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Abstract

In the mammalian cerebral cortex neurons are arranged in specific layers and form connections both within the
cortex and with other brain regions, thus forming a complex mesh of specialized synaptic connections comprising
distinct circuits. The correct establishment of these connections during development is crucial for the proper
function of the brain. Astrocytes, a major type of glial cell, are important regulators of synapse formation and
function during development. While neurogenesis precedes astrogenesis in the cortex, neuronal synapses only
begin to form after astrocytes have been generated, concurrent with neuronal branching and process elaboration.
Here we provide a combined overview of the developmental processes of synapse and circuit formation in the rodent
cortex, emphasizing the timeline of both neuronal and astrocytic development and maturation. We further discuss the
role of astrocytes at the synapse, focusing on astrocyte-synapse contact and the role of synapse-related proteins in
promoting formation of distinct cortical circuits.
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Background
The mammalian cerebral cortex is a complex brain

structure, which coordinates sensory and motor infor-

mation and enables the animal to perform complex

tasks. Neurons in the cortex are arranged in defined

layers, and communicate across these layers as well as

with other cortical and subcortical areas [1–3]. This cre-

ates a highly complex network of neuronal connections

comprising the different cortical circuits. To ensure

proper brain function developing cortical neurons must

find the right partner and form the right connections:

the synapses, a crucial step in correct circuit formation.

Neuronal synapses are contact sites where signals be-

tween two neurons are transferred [4]. In a chemical

synapse, information from the presynaptic terminal of

one neuron is processed via release of neurotransmitters,

which bind their respective receptors on the postsynap-

tic side of the second neuron, activating downstream

signaling pathways [4]. While synaptic activity was

recorded over a century ago using electrophysiology, it

wasn’t until the 1950s, with development of electron

microscopy, that synapse structures were visualized. It

was then discovered that neuronal synapses are not just

composed of pre and postsynaptic neurons, but in many

cases are also contacted by an astrocyte process [5–7].

Astrocytes are a major type of glia, a class of non-

neuronal brain cells which also include oligodendro-

cytes, oligodendrocyte precursor cells (NG2 cells) and

microglia [8]. For many years astrocytes were considered

important, yet passive supporters of neurons, providing

metabolic support, neurotransmitter precursors and ion

buffering. Research demonstrated that astrocyte ablation

in vivo or culturing neurons without astrocytes resulted

in neuronal degeneration and ultimately death (reviewed

in [9, 10]). Due to this inability of neurons to survive

without astrocytes, the role of astrocytes in several

aspects of neuronal function, such as synapse formation

and activity was not assessed until more recently. Exper-

iments using pure neuronal cultures, which were grown

in conditions enabling them to survive in the absence of

astrocytes [11, 12], demonstrated that astrocytes can

actively promote formation of nascent neuronal synap-

ses. Subsequent studies using in vitro and in vivo

approaches discovered that astrocytes also regulate syn-

apse maintenance and promote synapse elimination,

thus regulating the overall architecture and activity of

neuronal circuits and ultimately animal behavior.
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Astrocytes regulate synapses by direct contact [13–16],

and by secreting soluble factors that target pre and post-

synaptic sites, thereby modulating the structure and

function of both excitatory and inhibitory synapses [12,

17–29]. This led to the concept of the “tripartite syn-

apse”, a synapse composed of two neurons and an astro-

cyte as a functional unit [7]. In a tripartite synapse, the

neurotransmitters released from neurons also bind re-

ceptors on the adjacent astrocyte process, activating sig-

naling pathways in the astrocytes which modulate

synaptic behavior [7, 30]. In addition to contacting neu-

rons, astrocytes are interconnected with each other by

gap junctions, specialized channels which allow nutrients

and ions to diffuse between networks of astrocytes,

expanding further the range and magnitude of synaptic

regulation of neurons by astrocytes [31].

Much of the work on neuronal development, astrocyte

development, synapse development and astrocyte regula-

tion of synapse formation has been conducted by differ-

ent groups, studying different model systems, brain

areas and stages of development. This great body of

work has led to many discoveries that have advanced

our understanding of these processes. However, the di-

versity of model systems, brain regions and developmen-

tal stages studied can make it challenging to evaluate the

in vivo contribution of astrocytes to synaptic develop-

ment and maturation, in the context of ongoing neur-

onal and astrocyte development. In this review we

synthesize this information in one place, and ask when

do each of these developmental processes occur in the

rodent cortex? We first summarize the stages of tripar-

tite synapse development and circuit formation, starting

from the generation of neurons and astrocytes, followed

by the maturation of neuronal and astrocyte processes,

and the developmental expression of key synaptic pro-

teins in neurons and synaptogenic proteins in astrocytes.

We use this foundation to ask questions about how as-

trocytes regulate synaptic development, including their

role in promoting synaptic diversity and the formation

of distinct cortical connectivity patterns. To read about

the roles of astrocytes in other aspects of neuronal syn-

apse function (i.e. maturation, elimination and plasticity)

see the following reviews [9, 30, 32–34].

The path from neurogenesis to synaptogenesis
runs through astrogenesis
In this section we summarize key processes in the devel-

opment of the rodent cortex (Fig. 1). We begin with the

generation of neurons and their population of the cor-

tex, which occurs before birth in the mouse (the average

gestation period in mice is 18 days [35]). We will then

overview the process of astrocyte generation, which be-

gins at birth and continues through the first two postna-

tal weeks (Fig. 2). Finally we discuss the importance of

astrocytes in synapse formation, which occurs in the first

two postnatal weeks concurrent with the generation and

maturation of astrocytes. For in depth reviews of neuro-

genesis and astrogenesis see [36–47].

Step 1 - neurogenesis and establishment of neuronal

connectivity

Neurons in the adult cortex are arranged into 6 horizon-

tal layers and vertically into functional columns, receiv-

ing input from specific sensory areas, and

interconnected in a highly specialized way to construct

the mature cortical circuit [3, 38, 39] (Fig. 1). The gener-

ation of cortical neurons in mice begins at embryonic

day (E) 10–11 following neural tube closure (E8-E9.5)

[48]. Progenitor cells (also termed radial glia, RG) which

are derived from neuroepithelial stem cells located in

the ventricular zone (VZ) in the dorsal telencephalon

undergo asymmetric division to give rise to post mitotic

neurons which migrate outward to form the cortical

plate (Fig. 1). RG also generate intermediate progenitors

by symmetric division, which locate to the subventricu-

lar zone (SVZ) [49] and further differentiate to neurons

(and later astrocytes and oligodendrocytes) [38, 47, 50,

51]. In addition, RG cells extend long processes which

span the cortex and provide a scaffold for migrating

neurons [47, 52]. The term radial glia was given to these

progenitors due to their morphological similarity to im-

mature glial fibers [53] and expression of several glial

specific genes, such as glial fibrillary acidic protein

(GFAP) and the glutamate transporter GLAST [47], but

they are distinguished here from the mature class of glial

cells. Neurons populate the cortex in an “inside out” pat-

tern, where deep layer neurons are first to form, and

superficial layer neurons are last to form [36, 54]. About

80% of neurons in the adult mouse cortex are excitatory

pyramidal neurons, and the rest are a diverse population

of inhibitory GABAergic interneurons [55, 56]. Inhibi-

tory interneurons are generated from progenitors lo-

cated in the medial and caudal ganglionic eminences

(MGE and CGE) that migrate to populate the cortex at

the time of neurogenesis (E11-P0) [57].

At birth (P0) cortical neurogenesis has finished, how-

ever late born neurons are still migrating to the upper

layers and it isn’t until postnatal day (P)7 that the ar-

rangement of neurons into defined cortical layers is

completed and resembles the adult structure [54, 58].

Concurrent with neurogenesis and migration, neurons

begin to establish interactions with each other, which

will later evolve into synapses. The axons of newly gen-

erated neurons extend to find their future postsynaptic

partners, and dendrites begin to form the protrusions

that mark potential postsynaptic sites. For example, in

the visual cortex, axons from thalamic neurons that ori-

ginate in the dorsal lateral geniculate nucleus (dLGN)
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reach their post synaptic partners in layer IV between

E15 and E18. At this time, cortical neurons from layers

V and VI extend axons out towards their post synaptic

targets in the dLGN [54]. Axons and dendrites continue

to grow and mature throughout the first 2–3 postnatal

weeks, reaching a mature morphology at the end of the

first month (Figs. 2 and 3).

Step 2 - Astrogenesis and astrocyte development

Following cortical neurogenesis (E18/P0 in rodents i.e.

birth), astrocytes are generated from the same progeni-

tor cells which gave rise to neurons [42, 47]. These pro-

genitors undergo a potency switch from a neurogenic

to a gliogenic differentiation program and differentiate

into astrocytes. The mechanism for this switch involves

activation of Notch1 [59] and Jak/STAT signaling path-

ways [60, 61] as well as the transcription factors sox9

and Nuclear factor 1A (NF1A) [62]. Activation of these

pathways leads to de-methylation and promotion of

expression of astrocyte specific genes, such as glial

fibrillary acidic protein (GFAP) (reviewed in [43, 46]).

Importantly, unlike the post mitotic neurons which

populate the cortex after undergoing a terminal div-

ision, newborn astrocytes continue to divide locally

after migration, and in this way generate half of the

upper layer astrocytes [63]. In addition, upon comple-

tion of neuronal migration, the cortex spanning radial

glia differentiate into astrocytes [49]. Astrocytes con-

tinue to expand in number through the end of the first

month of life, and during this time take on a mature

morphology [63, 64]. Similar to the growth and elabor-

ation of neuronal processes (i.e. axons and dendritic

arbors), during the first postnatal weeks there is exten-

sive astrocyte process outgrowth (Figs. 2 and 3), and

astrocytes develop their elaborate fine processes which

come in contact with neuronal synapses. Towards the

end of the third postnatal week excess astrocyte filo-

podia are pruned and astrocytes establish a tiled

pattern, where each astrocyte occupies its own non-

overlapping domain [65–68].

In the adult animal, astrocytes are present throughout

all cortical areas and in all neuronal layers (Fig. 1).

b c

a

Fig. 1 Overview of the cortex. a Schematic of the rodent brain section in sagittal orientation. Cerebral cortex is shaded in blue. Dashed boxes
represent functional cortical areas as labeled. b P7 mouse visual cortex labeled with DAPI (white) to mark cell nuclei. c Same image as b, showing
astrocyte marker Aldh1l1 (white), obtained from mice expressing GFP under the Aldh1l1 promoter. Cortical neurons are arranged in 6 layers, marked in
red. Astrocytes are present in all cortical layers in the visual cortex. Scale bar = 50 μm
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Interestingly, recent findings suggest that cortical astro-

cytes display a functional diversity as demonstrated by

layer and region specific expression of synaptogenic fac-

tors [18, 69–72]. It is unclear if these diverse properties

of astrocytes develop over time, or are intrinsic features

of regionally developed astrocytes. Moreover, gap junc-

tion interconnected astrocytes are segregated between

different functional cortical areas, such as neighboring

columns in the barrel cortex [73, 74]. This suggests that

within each functional cortical area, astrocytes are

present as interconnected units, and can selectively re-

spond to specific subsets of excitatory neurons [75]. It is

therefore possible that, similar to neurons, cortical astro-

cytes are also arranged in functionally defined layers

and/or columns. This is particularly interesting in the

context of astrocyte modulation of specific synaptic con-

nections (as discussed below). Since neurons in each

layer of the cortex have distinct properties and connec-

tions, it will be interesting to test if astrocytes have

layer-specific properties as well; for example, whether

they specifically drive formation of either translaminar

or columnar connections (or both) during development.

Step 3 - Synaptogenesis – It takes both cell types to build

a synapse

Although neurons send out projections before birth,

synapses only begin to form during the first week of

postnatal development, concurrent with the appearance

of astrocytes [12, 41]. Multiple findings over the past

years using in vitro neuronal cultures from retina and

cortex have shown that neurons cultured in isolation

make few synapses, and synapse formation is markedly

increased upon addition of astrocytes or astrocyte-

secreted factors. Using these cultures several astrocyte

secreted proteins which promote formation of different

types of excitatory glutamatergic synapses have been

identified (for review see [9, 33]). Overall, these findings

provide strong evidence for an active role of astrocytes

in promoting synaptogenesis in vitro. In the following

section we will describe the stages of synapse formation

in the cortex in vivo, and how astrocytes may be regulat-

ing each stage. We examine the developmental timeline

of neuronal and astrocyte development and maturation,

concurrent with synapse development, as well as over-

view the developmental expression of synaptic proteins

in both cell types. We will focus mainly on excitatory

synapse formation as the majority of studies on astrocyte

modulation of synapse formation were tested on these

synapses. We will also briefly discuss inhibitory syn-

apse formation and speculate on the roles of astro-

cytes in this process.

Development of the cortical tripartite synapse
Before we describe the different developmental stages of

synaptogenesis, it is important to first determine what

makes up a synapse at both structural and functional levels,

and techniques used to study them. Synapses share com-

mon structural features which can be observed using im-

aging techniques such as electron microscopy (EM)

(reviewed in [76, 77]). These include presynaptic terminals

Fig. 2 A combined overview of astrocyte, neuron and synapse generation and development. Timeline (grey) of key developmental processes in
the rodent cortex from embryonic stages to the end of the first month of life, from neurogenesis, to astrogenesis to synapse formation, maturation
and stabilization. Developmental processes as occur in astrocytes (red, above), and neurons (purple, below) are shown. Each process is represented as
a colored bar, with the gradient of color intensity marking the beginning, peak, and end of the process
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containing neurotransmitter vesicles, a post synaptic density

where receptors are located, and in many cases, an astrocyte

process, which can be identified using EM by its clear cyto-

plasm and the presence of glycogen granules and intermedi-

ate filament bundles [5, 6]. In addition, expression of

synapse related proteins in both cell types can be

measured using genomic and proteomic approaches. For

example, immunofluorescence with specific antibodies

against proteins expressed in either side of the neuronal

synapse can be used to visualize the tripartite synapse

[78, 79]. To visualize astrocyte processes tools to floures-

cently label astrocytes have been the most widely used

method [68, 80, 81]. Additionally, several astrocyte specific

proteins that are expressed in astrocyte processes and near

synapses have been identified, such as glutamate trans-

porters (GLAST and GLT1 [82]) or ion channels (such as

c

b

a

Fig. 3 Neuronal and astrocytic process elaboration follows a similar timeline as synapse development. a Representative 3-D rendering of layer V
rat SSC neurons reconstructed from biocytin-labeled neurons at different ages as labeled (dendrites in red, axons in blue). At P14, 21 and 36 the
axons are shown cropped due to space limitations. Scale bar = 200 μm. Adapted with permission from [131]. b Representative images of Lucifer
yellow filled rat hippocampal astrocytes at different developmental stages as indicated in each panel. Astrocyte process ramification increases with
age. Scale bars = 5 μm. Adapted with permission from [67]. c Development of synapses in the mouse visual cortex visualized by electron micros-
copy at the different developmental ages as labeled. At P0 neurotransmitter vesicles can be visualized, but the postsynaptic density is not present.
At P7, P21 and P30 presynaptic terminals with neurotransmitter vesicles apposed to postsynaptic density structures, marking synaptic contacts,
are shown. Asterisk at P30 indicates immunoreactivity for the presynaptic marker synaptophysin. Scale bar = 130 nm. Adapted with permission
from [84]
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Kir4.1 [83]), making it possible to use these as markers for

the astrocyte part of the tripartite synapse. Neuronal syn-

aptic activity can be measured using electrophysiology,

while astrocyte responses can be visualized by imaging

changes in astrocyte intracellular Ca2+ levels. By combining

findings from experiments using these different approaches

we can construct a time line of how synapses develop. By

correlating this with astrocyte development and astrocyte

expression of synapse promoting proteins at the same

developmental stages, we can begin to extrapolate the

specific roles of astrocytes in the different stages of synapse

development (Figs. 2, 3 and 4).

Timeline of synaptogenesis and expression of synaptic

proteins by neurons and astrocytes

Formation of chemical synapses begins during the first

postnatal week, peaks at P14, and stabilizes at P21 to

P28, concurrent with synapse elimination and the

refinement of circuits (Fig. 2). The earliest synaptic

structures in the cortex, namely axonal terminals with

presynaptic vesicles closely apposed to a postsynaptic

density, begin to appear in the rodent visual cortex at

P5–7 [84–86] (Fig. 3). Axonal and dendritic processes

can be visualized at an ultrastructural level at earlier

time points, but they do not show synaptic specializa-

tions until P5 [84, 87]. At this time cortical astrocytes

are still dividing [63], have an immature morphology

[16], and are expressing the synapse promoting fac-

tors, thrombospondins (Thbs) and glypicans (Gpc)

[17, 18, 88] (Figs. 2 and 4). Some synapses can be

visualized in the prenatal period, but these are mainly

localized in the cortical preplate and will not be dis-

cussed here further [84, 85, 89–91].

Coincident with synapse formation, the majority of

neuronal and astrocytic synapse associated proteins are

beginning to be expressed during the first postnatal

Fig. 4 Timeline of expression of neuronal and astrocytic synapse-related proteins in the cortex [17, 88, 18, 20, 22, 84, 92–94, 97–99, 100–102, 106, 132–136]
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week in the cortex, peaking towards the end of the sec-

ond postnatal week and then either subsiding or

remaining stable to adulthood. These include proteins

associated with presynaptic vesicle transport and

release, postsynaptic density related proteins and

neurotransmitter receptors of both excitatory and in-

hibitory synapses, as well as astrocyte-secreted synapse

regulating proteins (Fig. 4). Interestingly, different fam-

ily members for some synaptic proteins show divergent

temporal expression patterns in the cortex, suggesting

roles for particular family members in specific stages or

types of synapse formation. This is also true for some

of the astrocyte synapse-related proteins. Some exam-

ples from both cell types are outlined below:

1. Immunoreactivity for the vesicular glutamate trans-

porter VGlut1, which marks presynaptic terminals of ex-

citatory cortical neurons, is low at birth, but steadily

increases with maturation. In contrast VGlut2 immuno-

reactivity is already high at P0 and peaks at P7, and then

remains constant into adulthood [92–94] (Fig. 4).

Contrary to VGlut1, cortical neurons do not express

VGlut2 mRNA, and the protein immunoreactivity de-

tected in the cortex is from presynaptic terminals of

thalamic neurons, making their connections with cor-

tical layers IV and I. Thus, VGluts mark pre-synaptic

terminals from different sources, providing a way to dis-

tinguish these two types of circuits [94].

2. The postsynaptic glutamate receptors, N-methyl-D-

aspartate and α-amino-3-hydroxy-5-methyl-4-isoxazole-

propionic acid receptors (NMDARs; AMPARs), are

crucial mediators of synaptic activity at excitatory gluta-

matergic synapses. Upon release of glutamate from pre-

synaptic terminals it binds and activates AMPARs on

the postsynaptic membrane, which will cause mem-

brane depolarization and subsequent activation of

NMDARs, leading to stabilization and potentiation of

the synapse. Synapses that lack AMPAR mediated

transmission (but contain NMDARs) are termed silent

synapses [95], since at resting membrane potential

NMDARs are blocked by Mg2+, which can be removed

to activate the receptor upon membrane depolarization.

It has been shown that silent synapses are more

common during early postnatal development, and can

be converted to active synapses with time [95].

AMPARs and NMDARs are composed of different

subunits at different stages of postnatal development [96].

The GluA1 subunit of AMPARs peaks during the first

postnatal week and then remains constant to adulthood

[97, 98], while GluA2 subunit expression significantly

increases later in development, around P14, coincident

with synapse maturation [98, 99] (Figs. 2 and 4). NMDAR

subunits are also developmentally regulated. GluN1 and

GluN2B subunits are present at high levels at all ages

examined, while the GluN2A subunit is low at birth and

peaks during the second postnatal week [100–102]. At

this time a developmental switch occurs for both types

of receptors, where AMPAR subunit composition

changes to include GluA2 [99], and NMDAR subunit

composition changes from GluN2B containing to

GluN2A containing receptors [101]. The different

subunits vary in their functional properties: GluA2

subunit containing AMPARs are impermeable to Ca2+

[103], while GluN2 subunits differ in current decay

time and sensitivity to Mg2+ block [100, 104]. Thus, the

divergent subunit composition alters the functional

output of receptor activation and the subsequent

signaling pathways activated in the postsynaptic cell,

influencing neuronal activity.

3. Astrocyte expression of Thbs1, Gpc4 and Gpc6

peaks in cortical astrocytes during the first postnatal

week and is downregulated in the adult [88]. On the

other hand expression of Hevin, another astrocyte-

secreted synapse-promoting factor, is low at P1 in the

cortex and superior colliculus (SC), peaks at P10–15

and stays high in adulthood [20, 22] (Fig. 4). This

suggests that different astrocyte-secreted proteins may

regulate the different stages of synaptogenesis i.e., ini-

tiation (first postnatal week) vs. maturation (second-

third postnatal week; Fig. 2). Conversely, the astrocyte

secreted specific inhibitor of Hevin, secreted protein

acidic and rich in cysteine (SPARC), shows low

expression in the SC at P10, peaks at P15, and is

downregulated in the adult [20, 22].

The time course for GABAergic synapse develop-

ment and synapse associated protein expression corre-

sponds to that of excitatory synaptogenesis [85, 98,

105], with proteins associated with GABAergic pre-

synaptic terminals such as vesicular GABA trans-

porters (VGat) and the postsynaptic scaffolding

protein Gephyrin following an overall similar develop-

mental expression pattern as their excitatory synapse

associated counterparts [98, 106] (Fig. 4). However, in-

hibitory circuit maturation occurs later in develop-

ment, as at early stages GABA release leads to

excitation of neurons due to a shift in the chloride ion

equilibrium potential, and during the second postnatal

week a shift from excitation to inhibition by GABA

happens. At this time the excitatory/inhibitory bal-

ance, an important feature of normal brain develop-

mental activity, is established [107]. The role of

astrocytes in formation and function of inhibitory

synapses has not been as extensively studied as excita-

tory synapse formation. Astrocytes express GABA re-

ceptors and transporters and respond to extracellular

GABA [108–112]. In hippocampal and cortical neuron

cultures astrocytes and astrocyte-secreted factors in-

duce formation of inhibitory synapses [25, 27, 28].

Currently a role for astrocytes in inhibitory synapse
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formation in vivo, and the specific mechanisms by

which astrocytes regulate inhibitory synapses, are

largely unknown.

Astrocyte secreted factors increase synaptic
diversity
There are hundreds of different proteins that can be

expressed at the neuronal synapse, which make up its

molecular identity and are important for its formation

and proper function. There are numerous cell adhe-

sion molecules, components of transmitter release

machinery, postsynaptic receptors and regulatory pro-

teins such as neurexins, neuroligins, neural cell adhe-

sion molecule (NCAM), protocadherins, receptor

protein tyrosine phosphatases (RPTPs), leucine rich

repeat transmembrane proteins (LRRTMs), tyrosine

kinases (TrKs), ephrins and many more (reviewed in

[113]). While some features are common to all synap-

ses, such as the presence of neurotransmitter vesicles,

many proteins are unique to a specific type of syn-

apse or circuit. For example, an interaction between

the postsynaptic neuroligin and presynaptic neurexin

is present in both excitatory and inhibitory synapses,

but the specific family member that is present varies

[114]. Similarly, the different type IIa RPTPs (RPTPσ

or RPTPδ) interact with several different targets to

induce formation of either excitatory or inhibitory

synapses [115]. The immense diversity of neuronal

synaptic contacts stems from the specific interactions

between distinct types of pre and postsynaptic pro-

teins. But is that all? Or do astrocytes also contribute

to synapse diversity? In this section we overview the

molecular mechanisms of several astrocyte secreted

proteins in the cortex, and how they may promote

synaptic diversity.

As the number of known astrocyte secreted factors

has grown, so has our knowledge of the diversity of

their molecular mechanisms of action. However,

whether a single astrocyte is expressing all synapto-

genic factors, or if specialized astrocytes express a

given synaptogenic factor or set of factors at the place

and time a specific type of synapse or circuit is form-

ing, is still unknown. Astrocyte secreted Hevin pro-

motes formation of morphologically normal synapses

that contain NMDARs but lack AMPARs (i.e. silent

synapses), by binding and bridging a trans-synaptic

connection between types of neurexin and neuroligin

which otherwise don’t bind each other [20, 23].

Knock out of Hevin results in decreased expression of

several critical postsynaptic proteins including post-

synaptic density protein 95 (PSD95), Homer-1, the

NMDAR subunits GluN1 and GluN2B, and the

AMPAR GluA2 [23]. Furthermore, Hevin promotes

formation of VGlut2 containing synapses in both the

cortex and superior colliculus [20, 22], but has no

effect on intracortical VGlut1 synapses [22]. Interest-

ingly, astrocyte secreted Thbs also induces formation

of silent VGlut2 containing synapses in the same

brain regions [17, 19], but are expressed at earlier

time points than Hevin (Fig. 4), suggesting Thbs may

be involved in synapse initiation, and Hevin may be

more important for maturation of these synapses.

Thbs induces synapse formation via a different mech-

anism than Hevin, by signaling through the neuronal

α2δ1 gabapentin receptor [19]. Overexpression of

α2δ1 in the developing cortex promotes the formation

of VGlut2 synapses, with no effect on VGlut1 [19],

again demonstrating pathway-specific effects of astro-

cyte synaptogenic signals.

Astrocyte-secreted Gpc4 and 6 promote formation of

active synapses by recruiting GluA1 AMPARs to nascent

synaptic contact sites [18, 99] (Fig. 4). The early time

point of Gpcs expression, together with their specific

effect on recruiting GluA1 subunits of AMPARs which

are found at immature synapses [116], points towards a

role for Gpcs in synapse initiation. Interestingly, astro-

cytes or astrocyte conditioned media can recruit all sub-

units of AMPARs to the synapse [18], suggesting that

astrocytes secrete additional factors that recruit GluA2

AMPARs and subsequent synapse maturation. These pu-

tative factors remain to be identified, and once known

will provide yet another piece of information regarding

the complex pattern of astrocyte-synapse regulation.

The synaptogenic mechanism of Gpc4 involves the inter-

action of soluble Gpc4 with presynaptic RPTPδ and

RPTPσ receptors, which induces the secretion of the

AMPAR clustering factor Neuronal Pentraxin 1, promot-

ing functional synapse formation. This demonstrates

that the mechanism of action of Gpc4 is distinct from

that of both Thbs and Hevin, which induce silent syn-

apse formation [21]. Furthermore, RPTPσ is necessary to

mediate the effects of both Thbs1 and Gpc4 in synapse

formation (silent for Thbs1, active for Gpc4), while

RPTPδ is specific to the Gpc4 pathway, further demon-

strating the diversity of synaptogenic pathways that can

be mediated through the same receptor by different

astrocyte-derived proteins. Similar to Hevin and Thbs,

Gpc4 is important for the formation of thalamocortical

synapses, however its role at intracortical synapses is not

known [21]. As Gpc4 and 6 show divergent expression

patterns in the cortex during development [18], with

Gpc6 being enriched in the upper cortical layers where

VGlut1 synapses are present, it would be interesting to

test whether Gpc4 and 6 differentially regulate VGlut2

vs VGlut1 synapses. In addition, SPARC specifically in-

hibits Hevin-mediated silent synapse formation [20] and

also inhibits AMPAR recruitment to synapses [117], pro-

viding yet another layer of complexity to the distinct
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pathways by which astrocytes regulate synapse develop-

ment. In future more research is needed to identify

novel astrocyte-secreted factors that can influence other

types of synapses such as GABAergic, cholinergic or

dopaminergic.

Development of astrocyte-synapse contact – What
holds them together?
Studies focusing on astrocyte contact with excitatory

synapses have shown that the amount of synapses con-

tacted (or ensheathed) by astrocytes varies between brain

regions from about 60–90% of the synapses in the cere-

bellum [118], 90% of synapses in the barrel cortex [119],

50%–90% of the synapses in the hippocampus [6, 120]

and 80% of the synapses in the striatum [120](for review

see also [121]). It was further shown that these contacts

are dynamic and can be altered by neuronal activity,

where an increase in neuronal activity leads to an in-

crease in the extent of astrocyte coverage of dendritic

spines, as well as an increase in the number of spines

contacted by astrocyte processes [119, 122], while

knocking out VGlut1 in the cortex results in fewer con-

tacts between astrocytes and synapses, suggesting an

overall role for glutamate signaling in this process [65].

Despite strong evidence from EM studies that astro-

cytes closely enwrap synapses, what holds the astrocyte

process together with the synapse at the molecular level

is not fully understood. Evidently, contact between astro-

cytes and neurons is important for synapse formation, as

neurons cultured from E17 rat embryos, a time before

astrocytes are generated, do not form synapses in

response to astrocyte-secreted signals, while neurons

cultured from later time points (E19), which have had

previous contact with astrocytes, do [15]. Astrocytes

express several known cell adhesion molecules including

neuroligins, ephrins, and protocadherins [88], however

unlike their well-established roles in providing the struc-

tural scaffold that holds together the pre- and postsyn-

aptic sites, their role in anchoring the astrocyte process

to the synapse during development are just beginning to

be unraveled. Disruption of the eph-ephrin pathway in

astrocytes during synapse development in the hippocam-

pus led to a decrease in the lifetime of newly formed

dendritic protrusions, suggesting that contact between

developing dendrites and astrocyte processes are im-

portant for further dendritic stabilization [13]. Astro-

cytes in the spinal cord interact with neurons via γ-

protocadherins, and knocking out their expression in

astrocytes results in delayed synaptogenesis [123]. Fi-

nally, a recent study found that astrocytes in the visual

cortex express the cell adhesion molecule neuroligin

and contact neurons by binding to its well character-

ized partner, neurexin. Knocking out neuroligins in as-

trocytes caused a decrease in astrocyte morphological

complexity and synaptic contact, and altered synaptic

activity [16]. Therefore it seems astrocytes and neurons

use similar scaffolding proteins to contact each other.

Future studies are needed to reveal new astrocyte-

synapse scaffolding proteins and further elucidate the

mechanisms by which astrocyte-synapse contacts de-

velop, for example by looking at different types of

synapses and brain regions.

Astrocyte signaling at the developing synapse –

More ways than one
Astrocytes are non-electrically excitable cells, and they

use several different signaling pathways to influence

synapse formation and function, both during develop-

ment and in adults. In addition to secreting synapto-

genic proteins as discussed above, astrocytes express a

variety of neurotransmitter receptors [124] which are

activated by neurotransmitters released from adjacent

neurons. One prominent form of astrocyte response to

neurotransmitters is through elevation in intracellular

calcium levels [122, 125, 126]. Increases in astrocyte

calcium lead in some cases to the release of transmitter

molecules such as glutamate, ATP or GABA, termed

gliotransmitters that in turn, modulate astrocyte and

neuronal activity [30, 80, 127]. Astrocyte calcium

responses differ between their fine processes and the

soma, suggesting that astrocytes can differentially react

to the activity of individual synapses which contact

their fine processes, as well as more globally to popula-

tions of cells [34, 128–130]. While it was shown that

glutamate release by neurons can promote contact

between astrocyte process and the synapse [65, 119],

the effects of neuronal activity and transmitter release

on astrocyte secretion of synaptogenic factors and

whether this involves changes in intracellular calcium is

unknown. To fully understand the complex role of as-

trocytes in synapse development, it is important in the

future to investigate the mechanisms of astrocyte

signaling pathways in the context of development and

how it relates to synapse formation and function.

Conclusions
Much progress has been made in understanding the role

of astrocytes in the development of neuronal synapse

structure and function, yet many open questions remain.

Why are some synapses contacted by astrocytes and

others are not? Does astrocyte-synapse contact change

with development? Are astrocytes specialized to regulate

specific synaptic connections? Future studies looking at

more developmental time points, brain regions, synapse

types as well as astrocyte heterogeneity are needed to

provide a better understanding of synaptic development

as a multicellular process.
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