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Astrocytes and neurons dynamically interact during physiological processes, and it
is now widely accepted that they are both organized in plastic and tightly regulated
networks. Astrocytes are connected through connexin-based gap junction channels,
with brain region specificities, and those networks modulate neuronal activities, such
as those involved in sleep-wake cycle, cognitive, or sensory functions. Additionally,
astrocyte domains have been involved in neurogenesis and neuronal differentiation
during development; they participate in the “tripartite synapse” with both pre-synaptic
and post-synaptic neurons by tuning down or up neuronal activities through the
control of neuronal synaptic strength. Connexin-based hemichannels are also involved
in those regulations of neuronal activities, however, this feature will not be considered
in the present review. Furthermore, neuronal processes, transmitting electrical signals
to chemical synapses, stringently control astroglial connexin expression, and channel
functions. Long-range energy trafficking toward neurons through connexin-coupled
astrocytes and plasticity of those networks are hence largely dependent on neuronal
activity. Such reciprocal interactions between neurons and astrocyte networks involve
neurotransmitters, cytokines, endogenous lipids, and peptides released by neurons but
also other brain cell types, including microglial and endothelial cells. Over the past 10
years, knowledge about neuroglial interactions has widened and now includes effects
of CNS-targeting drugs such as antidepressants, antipsychotics, psychostimulants,
or sedatives drugs as potential modulators of connexin function and thus astrocyte
networking activity. In physiological situations, neuroglial networking is consequently
resulting from a two-way interaction between astrocyte gap junction-mediated networks
and those made by neurons. As both cell types are modulated by CNS drugs
we postulate that neuroglial networking may emerge as new therapeutic targets in
neurological and psychiatric disorders.
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INTRODUCTION

In the eighteenth century, the neuron doctrine asserted that nerve
tissues are composed of functional units called neurons. The
concept of neuroglia, the connective tissue in which nervous
system elements were embedded, proposed by Rudolf Virchow
by the end of the last century (Virchow, 1859), has at least
four different sub-populations of glial cells identified in the
central nervous system (Kettenmann and Verkhratsky, 2008).
Among them, astrocytes were considered as having a high level
of dynamic and integrative interactions with neurons. When
electrophysiological properties of astrocytes were discovered,
neuroglial interactions were firstly theorized. The occurrence
of electrotonic and dye coupling between those cells were
demonstrated in the late 80s (Kettenmann and Ransom, 1988),
followed by the description of the structures and the molecular
nature of GJs that connect astrocytes (Giaume et al,, 1991a;
Nagy and Rash, 2000). In the 90s, communication between
astrocytes via Ca?™ waves were identified, as well as tuning
of neuronal activity, leading to the first documentation of bi-
directional communication between astrocytes and neurons, and
descriptions of “tripartite synapses” associating a pre-synaptic
neuron, a post-synaptic neuron and an astrocyte (Araque et al.,
1999; Hubbard and Binder, 2016). Interestingly, one astrocyte
can be connected to up to 140,000 synapses (Bushong et al.,
2002); astrocytes are organized in plastic and tightly regulated
networks (Giaume and Liu, 2012). The role of astrocytes in
complex functions is further emphasized by the glia-to-neuron
ratio that increases with the evolution toward more and more
adapted organisms (Verkhratsky and Nedergaard, 2016). This
review focuses on how astrocytes and neurons communicate,
encompassing the extent and the modulation of astrocyte
networking. We will specifically emphasize the role of astrocyte
connexins (Cxs), transmembrane proteins involved in cell-cell
communication through GJs, as the role of astrocytes Cxs as
hemichannels has been recently reviewed (Giaume et al., 2013;
Orellana and Stehberg, 2014).

ASTROCYTE NETWORKS ARE FORMED
BY GJS

Astrocyte GJs Are Encoded by Cx30 and

Cx43

Among the 11 Cxs detected in the rodent brain (Nagy et al., 2004),
astrocytes express two major Cxs, Cx43, and Cx30, and possibly
Cx26 (Perez Velazquez et al., 1996; Lynn et al., 2011; Wasseft and
Scherer, 2011). In astrocytes, Cx43 is distributed in a plaque-like
manner between cells and is also located elsewhere in these cells

Abbreviations: CNS, Central Nervous System; Cx, Connexin; EAAT, Excitatory
Amino Acid Transporter; ER, Endoplasmic Reticulum; gapFRAP, Gap-
Fluorescence Recovery After Photobleaching; GJ, Gap Junction; GJC, gap
junctional communication; GLUT1, Glucose Transporter type 1; GLUT3, Glucose
Transporter type 3; HC, Hemichannel; IHC, Immunohistochemistry; IP3, Inositol
trisphosphate; Kirl.4, Potassium inwardly-rectifying channel 1.4; LY, Lucifer
Yellow; MCT1/4, Mono-Carboxylate Transporter 1/4; MCT2, Mono-Carboxylate
Transporter 2.

compatible with cytoplasmic pools or hemichannels. This Cx
appears post-natally while Cx30 is expressed several weeks after
birth (Kunzelmann et al., 1999). In primary cultures astrocytes
express only Cx43 while Cx30 starts to be detected after 10 weeks,
however, the addition of neurons induces expression of Cx30 in 3
week-old primary cultures (Koulakoff et al., 2008). Interestingly,
Cx30/Cx30 and Cx43/Cx43 form functional homotypic channels,
whereas heterotypic Cx30/Cx43 do not (Orthmann-Murphy
et al,, 2007). In general, Cx43 is predominant, but its expression
varies by brain region and stage of development (Nagy et al.,
2004). For instance, hypothalamic astrocytes express four times
more Cx43 than striatal astrocytes, and are more highly coupled
(Batter et al., 1992). White matter astrocytes express minimal or
no Cx30 (Nagy et al., 1999). In contrast, in the thalamus Cx30
is more highly expressed than Cx43 (Griemsmann et al., 2015).
Coupling between astrocytes is greatly reduced in cells lacking
Cx43 and abolished when both Cx43 and Cx30 are absent (Perez
Velazquez et al., 1996; Naus et al.,, 1997; Wallraff et al., 2006;
Rouach et al., 2008; Roux et al., 2011), demonstrating that these
two Cxs are the main molecular support for direct intercellular
communication in astrocytes.

Regulation of GJs in Astrocytes
Neurotransmitters and second messenger pathways regulate gap
junctional communication between astrocytes for review see
Giaume et al. (2010). In cultured astrocytes “dye-coupling” can
be increased by extracellular application of glutamate or high
K™ solutions (Enkvist and McCarthy, 1994). Such K™ -induced
upregulation of gap junctional communication may involve the
calmodulin kinase pathway (De Pina-Benabou et al., 2001). In
the olfactory bulb (Roux et al,, 2011) and the thalamus (Claus
et al., 2016), gap junctional communication is controlled by
neuronal activity and this regulation is due to Cx30 GJ channels
(Roux et al, 2011). Glutamate or high K solution causes
membrane depolarization and this might be linked to changes
in coupling via changes in intracellular pH. Depolarization
produces an alkaline shift in astrocytes that could enhance
coupling (Ransom and Sontheimer, 1992). In addition, glutamate
effects on gap junctional communication may contribute to
neuronal activity-dependent control of Cx43 expression in
astrocytes with important consequences for astrocyte coupling
(Rouach et al., 2000). In contrast to the effect of neuronal activity,
brain macrophages can reduce Cx43 expression in astrocytes
(Rouach et al., 2002b; Faustmann et al., 2003). Other naturally
occurring molecules, including endothelins (Blomstrand et al.,
2004) and inflammatory cytokines (Duffy et al,, 2000), have
also been shown to downregulate Cx expression and function
in astrocytes. These properties indicate that the extent of
astroglial networks is under the control of a number of active
compounds present in the brain, including neurotransmitters,
which means that their size and probably their shape are
plastic.

Organization of Astrocyte Networks in

Anatomo-Functional Units
Interestingly, in brain areas characterized by a strong anatomo-
functional organization, the network of coupled astrocytes
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follows such topographical organization. This is the case in
layer IV of the somatosensory cortex, the so-called barrel
cortex, where the distribution of Cx43 and Cx30 is enriched
within the barrels compared to the inter-barrel space (Houades
et al.,, 2008). This feature is also found for the intercellular
communication since dye coupling experiments indicate that
coupling is favored within the barrels, while astrocytes located
in the septa are weakly coupled (Houades et al, 2008).
Interestingly, such restricted networking has recently been
found in the thalamus in the barreloid fields (Claus et al.,
2016) that pertain to the same whisker sensory-motor pathway.
Another study performed in the olfactory bulb has demonstrated
that in the glomerular layer the expression of Cx43 and
Cx30 is also increased in the glomeruli compared to the
extraglomerular space and that the expression of the two Cxs
is even segregated within the functional unit itself, Cx43 being
more pronounced at the border of the glomeruli while Cx30 is
rather detected into its center (Roux et al., 2011). These studies
indicate that, at least in functional units, on the basis of Cx
expression and channel function there is an overlap between
neuronal circuitry and astroglial networking, suggesting strong
correlations between local organization of astroglial networks
and neuronal functions.

When considering glial networks two notions are important
to take into account. First, not all astrocytes in a defined area
are coupled together. This was reported in the hippocampus
by performing dye coupling experiments in the eGFP-hGFAP
mouse where it was observed that, in the coupling area
defined by the intercellular spread of sulforhodamine B, several
eGFP-positive astrocytes were excluded (Houades et al., 2006).
Also in the olfactory bulb, olfactory ensheathing cells are
reported to be preferentially coupled to a subset of their
neighbors forming subdomains with the potential to affect
specific axon fascicles (Rela and Szczupak, 2007). These
observations suggest that astroglial networks, in addition to
being plastic, do not involve all astrocytes of a considered
location.

Toward More Complex Networks

Additionally, there is now evidence for a panglial networking
between two types of glial cells. This was already reported
from co-culture studies that established gap junction
(GJ)-mediated communication between astrocytes and
oligodendrocytes (Kettenmann and Ransom, 1988) and
that this heterotypic coupling requires differentiated
oligodendrocytes (Venance et al, 1995 Niu et al, 2016).
More recently, brain slice studies indicated that, depending
on the brain area considered, this panglial networking
was present in the neocortex, the hippocampus, and the
thalamus (Griemsmann et al, 2015). Such heterotypic
coupling may also have important consequences on the
role of glial GJs as for instance recently reported for the
intercellular trafficking of metabolic substrates between
astrocytes and differentiated oligodendrocytes (Niu et al,
2016), thus adding further complexity in neuroglial networking
interactions.

ASTROCYTE NETWORKS MODULATE
NEURONAL ACTIVITIES

As presented above and at least in specific brain areas, there is
an overlap between neuronal circuitry and astroglial networking
(Rela and Szczupak, 2007; Houades et al., 2008; Roux et al,
2011) or with the panglial networking (Claus et al., 2016).
Such functional intersection can be correlated to the function
of local astrocyte networks in complex cerebral functions, such
as sleep-wake cycle regulation, and dysfunction (Franco-Perez
et al.,, 2012), cognition (Dallerac and Rouach, 2016), behavior
(Pannasch and Rouach, 2013), or sensory functions (Han et al.,
2014).

Roles of Astrocyte Networks as
Modulators of Neuronal Activities

Interestingly, astrocyte Cxs modulate adult neurogenesis in mice.
Inactivation of Cx43 in astrocytes diminished neural progenitor
proliferation and survival of new-born neurons, while ablation of
Cx30 showed opposite effects (Liecbmann et al., 2013). Moreover,
it was shown that engrafting human astrocytes in recipient mice
resulted in GJ-mediated coupling between host and engrafted
astrocytes with a sharply enhanced long-term potentiation as
well as their capacity for learning and memory (Han et al,
2013). More precisely, it was demonstrated that Cx43-mediated
gap-junctional coupling between astrocytes is important in the
neuron-glia interactions required for whisker-related sensory
functions and plasticity. Indeed, mice with a knocked-down
expression of Cx43 in astrocytes showed a reduction in their
ability to sense the environment with their whiskers (Han et al.,
2014).

Conversely, coupling-deficient astrocytes lead neurons to
present a reduced threshold for the generation of epileptiform
events (Wallraff et al., 2006). The role of astroglial networks for
normal brain functions is also highlighted by impairments in
sensorimotor and spatial memory tasks in double KO Cx43/Cx30
mice (Lutz et al, 2009), the modulation of exploratory and
locomotor activity in Cx43 KO mice (Frisch et al., 2003; Theis
et al., 2003) or the anxiogenic profile of Cx30 KO mice (Dere
etal., 2003). Meanwhile, double KO Cx43/30 mice exhibit normal
pain perception but do not present allodynia or hyperalgesia after
spinal cord injury, contrary to simple KO Cx30 mice (Chen et al.,
2012).

It was further shown by inactivating Cx43 and Cx30
that astroglial networks reduced synaptic transmission in
hippocampal neurons (Pannasch et al., 2011). Additionally, GJ-
mediated glial networks enable synaptic information transfer and
limits the number of functional synapses, hence modulating the
generation of neuronal network activities (Pannasch et al., 2012).
In the end, astroglial networks were shown to modulate neuronal
depolarization, release probability, and recruitment during
bursting (Chever et al., 2016). Altogether, those experiments
largely contribute to the hypothesis that Cx expression in
astrocytes can contribute to modulate neuronal functions and
synchrony.
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How Do Astrocyte Networks Tune

Neuronal Functions?

To test whether astrocyte networks contribute to glutamatergic
synaptic activity, neuronal activity during exogenous glucose
deprivation was monitored in mice. Lactate and glucose were
demonstrated to be trafficked through astrocyte networks in
the hippocampus and further used by neurons as an energetic
substrate to sustain their excitatory activity. This directly suggests
that astroglial networks are involved in energetic metabolite
trafficking from astrocytes to neurons (Rouach et al., 2008; see
Figure 1).

It has also been demonstrated that double Cx43-Cx30
KO mice have increased hippocampal synaptic transmission,
and impaired long-term synaptic plasticity. Indeed, astrocyte
GJs facilitate extracellular glutamate and potassium ion
(K*) removal during neuronal activity (see Figure2).
Synaptic function is hence limited and controlled by

astrocyte networks, through the impact on extracellular
homeostasis notably on glutamate and KT (Wallraff et al,
2006; Pannasch et al., 2011). Moreover, it was described that
Cx30 controlled the setting of excitatory synaptic strength,
justifying the role it plays in long-term synaptic plasticity and
in hippocampus-based contextual memory (Pannasch et al.,
2014).

Finally, Ca?* signaling in astroglial networks can trigger
glutamate release and hence neuron depolarization and firing
(Kang et al., 2005), synchronize neuronal activities (Poskanzer
and Yuste, 2011, 2016) and underlie hippocampal synaptic
plasticity involved in learning and memory (Serrano et al., 2006).
Additionally, in mice grafted with human astrocytes, intercellular
Ca?" waves were three-time faster than in normal conditions,
and basal transmission and synaptic plasticity were enhanced,
pointing the role of those waves in neuronal control (Han et al,,
2014).

Glucose pathway
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o Llactate

o Glutamate

2009; Escartin and Rouach, 2013).
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FIGURE 1 | Glucose and glutamate pathways in astrocyte networks and interactions with neurons. In addition to a direct pathway to neurons by the extracellular

space, glucose from blood vessels is taken-up through astrocytic end-feet or through GLUT1 (Glucose transporter 1) facilitated transport, and by neurons through
GLUTS (Glucose transporter 3) transport. In astrocytes, glucose is metabolized to lactate, which is exported through MCT1/4 (Mono-Carboxylate Transporter 1/4);
lactate is shuffled into neurons by MCT2 (Mono-Carboxylate Transporter 2) and participates in the synthesis of glutamate, further stored in vesicles until exocytotic
release. After neuronal firing, glutamate released into the synaptic cleft is removed by astrocytes through EAAT (Excitatory Amino Acid Transporter) and recycled as
glutamine. This glutamate-glutamine cycling and the associated sodium entry consumes energy, which drives astrocytic glycolysis and results in lactate production
(Pellerin et al., 2007). Glucose, lactate, and glutamate are transferred between connected astrocytes through Gds (Cx30 and Cx43; Leybaert, 2005; Orellana et al.,
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FIGURE 2 | KT pathway in astrocyte networks and interactions with neurons. Gap junctions play a central role in the dissipation of K and its spatial buffering by
astrocytes. Indeed, glial networking disperses local extracellular K increases by transferring K from sites of elevated concentrations to sites of lower concentrations
through gap junctions. Potassium ions are taken-up through Kir1.4 (Potassium inwardly-rectifying channel 1.4), EAAT or Kt/Nat-ATP-ase (Rouach et al., 2000, 2004,
2008; Kofuji and Newman, 2004; Giaume et al., 2010; Pannasch and Rouach, 2013). In addition, at least in olfactory glomeruli, high external K** concentrations
increases Cx30-mediated intercellular coupling which facilitates K+ buffering by astroglial networks (Roux et al., 2011).
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While in the hippocampus Cx30 and Cx43 each contribute
to approximately half of the astroglial communication (Rouach
et al, 2008), they play different roles in terms of neuronal
modulation (Dere et al., 2003; Frisch et al., 2003; Theis et al., 2003;
Lutz et al., 2009; Roux et al., 2011; Chen et al., 2012), as recently
reviewed (Pannasch and Rouach, 2013). Nevertheless, data are in
favor of a role of astroglial network control of neurons through
at least spatial K buffering, glutamate clearance, and energy
metabolite trafficking, potentially mediated by the spreading of
astrocyte activation by cell-to-cell propagating intercellular Ca®*
waves (see Figure 3).

NEURONAL ACTIVITY REGULATES
ASTROCYTE NETWORKS

Neuronal activity is modulated by astrocyte networks as
described above, but the opposite, i.e., a tight control of astroglial
Cxs by neurons, has also been amply documented the literature
(Rouach et al., 2004; Giaume et al., 2010).

Evidence for Regulation of Astroglial

Networks by Neurons

Neurotransmitters can either increase or decrease the strength of
GJ coupling depending on the receptor subtypes that are involved
(Giaume and McCarthy, 1996), for instance noradrenaline
(Giaume et al, 1991b), glutamate (Enkvist and McCarthy,
1994; Muller et al., 1996), NMDA/acetylcholine (Rouach et al.,
2002c), or serotonin (Moore and Burt, 1995) modulate Cx43 gap
junctional communication (GJC).

There is strong evidence that neurons upregulate GJC.
Indeed, experimental work has indicated that in co-cultures the
presence of neurons largely enhanced astroglial coupling via
Cxs (Rouach et al., 2000; Koulakoff et al., 2003, 2008). This
effect was attributed to astrocyte differentiation by diffusible
factors from neurons (Fischer and Kettenmann, 1985). Cellular
coupling enhancement depends on the age and density of
neurons, as neuronal maturation is required to observe the
increase (Rozental et al., 1998; Rouach et al., 2000). Similarly,
neuronal injury leads to an increase of GJC in co-cultured

Frontiers in Cellular Neuroscience | www.frontiersin.org

June 2017 | Volume 11 | Article 174


http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Charvériat et al.

Connexin-Dependent Neuroglial Networking

Ca%* pathway

®
[ ]

()

o ©

Blood vessel

e IPy
® ATP/ D-sérine

o Glutamate

propagation of intercellular CaZ* waves (Scemes and Giaume, 2006).

Ca?* wave

Pl =~ O

w_ Y
Caz*"\

FIGURE 3 | Intercellular CaZ* waves in astrocyte networks and interactions with neurons. The rise of intracellular CaZ* concentration in astrocytes usually involves
the activation of G-protein-coupled receptors, activation of phospholipase C (PLC), and the production of inositol trisphosphate (IP3), which leads to Ca?t release
from the endoplasmic reticulum (ER). Elevation of cytoplasmic Ca?*+ concentration further affects several plasma membrane proteins, such as metabotropic
receptors, Kt and Ca2* channels, Na™/Ca2+ exchanger, and Ca2*-ATPase. Once triggered, intracellular Ca2+ waves can be transmitted as intercellular Ca2+
waves to neighboring cells through the diffusion of inositol trisphosphate (IP3) production and Ca2t through gap junctions, and subsequent release of CaZ* from the
endoplasmic reticulum (Cotrina et al., 1998; Leybaert et al., 1998; Scemes et al., 1998; Scemes and Giaume, 2006; Leybaert and Sanderson, 2012; De Bock et al.,
2014). Ca2+—dependent release of gliotransmitters then target neuronal receptor but also astroglial receptors that participate to and amplify the process of
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astrocytes (Anders and Woolery, 1992) or in astrocytes in situ
(Rohlmann et al., 1993; Hanani et al., 2002). Additionally, nerve
stimulation increases gap junctional communication (Marrero
and Orkand, 1996) and dephosphorylates Cx43 in astrocytes
(Li and Nagy, 2000).

On the opposite, the stimulatory effect of neurons on astroglial
GJC was prevented in several conditions in which neuronal
functions were altered, as after treatment with TTX, used to
inhibit neuronal spontaneous activity (Muller et al., 1996; Rouach
et al., 2008; Serrano et al., 2008; Roux et al., 2011). For instance,
distant TTX infusion in Schiffer collaterals reduces the diffusion
of a fluorescent glucose analog through astrocyte gap junctions
in the stratum oriens by up to 35%, while the diffusion of
passive dyes is not affected (Rouach et al., 2008). However, in
the thalamus where Cx30 expression prevails in astrocytes, TTX
reduces gap junction permeability for both types of molecules
(Claus et al., 2016). In addition in the olfactory bulb where Cx30

also prevails, TTX or sensory deprivation also blocks plasticity of
astrocyte networks in the rodent olfactory glomeruli (Roux et al.,
2011).

Cx30 and Cx43, Major Determinants of
Astrocyte Network Plasticity Induced by
Neuronal Activity

In the hippocampus, the regulation of astroglial networking by
neurons is not observed with passive fluorescent dyes, indicating
that neuronal activity does not directly regulate GJ permeability
but rather triggers neuronal energetic demand through astrocyte
gap junctions (Rouach et al., 2008). As indicated above, astrocytes
are mainly coupled with Cx30- and Cx43-forming junctional
plaques (Rouach et al, 2002a, 2004; Koulakoft et al.,, 2008).
Interestingly, in cell cultures, neurons up-regulate the expression
of Cx43; they also induce Cx30 expression in astrocytes located
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in proximity to neuronal somata. In Cx43-lacking astrocytes, the
induction of Cx30 by neuronal presence allows the restoration
of functional gap junctional communication mediated by Cx30
(Koulakoft et al., 2008). Additionally, in olfactory bulb acute
slices, modulation of GJC by neuronal activity is still present
in Cx43 KO but not in Cx30 KO mice. This indicates that
in glomerular areas (i) Cx43-formed channels are insensitive
to neuronal activity, and (i) Cx30-formed channels are the
molecular target of neuron-dependent modulation of astrocyte-
astrocyte communication (Roux et al, 2011). Interestingly, a
recent study indicates that in the thalamus dye coupling in glial
networks is also dependent on neuronal activity (Claus et al.,
2016). In this structure Cx30 is also predominant (Griemsmann
etal, 2015), as in the olfactory bulb, which reinforces the idea that
the regulation of this Cx is the target for the neuronal control of
glial networks.

Several mechanisms have been proposed to mediate neuronal
induced up-regulation of gap junctional communication.
Depolarization mediated by activity-dependent Kt release
has been demonstrated to enhance GJ coupling in astrocytes
(Enkvist and McCarthy, 1994; Roux et al, 2011), with the
participation of CAMKII-dependent phosphorylation of Cx43
(De Pina-Benabou et al., 2001). Glutamate is also a mediator of
this modulation, however with confounding results depending
on the involved receptor subtypes (Giaume, 2010; Giaume et al.,
2010; Escartin and Rouach, 2013).

Why Are Astrocyte Networks Plastic upon

Neuronal Activity?

Hence, continuous interactions between neurons and astrocytes
are required to maintain high levels of Cx expression and
function in astrocytes (Koulakoff et al, 2008; Rouach et al,
2008). Collectively, these data indicate that the size of the
astroglial metabolic network is enlarged as overall neuronal
activity increases, and reduced while neuronal activity diminishes
or is abolished (see Table 1).

Astrocytes take-up glucose from blood flow, and glucose can
be stored as glycogen and/or metabolized into lactate that can
be released to neurons to fuel their tricarboxylic acid cycle.
They provide local supply of energy substrates to neuronal
surroundings (Magistretti, 2006; Pellerin et al., 2007; Belanger
et al., 2011). Astrocytes are organized in plastic networks:
those networks are confined to specific places as described
in glomerular structures, where intraglomerular astrocytes are
mainly coupled within the limits of a single glomerulus (Roux
et al., 2011) within rodent barrels in the somatosensory cortex
(Houades et al., 2006) and the barreloids in the thalamus
(Claus et al., 2016). Such confinement potentially favors specific
neuron-astrocyte interactions at a network level in physiological
processes. As presented above, astrocyte networks are tightly
regulated and gated by neuronal activity. Concerning the
metabolic networking, this regulation involves glutamatergic
signaling by AMPA receptors. Thus, it can be inferred that
plasticity of the astroglial networking may result from an
adaptation to neuronal demand, to reach more efficiently and
distally the sites of high neuronal demand. Such a hypothesis has

notably been established in specific areas of the hippocampus, in
which neuronal activity changes the shape and extent of astroglial
networks (Rouach et al., 2008).

ASTROGLIAL CXS AND BRAIN
PHARMACOLOGICAL AGENTS

Drugs used to treat neurological and psychiatric disorders are
generally studied through their neuronal effects. It is now clear
that astrocytes are also targeted by those drugs, especially through
the modulation of Cx30 and Cx43 levels of expression and
function, those modulations are either neuron-dependent or not
dependent upon neuronal activities (see Table 2), and might be
linked to the aforementioned reciprocal interactions between
neurons and astrocyte networks.

Diverse Effects of Antidepressants on
Astroglial Cxs

Amitriptyline, a tricyclic antidepressant widely used in
neuropathic pain (Finnerup et al, 2015), significantly up-
regulates Cx43 mRNA, protein and GJ channel function
in astrocyte cultures. This up-regulation is not related to
monoamines as noradrenaline, serotonin, and dopamine did
not induce Cx43 expression. It is suggested that this mechanism
depends on Cx43 phosphorylation through an increase of p38
MAPK activity by amitriptyline (Morioka et al., 2014). These
results have been recently challenged (Jeanson et al., 2016a,b), as
Cx43 GJs were inhibited (instead of promoted) by lower doses of
amitriptyline than those used by Morioka et al. (2014). Possibly
microglial cells may contribute to these distinct responses of GJ
coupling to different doses of amitriptyline. Indeed, the number
and activation status of microglial cells has been reported
to interfere with Cx43 expression and function in astrocytes
(Faustmann et al., 2003; Rouach et al., 2004; Méme et al., 2006;
Retamal et al., 2007).

Additionally, other studies have pointed out how tricyclic
antidepressants such as clomipramine and imipramine modulate
astrocyte Cx expression or functions (Morioka et al, 2014;
Jeanson et al., 2016b). Of particular interest is the finding that
Cx expression in astrocytes is modulated in animal models of
depression as well as in depressed patients (Miguel-Hidalgo et al.,
2014; Quesseveur et al.,, 2015; Nagy et al., 2017). Using relevant
in vivo models (Hamon et al., 2008; M’'Dahoma et al., 2015), it
was demonstrated that mefloquine—at doses which do not affect
neuropathic pain symptoms—significantly enhances the effects
of amitriptyline on neuropathic pain (Jeanson et al., 2016a).
Those data suggest a central role of astroglial Cxs as modulators
of the pharmacological profile of antidepressants.

The analysis of others classes of antidepressants such as
SNRI (Serotonin-Norepinephrine Reuptake Inhibitor), NRI
(Norepinephrine Reuptake Inhibitor), and SSRI (Selective
Serotonin Reuptake Inhibitor) has shown contrasting effects
after treatment of astrocyte cultures (Sun et al., 2012; Morioka
et al., 2014; Mostafavi et al., 2014; Jeanson et al., 2016b).

Frontiers in Cellular Neuroscience | www.frontiersin.org

June 2017 | Volume 11 | Article 174


http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Connexin-Dependent Neuroglial Networking

Charvériat et al.

‘9sealop ‘T fesealoul’)

uopeudsp Aiosuss g euIWEpoyYJ-o)Ns uoneaudsp
1102 “'[e 18 XnoYy JO Juswiieas} X | Joye Buiidnoo-aAp jo uononpey JO uUoRoa(Ul Jen|jeoe.aU| A aN AosSuss IO X] | l[nJewolB A103oey|0 8SnojN
uoneoldde sndweooddiy
8002 ‘'[e 10 oueLIeS Juswieas) X| | Jeye Bujidnoo-aAp Jo uononpay uAo0Iq Jo Uonoalul Jejn|jeoeiu| » aN VAAN + XL asnow d499-dv4oy
{ aN Alnjoe pexong
1 aN uixojolold
Aunoe [euoinau ©AdN-9 pue HAIN-¢
8002 “'[e 10 yoenoy uo Buipuadap M5 ybnouyy Bupolye.) 8soon(n yum Bupjolyely esoon|b Buigoid 1 aN X1 sndweosoddiy asnojy
(ereure) 0exo 1 pioe
uonejdep [euoinau Jeye Buidnoo-aAp Jo uononpay 0 epxO 1 owuey Ag AloIX01010xg X900 9SNOI
0ex0 1
) erx0 1 VAIAN + suoineN
(Ayoixo10H0xe-YaINN)
uonejdap [euoinau Jeye Buidnoo-aAp 0ex0 1 $8IN}N0-00
8002 “'[e 18 JOXeInoy 10 UoloNpal ‘suoinau Yyim Bulidnoo-eAp jo esealou| Buipeol-edetds ‘OH| ‘gM J epx0 1 suoineN ©1A00.)SE-U0INBU BSNOIN
@ousdsaloNouUNWIW 0EXD $8IN}|N0-00
€002 “'[e 18 JOXEenoy Q01U O3 XD WO} DM 0EXD Ul 8SBaIoU| ‘Bumojgounwiw ‘Buipeol-adesog J epx0 1 21N} N0-09 [eUOINSN [EQILIOO ©SNON
Awojoxe AdoosoIoiw uososle elbueb
2002 “[e 10 lueueH Joye Mo Jo Ajsusp pue Buldnod aAp ul 8sealou) ‘X7 JO uonoalul Jenjjeoe.iu| N aN Anfur enseN 1001 [eSJOp 9SNON
saunzies
2002 “'[e 10 l|pJopuoD) SeInz|es Joye pasealoul ueloid pue YNYW 0ExX0 OHI ‘40d aN oexo paoNPUI-OlUEY urelq 1ey
BuiBewr wniofeo
0002 “[e 18 yoenoy uone|nBes-dn uspusdep-AyAoy ‘Bumojgounwiull ‘uonoslul A J epx0 1 81N} N0-09 [eUOINSN $8IN}N0-09 [e1el)s ey
uoneINwis $8IN}No
000z ‘ABeN pue I SAJBU D11BI0S JaYe panIesqo uonelfioydsoydeq OHI aN ‘ydsoydap £vxD uolre|nuinis anieN a1A00415E PIOD [euldS Tey
966+
‘PUBMIO PUE OJoLIBA uoleinwins anJeu Buimo|joy Bulidnoo-eAp Jo aseaiou| OHI ‘A1 J0 suonoalul Jejnjjeoe.iu| J aN uole|nuns anieN anieu ondo Bou4
€66+
“|e 19 UUBWIYOY  UOIS8| 8AJBU [eloe) Jale Uoissaldxe giXxD) JO asealou| OHI aN [ OR uolse| aneN SNejoNnu [eloe) 1ey
2661 10B1U0O dvd4deb
‘AIBJOOAN PUE SIBpUY  [edISAUd INOYLM ‘UYyesp [euoinau Jeje Mo Ul 8SeaIoU| ‘suoinau jo Anful-leseT] N aN yyeap [euoineN $8IN}N2-00 UIEIq 8|OUAN
G861} ‘UuewuSleM
pue Jeyosi4 10B1U0D [eo1sAyd 1noyum Juseseid (Iis 10843 A7 40 suopoalul Jejnjjgoeiu| J aN 2IN}N2-09 [BUOINSN $8JN}IN0-09 Jejlpgelen
uonouny rH uoissaidxa x9
saoualajey sjuaWIWOD pasn anbiuyosap X9 91A204)SE UO SUO0INdU JO }09))3 1010943 I9PON

'SuoINeU AQ UIXaUUOD [elf5OIISE JO UOREINPOW JO 80usping | | 319V.L

June 2017 | Volume 11 | Article 174

Frontiers in Cellular Neuroscience | www.frontiersin.org


http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Connexin-Dependent Neuroglial Networking

Charvériat et al.

‘asealoap‘t fasealoul’)

661 e 10 ZIUeN anN 1 aN INW | S8}1A00J]SE [B]el]S 8SNOW painyno Alewlid auBINyos|
©661 “'[e 18 Z)UB)\ aN 1 aN NW Q| S81A00J]SE [B]eL]S 8SNOW Painyno Aewlid suelnjjul
S661 e 18 Ziue aN 0 aN N 00k $91A0041SE [B1R1IS 9SNoW painynod Aewld
1661 “[e 19 [ezielweq aN 0 aN NW g $8)A00M]SE [e1eL]S/[EOIHO0D Jeu paInyno Arewild
0002 ‘Hng pue o4 aN T aN INW = s||eo Buissaidxe gyx0 sueyioeH
910z “fe1@ N « T aN AT oL 80IIS [BOILIOD 8SNO\  BUIPILOIBPOWXS(]
910z “[e 1@ N ) ) anN N 00£-0S 90I|S [BOILI0D 8SNOJ| auIWeIeY
661 e 10 ZIUeN anN 1 aN N 00 SO1A00J}SE [EelL]S 8SNOW paInyno Aeulid
9102 “[e1e N t t anN N 0G1-G2 80I|S [BOILI00 8SNOA lojodoid
1oz “[ele nn anN 1 anN INW | (S91400J1SE UO S}084J8) 99I|S [eD1H0D 9SNOIA 81EgAXO WNIPOS solayIseuy
102 “'[e 18 yoequeq aN aN (uieyoud) < A 00G-0S elifoioiw + s81foose el painyno Alewiid unuadegen
102 “[e 18 yoequeq aN aN (upy04d) < AT 007-0t BlI60oIW + S8}A00JISE Jel paInynd Aewlid uloykusyd
#7102 “'[e 1@ yoequieg aN aN (urey0ud) < N 00v-01 elifoioIw + $81400SR 1Bl PaInyNo Alewild suidezeweqie)
102 “[e 18 yoequeq aN aN (uier04d) < N 008 elifoioiw + $81L00se 1Bl paInynd Aewild pioe ojoidiep
8002 “'[e 10 enjiybeH aN J (ueroud) N 00 elifoioIw + $81L00se 1Bl painynd Aewilid Wiejaoellona sondejde-nuy
9Loz “lew
augyoNng ‘¢ Hog “le1e N anN { (urer01d ‘YNYW) ¢ u g ‘WM 002-0S (se1ho0uise Lo sjos)e) 99Ijs [eOIH00 SSNON [luyepoN SjuBINWNSOUIAS
9002 “'[E 18 Bue|jRIO aN 1 (ueyoud) Y z-L ‘WY 001-G2 $8}A00J1SE [801H0D el painynd Arewid auizewoudiolyn
qg00z “[e 1o Iwsleq aN aN (ueroud) shep |g ‘Kep/Bx/Bw 0g X090 [eluoJeid ey suidezo|n
Q800z “’[e 18 Iwered aN aN (ueyoud) + shep |z “Kep/Bxi/Bwi g | X8H00 [ejuolId Jey Wiy
gg00z “'[e 18 lwayeH aN aN (uieyoud) 1 skep | g Rep/Bx/Bw G| Xop09 [ejuoJeid ey |opuadoreH sonoyoAsdijuy
g9 10z “[e 1o uosuesp 0 1 (uier04d) < Uve ‘N g $9}A004}SE [BOIH0D 9SnowW painynd Aewid auIxeje|usp
2102 “le 1@ ung aN 1 (uieroud ‘wNHW) 4 skep | g Rep/By/6w O SJel PassalS-A|[EOIUOIYD JO XOU0D [ejuoleld
0910z “[e 18 uosuesp 4 <~ (uer04d) < yve ‘WM g SO}A00J}SE [20[H0D 8SNOW PaInyno Aleulid auiexoing IYNS
910z “[e 1o uosuesp 4 <« (uer04d) < yve ‘WY ol S0}A00J}SE [E0[H0D 8SNOW PaInyno Aleulid aunexogey YN
102 “'[e 18 BYOUOW aN aN (ueyoud) | ysy ‘WMol $S81A0041SE [BOIH0D el painynd Arewld QUIWEXOAN|H
q910zg “'[e 18 uosues e J (upy04d) < Uve N g $81A004}SE [BOIHOD 9SNoW painynd Aewid aulexoled
710C “[e 18 InejeIsoN anN anN (ureroid “WNYW) ¢ N 09-08 seul| |90 ewojAo0.)sE UBINH
G10Z “'[e 18 JneAssseny aN aN (ueroud) 1 yuow | ‘By/Buw gL Slel Pa1eal}-eu0.81SooIL00 Wol snduweosoddiH
2102 “le 1 ung aN J (uier0ad “YNHW) shep |g ‘Kep/Bx/Bw Q| SJel Passa.lS-A|[EQIUOIYD JO XSU0D [eluOleId
q800z “'[e 18 Iwered aN aN (ueroud) | skep |z ‘Rep/Bx/Bw 0z X800 [eluoseid 1ey
g9 10z “[e 1o uosuesp 0 1 (uier0ud) < uvz ‘W oL $91A0041SE [BOIH0D 8Snow painynd Aewid aunexon| 4SS
7102 “'[e 10 B)OUOW aN aN (uieyoud) ysy WMol S81A0041SE [B2IM0D el painyno Aewld auiweldiwo)
g910z “[e 18 uosuesp t <~ (uer04d) < yve ‘WY oz SO}A00J}SE [20[H0D 8SNOW PaInyno Aleulid aulwesdiw]
a910g “[e 1o uosuesr ) 1 (uieyoud) « Uz WMoz $S81A0041SE [BOIM0D 9SNOW painino Aewiid
©910g “'|e }e uosues A 0 (uieyoud) < yve ‘WMol $S81A0041SE [BOIHOD el painynd Arewld
102 “'[e 10 BMOUOW aN J (uieroad ‘wNHW) y 8y ‘N gy $S81A0041SE [BOIHOD el painynd Arewld auAiduyuwy sjuessaidapiiue 011040
saoualajey uonouny OH uonouny rH uoissaidxa x9 asoq |opoN Bnig ssejo annadesay

‘syuebe [eoibojooeueyd SNO Ag Uixeuuoo [eljfosise Jo uoieinpo | g 319V.L

June 2017 | Volume 11 | Article 174

Frontiers in Cellular Neuroscience | www.frontiersin.org


http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Charvériat et al.

Connexin-Dependent Neuroglial Networking

Interesting data have been gathered from antidepressant-treated
rodents: chronic treatment with fluoxetine (SSRI) increased
Cx43 expression in rat prefrontal cortex (Fatemi et al., 2008b).
Consistently, it has been shown that stressed rats presented
a lower level of Cx43 expression and function in the cortex,
while fluoxetine reversed those reductions (Sun et al., 2012).
Alternatively, it has been proposed that antidepressants such as
fluoxetine may exert their therapeutic activity by decreasing the
expression and/or activity of Cx43 in astrocytes, resulting from a
lower level of phosphorylation, in the hippocampus (Quesseveur
et al,, 2015). Those results emphasize the complex effects of
different therapeutic classes of antidepressants on astroglial Cxs,
with various outcomes on expression and GJ and hemichannel
functions as well as regional properties.

Astroglial Cxs and Wake- or

Sleep-Promoting Drugs

The effects of numerous anesthetics on astroglial Cxs have
been described for more than 20 years, notably in primary
cultured astrocytes from the striatum or the cortex (Dermietzel
et al., 1991; Mantz et al., 1993) or in astrocytes from cortical
slices (Liu et al., 2013, 2016). Anaesthetics, either modulating

GABA, [halothane (Dermietzel et al, 1991; He and Burt,
2000), enflurane, isoflurane, or propofol (Mantz et al., 1993)],
GABAg receptors [sodium oxybate (Liu et al, 2013)], or
NMDA (ketamine; Liu et al., 2016) or a2-adrenergic receptors
(dexmedetomidine; Liu et al., 2016), show similar profiles,
as they reduced astroglial GJ. Conversely, modafinil, a wake-
promoting drug widely used in narcolepsy (Barateau et al,
2016) with a complex mechanism of action (Minzenberg and
Carter, 2008), enhances astroglial Cx and more precisely Cx30
expression and GJ function (Liu et al., 2013). Additionally,
when astrocyte Cxs are inhibited by a new blocker, flecainide
(Picoli et al., 2012), the wake-promoting and pro-cognitive
activity of modafinil is largely enhanced in rodent models.
This effect likely depends on the reversion by flecainide
of Cx30-dependent modafinil up-regulation of gap junctional
coupling in astroglial networks. Surprisingly, G] modulation by
flecainide also modulates effects of modafinil on cataplexy, a
pathognomonic symptom of narcolepsy, underlining once again
the central role of astroglial Cx in complex behaviors (Duchéne
et al., 2016).

Altogether, those data reinforce the role that astrocytes play
as controllers of sleep rhythm (Fellin et al., 2012) and complex
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FIGURE 4 | Putative role of astroglial connexins in the modulation of the CNS drug profiles. Neuronal and astrocyte networking activities are mutually regulated.
Neuronal activity leads to an up-regulation of astrocyte Cx expression and channel function (Rouach et al., 2000, 2004, 2008; Koulakoff et al., 2008; Giaume et al.,
2010; Pannasch et al., 2011, 2012, 2014; Roux et al., 2011). Interestingly, certain CNS-targeting drugs also appear to impact astrocyte Cxs (Giaume and Liu, 2012;
Liu et al., 2013, 2016; Duchéne et al., 2016; Jeanson et al., 2016a,b). As presented in the three panels and based on literature, it can be hypothesized that optimal
neuronal reactivity could be associated with an optimal size of local astroglial network (B), as too large (C) or too reduced (A) syncytium might not adequately fuel
metabolically active synapses during treatment with CNS drugs. Including aspects of drug action at the level of astrocytes, and more generally at the level of dlial cells,
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cognitive processes such as sleep (Franco-Perez et al.,, 2012),
through the modulation of their network organization (Petit and
Magistretti, 2016).

Confounding Effects of Antipsychotics and
Anti-Epileptics

Psychiatric disorders such as schizophrenia, bipolar disorders, or
autism are characterized by marked signs of glial dysfunction
(Yamamuro et al., 2015). More precisely, in autistic patients
astroglial Cx43 expression is increased in superior frontal
cortex (Fatemi et al, 2008a). Antipsychotic drugs have been
developed since the 50s to reduce the symptoms of those
disorders, and among them haloperidol, lithium, clozapine, or
chlorpromazine. Those drugs generally reduce the expression
of astrocyte Cxs (Orellana et al., 2006; Fatemi et al., 2008b).
Concerning chlorpromazine, kinetic studies indicate that this
reduction is achieved through an indirect mechanism involving a
complex signaling cascade from drug application to effects on GJ
channels, including modulation by alteredCx43 phosphorylation.
Alternatively, a cellular redistribution of GJs by chlorpromazine
has also been suggested to be at the origin of the reduction
of Cx43 levels (Orellana et al, 2006). Astrocyte Cxs are
also involved in the pathophysiology of epilepsy (Steinhauser
et al., 2016), as they are often up-regulated in this pathology.
In line with this, their blockade is considered to act in
an anticonvulsant manner; however, opposite (pro-convulsing)
effects have also been reported (Carlen, 2012). Anti-epileptic
drugs (valproic acid, carbamazepine, phenytoin, or gabapentin)
generally do not modulate Cx expression (Dambach et al,
2014). However, levetiracetam enhances the expression of Cx43
and function of GJ in astrocyte-microglia mixed cultures,
allegedly through an anti-inflammatory process (Haghikia
et al, 2008). Finally, the effect of anti-epileptic drugs are
also known to have an effect on neuronal Cxs (Mylvaganam
et al, 2014) but this is beyond the scope of the present
review.
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