
Neuronal Signaling (2021) 5 NS20210003
https://doi.org/10.1042/NS20210003

Received: 31 July 2021
Revised: 24 September 2021
Accepted: 28 September 2021

Accepted Manuscript Online:
30 September 2021
Version of Record published:
14 October 2021

Review Article

Super-resolution imaging to reveal the nanostructure
of tripartite synapses
Natalija Aleksejenko1 and Janosch P. Heller1,2

1School of Biotechnology and National Institute for Cellular Biotechnology (NICB), Dublin City University, Glasnevin, Ireland; 2Queen Square Institute of Neurology, University
College London, London, United Kingdom

Correspondence: Janosch P. Heller (Janosch.heller@dcu.ie)

Even though neurons are the main drivers of information processing in the brain and spinal
cord, other cell types are important to mediate adequate flow of information. These include
electrically passive glial cells such as microglia and astrocytes, which recently emerged
as active partners facilitating proper signal transduction. In disease, these cells undergo
pathophysiological changes that propel disease progression and change synaptic connec-
tions and signal transmission. In the healthy brain, astrocytic processes contact pre- and
postsynaptic structures. These processes can be nanoscopic, and therefore only electron
microscopy has been able to reveal their structure and morphology. However, electron mi-
croscopy is not suitable in revealing dynamic changes, and it is labour- and time-intensive.
The dawn of super-resolution microscopy, techniques that ‘break’ the diffraction limit of
conventional light microscopy, over the last decades has enabled researchers to reveal
the nanoscopic synaptic environment. In this review, we highlight and discuss recent ad-
vances in our understanding of the nano-world of the so-called tripartite synapses, the re-
lationship between pre- and postsynapse as well as astrocytic processes. Overall, novel
super-resolution microscopy methods are needed to fully illuminate the intimate relation-
ship between glia and neuronal cells that underlies signal transduction in the brain and that
might be affected in diseases such as Alzheimer’s disease and epilepsy.

Introduction
Information processing in the central nervous system occurs mainly at synapses, the connection points
between neurons. An intimate relationship between neurons and glial cells underlies proper synaptic
function. Astroglia in particular play essential roles in information processing. These cells are not only
needed for structural support but astroglia also fulfil several other indispensable functions. These include
clean-up of brain debris, digestion of dead neurons and pruning of synapses [1] as well as being the drivers
of the glymphatic system, the major waste clearing system in the brain [2–4]. Moreover, related to synap-
tic function, astrocytes express many powerful neurotransmitter and ion channels as well as transporters.
These allow them to sustain homeostasis in the brain through processes such as glutamate uptake [5,6]
and potassium buffering [7,8]. Moreover, astrocytes release gliotransmitters that directly impact synaptic
function [9,10]. These processes are dysregulated in many disorders, including Alzheimer’s disease and
epilepsy [11,12].

In the brain, astrocytes adopt a sponge-like morphology, featuring a few stem processes and thousands
of thin protrusions that emanate from these stem processes [13,14]. While these fine protrusions permeate
the extracellular space, there is minimal overlap between territories formed by individual cells [15,16].
This is surprising as astrocytes are interconnected through gap junctions, forming a syncytium that tiles
the brain [15,16]. Although astrocytes are electrically passive, they signal through Ca2+ waves and through
the aforementioned syncytium [17–19]. Through this calcium signalling, the cells are able to integrate and
transmit physiological signals among neuronal and glial cells [14,20,21].
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The fine protrusions can either form astrocytic endfeet and encircle endothelial cells as part of the neurovascular
unit of the blood–brain barrier or they can enwrap excitatory synapses throughout the brain. These processes are
often called perisynaptic astrocytic processes (PAPs) and form part of the so called tripartite synapse, together with
pre- and postsynaptic structures [22–25]. Depending on the brain region and the physiological state of the animal
this synapse coverage varies [for reviews see 13,26]. There is a constant molecular exchange between glial cells and
neurons, shaping synaptic transmission and regulating use-dependent plasticity, in the healthy brain as well as in
pathological states [9,20,26–29].

Due to the nanoscopic nature (their diameter can often be smaller than the diffraction limit of light) of the PAPs,
researchers have had to rely on electron microscopy (EM) to visualise and investigate tripartite synapses [14,30,31].
EM revealed the intricate relationship between neuronal, synaptic structures and astrocytes processes (e.g. reviewed
in [13]). It was also shown using EM that PAPs preferentially approach thin spines over larger spines [32].

PAP coverage of synapses depends on several factors and differs depending on the physiological state, local neu-
ronal activity, synaptic plasticity, or certain behaviours [33–39].

Confocal microscopy, which is diffraction limited, has been used to explore the dynamic nature of PAPs in real
time [40–43]. The dynamic nature of PAPs has also been shown with super-resolution microscopy approaches (see
below).

In this review, we will provide an overview and discussion of recent developments in tripartite synapse imaging
using super-resolution methods. We will also provide a short introduction into different super-resolution methods
and recent advances in revealing the nanostructure of neuronal synapses. However, for further information we point
the reader to some excellent, recent reviews on super-resolution microscopy and also its use in neuroscience research
[44–53].

Super-resolution methods
As mentioned above, confocal microscopy (as well as other types of light microscopy) is diffraction limited, mean-
ing that discerning individual molecules can be difficult. EM, which has traditionally been used in order to image
nanoscopic molecules, comes with several disadvantages, including its exclusive use for fixed tissue specimens. In ad-
dition, it is labour and time intensive, and correlational comparisons between different samples are difficult to attain
and interpret. This is also true for some of the super-resolution methods described below.

Super resolution imaging allows the user to image beyond the diffraction limit of light while using traditional
sample immunostaining methods associated with fluorescent light microscopy. Several super resolution methods
have been developed, each with its own advantages and disadvantages. However, the discussion of these is beyond
the scope of this review and the authors again point to some excellent reviews of this topic [44–53]. Most widely used
methods include stimulated-emission depletion (STED) microscopy [54], structured illumination microscopy (SIM)
[55], single molecule localisation microscopy (SMLM) [56–58] and expansion microscopy (ExM) [59,60]. Most of
the super-resolution imaging is usually performed on fixed specimens. However, STED and SIM are suited for live
cell and live tissue imaging (see below). Moreover, some SMLM adaptations such as single particle tracking PALM
(sptPALM) and universal point accumulation for imaging in nanoscale topography (uPAINT) can be used to track
single-molecule trajectories at very high densities, for short periods of time [46].

STED microscopy relies on a second, doughnut-shaped excitation beam which depletes excitation at the periphery
of the primary excitation beam, hence narrowing the emission spot and allowing resolution beyond the diffraction
limit [54]. One of the advantages of using STED is that there is no need for further computational processing, as is
the case in other super-resolution microscopy methods. This reduces the risk of artifact generation. However, as this
method requires high laser intensity, it runs the risk of bleaching the sample as well as causing physical damage to
live cells [49,50,53].

SIM relies on bar code-like patterns which are shifted and rotated in the excitation path [55]. This creates
high-frequency information which can be used to reconstruct a super-resolved image. As mentioned, SIM is par-
ticularly well suited for imagine live samples. However, as multiple images need to be taken at high intensities, this
method runs the risk of damaging live samples, similar to STED. SIM can be expensive to set up, as it requires a
dedicated microscope [53].

SMLM encompasses several different techniques that all rely on a similar molecular mechanism - pinpointing
the point source of fluorescence (which can be one fluorophore/molecule) in each imaging cycle through repeated
stochastic excitation of only a small, sparsely distributed subset of fluorescent molecules [58]. After acquiring sev-
eral thousand frames a super-resolved image can be reconstructed. SMLM includes photo-activated localisation mi-
croscopy (PALM) and stochastic optical reconstruction microscopy (STORM) [56,57]. These images can be taken
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with a regular fluorescent microscope and there are many free software options available in order to process these
images, making it one of the more easily accessible super-resolution microscopy methods [50]. However, due to the
processing of these images, it can be prone to artifact generation [61].

ExM uses literal expansion of the tissue by a factor great enough to separate individual molecules of interest beyond
the diffraction limit, followed by imaging with conventional microscopes such as confocal microscopy [59,60]. This
method is relatively inexpensive and easy to implement. However, it is only suitable to be used on fixed samples [62].

Super-resolution imaging of neuronal synaptic structures
Several advances have been made in our understanding of neuronal synapses using super-resolution microscopy (for
recent reviews see [45–48,52]).

Especially STED microscopy has been employed to analyse the composition of presynaptic structures and vesi-
cle dynamics within, both in vivo and in vitro [63–67], showing for example that about 75 densely packed plasma
membrane soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins form clusters of
∼60 nm diameter in PC12 cells [68]. SMLM was later used to investigate the nanoclustering behaviour of individual
molecular players at the presynapse in vivo and in vitro [69–72].

STED as well as SMLM have been used to image dendritic spines and postsynaptic structures in cultured cells and
brain slices [73–79]. Recently, STED has been employed to illuminate spine dynamics in living mice [80–86]. These
developments now make it possible to image up to three labels in the cortex of living mice [85], and to chronically
illuminate the same super-resolved structures over a time course of up to one month [86]. Besides revealing more
macroscopic structures of spines and the underlying cytoskeletal structures, super-resolution microscopy has been
used to further our understanding of the nanoscale organisation of the postsynaptic density (PSD).

Seminal work published in 2010 provided a detailed three-dimensional map of the nanoscale struc-
ture of excitatory synapses in fixed murine brain sections using SMLM [87]. The group also com-
pared activity-dependent changes in the organisation of N-methyl-D-aspartate receptors (NMDARs) and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) across the mouse olfactory bulb [87].

Using different super-resolution microscopy techniques, it was shown that AMPARs are packed in nanoscopic
clusters in cultured cells [88–90]. These clusters are smaller than the PSD (0-4 AMPAR nanodomains per PSD, with
an average size of ∼80 nm, and 20–25 AMPARs per nanodomain), and their number depends on the size of the PSD.
The researchers also found that PSD95 molecules show clustering behaviour in nanodomains of ∼150 nm diameter
within each PSD in mouse brain tissue and in cultured cells [88–92].

Likewise, the nanoscale clustering of the scaffolding protein gephyrin as well as of glycine and
gamma-aminobutyric acid (GABA) type A receptors at inhibitory synapses has been investigated [93–95]. Us-
ing quantitative 3D-PALM, Specht and colleagues measured that 40–500 gephyrin molecules are packed at a density
of about 5000 molecules/μm2 in cultured spinal cord neurons, and that in situ about three times as many gephyrin
molecules are packed more densely [94].

Recent beautiful work combined super-resolution microscopy imaging with plasticity induction and revealed a
trans-synaptic organisation of scaffolding molecules both at excitatory and at inhibitory synapses in organised tis-
sue and in cultured cells [92,93,95–97]. These groups found that presynaptic proteins such as RIM1/2 form nan-
odomains in similar ways to postsynaptic scaffolding proteins PSD95 and gephyrin. These nanodomains are aligned
in nanocolumns across the synaptic cleft, which remain intact after plasticity induction.

Super-resolution imaging of tripartite synapses
As discussed above, astrocyte processes and especially PAPs display nanoscopic features. Early super-resolution stud-
ies did not focus on the relationship between synapses and astrocytic molecules but rather on the subcellular locali-
sation and clustering behaviour of individual proteins of interest. For example, Verkman and colleagues investigated
the clustering behaviour of aquaporin 4 and of the inwardly rectifying potassium channel Kir4.1 using SMLM tech-
niques in cultured cells and in brain sections [98–100]. Moreover, thin astroglial processes have been illuminated
by expressing genetically-encoded fluorescent proteins and by labelling glutamine synthetase and S100β in cultured
cells and brain sections [34,101–105].

Recent studies have investigated translation events that occur locally in astrocytic processes in the vicinity of
synapses [106–108]. EM and SMLM have been used to reveal the presence of Rpl10a, a component of the 60S ri-
bosomal subunit, in close apposition to synapses in mouse brain sections [106] (Figure 1A,B). Local translation in
astrocytic processes has been implicated in fear conditioning [107], and its impairment might contribute to the de-
velopment of amyotrophic lateral sclerosis [109]. Here, researchers used STED and confocal microscopy to visualise
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Figure 1. EM, SMLM and STED images visualising astrocyte processes in the vicinity of excitatory synapses

(A) EM image of diaminobenzidine-labelled EGFP/RPL10A (arrowheads) in astrocyte processes (green) near cortical synapses (axon

= red and PSD = blue); scale bars = 500 nm; modified from [106] with permission. (B) SMLM image showing an EGFP/RPL10A

(green) filled astrocyte process near a synapse (presynaptic bassoon (red) and postsynaptic Homer (blue); inset of box on left, and

side view is a 90◦ rotation of a second synapse; modified from [106] with permission. (C) Deconvoluted confocal microscopy image

of an astrocyte (hGfap-eGFP, green), presynaptic vGluT1 (blue) and postsynaptic Homer1 (red); the magnified area shows the STED

image for vGluT1 and Homer1 merged with deconvoluted confocal image for eGFP; scale bar = 10 μm; modified from [107] with

permission.

astrocyte processes in the vicinity of excitatory synapses in mouse brain slices [107] (Figure 1C). The presence of
mRNA and local translation has also been shown to occur in astrocytic endfeet surrounding blood vessels in the
brain [110].

Using STED and SIM, researchers have shown that neuronal activity increased connexin 30 expression and lo-
calisation in perisynaptic processes in hippocampal astrocytes in mouse brain slices [111]. The same group recently
showed that astrocytes close the critical period for visual plasticity via developmental upregulation of connexin 30
which in turn inhibits expression of the extracellular matrix degrading enzyme matrix metalloproteinase 9 [112].

In a recent beautiful publication, researchers have used a plethora of techniques including an in vivo
chemico-genetic approach that applies a cell-surface fragment complementation strategy, Split-TurboID and STED
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Figure 2. SMLM and ExM images highlighting GLT-1 distribution around synapses

(A) Wide-field fluorescent images highlighting GLT-1 (green) and PSD95 (magenta) in mixed hippocampal astroglia-neuron cultures

(top row). SMLM images showing individual labelled GLT-1 (green) and PSD95 (magenta) localisations (middle row depicting yellow

squares in top row; bottom row depicting red squares in the middle row); modified from [117] with permission. (B) ExM image of

dendrite and spines of a CA1 pyramidal neuron (green, YFP) and surrounding GLT-1 (red) labelling; with regions of ‘colocalisation’

highlighted in blue; modified from [119] with permission. (C) SMLM images highlighting localisations of presynaptic bassoon (red),

postsynaptic Homer 1 (green) and astrocytic GLT-1 (magenta) (i and ii). Nearest-neighbour distances (probability density, mean +−
SEM) between GLT-1 and bassoon or Homer1 (in control tissue (green) and ∼30 min after chemical long term potentiation (cLTP)

induction (brown)) (iii); sample size: Nm, inter-molecular distances; Nsyn, synapses; Npre, slices; SEM relates to Npre = 5; *P<0.05

(grey segments, significant difference), modified from [34] with permission.

discovering that neuronal cell adhesion molecule (NRCAM) is expressed in cortical astrocytes where it localises to
PAPs and restricts their neuropil infiltration [113]. Astrocytic NRCAM interacts with neuronal NRCAM coupled to
gephyrin at inhibitory postsynapses, and its deletion reduces the number of inhibitory synapses and decreases in-
hibitory synaptic function with minimal effects on glutamatergic synaptic density or overall excitation in mice [113].

Recently, researchers visualised bestrophin-1 (Best1) expression at tripartite synapses using lattice SIM and found
that, in brain tissue from wild-type mice, astrocytic Best1 localises closer to glutamatergic synapses than to GABAer-
gic synapses [114]. In APP/PS1 mice (Alzheimer’s disease model) tissue, however, Best1 resides further away from
glutamatergic synapses and closer to GABAergic synapses [114].

In a recent preprint, Südhof and colleagues used SMLM in mouse brain sections to decipher the role of astrocytic
neurexin-1 in synapse function and maturation [115]. The authors showed that neurons as well as astrocytes express
neurexin-1, which is organised in discrete nanoclusters at excitatory synapses. Distinct heparan sulphate modifi-
cations and alternative splicing lead to different ligand specificities and enables compartment-specific neurexin-1
signalling. Even though deletion of neurexin-1 from either astrocytes or neurons did not have an effect on synapse
numbers, the authors found that neuronal neurexin-1 is required for NMDAR-mediated synaptic responses, and that
astrocytic neurexin-1 is needed for silent synapse maturation, AMPAR recruitment and long-term potentiation [115].

Recent work utilising STED imaging showed that in spinal cord sections 56% of synapses (PSD95 and vGluT2 or
vGluT1 pairs) are association with GLT-1 (the major astrocytic glutamate transporter), 30% with glial fibrillary acidic
protein and 14% with phosphorylated ezrin [116]. PSDs associated with an astrocytic protein are larger in size and
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Figure 3. STED images depicting nanoscopic astrocyte structures in living organotypic slices

(A) Confocal image of ZsGreen expressing astrocytes, highlighting the entire cell morphology; modified from [105] with permission.

(B) STED images of astrocyte spongiform morphology, revealing specialised process structures – loops and nodes, modified from

[105] with permission. (C) STED images of astrocyte (green) and dendrites (magenta), highlighting astrocytic nodes as the main

contact points of spines; modified from [105] with permission. (D) STED image of astrocytes (gold) and inverted signal of extracellular

space (ECS), highlighting astrocytic processes penetrating the neuropil; modified from [104] with permission. (E) STED images of

positively labelled astrocyte (gold) and stained ECS (grey), modified from [104] with permission. (F) STED image of astrocyte (gold)

and ECS (grey) depicting white rectangle in (E), highlighting a negative imprint of a putative dendrite and spines (*) (black), modified

from [104] with permission. (G) STED image of tripartite synapse with astrocytic node in close apposition to spine, modified from

[105] with permission.

fluorescent intensity. Furthermore, PSDs that comprised more than one PSD95 nanocluster are more likely to be part
of a tripartite synapse, and tripartite nanoclusters appear brighter and hence more enriched in PSD95 [116].

In a recent publication, we used fluorescence recovery after photobleaching in organotypic rat hippocampal sec-
tions to demonstrate that 70–75% of GLT-1 molecules dwell on the astrocyte surface, recycling with a lifetime of ∼22
s [117]. Using SMLM in cultured rat hippocampal cultures, we showed that GLT-1 surface expression and clustering
behaviour relies on its C-terminus and its deletion accelerates GLT1 membrane turnover (Figure 2A) [117].

Recent attempts to study astrocyte processes and glutamate uptake have utilised ExM of mouse brain sections
[118,119]. The authors showed that larger spines had reduced glutamate uptake efficiency which correlated with
greater GLT-1 levels (Figure 2B) [119].

To further analyse the distribution of glutamate transporters surrounding excitatory synapses, we used a 3D
SMLM protocol of brain sections [34,120,121]. Through a series of experiments involving optical glutamate sensors,
patch clamp electrophysiology, sensory stimulation and super-resolution microscopy, we showed that induction of
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long-term potentiation leads to withdrawal of PAPs from excitatory synapses which in turn boosts glutamate escape
and inter-synaptic cross-talk (Figure 2C) [34].

As mentioned above, astroglia show diverse calcium signalling [21]. In a recent beautiful study, Nägerl and col-
leagues investigated the nanoscopic structure of PAPs and their localised Ca2+ transients using STED microscopy
in living organotypic brain slices (Figure 3A–C) [105]. The researchers found that thin astrocytic processes are or-
ganised in a fine reticular network, exhibiting nodes, shafts and ring-like structures. The majority of Ca2+ transients
takes place in nodes, and 55% of spines are in close apposition to at least one node. Node size as well as the size of the
Ca2+ transients were positively correlated to spine size, highlighting the possibility that there are different astrocyte
compartments handling different modes of signalling at node versus shaft tripartite synapses [105].

In a second study, Nägerl and colleagues used ‘super-resolution shadow imaging’ (SUSHI), a technique, in which
the extracellular space is fluorescently labelled and cellular structures appear as dark shadows (Figure 3D–G)
[104,105,122]. The researchers saw that the aforementioned ring-like structures that are formed by the reticular
network of astrocytic processes, encircle spines and areas of interstitial fluid (Figure 3D–G) [104]. After osmotic
challenge, the astrocyte structures swell, increasing the interface between astrocytic and other cellular structures but
decreasing the size of interstitial pools [104].

Concluding remarks
Super-resolution microscopy has helped further our understanding of neuronal and glial cell morphology and molec-
ular dynamics. Most findings were acquired in fixed cell culture or brain section preparations. However, it is known
that cultured cells differ from their in vivo counterparts. This is especially true for astroglia as their morphology
and expression profiles are very different in culture and in intact tissue. Additionally, PAPs appear to be very sen-
sitive to classical tissue fixation protocols, with a significant difference of PAP-positive synapses found in the adult
murine neocortex when comparing chemical and cryo fixation (chemical 62% versus cryo: 34%) [123]. Adopting
milder fixation methods and the development of improved in vivo imaging platforms will help evaluating the true
morphology of astrocytes and hence tripartite synapses. We are only just beginning to fully explore the potential of
super-resolution microscopy technology and its future capabilities, especially in the field of diagnostics.

As mentioned above, recent developments using STED microscopy have made in vivo nanoscopy possible. Further
adaptations and the integration of adaptive optics [124] will improve image resolution and depth penetration, making
imaging of highly dynamic and densely packed structures in living brain tissue more feasible. Implementations of
adaptive optics have already shown promising results using in vivo two-photon excitation imaging [125–127], STED
[128,129] and SMLM [130].

Astrocytes found in higher primates are larger and more complex, and show unique functions and different abilities
to cope with stressors and disease responses when compared with murine astrocytes [131–134]. Super-resolution
microscopy techniques will be essential in understanding the differences on a molecular level.

It is well documented that glial cells undergo drastic changes under pathological conditions [135]. Super-resolution
imaging has already been applied for analysis of models of neurological and neurodegenerative diseases [136–139].
Additionally, it has also recently been utilised in human Alzheimer’s and Parkinson’s disease post-mortem tissue as a
diagnostic tool [140,141].

Hence, the use of super-resolution will be a valuable means for both clinicians and researchers in deciphering the
exact pathophysiological changes occurring in and around synapses, and in evaluating novel therapeutic options.
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21 Lia, A., Henriques, V.J., Zonta, M., Chiavegato, A., Carmignoto, G., Gómez-Gonzalo, M. et al. (2021) Calcium signals in astrocyte microdomains, a

decade of great advances. Front. Cell Neurosci. 15, 177
22 Halassa, M.M., Fellin, T. and Haydon, P.G. (2007) The tripartite synapse: roles for gliotransmission in health and disease. Trends Mol. Med. 13, 54–63,

https://doi.org/10.1016/j.molmed.2006.12.005
23 Perea, G., Navarrete, M. and Araque, A. (2009) Tripartite synapses: astrocytes process and control synaptic information. Trends Neurosci. 32,

421–431, https://doi.org/10.1016/j.tins.2009.05.001
24 Araque, A., Parpura, V., Sanzgiri, R.P. and Haydon, P.G. (1999) Tripartite synapses: glia, the unacknowledged partner. Trends Neurosci. 22, 208–215,

https://doi.org/10.1016/S0166-2236(98)01349-6
25 Haydon, P.G. (2001) GLIA: listening and talking to the synapse. Nat. Rev. Neurosci. 2, 185–193, https://doi.org/10.1038/35058528
26 Zhou, B., Zuo, Y.Y.-X. and Jiang, R.-T.R. (2019) Astrocyte morphology: Diversity, plasticity, and role in neurological diseases. CNS Neurosci. Ther. 25,

https://doi.org/10.1111/cns.13123

8 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/neuronalsignal/article-pdf/5/4/N
S20210003/921868/ns-2021-0003c.pdf by guest on 10 April 2024

https://doi.org/10.1038/s41586-020-03060-3
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.7554/eLife.40070
https://doi.org/10.1016/S0896-6273(00)80420-1
https://doi.org/10.1523/JNEUROSCI.21-21-08328.2001
https://doi.org/10.1038/2061091a0
https://doi.org/10.1152/jn.1966.29.4.788
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1101/2021.03.25.437028
https://doi.org/10.1038/nrn1870
https://doi.org/10.1002/glia.22821
https://doi.org/10.1016/j.neuropharm.2021.108688
https://doi.org/10.1016/j.ijdevneu.2003.12.008
https://doi.org/10.1523/JNEUROSCI.1419-07.2007
https://doi.org/10.1126/science.1967852
https://doi.org/10.1126/science.8134839
https://doi.org/10.1038/369744a0
https://doi.org/10.1038/nn.4201
https://doi.org/10.1016/j.molmed.2006.12.005
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1038/35058528
https://doi.org/10.1111/cns.13123


Neuronal Signaling (2021) 5 NS20210003
https://doi.org/10.1042/NS20210003

27 Sancho, L., Contreras, M. and Allen, N.J. (2021) Glia as sculptors of synaptic plasticity. Neurosci. Res. 167, 17–29,
https://doi.org/10.1016/j.neures.2020.11.005

28 Durkee, C.A. and Araque, A. (2019) Diversity and specificity of astrocyte-neuron communication. Neuroscience 396, 73–78,
https://doi.org/10.1016/j.neuroscience.2018.11.010

29 Kim, Y.S., Choi, J. and Yoon, B.-E. (2020) Neuron-Glia interactions in neurodevelopmental disorders. Cells 9, 2176,
https://doi.org/10.3390/cells9102176

30 Kiyoshi, C.M., Aten, S., Arzola, E.P., Patterson, J.A., Taylor, A.T., Du, Y. et al. (2020) Ultrastructural view of astrocyte-astrocyte and astrocyte-synapse
contacts within the hippocampus. BioRxiv, https://doi.org/10.1101/2020.10.28.358200

31 Aboufares El Alaoui, A., Jackson, M., Fabri, M., de Vivo, L. and Bellesi, M. (2021) Characterization of subcellular organelles in cortical perisynaptic
astrocytes. Front Cell Neurosci. 14, 492

32 Medvedev, N., Popov, V., Henneberger, C., Kraev, I., Rusakov, D.A. and Stewart, M.G. (2014) Glia selectively approach synapses on thin dendritic
spines. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369, 20140047, https://doi.org/10.1098/rstb.2014.0047

33 Wenzel, J., Lammert, G., Meyer, U. and Krug, M. (1991) The influence of long-term potentiation on the spatial relationship between astrocyte
processes and potentiated synapses in the dentate gyrus neuropil of rat brain. Brain Res. 560, 122–131,
https://doi.org/10.1016/0006-8993(91)91222-M

34 Henneberger, C., Bard, L., Panatier, A., Reynolds, J.P., Kopach, O., Medvedev, N.I. et al. (2020) LTP induction boosts glutamate spillover by driving
withdrawal of perisynaptic astroglia. Neuron 108, https://doi.org/10.1016/j.neuron.2020.08.030

35 Jones, T.A. and Greenough, W.T. (1996) Ultrastructural evidence for increased contact between astrocytes and synapses in rats reared in a complex
environment. Neurobiol. Learn. Mem. 65, 48–56, https://doi.org/10.1006/nlme.1996.0005

36 Oliet, S.H., Piet, R. and Poulain, D.A. (2001) Control of glutamate clearance and synaptic efficacy by glial coverage of neurons. Science 292,
923–926, https://doi.org/10.1126/science.1059162

37 Lushnikova, I., Skibo, G., Muller, D. and Nikonenko, I. (2009) Synaptic potentiation induces increased glial coverage of excitatory synapses in CA1
hippocampus. Hippocampus 19, 753–762, https://doi.org/10.1002/hipo.20551

38 Bernardinelli, Y., Muller, D. and Nikonenko, I. (2014) Astrocyte-synapse structural plasticity. Neural Plast. 2014, 232105,
https://doi.org/10.1155/2014/232105

39 Ostroff, L.E., Manzur, M.K., Cain, C.K. and Ledoux, J.E. (2014) Synapses lacking astrocyte appear in the amygdala during consolidation of pavlovian
threat conditioning. J. Comp. Neurol. 522, 2152–2163, https://doi.org/10.1002/cne.23523

40 Hirrlinger, J., Hülsmann, S. and Kirchhoff, F. (2004) Astroglial processes show spontaneous motility at active synaptic terminals in situ. Eur. J.
Neurosci. 20, 2235–2239, https://doi.org/10.1111/j.1460-9568.2004.03689.x

41 Haber, M., Zhou, L. and Murai, K.K. (2006) Cooperative astrocyte and dendritic spine dynamics at hippocampal excitatory synapses. J. Neurosci. 26,
8881–8891, https://doi.org/10.1523/JNEUROSCI.1302-06.2006

42 Bernardinelli, Y., Randall, J., Janett, E., Nikonenko, I., König, S., Jones, E.V.V. et al. (2014) Activity-dependent structural plasticity of perisynaptic
astrocytic domains promotes excitatory synapse stability. Curr. Biol. 24, 1679–1688, https://doi.org/10.1016/j.cub.2014.06.025

43 Perez-Alvarez, A., Navarrete, M., Covelo, A., Martin, E.D. and Araque, A. (2014) Structural and functional plasticity of astrocyte processes and dendritic
spine interactions. J. Neurosci. 34, 12738–12744, https://doi.org/10.1523/JNEUROSCI.2401-14.2014

44 Valli, J., Garcia-Burgos, A., Rooney, L.M., de Melo e Oliveira, B.V., Duncan, R.R. and Rickman, C. (2021) Seeing beyond the limit: A guide to choosing
the right super-resolution microscopy technique. J. Biol. Chem. 297, 100791, https://doi.org/10.1016/j.jbc.2021.100791

45 Gallagher, B.R. and Zhao, Y. (2021) Expansion microscopy: a powerful nanoscale imaging tool for neuroscientists. Neurobiol. Dis. 154,
https://doi.org/10.1016/j.nbd.2021.105362

46 Choquet, D., Sainlos, M. and Sibarita, J.-B. (2021) Advanced imaging and labelling methods to decipher brain cell organization and function. Nat. Rev.
Neurosci. 22, 237–255, https://doi.org/10.1038/s41583-021-00441-z

47 Carvalhais, L.G., Martinho, V.C., Ferreiro, E. and Pinheiro, P.S. (2021) Unraveling the nanoscopic organization and function of central mammalian
presynapses with super-resolution microscopy. Front. Neurosci. 0, 1379

48 Kashiwagi, Y. and Okabe, S. (2021) Imaging of spine synapses using super-resolution microscopy. Anat. Sci. Int. 96, 343–358,
https://doi.org/10.1007/s12565-021-00603-0
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