-810. [PubMed: 7403847]
Barker AJ, Koch SM, Reed J, Barres BA, Ullian EM. Developmental Control of Synaptic Receptivity.
Journal of Neuroscience. 2008; 28:8150-8160. [PubMed: 18701677]

Bayraktar OA, Fuentealba LC, Alvarez-Buylla A, Rowitch DH. Astrocyte Development and
Heterogeneity. Cold Spring Harbor Perspectives in Biology. 2015; 7

Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow M, Beattie MS, Malenka
RC. Control of synaptic strength by glial TNFalpha. Science. 2002; 295:2282-2285. [PubMed:
11910117]

Bernardinelli Y, Randall J, Janett E, Nikonenko I, Konig S, Jones Emma V, Flores Carmen E, Murai
Keith K, Bochet Christian G, Holtmaat A, et al. Activity-Dependent Structural Plasticity of

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 14

Perisynaptic Astrocytic Domains Promotes Excitatory Synapse Stability. Current Biology. 2014;
24:1679-1688. [PubMed: 25042585]

Bialas AR, Stevens B. TGF-beta signaling regulates neuronal C1q expression and developmental
synaptic refinement. Nat Neurosci. 2013; 16:1773-1782. [PubMed: 24162655]

Blanco-Suarez E, Caldwell ALM, Allen NJ. Role of astrocyte—synapse interactions in CNS disorders.
The Journal of Physiology. 2017; 595:1903-1916. [PubMed: 27381164]

Buosi AS, Matias I, Araujo APB, Batista C, Gomes FCA. Heterogeneity in Synaptogenic Profile of
Astrocytes from Different Brain Regions. Molecular Neurobiology. 2017

Bushong EA, Martone ME, Ellisman MH. Maturation of astrocyte morphology and the establishment
of astrocyte domains during postnatal hippocampal development. Int J Dev Neurosci. 2004; 22:73-
86. [PubMed: 15036382]

Bushong EA, Martone ME, Jones YZ, Ellisman MH. Protoplasmic astrocytes in CA1 stratum radiatum
occupy separate anatomical domains. J Neurosci. 2002; 22:183-192. [PubMed: 11756501]

Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson KS, Xing Y, Lubischer JL,
Krieg PA, Krupenko SA, et al. A transcriptome database for astrocytes, neurons, and
oligodendrocytes: a new resource for understanding brain development and function. J Neurosci.
2008; 28:264-278. [PubMed: 18171944]

Cao G, Ko C-P. Schwann Cell-Derived Factors Modulate Synaptic Activities at Developing
Neuromuscular Synapses. The Journal of Neuroscience. 2007; 27:6712-6722. [PubMed:
17581958]

Chai H, Diaz-Castro B, Shigetomi E, Monte E, Octeau JC, Yu X, Cohn W, Rajendran PS, Vondriska
TM, Whitelegge JP, et al. Neural Circuit-Specialized Astrocytes: Transcriptomic, Proteomic,
Morphological, and Functional Evidence. Neuron. 2017; 95:531-549. €539. [PubMed: 28712653]

Chen C, Jiang P, Xue H, Peterson SE, Tran HT, McCann AE, Parast MM, Li S, Pleasure DE, Laurent
LC, et al. Role of astroglia in Down’s syndrome revealed by patient-derived human-induced
pluripotent stem cells. Nat Commun. 2014; 5

Cheng C, Lau SKM, Doering LC. Astrocyte-secreted thrombospondin-1 modulates synapse and spine
defects in the fragile X mouse model. Molecular Brain. 2016; 9:74. [PubMed: 27485117]

Christopherson K, Ullian E, Stokes C, Mullowney C, Hell J, Agah A, Lawler J, Mosher D, Bornstein P,
Barres B. Thrombospondins Are Astrocyte-Secreted Proteins that Promote CNS Synaptogenesis.
Cell. 2005; 120:421-433. [PubMed: 15707899]

Chung W-S, Clarke LE, Wang GX, Stafford BK, Sher A, Chakraborty C, Joung J, Foo LC, Thompson
A, Chen C, et al. Astrocytes mediate synapse elimination through MEGF10 and MERTK
pathways. Nature. 2013; 504:394-400. [PubMed: 24270812]

Ciani L, Boyle KA, Dickins E, Sahores M, Anane D, Lopes DM, Gibb AJ, Salinas PC. Wnt7a
signaling promotes dendritic spine growth and synaptic strength through Ca2+/Calmodulin-
dependent protein kinase Il. Proceedings of the National Academy of Sciences. 2011; 108:10732-
10737.

Col6n-Ramos DA, Margeta MA, Shen K. Glia Promote Local Synaptogenesis Through UNC-6
(Netrin) Signaling in C. elegans. Science. 2007; 318:103-106. [PubMed: 17916735]

Cuevas ME, Carrasco MA, Fuentes Y, Castro P, Nualart F, Roa J, Aguayo LG. The presence of glia
stimulates the appearance of glycinergic synaptic transmission in spinal cord neurons. Mol Cell
Neurosci. 2005; 28:770-778. [PubMed: 15797723]

Darmanis S, Sloan SA, Zhang Y, Enge M, Caneda C, Shuer LM, Hayden Gephart MG, Barres BA,
Quake SR. A survey of human brain transcriptome diversity at the single cell level. Proceedings of
the National Academy of Sciences. 2015; 112:7285-7290.

Ding F, O’Donnell J, Thrane AS, Zeppenfeld D, Kang H, Xie L, Wang F, Nedergaard M. a.1-
Adrenergic receptors mediate coordinated Ca2+ signaling of cortical astrocytes in awake, behaving
mice. Cell Calcium. 2013; 54:387-394. [PubMed: 24138901]

Diniz LP, Almeida JC, Tortelli V, Vargas Lopes C, Setti-Perdigao P, Stipursky J, Kahn SA, Romao LF,
de Miranda J, Alves-Leon SV, et al. Astrocyte-induced synaptogenesis is mediated by
transforming growth factor beta signaling through modulation of D-serine levels in cerebral cortex
neurons. The Journal of biological chemistry. 2012; 287:41432-41445. [PubMed: 23055518]

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 15

Diniz LP, Tortelli V, Garcia MN, Araljo APB, Melo HM, Seixas da Silva GS, De Felice FG, Alves-
Leon SV, de Souza JM, Romao LF, et al. Astrocyte transforming growth factor beta 1 promotes
inhibitory synapse formation via CaM kinase Il signaling. Glia. 2014; 62:1917-1931. [PubMed:
25042347]

Djukic B, Casper KB, Philpot BD, Chin L-S, McCarthy KD. Conditional Knock-Out of Kir4.1 Leads
to Glial Membrane Depolarization, Inhibition of Potassium and Glutamate Uptake, and Enhanced
Short-Term Synaptic Potentiation. The Journal of Neuroscience. 2007; 27:11354-11365.
[PubMed: 17942730]

Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, Bupp S, Shrestha P, Shah RD,
Doughty ML, et al. Application of a Translational Profiling Approach for the Comparative
Analysis of CNS Cell Types. Cell. 2008; 135:749-762. [PubMed: 19013282]

Ebrahimi M, Yamamoto Y, Sharifi K, Kida H, Kagawa Y, Yasumoto Y, Islam A, Miyazaki H,
Shimamoto C, Maekawa M, et al. Astrocyte-expressed FABP7 regulates dendritic morphology and
excitatory synaptic function of cortical neurons. Glia. 2016; 64:48-62. [PubMed: 26296243]

Elmariah SB, Oh EJ, Hughes EG, Balice-Gordon RJ. Astrocytes regulate inhibitory synapse formation
via Trk-mediated modulation of postsynaptic GABAA receptors. J Neurosci. 2005; 25:3638-3650.
[PubMed: 15814795]

Eroglu C, Allen NJ, Susman MW, O'Rourke NA, Park CY, Ozkan E, Chakraborty C, Mulinyawe SB,
Annis DS, Huberman AD. Gabapentin Receptor a26-1 Is a Neuronal Thrombospondin Receptor
Responsible for Excitatory CNS Synaptogenesis. Cell. 2009; 139:380-392. [PubMed: 19818485]

Espinosa JS, Stryker Michael P. Development and Plasticity of the Primary Visual Cortex. Neuron.
2012; 75:230-249. [PubMed: 22841309]

Farhy-Tselnicker I, van Casteren A, Lee A, Chang VT, Aricescu AR, Allen NJ. Astrocyte-secreted
glypican 4 regulates release of neuronal pentraxin 1 from axons to induce functional synapse
formation. Neuron. 2017 In press.

Faria LC, Gu F, Parada I, Barres B, Luo ZD, Prince DA. Epileptiform activity and behavioral arrests in
mice overexpressing the calcium channel subunit a25-1. Neurobiology of Disease. 2017; 102:70—
80. [PubMed: 28193459]

Farmer WT, Abrahamsson T, Chierzi S, Lui C, Zaelzer C, Jones EV, Bally BP, Chen GG, Théroux J-F,
Peng J, et al. Neurons diversify astrocytes in the adult brain through sonic hedgehog signaling.
Science. 2016; 351:849-854. [PubMed: 26912893]

Feng Z, Ko C-P. Schwann Cells Promote Synaptogenesis at the Neuromuscular Junction via
Transforming Growth Factor-p1. The Journal of Neuroscience. 2008; 28:9599-9609. [PubMed:
18815246]

Foo LC, Allen NJ, Bushong EA, Ventura PB, Chung WS, Zhou L, Cahoy JD, Daneman R, Zong H,
Ellisman MH, et al. Development of a method for the purification and culture of rodent astrocytes.
Neuron. 2011; 71:799-811. [PubMed: 21903074]

Freeman MR. Specification and Morphogenesis of Astrocytes. Science (New York, NY). 2010;
330:774-778.

Freeman MR. Drosophila Central Nervous System Glia. Cold Spring Harbor Perspectives in Biology.
2015; 7

Fuentes-Medel Y, Ashley J, Barria R, Maloney R, Freeman M, Budnik V. Integration of a Retrograde
Signal during Synapse Formation by Glia-Secreted TGF- Ligand. Current Biology. 2012;
22:1831-1838. [PubMed: 22959350]

Garcia O, Torres M, Helguera P, Coskun P, Busciglio J. A Role for Thrombospondin-1 Deficits in
Astrocyte-Mediated Spine and Synaptic Pathology in Down's Syndrome. PLoS ONE. 2010;
5:€14200. [PubMed: 21152035]

Garcia-Marqués J, Lopez-Mascaraque L. Clonal Identity Determines Astrocyte Cortical Heterogeneity.
Cerebral Cortex. 2013; 23:1463-1472. [PubMed: 22617854]

Garrett AM, Weiner JA. Control of CNS Synapse Development by -y-Protocadherin-Mediated
Astrocyte—Neuron Contact. The Journal of Neuroscience. 2009; 29:11723-11731. [PubMed:
19776259]

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 16

Genoud C, Quairiaux C, Steiner P, Hirling H, Welker E, Knott GW. Plasticity of Astrocytic Coverage
and Glutamate Transporter Expression in Adult Mouse Cortex. PL0oS Biol. 2006; 4:e343.
[PubMed: 17048987]

Goncalves JT, Schafer ST, Gage FH. Adult Neurogenesis in the Hippocampus: From Stem Cells to
Behavior. Cell. 2016; 167:897-914. [PubMed: 27814520]

Goritz C, Mauch DH, Pfrieger FW. Multiple mechanisms mediate cholesterol-induced synaptogenesis
in a CNS neuron. Mol Cell Neurosci. 2005; 29:190-201. [PubMed: 15911344]

Hama H, Hara C, Yamaguchi K, Miyawaki A. PKC signaling mediates global enhancement of
excitatory synaptogenesis in neurons triggered by local contact with astrocytes. Neuron. 2004;
41:405-415. [PubMed: 14766179]

Hamilton NB, Attwell D. Do astrocytes really exocytose neurotransmitters? Nat Rev Neurosci. 2010;
11:227-238. [PubMed: 20300101]

Han X, Chen M, Wang F, Windrem M, Wang S, Shanz S, Xu Q, Oberheim Nancy A, Bekar L, Betstadt
S, et al. Forebrain Engraftment by Human Glial Progenitor Cells Enhances Synaptic Plasticity and
Learning in Adult Mice. Cell Stem Cell. 2013; 12:342-353. [PubMed: 23472873]

Hartley RS, Margulis M, Fishman PS, Lee VMY, Tang C-M. Functional synapses are formed between
human NTera2 (NT2N, hNT) neurons grown on astrocytes. The Journal of Comparative
Neurology. 1999; 407:1-10. [PubMed: 10213184]

Hennekinne L, Colasse S, Triller A, Renner M. Differential Control of Thrombospondin over Synaptic
Glycine and AMPA Receptors in Spinal Cord Neurons. The Journal of Neuroscience. 2013;
33:11432-11439. [PubMed: 23843515]

Hirrlinger J, Hulsmann S, Kirchhoff F. Astroglial processes show spontaneous motility at active
synaptic terminals in situ. Eur J Neurosci. 2004; 20:2235-2239. [PubMed: 15450103]

Hughes EG, Elmariah SB, Balice-Gordon RJ. Astrocyte secreted proteins selectively increase
hippocampal GABAergic axon length, branching, and synaptogenesis. Molecular and Cellular
Neuroscience. 2010; 43:136-145. [PubMed: 19850128]

Jacobs S, Nathwani M, Doering L. Fragile X astrocytes induce developmental delays in dendrite
maturation and synaptic protein expression. BMC Neuroscience. 2010; 11:132. [PubMed:
20955577]

Jaekwang K, Hyejin Y, Jacob B, Jungsu K. Apolipoprotein E in Synaptic Plasticity and Alzheimer’s
Disease: Potential Cellular and Molecular Mechanisms. Mol Cells. 2014; 37:767-776. [PubMed:
25358504]

Jeste SS, Geschwind DH. Disentangling the heterogeneity of autism spectrum disorder through genetic
findings. Nature reviews Neurology. 2014; 10:74-81. [PubMed: 24468882]

John Lin C-C, Yu K, Hatcher A, Huang T-W, Lee HK, Carlson J, Weston MC, Chen F, Zhang Y, Zhu
W, et al. Identification of diverse astrocyte populations and their malignant analogs. Nat Neurosci.
2017; 20:396-405. [PubMed: 28166219]

Johnson MA, Weick JP, Pearce RA, Zhang S-C. Functional Neural Development from Human
Embryonic Stem Cells: Accelerated Synaptic Activity via Astrocyte Coculture. The Journal of
Neuroscience. 2007; 27:3069-3077. [PubMed: 17376968]

Jones EV, Bernardinelli Y, Tse YC, Chierzi S, Wong TP, Murai KK. Astrocytes Control Glutamate
Receptor Levels at Developing Synapses through SPARC—B-Integrin Interactions. The Journal of
Neuroscience. 2011; 31:4154-4165. [PubMed: 21411656]

Kerr KS, Fuentes-Medel Y, Brewer C, Barria R, Ashley J, Abruzzi KC, Sheehan A, Tasdemir-Yilmaz
OE, Freeman MR, Budnik V. Glial Wingless/Wnt Regulates Glutamate Receptor Clustering and
Synaptic Physiology at the Drosophila Neuromuscular Junction. The Journal of Neuroscience.
2014; 34:2910-2920. [PubMed: 24553932]

Kettenmann H, Verkhratsky A. Neuroglia: the 150 years after. Trends in Neurosciences. 2008; 31:653—
659. [PubMed: 18945498]

Krencik R, Hokanson KC, Narayan AR, Dvornik J, Rooney GE, Rauen KA, Weiss LA, Rowitch DH,
Ullian EM. Dysregulation of astrocyte extracellular signaling in Costello syndrome. Science
Translational Medicine. 2015; 7:286ra266—286ra266.

Krencik R, van Asperen JV, Ullian EM. Human astrocytes are distinct contributors to the complexity
of synaptic function. Brain Research Bulletin. 2017; 129:66-73. [PubMed: 27570101]

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 17

Krencik R, Zhang S-C. Directed differentiation of functional astroglial subtypes from human
pluripotent stem cells. Nat Protocols. 2011; 6:1710-1717. [PubMed: 22011653]

Krzisch M, Temprana SG, Mongiat LA, Armida J, Schmutz V, Virtanen MA, Kocher-Braissant J,
Kraftsik R, Vutskits L, Conzelmann K-K, et al. Pre-existing astrocytes form functional
perisynaptic processes on neurons generated in the adult hippocampus. Brain Structure and
Function. 2015; 220:2027-2042. [PubMed: 24748560]

Kucukdereli H, Allen NJ, Lee AT, Feng A, Ozlu MlI, Conatser LM, Chakraborty C, Workman G,
Weaver M, Sage EH, et al. Control of excitatory CNS synaptogenesis by astrocyte-secreted
proteins Hevin and SPARC. Proceedings of the National Academy of Sciences. 2011; 108:E440-
E449.

Kuffler SW. The Ferrier Lecture: Neuroglial Cells: Physiological Properties and a Potassium Mediated
Effect of Neuronal Activity on the Glial Membrane Potential. Proceedings of the Royal Society of
London Series B Biological Sciences. 1967; 168:1-21.

Lioy DT, Garg SK, Monaghan CE, Raber J, Foust KD, Kaspar BK, Hirrlinger PG, Kirchhoff F,
Bissonnette JM, Ballas N, et al. A role for glia in the progression of Rett/'s syndrome. Nature.
2011; 475:497-500. [PubMed: 21716289]

Lippman Bell JJ, Lordkipanidze T, Cobb N, Dunaevsky A. Bergmann glial ensheathment of dendritic
spines regulates synapse number without affecting spine motility. Neuron glia biology. 2010;
6:193-200. [PubMed: 21044397]

Lippman JJ, Lordkipanidze T, Buell ME, Yoon SO, Dunaevsky A. Morphogenesis and regulation of
Bergmann glial processes during Purkinje cell dendritic spine ensheathment and synaptogenesis.
Glia. 2008; 56:1463-1477. [PubMed: 18615636]

Loépez-Murcia FJ, Terni B, Llobet A. SPARC triggers a cell-autonomous program of synapse
elimination. Proceedings of the National Academy of Sciences. 2015; 112:13366-13371.

Ma Z, Stork T, Bergles DE, Freeman MR. Neuromodulators signal through astrocytes to alter neural
circuit activity and behaviour. Nature. 2016; 539:428-432. [PubMed: 27828941]

Malik N, Wang X, Shah S, Efthymiou AG, Yan B, Heman-Ackah S, Zhan M, Rao M. Comparison of
the Gene Expression Profiles of Human Fetal Cortical Astrocytes with Pluripotent Stem Cell
Derived Neural Stem Cells Identifies Human Astrocyte Markers and Signaling Pathways and
Transcription Factors Active in Human Astrocytes. PLoS ONE. 2014; 9:¢96139. [PubMed:
24848099]

Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A, Pfrieger FW. CNS Synaptogenesis
Promoted by Glia-Derived Cholesterol. Science. 2001; 294:1354-1357. [PubMed: 11701931]
Miller FD, Gauthier AS. Timing Is Everything: Making Neurons versus Glia in the Developing Cortex.

Neuron. 2007; 54:357-369. [PubMed: 17481390]

Molofsky AV, Glasgow SM, Chaboub LS, Tsai H-H, Murnen AT, Kelley KW, Fancy SPJ, Yuen TJ,
Madireddy L, Baranzini S, et al. Expression profiling of Aldh111-precursors in the developing
spinal cord reveals glial lineage-specific genes and direct Sox9-Nfe2I1 interactions. Glia. 2013;
61:1518-1532. [PubMed: 23840004]

Molofsky AV, Kelley KW, Tsai H-H, Redmond SA, Chang SM, Madireddy L, Chan JR, Baranzini SE,
Ullian EM, Rowitch DH. Astrocyte-encoded positional cues maintain sensorimotor circuit
integrity. Nature. 2014; 509:189-194. [PubMed: 24776795]

Morel L, Chiang MSR, Higashimori H, Shoneye T, lyer LK, Yelick J, Tai A, Yang Y. Molecular and
Functional Properties of Regional Astrocytes in the Adult Brain. The Journal of Neuroscience.
2017

Morel L, Higashimori H, Tolman M, Yang Y. VGIuT1<sup>+</sup>Neuronal Glutamatergic Signaling
Regulates Postnatal Developmental Maturation of Cortical Protoplasmic Astroglia. The Journal of
Neuroscience. 2014; 34:10950-10962. [PubMed: 25122895]

Muller CM. Dark-rearing retards the maturation of astrocytes in restricted layers of cat visual cortex.
Glia. 1990; 3:487-494. [PubMed: 2148551]

Murphy-Raoyal C, Dupuis J, Groc L, Oliet SHR. Astroglial glutamate transporters in the brain:
Regulating neurotransmitter homeostasis and synaptic transmission. Journal of Neuroscience
Research. 2017 n/a-n/a.

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 18

Muthukumar AK, Stork T, Freeman MR. Activity-dependent regulation of astrocyte GAT levels during
synaptogenesis. Nat Neurosci. 2014; 17:1340-1350. [PubMed: 25151265]

Né&gler K, Mauch DH, Pfrieger FW. Glia-derived signals induce synapse formation in neurones of the
rat central nervous system. The Journal of Physiology. 2001; 533:665-679. [PubMed: 11410625]

Nedergaard M, Verkhratsky A. Artifact versus reality—How astrocytes contribute to synaptic events.
Glia. 2012; 60:1013-1023. [PubMed: 22228580]

Oberheim NA, Takano T, Han X, He W, Lin JHC, Wang F, Xu Q, Wyatt JD, Pilcher W, Ojemann JG, et
al. Uniquely Hominid Features of Adult Human Astrocytes. The Journal of Neuroscience. 2009;
29:3276-3287. [PubMed: 19279265]

Parikshak, Neelroop N., Luo, R., Zhang, A., Won, H., Lowe, Jennifer K., Chandran, V., Horvath, S.,
Geschwind, Daniel H. Integrative Functional Genomic Analyses Implicate Specific Molecular
Pathways and Circuits in Autism. Cell. 2013; 155:1008-1021. [PubMed: 24267887]

Paukert M, Agarwal A, Cha J, Doze Van A, Kang Jin U, Bergles Dwight E. Norepinephrine Controls
Astroglial Responsiveness to Local Circuit Activity. Neuron. 2014; 82:1263-1270. [PubMed:
24945771]

Pfrieger FW, Barres BA. Synaptic efficacy enhanced by glial cells in vitro. Science. 1997; 277:1684—
1687. [PubMed: 9287225]

Procko C, Lu Y, Shaham S. Glia delimit shape changes of sensory neuron receptive endings in C.
elegans. Development. 2011; 138:1371-1381. [PubMed: 21350017]

Pyka M, Wetzel C, Aguado A, Geissler M, Hatt H, Faissner A. Chondroitin sulfate proteoglycans
regulate astrocyte-dependent synaptogenesis and modulate synaptic activity in primary embryonic
hippocampal neurons. European Journal of Neuroscience. 2011; 33:2187-2202. [PubMed:
21615557]

Reddy LV, Koirala S, Sugiura Y, Herrera AA, Ko CP. Glial cells maintain synaptic structure and
function and promote development of the neuromuscular junction in vivo. Neuron. 2003; 40:563—
580. [PubMed: 14642280]

Risher WC, Eroglu C. Thrombospondins as key regulators of synaptogenesis in the central nervous
system. Matrix Biology. 2012; 31:170-177. [PubMed: 22285841]

Risher WC, Patel S, Kim IH, Uezu A, Bhagat S, Wilton DK, Pilaz LJ, Singh Alvarado J, Calhan OY,
Silver DL, et al. Astrocytes refine cortical connectivity at dendritic spines. eLife. 2014; 3

Sakers K, Lake AM, Khazanchi R, Ouwenga R, Vasek MJ, Dani A, Dougherty JD. Astrocytes locally
translate transcripts in their peripheral processes. Proceedings of the National Academy of
Sciences. 2017; 114:E3830-E3838.

Schafer, Dorothy P., Lehrman, Emily K., Kautzman, Amanda G., Koyama, R., Mardinly, Alan R.,
Yamasaki, R., Ransohoff, Richard M., Greenberg, Michael E., Barres, Ben A., Stevens, B.
Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-Dependent Manner.
Neuron. 2012; 74:691-705. [PubMed: 22632727]

Scholze AR, Foo LC, Mulinyawe S, Barres BA. BMP signaling in astrocytes downregulates EGFR to
modulate survival and maturation. PLoS One. 2014; 9:e110668. [PubMed: 25330173]

Shigetomi E, Bushong EA, Haustein MD, Tong X, Jackson-Weaver O, Kracun S, Xu J, Sofroniew MV,
Ellisman MH, Khakh BS. Imaging calcium microdomains within entire astrocyte territories and
endfeet with GCaMPs expressed using adeno-associated viruses. The Journal of General
Physiology. 2013; 141:633-647. [PubMed: 23589582]

Shigetomi E, Patel S, Khakh BS. Probing the Complexities of Astrocyte Calcium Signaling. Trends in
Cell Biology. 2016; 26:300-312. [PubMed: 26896246]

Sibille J, Pannasch U, Rouach N. Astroglial potassium clearance contributes to short-term plasticity of
synaptically evoked currents at the tripartite synapse. J Physiol. 2014; 592:87-102. [PubMed:
24081156]

Singh, Sandeep K., Stogsdill, Jeff A., Pulimood, Nisha S., Dingsdale, H., Kim, Yong H., Pilaz, L-J.,
Kim, H., I, Manhaes, Alex C., Rodrigues, Wandilson S., Jr, Pamukcu, A., et al. Astrocytes
Assemble Thalamocortical Synapses by Bridging NRX1a and NL1 via Hevin. Cell. 2016;
164:183-196. [PubMed: 26771491]

Sloan, Steven A., Barres, Ben A. Looks Can Be Deceiving: Reconsidering the Evidence for
Gliotransmission. Neuron. 2014; 84:1112-1115. [PubMed: 25521372]

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 19

Sloan SA, Darmanis S, Huber N, Khan TA, Birey F, Caneda C, Reimer R, Quake SR, Barres BA,
Pasca SP. Human Astrocyte Maturation Captured in 3D Cerebral Cortical Spheroids Derived
from Pluripotent Stem Cells. Neuron. 2017; 95:779-790. e776. [PubMed: 28817799]

Sosunov AA, Wu X, Tsankova NM, Guilfoyle E, McKhann GM, Goldman JE. Phenotypic
Heterogeneity and Plasticity of Isocortical and Hippocampal Astrocytes in the Human Brain. The
Journal of Neuroscience. 2014; 34:2285-2298. [PubMed: 24501367]

Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regulation of AMPA receptor and GABA
receptor trafficking by tumor necrosis factor-alpha. J Neurosci. 2005; 25:3219-3228. [PubMed:
15788779]

Stellwagen D, Malenka RC. Synaptic scaling mediated by glial TNF-[alpha]. Nature. 2006; 440:1054—
1059. [PubMed: 16547515]

Stogsdill JA, Eroglu C. The interplay between neurons and glia in synapse development and plasticity.
Curr Opin Neurobiol. 2017; 42:1-8. [PubMed: 27788368]

Stork T, Sheehan A, Tasdemir-Yilmaz Ozge E, Freeman Marc R. Neuron-Glia Interactions through the
Heartless FGF Receptor Signaling Pathway Mediate Morphogenesis of Drosophila Astrocytes.
Neuron. 2014; 83:388-403. [PubMed: 25033182]

Sultan S, Li L, Moss J, Petrelli F, Cassé F, Gebara E, Lopatar J, Pfrieger Frank W, Bezzi P,
Bischofberger J, et al. Synaptic Integration of Adult-Born Hippocampal Neurons Is Locally
Controlled by Astrocytes. Neuron. 2015; 88:957-972. [PubMed: 26606999]

Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M, Takahashi K, Iwama H, Nishikawa T,
Ichihara N, Kikuchi T, et al. Epilepsy and Exacerbation of Brain Injury in Mice Lacking the
Glutamate Transporter GLT-1. Science. 1997; 276:1699-1702. [PubMed: 9180080]

Tani H, Dulla Chris G, Farzampour Z, Taylor-Weiner A, Huguenard John R, Reimer Richard J. A
Local Glutamate-Glutamine Cycle Sustains Synaptic Excitatory Transmitter Release. Neuron.
2014; 81:888-900. [PubMed: 24559677]

Theodosis DT, Poulain DA, Oliet SHR. Activity-Dependent Structural and Functional Plasticity of
Astrocyte-Neuron Interactions. Physiological Reviews. 2008; 88:983-1008. [PubMed:
18626065]

Tran MD, Neary JT. Purinergic signaling induces thrombospondin-1 expression in astrocytes.
Proceedings of the National Academy of Sciences. 2006; 103:9321-9326.

Tsai H-H, Li H, Fuentealba LC, Molofsky AV, Taveira-Marques R, Zhuang H, Tenney A, Murnen AT,
Fancy SPJ, Merkle F, et al. Regional Astrocyte Allocation Regulates CNS Synaptogenesis and
Repair. Science. 2012; 337:358-362. [PubMed: 22745251]

Ullian EM, Sapperstein SK, Christopherson KS, Barres BA. Control of synapse number by glia.
Science. 2001; 291:657-661. [PubMed: 11158678]

van Deijk A-LF, Camargo N, Timmerman J, Heistek T, Brouwers JF, Mogavero F, Mansvelder HD,
Smit AB, Verheijen MHG. Astrocyte lipid metabolism is critical for synapse development and
function in vivo. Glia. 2017; 65:670-682. [PubMed: 28168742]

Wang IE, Lapan SW, Scimone ML, Clandinin TR, Reddien PW. Hedgehog signaling regulates gene
expression in planarian glia. eLife. 2016; 5:¢16996. [PubMed: 27612382]

Wang J, O’Sullivan ML, Mukherjee D, Pufial VM, Farsiu S, Kay JN. Anatomy and spatial organization
of Miller glia in mouse retina. Journal of Comparative Neurology. 2017; 525:1759-1777.
[PubMed: 27997986]

Williams EC, Zhong X, Mohamed A, Li R, Liu Y, Dong Q, Ananiev GE, Mok JCC, Lin BR, Lu J, et
al. Mutant astrocytes differentiated from Rett syndrome patients-specific iPSCs have adverse
effects on wild-type neurons. Human Molecular Genetics. 2014; 23:2968-2980. [PubMed:
24419315]

Witcher MR, Kirov SA, Harris KM. Plasticity of perisynaptic astroglia during synaptogenesis in the
mature rat hippocampus. Glia. 2007; 55:13-23. [PubMed: 17001633]

Witcher MR, Park YD, Lee MR, Sharma S, Harris KM, Kirov SA. Three-dimensional relationships
between perisynaptic astroglia and human hippocampal synapses. Glia. 2010; 58:572-587.
[PubMed: 19908288]

Xu J, Xiao N, Xia J. Thrombospondin 1 accelerates synaptogenesis in hippocampal neurons through
neuroligin 1. Nature Neuroscience. 2009; 13:22-24. [PubMed: 19915562]

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Eroglu

Page 20

Xu-Friedman MA, Harris KM, Regehr WG. Three-Dimensional Comparison of Ultrastructural
Characteristics at Depressing and Facilitating Synapses onto Cerebellar Purkinje Cells. The
Journal of Neuroscience. 2001; 21:6666-6672. [PubMed: 11517256]

Yang Q, Feng B, Zhang K, Guo Y-y, Liu S-b, Wu Y-m, Li X-q, Zhao M-g. Excessive Astrocyte-
Derived Neurotrophin-3 Contributes to the Abnormal Neuronal Dendritic Development in a
Mouse Model of Fragile X Syndrome. PLoS Genet. 2012; 8:e1003172. [PubMed: 23300470]

Yang Y, Gozen O, Watkins A, Lorenzini I, Lepore A, Gao Y, Vidensky S, Brennan J, Poulsen D, Won
Park J, et al. Presynaptic Regulation of Astroglial Excitatory Neurotransmitter Transporter GLT1.
Neuron. 2009; 61:880-894. [PubMed: 19323997]

Zeisel A, Mufioz-Manchado AB, Codeluppi S, Lénnerberg P, La Manno G, Juréus A, Marques S,
Munguba H, He L, Betsholtz C, et al. Cell types in the mouse cortex and hippocampus revealed
by single-cell RNA-seq. Science. 2015; 347:1138-1142. [PubMed: 25700174]

Zhang Y, Barres BA. Astrocyte heterogeneity: an underappreciated topic in neurobiology. Curr Opin
Neurobiol. 2010; 20:588-594. [PubMed: 20655735]

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O'Keeffe S, Phatnani HP, Guarnieri P, Caneda
C, Ruderisch N, et al. An RNA-Sequencing Transcriptome and Splicing Database of Glia,
Neurons, and Vascular Cells of the Cerebral Cortex. The Journal of Neuroscience. 2014;
34:11929-11947. [PubMed: 25186741]

Zhang Y, Sloan Steven A, Clarke Laura E, Caneda C, Plaza Colton A, Blumenthal Paul D, Vogel H,
Steinberg Gary K, Edwards Michael SB, Li G, et al. Purification and Characterization of
Progenitor and Mature Human Astrocytes Reveals Transcriptional and Functional Differences
with Mouse. Neuron. 2016; 89:37-53. [PubMed: 26687838]

Neuron. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Allen and Eroglu

Page 21

C

Astrocyte

Pre-synapse

Neuromodulators

Post-synapse

Figure 1. Perisynaptic astrocyte processes are structural and functional components of synapses
A) A membrane-associated fluorescent protein expressing cortical protoplasmic astrocyte

from postnatal day 21 mouse cortex, showing the morphological complexity of astrocytes in
vivo. Scale bar, 20 um. Image courtesy of Dr. J.A. Stogsdill (Eroglu Lab).

B) An Electron Micrograph of the tripartite synapse in the mouse visual cortex (V1). The
pre-(Axon) and postsynaptic (Dendrite) structures are highlighted in red and green,
respectively. An astrocyte process, which makes contacts with pre and postsynaptic boutons,
is labeled in blue (Astro). Scale bar, 250nm.
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C) Astrocytes are also functionally linked to synapses as they possess the ability to sense
synaptic activity and respond to it through intracellular Ca?* transients, and by releasing
neuroactive molecules that can signal back to synapses.
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A Astrocytic Control of Structural Synapse Formation
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Figure 2. Astrocytes control synapse formation, maturation and elimination
A) Astrocytes secrete synaptogenic Thrombospondins (TSP) and hevin, to induce structural

synapses, which are presynaptically active but postsynaptically silent due to lack of
AMPARs. However, these structural synapses have postsynaptic NMDARSs (grey). TSPs
induce synapse formation by interacting with their neuronal receptor calcium channel
subunit a28-1. Hevin induces formation of a subset of excitatory synapses by bridging two
interaction-incompatible synaptic receptors, neurexinl-a and neuroligin 1.
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B) Astrocyte-secreted glypican 4 induces functional synapse formation by signaling through
presynaptic RPTPS, leading to release of the AMPA receptor clustering factor NP1 from the
presynaptic terminal, and binding of NP1 to GIuA1 AMPARs (red) on the dendrite.

C) Astrocytes control synapse elimination in two different ways. First astrocytes eliminate
unwanted synapses by phagocytosis through the functions of MERTK and MEGF10
receptors. Second, astrocytes release TGFB, which induces complement protein C1lq
expression by neurons. C1q is localized to weak/unwanted synapses through an unknown
mechanism and recruits microglia, which express complement receptors (CRs) for
elimination of these unwanted synapses by phagocytosis.
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Figure 3. Models of differential astrocyte expression of synaptogenic factors
A) Homogenous astrocytes — all astrocytes express the same synaptogenic factors.

B) Regionally restricted astrocytes — astrocytes in different brain regions express different
synaptogenic factors.

C) Locally specialized astrocytes — neighboring astrocytes within brain regions express
different synaptogenic factors.

D) Within astrocyte specialization — one astrocyte expresses multiple synaptogenic factors,
and targets them to different synaptic domains.
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Table 1
Astrocyte-secreted synapse modifying signals
Molecule Class Function Citations
Thrombospondin | Matricellular Silent synapse formation. Decrease synaptic (Christopherson et al., 2005)
AMPAR, increase glycine receptor. (Hennekinne et al., 2013)
Hevin/Sparcll Matricellular Silent synapse formation. (Kucukdereli et al., 2011)

Glypican Heparan sulfate proteoglycan Active synaptogenesis, GluA1 AMPAR. (Allen et al., 2012)

TNFa Cytokine Increase AMPAR, decrease GABAR. (Stellwagen et al., 2005)
Homeostatic scaling. (Stellwagen & Malenka, 2006)

Wingless/Wnt Morphogen Increase synaptic glutamate receptor. (Kerr et al., 2014)

TGFB Cytokine Schwann cell, NMJ synaptogenesis. Excitatory | (Feng & Ko, 2008) (Diniz et al.,
synapse formation. Inhibitory synapse 2012) (Diniz et al., 2014)
formation.

Maverick/TGFB Cytokine Coordinates pre- and post-synaptic maturation. | (Fuentes-Medel et al., 2012)

SPARC Glycoprotein Inhibit Hevin-induced synapse formation. (Kucukdereli et al., 2011) (Jones et
Decrease synaptic AMPAR. al., 2011)

Cholesterol Lipid Enhances presynaptic function. (Mauch et al., 2001)

CSPGs Chondroitin sulfate proteoglycan | Stabilize synaptic AMPARSs. (Pyka et al., 2011)
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