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A B S T R A C T

Astrocytes are now viewed as key elements of brain wiring as well as neuronal communication. Indeed,

they not only bridge the gap between metabolic supplies by blood vessels and neurons, but also allow

fine control of neurotransmission by providing appropriate signaling molecules and insulation through a

tight enwrapping of synapses. Recognition that astroglia is essential to neuronal communication is

nevertheless fairly recent and the large body of evidence dissecting such role has focused on the synaptic

level by identifying neuro- and gliotransmitters uptaken and released at synaptic or extrasynaptic sites.

Yet, more integrated research deciphering the impact of astroglial functions on neuronal network

activity have led to the reasonable assumption that the role of astrocytes in supervising synaptic activity

translates in influencing neuronal processing and cognitive functions. Several investigations using

recent genetic tools now support this notion by showing that inactivating or boosting astroglial function

directly affects cognitive abilities. Accordingly, brain diseases resulting in impaired cognitive functions

have seen their physiopathological mechanisms revisited in light of this primary protagonist of brain

processing. We here provide a review of the current knowledge on the role of astrocytes in cognition and

in several brain diseases including neurodegenerative disorders, psychiatric illnesses, as well as other

conditions such as epilepsy. Potential astroglial therapeutic targets are also discussed.

� 2016 Elsevier Ltd. All rights reserved.
Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2. Astroglial contribution to cognitive functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.1. Astrocytes and cognition: early clues and correlative data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.2. Role of gliotransmission and metabolic support in cognition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.3. Do astrocytes underlie cognitive performance? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Abbreviations: AAV, adeno-associated viral vectors; ALS, amyotrophic lateral sclerosis; ApoE, apolipoprotein E; AQP4, aquaporin-4; AD, Alzheimer’s disease; ASD, autism

spectrum disorders; BBB, blood brain barrier; BD, bipolar disorder; Ca2+
[1_TD$DIFF], calcium; CALHM1, calcium homeostasis modulator 1; CUS, chronic unpredictable stress; Cx,

connexin; DAAO, D-amino acid oxidase; DBS, deep brain stimulation; Disc1, disrupted-in-schizophrenia; EAAT2, excitatory amino acid transporter; ECS, electroconvulsive

stimulation; EC-SOD, extracellular SOD; FXS, Fragile X syndrome; GFAP, glial fibrillary acidic protein; GJ, gap junction channel; GLT, glutamate transporter; GPCs, glial

progenitor cells; GPx, glutathione peroxidase; GR, glucocorticoid receptors; GST, glutathione-S-transferase; HD, Huntington’s disease; HO-1, heme oxygenase 1; IP3R2,

inositol triphosphate receptor 2; K+, potassium; Kir4.1, inward rectifier K+ channel 4.1; L-AAA, L-a-aminoadipate; LDH, lactate dehydrogenase enzyme; MCT,

monocarboxylate transporters; LTD, long-term depression; LTP, long-term potentiation; MD, major depression; MeCP2, methyl-CpG-binding protein-2; MSNs, medium spiny

neurons; mPFC, medial prefrontal cortex; NAAMFs, neuronal activity associated magnetic fields; NCX, sodium/calcium exchangers; NFAT, nuclear factor of activated T-cells;

NG2, nerve-glia antigen 2; NO, nitric oxide; NOR, novel object recognition; NT-3, neurotrophin-3; O2
�, superoxide; OHC, hydroxycholesterol; ONOO�, peroxynitrite; PD,

Parkinson’s disease; PLC, phospholipase C; RTT, Rett syndrome; ROS, reactive oxygen species; SOC, store operated channels; SOD, superoxide dismutase; SWA, slow wave

sleep activity; TeNT, tetanus neurotoxin; TNFa, tumor necrosis factor a; TMS, trans-magnetic stimulation; TRPC, transient potential channels; UPS, ubiquitin-proteasome

degradation system; VGCC, voltage-gated calcium channels.

* Corresponding authors.

E-mail addresses: glenn.dallerac@college-de.france.fr (G. Dallérac), nathalie.rouach@college-de-france.fr (N. Rouach).
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G. Dallérac, N. Rouach / Progress in Neurobiology 144 (2016) 48–67 49
3. Neuroglial interactions in neurodegenerative diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.1. Excitotoxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2. Oxidative stress. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3. Protein aggregates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4. Astroglia as therapeutic targets in psychiatric disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1. Major depression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2. Schizophrenia and bipolar disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.3. Autism spectrum disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5. Astroglial therapeutic potential in epileptic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.1. Alteration of astroglial phenotype by epileptiform activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2. Molecular determinants and impact on epilepsy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
1. Introduction

Brain information processing is traditionally perceived as a
neuronal performance. Recent data nevertheless point to an
important role of astrocytes in behavioral states, cerebral
pathologies and cognitive functions, including learning and
memory (Fields et al., 2013; Halassa and Haydon, 2010; Halassa
et al., 2009; Pannasch and Rouach, 2013; Pereira and Furlan, 2010;
Scuderi et al., 2013). This explains the increasing interest within
the neuroscience community, in the relatively underexplored area
of neuroglial interactions. Astrocytes are indeed now viewed as
crucial elements of the brain circuitry which regulate the
formation, maturation, activity and plasticity of neuronal networks
involved in processing of sensory, emotional or cognitive
information. Astrocytes not only modulate neuronal excitability,
synaptic activity and plasticity, but also rhythm generation and
neuronal network patterns (Dallérac et al., 2013; Fellin et al., 2009;
Lee et al., 2014; Sasaki et al., 2014; Wang et al., 2012a). In
particular, astrocytes have been reported to contribute to slow
oscillations (Fellin et al., 2009; Poskanzer and Yuste, 2011), gamma
oscillations (Lee et al., 2014) and sleep (Halassa and Haydon, 2010;
Halassa et al., 2009), in part through modulations of excitatory
synaptic activity by releasing gliotransmitters such as glutamate or
adenosine. Indeed, numerous astroglial factors and properties are
thought to regulate neurotransmission and plasticity. How do
astrocytes operate?

Astrocytes are dynamic signaling elements of the brain
(Bernardinelli et al., 2014; Haber et al., 2006). They can sense
neuronal inputs through membrane ion channels, transporters and
receptors. They can also respond by transduction pathways,
involving for instance calcium (Ca2+) signaling, and modulate in
turn adjacent neuronal elements by various mechanisms, includ-
ing uptake or release of neuroactive factors, contact-mediated
signaling or plastic physical coverage of neurons (Araque et al.,
2014; Bernardinelli et al., 2014; Clarke and Barres, 2013; Dallérac
et al., 2013). In particular, astrocytes can regulate the formation
and stability of synapses, receptor trafficking and the moment-to-
moment synaptic activity by releasing for instance gliotransmit-
ters such as glutamate, ATP or D-serine, acting on pre- or
postsynaptic receptors (Araque et al., 2014). They can also modify
efficacy of synapses by controlling extracellular glutamate
concentration via clearance through their transporters (Dallérac
et al., 2013; Oliet et al., 2001; Pannasch et al., 2014, 2011) or by
changing the extracellular space volume as a result of plastic
physical coverage of neurons (Piet et al., 2004). However,
comprehensive molecular description of such regulations, their
occurrence and impact during physiological or pathological
conditions remains to be further described. Indeed, deciphering
the specific and direct contribution of astrocytes to neuronal
activity and cognitive functions is challenging, due to the scarcity
of tools interfering selectively with astroglial pathways. In fact, a
major technical limit to the study of neuroglial interactions is to act
selectively on astrocytes, as they possess many receptors,
transporters and transmitters identical to the neuronal ones.
Consequently, elucidating the nature, molecular mechanisms and
significance of astroglial contribution to cognitive [23_TD$DIFF]functions
represents an emerging and promising field of research. Unravel-
ing how astrocytes control the activity of neuronal circuits is
important, not only to advance our comprehension of cognitive
function, but also to provide a novel framework for identifying
dysfunction underlying neurological disorders as well as alterna-
tive therapeutic targets. Indeed astrocyte degeneration has been
described in several pathological conditions such as depressive
disorders or [24_TD$DIFF]dementia (Rodriguez et al., 2009). In particular,
reactive astrogliosis and dystrophy accompany these diseases,[25_TD$DIFF]
events which may directly contribute to early alterations in
synaptic transmission and cognitive processes that occur prior to
neurodegeneration. In addition, astroglial cell loss described at
later stages of several neurodegenerative diseases is also likely to
indirectly alter neuronal function and survival by compromising
glial physiological support and modulation of neuronal activity,
and may thereby accelerate the course of pathologies (Rossi et al.,
2008; Rodriguez et al., 2009; Martorana et al., 2012).

Here, we review recent findings on the role of astrocytes in
cognitive functions, focusing on their novel neurophysiological and
behavioral roles, as well as the experimental approaches used. In
addition, future directions and prospects in unraveling the
physiological and pathological relevance of astrocytes in cognitive
functions are also discussed.

2. Astroglial contribution to cognitive functions

Evolutionary advanced brains are endowed with information
processing abilities that enable them to perform decision making,
planning, learning as well as storage of memories. These highly
developed cognitive functions have recently been defined as the
competence of ‘‘thinking and knowing’’ (Heyes, 2012). The
physiology behind such complex processes has been investigated
at different levels of complexity, from the interactions between
brain areas to specific neuronal network activities and involve-
ment of synaptic plasticity. Research in cell physiology unveiling
astrocytes as active partners of neurotransmission processes has
recently drawn attention to the role that astroglial networks
undertake in higher integrated brain functions. Indeed, a wealth of
investigations now shows that astrocytes regulate processes
considered as cellular substrates for handling information and
memory formation. Basal synaptic transmission and synaptic
plasticity, which are believed to be at the root of information
processing and mnesic function, depend on the astrocytes ability to
control extracellular levels of neurotransmitters and ions, in
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particular the glutamate and potassium (K+
[22_TD$DIFF]) released during

excitatory neurotransmission and neuronal activity (Dallérac et al.,
2013; Sibille et al., 2014). Neuroactive molecules are also released
from astrocytes through various mechanisms, namely Ca2+-
dependent or -independent vesicular or non-vesicular liberations.
These so-called gliotransmitters also influence synaptic function
and can display excitatory as well as inhibitory effects depending
on the released factor, the brain region and the developmental
stage considered. Primary examples involve the regulation of long-
term potentiation (LTP) and long-term depression (LTD) by
astroglial glutamate (Park et al., 2015), D-serine (Henneberger
et al., 2010; Mothet et al., 2015; Panatier et al., 2006; Papouin et al.,
2012; Yang et al., 2003), ATP (Chen et al., 2013; Lee et al., 2013a;
Rasooli-Nejad et al., 2014) and adenosine (Fujii et al., 2014; Pascual
et al., 2005). Recent work also reports that astroglial responses to
neuronal activity show several forms of plasticity including
glutamate and K+ uptake as well as Ca2+ signaling (Sibille et al.,
2015a,b, 2014), highlighting the active role played by astrocytes in
information processing.

2.1. Astrocytes and cognition: early clues and correlative data

Insofar as brain oscillations are regarded as physiological
correlates of cognitive functions and are driven by the fine
interactions between excitation and inhibition, the reasonable
assumption has long been that the roles of astrocytes in
modulating synaptic and neuronal activities translate in influenc-
ing cognitive processes. However, convincing experimental evi-
dence showing such integrated function [27_TD$DIFF]are only recent. Early
investigations have pointed out a possible role of astrocyte
metabolism in passive avoidance learning of chicks. Injection of
glial metabolic blockers such as fluoroacetate, fluorocitrate (Hertz
et al., [28_TD$DIFF]1996), methionine sulfoximine (Gibbs et al., 1996), or
ethacrynic acid (Gibbs, 1991) either before or after the one-trial
passive avoidance learning session indeed impairs the intermedi-
ate stage of memory formation (Hertz et al., 1996). Similar results
were obtained by injecting antisera against the glial proteins
S100a/S100b immediately after training of the chicks (O’Dowd
et al., 1997). However, the methodologies employed to inhibit
astroglia in these studies are nowadays criticized with regard to
their specificity (Anlauf and Derouiche, 2013; Steiner et al., 2007;
Wenker, 2010). Recent behavioral work in rats similarly indicates
that poisoning of medial prefrontal cortex (mPFC) astrocytes with
L-a-aminoadipate (L-AAA) impairs mPFC associated cognitive
functions, i.e. attentional set-shifting, working memory and
reversal learning (Lima et al., 2014). However, although L-AAA
is a metabolic blocker that primarily affects astrocytes, such
targeting only relies on its preferential transport in glia (Huck et al.,
1984) and therefore lacks sufficient specificity. Likewise, a mouse
model of Alexander’s disease presenting a mutation in the gene
encoding the astroglial marker glial fibrillary acidic protein (Gfap)
(Hagemann et al., 2006) shows deficiencies in spatial memory as
assessed in the Morris water maze. Yet[29_TD$DIFF], such effect is likely
attributable to the deficit in adult neurogenesis concomitantly
reported as GFAP is also expressed in proliferating progenitors
(Hagemann et al., 2013). Correlative data showing activation of
astroglial marker and increase in astrocytes density after learning
also support the idea that astrocytes are recruited during cognition
(Brockett et al., 2015; Gómez-Pinilla et al., 1998; Sampedro-
Piquero et al., 2014).

2.2. Role of gliotransmission and metabolic support in cognition

One of the first compelling clues indicating that astrocytes are
at play in learning and memory came from the study of Halassa and
collaborators showing that the conditional astrocyte selective
expression of the SNARE domain of the protein synaptobrevin II
(dnSNARE), preventing astroglial vesicular release in mice, impairs
sleep and affects memory. Effectively, slow wave sleep activity
(SWA; 0.5–4 Hz power spectrum density) is markedly reduced in
dnSNARE mice and, as a result, novel object recognition memory
defects associated with sleep deprivation is not observed in these
mice; interestingly however, novel object recognition (NOR)
memory is unaffected in normal conditions (Halassa et al.,
2009). It should be noted that the use of dnSNARE mice as an
accurate tool to specifically assess the role of vesicular gliotrans-
mission is currently highly debated since it has recently been
reported that expression of the dominant negative SNARE
transgene[30_TD$DIFF] also occurs in neurons (Fujita et al., 2014). Using a
different mouse model consisting in the inducible conditional
expression of a transgene coding for the blocker of vesicular release
tetanus neurotoxin (TeNT) in astrocytes, Lee and collaborators
reported that fast oscillations in the gamma frequencies (low
gamma range, 20–40 Hz) show a significantly reduced power in
mice expressing astroglial TeNT in the awake phases but not
during sleep (Lee et al., 2014). These results somewhat contrast
with the above-mentioned reduction in SWA during sleep of
dnSNARE mice (Fellin et al., 2009; Halassa et al., 2009), although
the analyzed frequencies differ. Also in contrast with the study of
Halassa and collaborators, the reduction in gamma power was here
accompanied with deficits in novel recognition memory, indicating
that vesicular release in astrocytes is an essential contributor to
memory formation and consolidation. Explanation for the dis-
crepancies between results obtained with astroglial TeNT mice vs

dnSNARE animals may lie in the different methodologies used to
generate the transgenic mice with altered astroglial function. Both
transgenic lines use the Tet-Off system enabling to turn off
expression of the gene of interest (i.e. dnSNARE or TeNT) upon the
presence of a tetracycline analog such as doxycycline. The TeNT
line, in contrast to the dnSNARE, however further controls
expression of the TeNT transgene through a cre-lox system and
thus requires tamoxifen administration to activate the cre-
recombinase and triggers gene expression (Lee et al., 2014). Given
the reported side effects of the tamoxifen, including marked
disturbances of the digestive system (Huh et al., 2012) and
modification of important signaling molecules such as tumor
necrosis factor a (TNF a) or Interleukin-1b (IL-1b) (Sun et al.,
2013a[8_TD$DIFF]), it is plausible that non-specific effects of this inducer foster
the discrepancies. Another major difference of the two models is
the genetically controlled enzymatic approach used in the TeNT
line vs the dominant negative transgene expressed in dnSNARE
mice. Could it be that the tetanus neurotoxin leaks to surrounding
neurons or synapses? Although synaptic transmission appears to
be normal in TeNT mice (Lee et al., 2014), it is difficult to rule out
such possibility. Finally, Fujita and collaborators recently stressed
that the GFAP promoter used in both lines would not be specific to
astrocyte and would also drive expression of the transgene in
neurons (Fujita et al., 2014). Differential results between the lines
may thus also originate from unequal ‘‘leakage’’ of transgene
expression driven by the broadly used GFAP promoter.

Nevertheless, release of neuromodulators by astrocytes regu-
lating synaptic activity has recently been shown to also involve a
non-vesicular liberation by means of connexin hemichannels
(Chever et al., 2014). Indeed, inter-astrocytes communication
occurs through passage of small cytoplasmic molecules via gap
junction channels (GJs), each formed by 2 hemichannels, com-
posed of 6 connexin (Cx) proteins (Giaume et al., 2010). When
hemichannels are not apposed to form intercellular GJs, they
provide a mean of exchange between intra- and extracellular
media (Cheung et al., 2014; Giaume et al., 2013). The recently
identified physiological role of astroglial hemichannels (formed by
Cx43 proteins) provides new lights on the previous finding that



G. Dallérac, N. Rouach / Progress in Neurobiology 144 (2016) 48–67 51
blocking these channels by infusing specific peptides (TAT-Cx43L2
or GAP27) in the basolateral amygdala affects auditory fear
conditioning by selectively impairing memory consolidation, but
not short-term memory nor rats behavior and reactivity (Stehberg
et al., 2012). Interestingly, this echoes with a recent investigation
showing that similar conditioning paradigms results in the
retraction of astrocytes from synapses in the lateral amygdala
(Ostroff et al., 2014; Fig. 1A–C). Moreover, such regulation may
involve connexin proteins as our laboratory identified that
removing Cx30 from mouse astrocytes results in the invasion of
the synaptic cleft by glial processes, which consequently uptake
more glutamate through glutamate transporters (GLT) and thereby
[31_TD$DIFF]downregulate excitatory synaptic transmission (Pannasch et al.,
2014; Fig. 1D–I). The opposite phenomenon is thus readily
conceivable after learning: retraction of astroglial processes from
relevant synapses may be part of morphological changes necessary
to sustain memory consolidation. Altogether, these findings
therefore indicate that memory formation requires uptake and
supply of neuroactive molecules by astrocytes, which clearly
involve multiple pathways.

Besides the apparent role of gliotransmission in cognition,
neuroglial metabolic coupling, essential to sustain high neuronal
demands (Pellerin et al., 2007; Rouach et al., 2008), has been found to
play a crucial role in memory consolidation (Suzuki et al., 2011). In
the latter study, the authors elegantly show that pharmacological

[(Fig._1)TD$FIG]

Fig. 1. Regulation of perisynaptic astrocytic processes contact to synapses. (A–C) Aversive

microscopy micrograph showing contact between astrocytic process and the synaptic c

500 nm. (B) Three-dimensional reconstruction used to quantify morphological parameter

astrocytic contact after aversive conditioning (TC: threat conditioning) compared to con

astroglial processes and the proximity of the latter to synaptic clefts is regulated by the

closer to the synaptic cleft than wild-type astrocytes expressing Cx30 (D, G). b: bouton, s:

processes are markedly closer to the cleft than in wild-type controls. (I) Invasion of the syn

to a reduced synaptic transmission, as illustrated here using extracellular field recordi

Adapted with permission from Ostroff et al. (2014) (A–C) and Pannasch et al. (2014) (
blockade of glycogenolysis, i.e. breakdown of the glycogen
exclusively stored in astrocytes into glucose, during the early but
not later phase of memory storage impairs retention of a simple
inhibitory avoidance task. Most interestingly, such impairment
could be rescued by lactate, but not glucose administration,
indicating that glycogenolysis is the relevant energy source during
memory consolidation. Further, blocking lactate transport out of
astrocytes or intake into neurons via antisense oligonucleotides
(directed against astroglial monocarboxylate transporters 4, MCT4
or neuronal MCT2, respectively) in effect blocked memory retention
and could be rescued by exogenous lactate administration in the
former case (astroglial MCT4 blockade) but not the latter (neuronal
MCT2 blockade), thus providing direct evidence for an involvement
of the astrocyte-neuron lactate shuttle in memory consolidation.
Such results are consistent with previous investigations reporting
that astrocyte-derived lactate is necessary for passive avoidance in
chicks (Gibbs and Hertz, 2008; Gibbs et al., 2007). Remarkably
matching data were also obtained using an alternation task of spatial
working memory (Newman et al., 2011), suggesting that the role of
astroglial lactate on memory formation is a fundamental need not
restricted to one type of memory. Worth mentioning, mice deficient
for the astroglial protein aquaporin-4 (AQP4), major player in the
regulation of water homeostasis, also display a marked impairment
of spatial learning in the Morris water maze (Zhang et al., 2013). This
is likely attributable to metabolic abnormalities as AQP4 loss
conditioning reduces the number of synapses contacted by astrocytes. (A) Electron

left (black arrows) at spines with a spine apparatus (white arrowhead). Scale bar:

s of analyzed synapses. (C) Quantification of the number of synapses with or without

trol (Cl) and naive animal. (D–I) The number of hippocampal synapses contacted by

astroglial protein connexin 30 (Cx30). Astrocytes (green) lacking Cx30 (E, H) come

spine. (F) In the absence of Cx30 more synapses are contacted by astrocytes and their

aptic cleft by astroglial processes results in the uptake of synaptic glutamate leading

ngs of excitatory postsynaptic potentials.

D–I).
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provokes an edema of astroglial endfeet and, as a result, compromise
blood brain barrier integrity (Zhou et al., 2008).

2.3. Do astrocytes underlie cognitive performance?

Most interestingly, Han and collaborators engrafted mice with
human glial progenitor cells (GPCs), resulting in the replacement of
the majority of forebrain glia (Han et al., 2013). Astrocytes derived
from human GPCs show larger and more complex features than the
endogenous mouse ones and this differentiation occurs in a cell
autonomous fashion. ‘‘Human astrocytes’’ however integrate well
in the mouse brain and confer advantages to the chimeric brain.
Indeed, Ca2+

[26_TD$DIFF] signaling was found to propagate 3-fold faster in
astrocytes derived from the transplant and this is associated with
an increase in basal transmission and synaptic plasticity, as
assessed by inducing long-term potentiation in acute hippocampal
slices. Strikingly, such changes behaviorally translate in enhanced
cognitive abilities as tested in the Barnes maze and object location
spatial memory tasks, as well as contextual and tone fear
conditioning. Authors indicate that transferrin immunostaining
failed to reveal oligodentrocytes derived from human GPC,
meaning that most of the latter differentiated into astrocytes as
suggested by previous report on the fate of human GPC
transplanted in a normal mouse brain (Sim et al., 2009). Thus,
results obtained by assessing these chimeric mice strongly support
the astrocentric view of cognitive abilities by highlighting the fact
that the sole replacement of astrocytes in a murine brain with an
‘‘enhanced human astroglia’’ is sufficient to improve cognition and
plasticity. Based on the observation that protoplasmic astrocytes
form polyhedral tesselating domains that greatly complexifies
with evolution, the astrocentric hypothesis indeed proposes that
cognition, and even consciousness, are supported by the seamless
three-dimensional matrix formed by astroglial networks (Robert-
son, 2013, 2002). Of course, the aptitude of sustaining an engram is
certainly not a solely glial feature and most probably resides in the
interaction between neuronal and astrocytic networks. Yet the
body of work showing that astrocytes are key elements in complex
brain processes rightly promote the role of these brain cells to the
level of that of neurons.

Finally, quite aside from the classical neurochemical view of
brain functioning, interesting alternative hypotheses on the role of
astrocytes in memory formation have emerged by considering the
biophysical properties of neuronal and astroglial matrices. Notably,
analyses of the electromagnetic neuronal and glial activities led to
the proposal that the intensity, frequency and spatial orientation of
time-varying neuronal activity associated magnetic fields (NAAMFs)
modulate the intensity and orientation of the static magnetic fields
in neighboring astrocytes (Banaclocha, 2007). Astroglial magnetic
fields are here hypothesized to influence neuronal activity on a large
scale and its static nature would allow for long-term storage of
memory. This integrated view of neuro-glial interaction is supported
by a cellular automata modeling investigation showing that neurons
using astrocytes as information sink is indeed a viable system and
that this information would remain available to neurons for
extended periods of time. Interestingly however, the study predicts
that such storage system does not rely on physically binding
information to any specific structure such as a synapse, but instead
relies on ion channels expression and distribution as well as the
syncitium properties of astroglial networks ([32_TD$DIFF]Caudle, 2006). The
astrocentric vision of memory storage therefore appears to be
incompatible with the concept of a tripartite synapse being at the
root of cognition. Such conclusion suggests that the latter hypothesis
is rather extreme and that more comprehensive modeling
investigations, encompassing synaptic plasticity mechanisms and
synaptic assemblies, are needed in the field of neuroglial interac-
tions and cognition.
3. Neuroglial interactions in neurodegenerative diseases

The evident hallmark of diseases falling into this category is the
degeneration and eventual loss of the sufferer neurons. One
persistent question though, is why certain neurons die in certain
brain regions while others do not. In Huntington’s disease (HD),
neuronal loss mainly concerns medium spiny neurons (MSNs) of
the striatum (Vonsattel et al., 1985) while midbrain dopaminergic
neurons are exclusively affected in Parkinson’s disease (PD) and
hippocampal cells are primary targets of Alzheimer’s disease (AD)
(Thompson and Vinters, 2012). The etiology of such selective
neuronal death is likely to differ between different neurodegener-
ative disorders. Yet one important consideration that has long been
ignored in all these diseases is the cellular environment influencing
dying or surviving neurons. A better understanding of how changes
in neuroglial interactions alter brain activity has recently emerged
and is starting to bring lights to the conundrum. How neurons die
has been subject to several hypotheses in different neurodegener-
ative disorders and mainly concerns excitotoxicity, oxidative
damages and proteins aggregation (Fig. 2).

3.1. Excitotoxicity

Excitotoxicity is one of the major mechanisms put forward in
HD, PD and AD (Gardoni and Di Luca, 2006). It corresponds to the
triggering of apoptotic programmed cell death due to abnormally
high neuronal activation. Given that in many instances astrocytes
actually bridle neurotransmission, loss of such function could
unleash aberrant activity. One important insight described in this
regard is the downregulation of GLT1 (Fig. 2A), a transporter
enabling clearance of glutamate from excitatory synapses. This
appears to be a common feature of neurodegenerative disorders as
it was found in HD (Behrens et al., 2002; Liévens et al., 2001), AD
(Cassano et al., 2012) and downregulating nigral excitatory amino-
acid transporters recapitulated the phenotype of PD mouse models
(Assous et al., 2014). Most interestingly, deficient GLT1 expression
in amyotrophic lateral sclerosis (ALS), a severe condition caused by
degeneration of motor neurons, has also been proposed to be an
important neuroglial factor promoting excitotoxicity (Howland
et al., 2002; Pardo et al., 2006; Rothstein et al., 1992). In support of
such hypothesis, abnormally high glutamate levels have been
reported in the cerebro-spinal fluid of ALS patients (Rothstein et al.,
1990) and administration of translational activators such as the
Beta-lactam antibiotic Ceftriaxone offered neuroprotection (Roth-
stein et al., 2005). Similarly, up-regulation of GLT1 expression in
the severe R6/2 mouse model of HD was sufficient to normalize
striatal glutamate uptake and attenuate pathological phenotype
(Miller[33_TD$DIFF] et al., 2008). Treated mice indeed showed less hind limb
clasping, a typical motor phenotype upon tail suspension
associated with R6 mouse models, and recovered normal behavior
as assessed in the open field and plus-maze. This suggests that
targeting re-expression of GLT1 in astroglia could alleviate
cognitive symptoms and neuronal death in neurodegenerative
disorders. Supporting this notion, it was found that the beneficial
effect of a classical neuroprotective drug, riluzole, is actually
attributable to the up-regulation of GLT1 expression in astrocytes
(Fumagalli et al., 2008).

Furthermore, the signal triggering excitotoxic death is known to
be a high influx of Ca2+ ensuing from overactivation of ionotropic
glutamate receptors (Arundine and Tymianski, 2003). Astrocytes
play an important role in Ca2+ homeostasis, a function altered in HD,
PD and AD (Heeman et al., 2011; Kuchibhotla et al., 2008; Lim et al.,
2008; Zhang et al., 2008). An increase in extracellular Ca2+

concentration indeed strengthens the driving force for Ca2+ influx
into neurons during synaptic transmission, and thus favors
excitotoxicity. Regulation of Ca2+ concentrations relies on several
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Fig. 2. Major neuroglial interactions involved in neurodegenerative diseases. The three main processes leading to neuronal death, namely excitotoxicity, oxidative stress and

proteins aggregation, are influenced by astrocytes. Excitotoxicity: (A) Excitotoxicity is exacerbated by the reduced expression of glutamate transporters GLT1 and K+ channels

Kir4.1, leading to increased glutamate spillover and extracellular K+ levels. (B) Excitotoxicity is also favored by the increase in astroglial Ca2+ that triggers release of

gliotransmitter enhancing gliotransmission such as D-serine, glutamate or ATP. These changes indeed promote activation of the ionotropic NMDA and AMPA/kainate

receptors, which not only support excitotoxicity, but also the production of reactive oxygen species (ROS), thus increasing neuronal oxidative stress. Insofar as the latter can

induce glutamate release and decrease its reuptake, a vicious cycle between excitotoxicity and oxidative stress is set. (C) Oxidative stress: The main ROS involved in

neurodegenerative diseases are nitric oxide (NO) and superoxide (O2
�), which interact to produce the highly damaging peroxynitrite (ONOO�). Inducible nitric oxide

synthase (iNOS) activation first result in the transport of glutathione-S-transferase (GST, the major antioxidant of the brain) toward neurons, but this effect does not hold for

chronic activation as GST levels have been found to decrease in neurodegenerative disorders as well as its transporter multiple resistance drug 1 (MRP1). An interesting

protective potential of astrocytes is that enhanced liberation of extracellular superoxide dismutase (EC-SOD), the O2
� scavenging enzyme goes hand in hand with

neuroprotection and reduction of neurological symptoms in Parkinson’s disease. Enhancing the mitochondrial superoxide dismutase SOD2 has also been found to result in a

neuroprotective effect. One important factor promoting the formation of ROS is free iron. Important amounts of Fe2+ are generated by the activation of HO-1 in

neurodegenerative conditions, an enzyme barely detectable in astrocytes from non-pathological tissue. Cholesterol, produced in astrocytes, its oxidized product 27OHC and

regulators of its transport to neurons such as the aplipoprotein E (notably the ApoEe4 allele) and the liver X receptor (LRX) have also been found be associated with

neurodegenerative disorders including Alzheimer and Huntington’s disease. Protein aggregation: Finally, astrocytes may also play a detoxification role, to some extend

counteracting protein aggregation (AGG), as their Ubiquitin Proteasome System (UPS) have been found to be more efficient than the neuronal ones. A: Astrocyte, N: Neuron,

PAP: perisynaptic astrocytic process, b: bouton, s: spine.
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astroglial elements including the Ca2+ homeostasis modulator 1
(CALHM1) and Na+/Ca2+ exchangers (NCX), which have been
associated with AD (Aqdam et al., 2010; Castaldo et al., 2009; Wu
et al., 1997) and proposed as valuable neuroprotective targets in
neurodegenerative diseases (Gomez-Villafuertes et al., 2007;
Molinaro et al., 2013). Besides extracellular Ca2+ concentration,
activation of many astroglial mechanisms depends on intracellular
Ca2+ signaling (Verkhratsky et al., 2012a,b). The latter is also
markedly altered in neurodegenerative diseases as increase in
spontaneous intracellular Ca2+ elevation and oscillations have been
reported in PD and AD (Bosson et al., 2015; Kuchibhotla et al., 2009),
yet not in HD (Lee et al., 2013b) although astroglial Ca2+ buffering is
dysfunctional (Oliveira, 2010). Release of excitatory molecules that
depends on Ca2+ activation such as glutamate, D-serine or ATP
(Mothet et al., 2005; Bezzi [35_TD$DIFF]et al., 1998; Parpura [36_TD$DIFF]et al., 1994; Pangrsic[33_TD$DIFF]
et al., 2007) is consequently greater in these pathological conditions
and thus provide an environment favoring neuronal activation and
excitotoxicity (Lee et al., 2013b). For instance, increase in Ca2+

[34_TD$DIFF]-
dependent release of glutamate from astrocytes leads to neuronal
damage, both in cell cultures and in vivo (Bezzi [37_TD$DIFF]and [38_TD$DIFF]Volterra, 2001).
Ca2+ waves have been shown to spread in the astroglial network
across long distances and this phenomenon would imply the release
of gliotransmitters (Scemes and Giaume, 2006) (Fig. 2B). Increase in
spontaneous intracellular Ca2+ signaling and gliotransmitter release
could hence allow dispersion of excitotoxic death. Ca2+ signaling
involves entry through several astroglial channels including
transient potential channels (TRPC), NCX, voltage-gated Ca2+

channels (VGCC), ionotropic Ca2+
[39_TD$DIFF] permeable channels, store

operated channels (SOC), as well as discharge from intracellular
stores via a phospholipase C/inositol triphosphate receptor 2 (PLC/
IP3R2) dependent mechanisms (Verkhratsky et al., 2012a[8_TD$DIFF]). Al-
though normalizing astroglial Ca2+ activity in neurodegenerative
diseases by targeting these receptors would most likely be beneficial
to cognitive symptoms and neuronal loss, the complexity and
regionalization of such signaling in astrocytes renders this aim
difficult to reach with sufficient accuracy. Nevertheless, aiming at
reversing the deleterious consequences of Ca2+ rise in astrocytes
may be a more feasible approach. For example in AD, pathological
activation of the Ca2+-dependent phosphatase calcineurin (Norris
et al., 2005) results in the nuclear translocation of the nuclear factor
of activated T-cells (NFAT) transcription factor inducing the
expression of genes favoring inflammation (Hudry et al., 2012;
Wu et al., 2012[10_TD$DIFF]). Strikingly, interfering with NFAT in AD mice
astrocytes is sufficient to reduce cognitive symptoms and gliosis
(Furman et al., 2012). Such mechanism may be also relevant in
other neurological disorders as calcineurin/NFAT pathway has been
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found to play a role in PD (Luo et al., 2014) although activation of
NFAT appears to prevent protein aggregation in HD (Hayashida
et al., 2010).

Another important ion of which homeostasis is regulated by
astrocytes is K+

[40_TD$DIFF]. Neurons release large amounts of K+ upon firing
and synaptic transmission; astrocytes are able to buffer and
redistribute this K+, thus ensuring an extracellular K+ content
optimal for brain activity (Laming, 2000). When K+ concentration
increases, neurons typically depolarize and become more readily
excitable, hence vulnerable to excitotoxicity. Dysregulation of
extracellular K+ has been reported in HD (Ariano et al., 2005), and
PD (Strauss et al., 2008), although in the latter case baseline levels
were not altered and only clearance rate was reported to slow
down in the mouse 6-hydroxydopamine lesion model of PD. In AD
no change in basal K+ content has been reported, but a positive
correlation between K+ concentration and the occurrence of the
well-known pathological b-amyloid aggregates was described in
post-mortem tissues of severe AD patients (Graham et al., 2015). A
recent study unraveled that the main K+ channel through which
astrocytes uptake K+, Kir4.1 (inward rectifier K+ channel 4.1), is
markedly downregulated in a severe mouse model of HD (R6/2)
and in the late stages of the disease in a milder mouse model
(Q175) (Tong et al., 2014). Remarkably, restoring Kir4.1 expression
in astrocytes restored normal astrocytic functional properties and,
importantly, rescued R6/2 MSNs resting membrane potential to
control levels, markedly reduced their degenerative features, as
well as R6/2 mice motor phenotype and survival. Seeking
restoration of physiological astroglial Kir4.1 expression/function
in HD and potentially other neurodegenerative disorders (Wang
et al., 2008; Xu et al., 2002) should thus be an efficient strategy for
delaying excitotoxic mechanisms, onset of cognitive and motor
symptoms and disease progression (Fig. 2A).

3.2. Oxidative stress

The second major cause of cell death in neurodegenerative
diseases is the oxidative damages undergone by all types of brain
cells. The brain is particularly vulnerable to free radicals due to
high oxygen consumption, high iron content that increases with
aging (Beard et al., 1993) coupled to low iron ions binding capacity
of the cerebro-spinal fluid (Halliwell, 1992), and oxidation of
neurotransmitters such as dopamine and serotonin (Spencer et al.,
1998). Regrettably, oxidative damage also represents a complica-
tion of excitotoxicity as prolonged activations of ionotropic
glutamate receptors provoke the formations of free radicals (Dong
et al., 2009) and excess of cell free radicals can induce glutamate
releases (Gilgun-Sherki et al., 2001) and impairs astroglial
glutamate uptake (Volterra et al., 1994). The end result is that
the two major cell killers work in concert in a deadly vicious cycle
(Fig. 2C). Reactive oxygen species (ROS) are the main free radicals
and are mainly produced in mitochondria where they are of prime
importance in the redox reaction of the respiratory chain.
Mitochondrial dysfunctions in neurodegenerative diseases lead
to the overproduction of ROS, thereby disturbing the balance of
oxidant vs antioxidant. The main reactive molecules provoking
oxidative stress in neurodegenerative diseases are nitric oxide
(NO) (Calabrese et al., 2009), superoxide (O2

�) (Maier and Chan,
2002), and the product of their interaction, peroxynitrite (ONOO�)
(Lipton et al., 1993). The astroglial NO synthase isoform (iNOS)
does not work constitutively like neuronal cNOS, and is instead
inducible. Its activation is independent of Ca2+ concentration but
requires astrocyte stimulation; the inflammation associated with
neurodegenerative disorders enables such activation in a chronic
fashion (Murphy et al., 1993). Interestingly, altering astroglial iNOS
activity could be an efficient way of reducing oxidative stress and
thus delay cognitive symptoms. However, iNOS activation has
been suggested to display neuroprotective as well as neurodegen-
erative effects. Indeed, activated iNOS initially stimulates the
production and transfer of glutathione-S-transferase (GST, the
major antioxidant of the brain), but this effects does not hold for
chronic exposure to NO (Heales et al., 2004) such that GST levels
have actually been found to be reduced in AD and PD (Mazzetti
et al., 2015) and the transporter enabling the astrocyte-neuron
shuttle of GST, namely multidrug resistance protein 1 (Mrp1) is
downregulated in HD (Ribeiro et al., 2012). It therefore appears
that downregulating iNOS expression would be beneficial to
neurodegenerative conditions, yet at the expense of the neuro-
protective effect of NO production through GST stimulation.

Superoxide dismutase (SOD) is the enzyme converting O2
� into

H2O2 and the latter is then converted to H2O and O2 by glutathione
peroxidase (GPx). SOD dysfunction has extensively been investi-
gated in amyotrophic lateral sclerosis (ALS), as 20% of ALS patients
present a mutation on the Sod gene (Kato et al., 2000; Rossi, 2015),
but not so much in HD, PD and AD. Interestingly however,
astrocytes are able to release extracellular SOD (EC-SOD) (Stewart
et al., 2002; Takano et al., 2013), which would permit neuropro-
tection (Fukui et al., 2003). In accordance with an important role of
astrocyte release of EC-SOD in the treatment of neurodegenerative
disorders, EC-SOD levels have been found to increase in
Parkinsionians undergoing deep brain stimulation (DBS) and,
remarkably, levels dropped down upon interruption of the DBS
treatment (Wang et al., 2013). Further, increasing astroglial release
of EC-SOD is likely to alleviate cognitive disturbances in
neurodegenerative disorders as age-related cognitive decline
was found to be attenuated by increased EC-SOD and the resulting
quenching of free radicals (Levin, 2005). Finally, overexpression of
mitochondrial SOD (SOD2) could also be beneficial as astroglial
specific overexpression of SOD2 (under control of the Gfap

promoter) was found to reduce neuronal vulnerability after
forebrain ischemia (Xu et al., 2010). A similar strategy could thus
result in neuroprotection in HD, PD and AD.

Another important factor in the oxidative stress implicated in
neurodegenerative processes is the iron content of the brain,
known to increase with aging (Beard et al., 1993) and to be
abnormally high in these disorders (Ward et al., 2014). As for
metabolites, astrocytes are ideally positioned to take up iron from
the blood and distribute it to the neuropil. How this iron is handled
is physiologically tightly controlled as free Fe2+

[41_TD$DIFF] and Fe3+ are known
to catalyze many ROS producing reactions and the resulting
oxidative stress provokes memory impairment (De Lima et al.,
2005). Despite an increased expression of ferritin, the main iron-
sequestering molecule, in HD, PD and AD (Bartzokis and Tishler,
2000; Yang et al., 2013), these disorders are all associated with an
excess of free iron, known to exacerbate oxidative stress
(Kruszewski, 2003). One interesting lead regarding the role of
astroglia in generating iron overload is the abnormally high
activation of heme oxygenase 1 (HO-1), an astroglial enzyme that
degrades heme into carbon monoxide, free iron (Fe2+

[42_TD$DIFF]) and
biliverdin (Chen, 2014). Indeed HO-1 is normally hardly detectable
in basal conditions, such high activation thus represents an
important new source of free Fe2+ for the cell. Interestingly, HO-1
expression was showed to be associated with impaired global
cognition (Schipper et al., 2006) and it was thus suggested that
downregulating glial HO-1 could be a valuable therapeutic
strategy to alleviate oxidative stress related cognitive impairment
in AD (Schipper et al., 2009) and could also be beneficial to other
neurodegenerative disorders (Schipper and Song, 2015).

A recently identified player in the oxidative products involved
in the pathogenesis of neurodegenerative disorders is cholesterol
and its oxidized products. In the adult brain, neurons do not
produce cholesterol and fully rely on the astroglial synthesis
pathway. Cholesterol is then transported from astrocytes to
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neurons by means of a carrier protein, the apolipoprotein ApoE.
The ApoEe4 allele is known to be an important risk factor in AD as it
would confer a faulty cholesterol metabolism, although this is still
under debate (Gamba et al., 2015). Targeting this protein or
regulators of its expression, such as the liver X receptor (LRX), may
thus be of interest in AD treatment. Since cholesterol does not cross
the blood brain barrier (BBB), excess of brain cholesterol needs to
be converted to oxidized products, oxysterols, which do traverse
the BBB, to be expelled from the brain. The two main oxysterols
involved in brain cholesterol homeostasis are 24-hydroxycholes-
terol (24OHC), produced in neurons and 27-hydroxycholesterol
(27OHC) produced in astrocytes, and the ratio between these is of
prime importance in cholesterol homeostasis. Interestingly these
oxidized cholesterol species have been found to be altered in AD
(Gamba et al., 2015; Shafaati et al., 2011), HD (Leoni et al., 2011;
Valenza and Cattaneo, 2011) and PD (Björkhem et al., 2013).
Accordingly, increase in 27OHC appears to result in memory
disturbances (Heverin et al., 2015; Zhang et al., 2015). Deciphering
how the neuronal 24OHC vs astroglial 27OHC balance could be
restored should thus be beneficial in the treatment of these
diseases.

3.3. Protein aggregates

The neuropathology of HD, AD or PD is characterized by the
formation of protein aggregates, which are thought to sequester
proteins important for cellular functioning, such as for example
transcription factors. HD belongs to the polyglutamine family of
trinucleotide repeat diseases as it is attributable to a repeat CAG
codon within the first exon of the gene encoding the protein
huntingtin (Paulsen et al., 2001). Akin to all proteins presenting a
polyglutamine expansion, mutant huntingtin (mHtt) self-aggre-
gates and sticks to other cellular proteins, with a preference
for other polyglutamines. AD neural tissue typically exhibits
b-amyloid filaments or Tau deposits and intracellular neurofibril-
lary tangles of which the accumulation is thought to be at the root
of neuronal and cognitive dysfunctions (Hardy and Selkoe, 2002).
PD brains display protein aggregates mainly containing a-
synuclein and called Lewy bodies in the dopaminergic neurons
as part of the degenerative process (Gundersen, 2010). Insofar as
they are associated with brain disorders in which there is a clear
neuronal loss, intracellular inclusions have been assumed to be
toxic for neurons. Yet, such view has been questioned as aggregates
may actually represent a cellular sequestering mechanism
protecting the cell from the noxious effects of soluble mutated
proteins; i.e. mHtt, a-synuclein, b-amyloid, or Tau (Cowan and
Mudher, 2013; Sisodia, 1998). Both scenarios most likely co-exist
in that aggregation likely protects neurons from pernicious
diffusible mutant proteins by sequestering them, but a no-return
situation might arise at the point where the proteasome fails to
degrade intracellular inclusions (Falsone and Falsone, 2015).

With regard to astrocytes, an interesting piece of data is the
finding that exogenous astrocytes are attracted to amyloid, migrate
toward it and eventually degrades it, in vitro as well as in vivo;
digestive properties that are lost in the disease state since
endogenous astrocytes are unable to remove plaques (Wyss-Coray
et al., 2003). Thus, understanding the astroglial processes impaired
in AD would potentially enable to render astrocytes such compe-
tence for detoxification and thus delay the course of the disease. An
important observation is also that, in HD, glial cells contain less
mHtt aggregates than neurons (Shin et al., 2005), and this would be
attributable to the fact that neurons are endowed with a lower
ubiquitin-proteasome degradation system (UPS) than astrocytes[44_TD$DIFF].
[45_TD$DIFF]Additionally, the age-dependent decrease in UPS activity is faster
and larger in neurons (Tydlacka et al., 2008). These observations
are consistent with prominent digestive/detoxification roles of
astrocytes. Finally, a-synuclein has been shown to directly
transfer from neurons to astrocytes in pathological conditions,
suggesting that, in PD too, one astroglial function is to take up
and attempt clearance of misfolded/toxic proteins. Such transfer
was however found to induce noxious inflammatory responses
in glial cells (Lee et al., 2010). Therefore, the purifying potential
of astrocytes toward aggregates is disturbed in the disease
process but may just need a little hand to efficiently overcome
the appalling cognitive symptoms associated with neurodegenera-
tive disorders.

4. Astroglia as therapeutic targets in psychiatric disorders

Since the advent of the tripartite synapse and the recognition
that atrocytes play a key role in higher brain functions, the
neurobiology of most complex disorders has been revisited with a
more integrated view, taking into account this major partner.
Hence, psychiatric diseases, including major depression (MD),
bipolar disorder (BD), schizophrenia, and autism spectrum
disorders (ASD), have all seen their field of research transformed
in light of data describing alterations in neuro-glial communica-
tions or unveiling neglected/unknown effects of classical drugs on
astroglial function.

4.1. Major depression

Among the strong changes associated with these diseases, the
number of astrocytes has been shown to decrease, mainly in
prefrontal areas, hippocampus and amygdala of post-mortem
(Cotter et al., 2001; Harrison, 2002; Rajkowska and Miguel-
Hidalgo, 2007) and preclinical tissue of MD patients (Banasr and
Duman, 2008) as well as in animal models of depression (Czéh
et al., 2006; Iwata et al., 2011). Besides, GFAP staining persistently
decreases (Si et al., 2004; Nagy et al., 2015) and the morphology of
GFAP stained cells is also altered in depression, indicating
degenerative changes that likely underlie the brain shrinkage
associated with this psychiatric condition. Interestingly, evidence
suggest that existing therapeutic strategies capable of alleviating
depressive states could reverse the abovementioned glial pathol-
ogy. Notably, antidepressants have been found to normalize glial
cell number (Czéh et al., 2006) and GFAP staining (Czéh et al., 2007;
Liu et al., 2009). In line with this, electroconvulsive stimulation
(ECS) and trans-magnetic stimulation (TMS) treatments also result
in an up-regulation of the GFAP marker in rodent and non-human
primates (Dwork et al., 2004; Fujiki and Steward, 1997; Kragh
et al., 1993; Steward, 1994). The cause of reduction in astrocytes
number, GFAP expression and the gliodegenerative changes
associated with MD however [46_TD$DIFF]remains uncertain. One hypothesis
proposes that the impaired glial function is attributable to
increased level of glucocorticoids as MD patients exhibit increased
concentrations of cortisol in plasma, urine, and cerebrospinal fluid
(Cotter et al., 2001) and that elevated levels of glucocorticoids are
known to downregulate astroglial activation, as measured by
reduced GFAP expression (Laping et al., 1994), and inhibit glucose
uptake, thus leading to impaired function and degeneration (Virgin
et al., 1991). This effect would be mediated through astrocytic
glucocorticoid receptors (GR) activation (Crossin et al., 1997) and
may involve regulation of genes expression (Bohn et al., 1994). If
the glucocorticoid hypothesis of MD indeed accounts for most of
the neuropathology and symptoms of the disease, downregulating
astroglial GR may be a good antidepressant strategy, although
facilitation of GR has been suggested to be involved in the
antidepressant effect of desipramine via feedback inhibition of
glucocorticoid synthesis by the hypothalamic-pituitary-adrenal
axis (Pariante et al., 1997). Accordingly, GR antagonists such as
mifepristone have been proposed as antidepressant (Gallagher and
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Young, 2006) and have been showed to reverse depressive-like
behavior (on the sucrose preference test and novelty suppressed
feeding test) in the chronic unpredictable stress (CUS) rat model of
depression (Sun et al., 2012). Of interest, this investigation
provides further insight into the molecular determinant of
astroglial dysfunction in MD as it shows that CUS decreases
Cx43 mediated coupling and, conversely hindering Cx43 coupling
in the PFC is sufficient to induce depressive-like behavior.
Crucially, mifeprisone was found to reverse impairment of Cx43
coupling concomitantly to depressive-like behavior, suggesting
that one primary factor inducing/favoring MD is astroglial GJs
function. Also supportive of this notion, expression of Cx30, the
other major astroglial gap junction subunit, has been found to be
reduced in a cohort of 12 MD patients (Bernard et al., 2011). Thus,
although specific agonists of astrocytic GJs are not currently
available, their development could also represent a potent
approach to treat MD.

4.2. Schizophrenia and bipolar disorders

In schizophrenia and BD the astroglial pathology appears less
consistent, with studies reporting an increase in PFC glial number
and/or GFAP expression (Feresten et al., 2013; Gomes et al., 2015;
Rajkowska et al., 2002) and some reporting reductions (Altshuler
et al., 2010; Steffek et al., 2008; Webster et al., 2005; Williams et al.,
2013) or no difference (Falkai et al., 1999). Such disparities may be
due to the inflammatory status of the animal models or post-
mortem brains analyzed, as astrogliosis was recently proposed to
underlie morphological and quantitative astroglial changes in
schizophrenia (Catts et al., 2014). Inflammatory processes are
expected to interfere with all sorts of astroglial functions but more
specific findings have recently emerged. Indeed, one of the foremost
hypotheses of schizophrenia is hypofunction of NMDA receptors of
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Fig. 3. Therapeutic potential of astrocytes in schizophrenia and autism spectrum disorder

Disrupted in schizophrenia gene (hDisc1!DC hDisc1) in astrocytes results in a destabi

rapidly decaying level of astroglial hSR in the presence of the protein synthesis blocker c

(B) Accordingly, adjunction of D-serine to the treatment of schizophrenic patients marked

Wild type astrocytes suffice to rescue neuronal morphological phenotype in Fragile X an

(Mecp2Stop/y-hGFAPcreT2 + TAM, in green) rescues the normal dendritic morphol

hGFAPcreT2 + oil) mice. (D) Removal of the dominant mutant Mecp2 mutation in as

phenotype assessed in the open field as compared to control (hGFAPcreT2 + TAM) and mu

the dendritic phenotype of FMR1 knockout neurons in culture. Bottom panels: FMR1 as

Adapted with permission from Ma et al. (2013) (A), Heresco-Levy et al. (2005) (B), Lio
the PFC (Tsai and Coyle, 2002). D-Serine is an endogenous co-agonist
of these receptors and is one of the main gliotransmitters thus
far identified (Fossat et al., 2011). Most interestingly, adjunction of
D-serine has been found to be beneficial to the treatment of
schizophrenic patients, and conversely, inhibition of the D-serine
degrading enzyme D-amino acid oxidase (DAAO) also results in a
positive outcome (Heresco-Levy et al., 2005; Lane et al., 2013;
Fig. 3B). The main genetic link described in schizoprenia is the
Disrupted-in-schizophrenia (Disc1) gene, of which the resulting
protein has strikingly been found to stabilize the D-serine producing
enzyme serine racemase in astrocytes (Ma et al., 2013; Fig. 3A).
Furthermore, inducible expression of a human mutant DISC1 in
astrocytes (under the control of the GFAP promoter) downregulates
endogenous DISC1, prevents stabilization of serine racemase protein
levels, and produces schizophrenic like features. Specifically, mutant
mice display greater responses to an NMDA antagonist, MK-801, in
the open field and pre-pulse inhibition of the acoustic startle tests
and are significantly more sensitive to the ameliorative effects of D-
serine (Ma et al., 2013). Together, these findings suggest that
deficiency in astroglial production of D-serine is at the core of the
etiology of schizophrenia. Normalizing such production is now
therefore of prime interest to design better treatments against
schizophrenia and associated conditions such as BD. Another
relevant finding regarding the role of astrocytes in schizophrenia
is an increased expression of the excitatory amino acid transporter
EAAT2 (Matute et al., 2005; Smith et al., 2001) which could, to some
extent, explain hypoglutamatergic states associated with this
mental illness. The pertinence of these alterations is supported by
in vivo and in vitro (cultured astrocytes) data showing that the
clozapine antipsychotic decreases GLT1 expression in astrocytes
(Melone et al., 2001; Vallejo-Illarramendi et al., 2005), hence
suggesting that this effect on astroglia accounts, at least in part, for
its efficacy.
s. (A, B) The gliotransmitter D-serine is involved in schizophrenia. (A) Mutation of the

lization of the D-serine producing enzyme serine racemase (hSR) as shown by the

ycloheximide for 32 h, suggesting that D-serine levels are reduced in schizophrenia.

ly improves scores on the Scale for Assessment of Negative Symtoms (SANS). (C, D)

d Rett syndrome. (C) Removal of the dominant mutant Mecp2 mutation in astrocyte

ogy as compared to control (hGFAPcreT2 + TAM) and mutant (Mecp2Stop/y-

trocyte (Mecp2Stop/y-hGFAPcreT2 + TAM, in green) rescues the normal behavioral

tant (Mecp2Stop/y hGFAPcreT2 + oil) mice. (E) Top panels: wild type astrocytes rescue

trocytes induce Fragile X dendritic phenotype in wild type cultured neurons.

y et al. (2011) (C, D) and Jacobs and Doering (2010) (E).
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4.3. Autism spectrum disorders

ASD are neurodevelopmental psychiatric diseases character-
ized by various degrees of impairment in social interaction and
communication skills as well as repetitive behaviors. Brains of ASD
patients present on average a larger size and a larger number of
cells, including astrocytes (Herbert, 2005). The increased number
of astrocytes is also accompanied by an augmented expression of
GFAP and morphological alterations associated with reactive
astroglia (Laurence and Fatemi, 2005; Vargas et al., 2005; Yuskaitis
et al., 2010), such as cell swelling and decreased arborization
(Nguyen et al., 2012). These observations are consistent with the
view that ASD are conditions in which inflammatory processes,
including astrogliosis, play a central role (McDougle et al., 2014;
Rossignol and Frye, 2014). Etiology in ASD is however a very
complex matter as it depends on many genetic and environmental
factors at given neurodevelopmental time periods. Exposition to
noxious compounds before birth is actually thought to suffice for
[47_TD$DIFF]engendering autism. Ethanol exposure before birth has been
reported to induce autism (Aronson et al., 1997) as well as fetal
alcohol spectrum disorders, which exhibit symptoms reminiscent
of ASD, such as attention deficits, language development defects,
and inadequate social perception (Dörrie et al., 2014). Recent
evidence indicate that prenatal introduction of ethanol inhibits
astroglial M3 muscarinic receptors, which are consequently unable
to stimulate the release of fibronectin, laminin, and plasminogen
activator inhibitor-1, normally causing neurite outgrowth in
hippocampal neurons (Guizzetti et al., 2010). Accordingly, lack
of neuritogenesis is a strong neuropathological correlate of ASD
(Bakos et al., 2015). Therefore, counteracting ethanol inhibition of
astroglial M3 receptors before birth in a context at risk may be an
efficient strategy to avoid ethanol induced neurodevelopmental
disorders. Another major environmental risk for ASD is prenatal
exposure to the anticonvulsant valproic acid (Christianson et al.,
1994) such that administration of this compound before birth is a
frequent model of autism in rodents (Ingram et al., 2000).
Strikingly, valproic acid induces neuronal death through a non-
cell autonomous effect by inducing astrocytic morphological
changes and release of the tumor necrosis factor a (TNFa) (Wang
et al., 2011). Interestingly, exposition to ozone has also been shown
to enhance astroglial expression of TNFa (Araneda et al., 2008),
thus supporting the view that prenatal exposure to air pollution is
a serious risk of neurodevelopmental defects such as ASD (Block
and Calderón-Garcidueñas, 2009). Limiting TNFa signaling in
astrocytes may thus be salvatory in cases of prenatal exposure to
valproic acid or toxic air compounds. Naturally, genetic predis-
positions interfere with these environmental aggressions and the
resulting pathological outcomes are highly variable (Lecavalier,
2014).

Autistic syndromes that are attributed to specific genetic
mutations have been subject to more intense research and mainly
include Rett and Fragile X syndromes. Rett syndrome (RTT) is due
to the loss of function mutation in the gene encoding the epigenetic
factor methyl-CpG-binding protein-2 (MeCP2). The function of the
protein is unclear but would participate in the regulation of gene
expression through chromatin conformational modifications. As
for many other disorders, the neurocentric vision of the
physiopathology behind brain deficits was challenged relatively
recently by Ballas and collaborators who investigated whether
non-cell autonomous mechanism could participate to the etiology
of RTT and discovered that glial cells, including astrocytes, also
express MeCP2 and are also affected by the mutation in a RTT
mouse model (Ballas et al., 2009). A striking result of this study is
that neurons co-cultured with astrocytes carrying the mutation
display impaired dendritic morphology. Insofar as similar obser-
vations were obtained simply using culture medium conditioned
with RTT astrocytes the loss of MeCP2 was proposed to result in the
aberrant secretion of soluble factors. The latter have not so far been
identified, although secretion of cytokines in response to
inflammation have been showed to be reduced in RTT astrocyte,
potentially due to a constitutive activation of the p38MAPK
pathway, suggesting that in RTT inflammatory pathways are
activated in basal conditions (Maezawa et al., 2009). However,
other factors may be at play as MeCP2 was recently reported to up-
or downregulate at least 118 genes in astrocytes, comprising the
glutamine transporter Snat1, the growth-suppressing transcription
factor Ndn, the AMPA receptor subunit Gria1, the platelet derived
growth factor Pdgfb, the protein phosphatase 2 Ppp2r2b, or the
early growth response 1 Egr1 (Yasui et al., 2013), all of which may
be involved in the non-cell autonomous impairment in neuronal
growth. Interestingly, the same group reported that the loss of
MeCP2 spreads between astrocytes via gap junctions as blocking
the latter with the non-specific drug carbenoxolone or using
specific blockade of Cx43 channel via RNAi prevents contagion of
the MeCP2 loss to neighboring cells (Maezawa et al., 2009). It
should be noted that such effect may be mediated by the release of
soluble factors through hemichannels, although the authors ward
off this possibility by showing that mutant astrocytes conditioned
medium does not affect MeCP2 expression in cultures of wild type
astrocytes (Maezawa et al., 2009). Finally, a recent important
finding is the demonstration that in a RTT mouse model where all
cells express mutant MeCP2, re-expressing MeCP2 preferentially in
astrocytes exerts this time a positive non-cell-autonomous effect
on mutant neurons in vivo, as normal neuronal features, including
dendritic morphology, were restored (Fig. 3C). Crucially, such
positive influence of wild type MeCP2 in astrocytes improved
locomotion and anxiety levels, alleviated respiratory abnormali-
ties, and substantially prolonged lifespan (Lioy et al., 2011;
Fig. 3D). Altogether these recent advances in the understanding of
RTT point toward astroglia as a promising target for reducing RTT
symptoms.

Fragile X syndrome (FXS) is an inherited form of ASD associated
with intellectual disabilities as well as, in some cases, motor
symptoms. The disorder is owed to the CGG trinucleotide
expansion mutation of the protein FMRP, a translational regulator
that binds to synaptic mRNA and plays important neurodevelop-
mental roles in synaptogenesis (Bassell and Warren, 2008). Thence,
akin to RTT, loss of FMRP function in FXS neurons has been found[48_TD$DIFF] to
result in growth abnormalities, including reduced dendritic length
and hyperabundance of dendritic spines with a long, thin, and
otherwise immature morphology which confers abnormal synap-
tic plasticity properties (Bassell and Warren, 2008). Only relatively
recently, FMRP was found to be expressed in astrocytes too, in vitro

(Pacey and Doering, 2007) and in vivo (Gholizadeh et al., 2015)
using GFAP and S100b astroglial markers, respectively. Most
interestingly, using a co-culture system, Jacobs and Doering found
that wild-type neurons cultured in the presence of FMRP knock out
astrocytes soon displayed the typical neuronal abnormalities
associated with FXS suggesting a causative role for astroglial
dysfunction in the disease neuropathology (Fig. 3E). Further
support of this interpretation was the observation that, recipro-
cally, co-culture of FMRP knockout neurons with wild type
astrocytes reverse the dendritic and spine aberrations present at
DIV 0 (Jacobs and Doering, 2010; Fig. 3E). Together these data
strongly support a non-cell autonomous effect of FMRP, and unveil
the possibility that astrocytes may be a target of choice to prevent
neurodevelopmental defects in FXS. Still, these observations need
to be ascertained in vivo, as the transfer of specific molecules may
occur differently in a culture system and in situ. Re-expression of
FMRP in vivo in the Fmr1 knock out mouse model of FXS has already
been performed in neurons, using adeno-associated viral vectors
(AAV9) containing the FMRP transgene under the control of the
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neuronal specific promoter synapsin-1 (Gholizadeh et al., 2014).
Strikingly, 50% of FMRP re-expression was sufficient to reduce the
repetitive behavior and deficit in social dominance normally overt
in FXS mice. If such recovery is attributable to neuroglial FMRP
signaling, similar or better rescue may be obtained by gene therapy
strategies directed toward astrocytes alone (e.g. using GFAP or
GLAST promoters) or both neurons and astrocytes; however, these
experiments have yet to be accomplished. An important finding
giving insight into the factors involved in the altered neuroglial
dialogue is that astroglial FMRP binds to neurotrophin-3 (NT-3, a
nerve growth factor) mRNA and that NT-3 release from FMRP
deficient astrocytes is enhanced. Remarkably, knocking down NT-3
translation using shRNA injection in the PFC rescued trace fear
memory deficits in FMRP knockout mice (Yang et al., 2012). With
regard to other astroglial genes that would be regulated by FMRP,
information is still lacking, although a post-mortem study found
up-regulation of both GFAP and metabotropic glutamate receptor
5 (mGluR5) associated with a diminution of FMRP expression in
the PFC of 20 autistic patients compared to 10 controls (Fatemi and
Folsom, 2011). A leading hypothesis of the molecular mechanisms
at play in FXS physiopathology implicates group 1 mGluRs
(mGluR1 and mGluR5) in the complications associated with FMRP
loss of function. Specifically, genes that are known to respond to
mGluRs stimulation, such as microtubule associated protein 1b or
postsynaptic density protein 95 kDa or the Fmr1 gene itself, are
also targets of FMRP. The proposed mechanism supposes that
mGluRs activation activates FMRP and stimulates local translation
of Fmr1 mRNA, which would then up- or downregulate translation
of synaptic proteins (Ronesi and Huber, 2008). The latter would
include mGluRs, since a negative feedback loop is thought to be
missing in FXS mice displaying enhanced mGluRs dependent long-
term depression (Huber et al., 2002). In this context, it is
interesting to point out that mGluR5 is well known to be present
in astrocytes during development and early postnatal period (up to
3 weeks) (Sun et al., 2013[11_TD$DIFF]b) and to sense synaptic activities
(Panatier and Robitaille, 2015), which enable proper neuroglial
dialogue, eventually shaping the pattern of neuronal inputs. If
FMRP is indeed a major regulator of mGluRs-induced mRNA
translation in astrocytes too, its role in the astroglial regulation of
synaptic development would be determinant. Although further
investigation needs to be carried out to validate this hypothesis,
one may already foresee a powerful target to overcome neurode-
velopmental defects associated with FXS.

5. Astroglial therapeutic potential in epileptic conditions

Epilepsy, affecting about 1% of the population, is a common but
poorly understood group of neurological disorders characterized
by the periodic occurrence of seizures, which disrupt normal brain
function. More than half of the epileptic patients have seen their
first seizures initiated in childhood during which critical periods
of postnatal brain development take place. The disastrous
consequence of childhood epilepsy is indeed that it strongly
interferes with these critical periods, leading to major negative
impact on cognitive outcome such that patients will carry a
lifelong perspective of disability and reduced quality of life. Even
in adult refractory epilepsy, cognitive impairment has long been
recognized as a common co-morbidity (Hermann et al., 2009).
Determining new antiepileptic targets remains of prime impor-
tance to relieve patients from the burden of the sequels of
seizures.

Epileptic seizures are generated by hypersynchronous neuronal
firing. How such large population of neurons becomes synchro-
nized remains unknown, although it is thought to result from an
imbalance between excitatory and inhibitory synaptic inputs and
changes in intrinsic excitability (Losi et al., 2012; McNamara,
1994). Despite treatment with currently available antiepileptic
drugs, mostly modulators of neuronal GABAergic signaling and
voltage-dependent sodium channels, one-third of patients with
epilepsy are pharmacoresistant, making it crucial to develop novel
therapies on new targets. Epileptiform activity is traditionally
assumed to be generated exclusively in and by neurons. However,
since 1986 a non-neuronal source of excitation has been proposed
to contribute to seizures (Jefferys, 1995; Konnerth et al., 1986). The
view that epilepsy is a neurocentric disorder has now given way to
an instead astrocytic basis for this disorder (Bedner et al., 2015;
Tian et al., 2005). This provocative vision has recently been put
forward, but is in fact still under intense and critical investigation.
Numerous studies have reported morphological and functional
changes in astrocytes, which become reactive in epileptic tissue
(Fig. 4A), as described in several comprehensive reviews (Coulter
and Steinhauser, 2015; Crunelli and Carmignoto, 2013; Losi et al.,
2012; Wetherington et al., 2008). These data, despite contradictory
on several instances, mostly do suggest that astrocytes contribute
to the pathology. However in most cases, studies report correla-
tions between astroglial properties alterations and epilepsy,
especially in seizure foci from surgically-removed human epileptic
tissue, while only few works performed in animal models of
epilepsy actually demonstrate a causal link.

5.1. Alteration of astroglial phenotype by epileptiform activity

At the morphological level, a typical feature of astrocytes during
epilepsy is their swelling and loss of non-overlapping domain
organization (Oberheim et al., 2008) (Fig. 4A and B). Indeed
astrocytes normally tile during development to occupy in the
healthy brain independent spatial territories, and thereby individ-
ually control thousands of synapses (Bushong et al., 2002; Halassa
et al., 2007). Remarkably, in normal conditions synapses are only
contacted by a single astrocyte, while in several animal models of
epilepsy, multiple astrocytes overlap their fine processes to contact
the same synapses. The functional impact of this anatomical
remodeling in epilepsy is yet unclear, but one might speculate that
excessive astroglial inputs onto synapses contribute to recurrent
excitation in chronic epileptic brain. Multiple functional astroglial
changes occur during epileptiform activity. Notably, glutamate-
induced Ca2+

[43_TD$DIFF] oscillations (Fig. 4C) and intercellular Ca2+ waves
(Ding et al., 2007; Fellin et al., 2006; Gómez-Gonzalo et al., 2010;
Lee et al., 1995; Tian et al., 2005) have been reported, although
their origin and maintenance are unclear as, once induced by
epileptiform activity, they outlast the period of neuronal activity
(Fellin et al., 2006; Tian et al., 2005). Such intracellular Ca2+

signaling contributes in vivo to neuronal excitotoxicity (Ding et al.,
2007), and may also modulate extracellular K+ uptake (Wang et al.,
2012a,b). Another significant change occurring during epilepti-
form events is a marked membrane depolarization (Fig. 4D)
(Dichter et al., 1972; Grossman and Hampton, 1968), which can be
synchronized to [K+]e changes (Amzica and Steriade, 2000; Amzica
et al., 2002). Intriguingly, action potential generation has also been
reported in astrocytes from human epileptic foci in response to
depolarization, although astrocytes might have been mistaken for
NG2 (nerve-glia antigen 2) cells in these studies, which were
performed at a time where the complexity of the glial lineage was
not clearly set (Bordey and Sontheimer, 1998; O’Connor et al.,
1998). Finally, the classic functions of neurotransmitter precursor
synthesis (glutamine), regulation of extracellular homeostasis,
including glutamate and K+ uptake, interstitial volume, and
ammonia detoxification (David et al., 2009; Jabs et al., 2008;
Verkhratsky et al., 2012b; Wetherington et al., 2008) have all been
found to be altered in epileptic conditions. Remarkably hyper-
ammonia, which can result from impairment in ammonia
detoxification, has been shown to trigger neuronal disinhibition
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Fig. 4. Alterations and impact of astrocytes in animal models of epilepsy. (A) Low and high-power images illustrating the presence of reactive hypertrophic astrocytes labeled

with GFAP in the sensory-motor cortex of a kainate mouse model of epilepsy, 6 months after exposure to kainate. Scale bars: left, 100 mm; right, 10 mm. (B) Loss of domain

organization in hypertrophic astrocytes revealed by diolistic labeling showing overlap of processes from two reactive astrocytes in the cortex of a kainate mouse. Scale bar,

10 mm. Inset: Overlapping processes of two astrocytes in the hippocampal CA3 area. High-power images of blue box demonstrating overlapping area and processes of cortical

astrocytes in a kainate mouse. (C) 2-photon calcium imaging in guinea pig entorhinal cortex before (t0) and during the development (t1 and t2) of an ictal discharge induced

by arterial perfusion with bicuculline. Scale bar: 20 mm. Field potential and calcium signal changes from neuropile (dashed circle in C) and astrocytes (arrowheads in C) during

an ictal discharge. (D) Relationship between glial membrane potential and recurrent seizures. Intraglial and field potentials recordings were measured at short distance

(1 mm) in the suprasylvian gyrus. During seizures, glia displayed steady depolarization. (E) Astrocytic dnSNARE expression attenuates behavioral consequences of epilepsy.

Representative 30 min of track plots of control no-SE (status epilepticus) and SE-experienced WT and dnSNARE mice placed in the open field 8 months after pilocarpine

treatment.

Adapted with permission, from Oberheim et al. (2008) (A, B), Gómez-Gonzalo et al. (2010) (C), Amzica et al. (2002) and Clasadonte et al. (2013) (E).
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and seizures by itself through impairment of astrocytic K+
[11_TD$DIFF]

buffering (Rangroo Thrane et al., 2013).

5.2. Molecular determinants and impact on epilepsy

Changes in astroglial function most likely relies on alterations
in the expression and activity of various membrane channels, such
as K+ (Kir4.1), water (aquaporin 4) or gap junction channels
(connexins), as well as receptors (e.g. mGluRs), transporters (e.g.

GLT-1 and GLAST for glutamate, GAT3 for GABA), and astroglial
specific enzymes such as glutamine synthetase or glutamate and
lactate dehydrogenase, as extensively described (Coulter and
Steinhauser, 2015; Crunelli and Carmignoto, 2013; Jabs et al.,
2008; Losi et al., 2012; Verkhratsky et al., 2012b; Wetherington
et al., 2008). In particular, a decrease in astrocytic glutamine
synthetase activity has been reported in seizure foci of sclerotic
hippocampi (Eid et al., 2004), and proposed to alter the glutamine-
glutamate cycle, which would increase extracellular glutamate
levels (During and Spencer, 1993). However, enhanced glutamate
levels can also result from decreased expression of astroglial
glutamate transporters, as well as from increased glutamate
release due to astroglial swelling induced by reduced expression of
aquaporin 4 water channels (De Lanerolle et al., 2010; Verkhratsky
et al., 2012[11_TD$DIFF]b). In addition, increased extracellular K+

[11_TD$DIFF] levels reported
during epilepsy are thought to result from impaired expression of
astroglial Kir4.1 channels, aquaporin water channels (AQP4) and
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connexin gap junction channels, which altogether lead to reduced
fluxes of water and impaired K+ buffering (Crunelli and
Carmignoto, 2013; Jabs et al., 2008; Verkhratsky et al., 2012b).
Accordingly, knockout mice for Kir4.1 or AQP4 channels display
increased seizure susceptibility (Binder et al., 2004; Djukic et al.,
2007) Epilepsy is also associated with an increase in astroglial
release of several neuroactive factors with excitatory, inflamma-
tory or immune functions, such as glutamate, chemokines,
cytokines and complement factors, which may contribute to
hyperexcitability and excitotoxicity (Devinsky et al., 2013;
Verkhratsky et al., 2012 [11_TD$DIFF]b). Furthermore, astrocytes can alter the
vasculature by increasing its permeability, thereby enabling
seizure prone factors such as albumin to penetrate the brain
(Kovacs et al., 2012). However, in several cases, inconsistencies
about the type of protein alterations and underlying functions are
evident. This is probably due to differences in epilepsy models, i.e.

acute versus chronic and different stages of the disease studied in
animal models or human tissue, as well as to the complexity of
protein functions. Still, potential astroglial targets that could help
alleviating epileptic conditions consistently include K+

[11_TD$DIFF] and water
homeostasis through Kir4.1, AQP4 and connexin channels.

A typical feature of astrocytes is their high intercellular
communication through gap junction channels formed by connexin
subunits, Cx43 and Cx30. These channels mediate long-range
intercellular exchange of numerous ions, metabolites and neuroac-
tive substances, ensuring energy substrates delivery, extracellular
ionic and space volume homeostasis, hydric balance and neuro-
transmitter clearance (Pannasch and Rouach, 2013). Astrocytic
networks therefore promote K+ and glutamate uptake, as well as
neuronal energy supply (Amzica et al., 2002; Pannasch et al., 2011).
Confusingly, increase, decrease and unchanged levels of Cx43 and
associated gap junctional communication have been reported in
different animal models of epilepsy (Giaume et al., 2010). In
addition, although astrocytic connexins decrease the susceptibility
for epileptiform events by partially accounting for K+ buffering
(Wallraff et al., 2006), we have recently shown that they can also
sustain epileptiform activity by supplying energy metabolites
through astroglial networks (Rouach et al., 2008). In support of
this latter finding, a role for astroglial gap junction channels in
promoting epileptiform activity has been reported in organotypic
hippocampal slice cultures using Cx43 mimetic peptides (Samoilova
et al., 2008) and in the hippocampus ex vivo and in vivo using
knockout mice for astroglial connexins (Chever et al., 2016). Thus,
downregulation or blockade of connexin channels may be sufficient
to reduce seizure occurrence and/or duration. However a very recent
study, performed in human epileptic tissue and animal model of
epilepsy, suggested an anticonvulsant effect of astrocytic gap
junctions (Bedner et al., 2015). In this work, astrocyte uncoupling
is proposed to be a cause of human temporal lobe epilepsy, based on
correlative data. These data show both, a lack of gap junction
coupling in astrocytes from human epileptic tissue with sclerosis,
and that uncoupling impairs K+

[49_TD$DIFF] buffering and precedes neuronal
death and seizures in an animal model of epilepsy. Yet, in this study
uncoupling was not directly induced by connexin deletion or
selective inhibition, but through activation of inflammatory path-
ways, well known to reach multiple targets. Therefore, more work is
necessary to accurately decipher with selective tools the role of
astrocyte gap junction channels in chronic epilepsy.

Noteworthy, impaired brain energy metabolism may also be
involved in seizures, as insufficient glucose availability during
brain development leads to infantile epilepsy (Pascual et al., 2007)
and ketogenic diet (Sirven et al., 1999), a high fat (85%) and low
carbohydrate diet, as well as antiglycolytic compounds (Garriga-
Canut et al., 2006), display antiepileptic properties. Interestingly,
first developed in the early 1900s, the ketogenic diet offers
significant anticonvulsant benefits in some children with severe
epilepsy. Designed to mimic many of the metabolic effects of
starvation, the ketogenic diet provides exogenous fats combined
with restricted carbohydrates and calories, which results in
moderate hypoglycemia, accumulation of ketone bodies (the
products of incompletely burned fats) and increased ATP, the cell
energy molecule (DeVivo et al., 1978; Nakazawa et al., 1983). This
metabolic therapy is still successfully used today as an alternative
but transitory cure for medically refractory epilepsy, particularly in
children (Neal et al., 2008; Wilder, 1921) and suppresses or
decreases seizure in about two third of the treated patients
(Freeman et al., 1998). However, the key mechanism underlying
efficiency of the ketogenic diet is still currently unknown. In
addition, this therapy is only used transitorily as adhering to this
diet is difficult and long term risks include hyperlipidemia,
lethargy, kidney stones, pancreatitis, liver dysfunction and
metabolic acidosis (Neal et al., 2008). Therefore, deciphering the
cellular and molecular mechanisms underlying the anti-epileptic
effect of the ketogenic diet is a major challenge since it should
contribute to better understand seizure generation from a
metabolic point of view and to develop new anti-epileptic
strategies by directly targeting the involved pathways. In support
of this, a recent major contribution found that simply inhibiting the
lactate dehydrogenase enzyme (LDH) in neurons or astrocytes is
sufficient to hyperpolarize neurons and suppress epileptic
seizures. How this effect is mediated remains however unknown.
Still, authors identified an existing anti-epileptic drug, stiripentol,
as a mild inhibitor of LDH and designed an analog, isosafrole, with
better LDH inhibitory properties. Both drugs proved to be efficient
in reducing epileptiform activities (Sada et al., 2015).

Epileptic discharges are characterized by an intense neuronal
activity responsible for a high energy demand, but between seizures
the epileptic zones are hypometabolic, as shown by fluoro-
deoxyglucose PET studies (Wieser, 2004), questioning the role of
perturbed brain metabolism in seizure generation. Given the
evidence that glucose is the major brain metabolic substrate and
is metabolized predominantly in astrocytes through glycolysis,
followed by transfer of lactate to neurons to fuel their energy
demands, glycolysis inhibition and possibly local ketogenesis in
astroglial metabolic networks induced by carbohydrate restriction in
the ketogenic diet may therefore play a key role in controlling
epileptiform activity. This hypothesis is supported by our previous
work demonstrating that hypoglycemia suppresses epileptiform
activity in vitro, an effect inhibited by supply of glucose directly to gap
junction-mediated astrocytic networks (Rouach et al., 2008). Up to
now, the reported brain energy deficits in epilepsies not only include
glucose hypometabolism (Hetherington et al., 2002; Lamusuo et al.,
2001; Sadzot et al., 1992), but also poor glucose utilization and high
lactate levels (Cavus et al., 2005), which could impair the
energetically costly astroglial glutamate uptake and glutamate-
glutamine cycling (Eid et al., 2004; Petroff et al., 2002) and lead to
extracellular glutamate accumulation and seizures. As astrocytes
play a key role in energy metabolism and glutamate homeostasis, it is
tempting to speculate that plastic activity-dependent metabolic
changes in astrocytes, already proposed to occur during synaptic
plasticity (Magistretti, 2006), contribute to seizures.

Ca2+-dependent glutamate release by astrocytes is another way
proposed to contribute to seizure genesis (Gómez-Gonzalo et al.,
2010; Kang et al., 2005; Tian et al., 2005). Indeed, by activating
NMDARs (slow inward currents), astroglial glutamate release can
synchronize neurons (Angulo et al., 2004; Fellin et al., 2004) and
generate paroxysmal depolarization shifts, underlying interictal
bursts (Kang et al., 2005; Tian et al., 2005). This hypothesis is also
supported by a study showing the importance of astroglial Ca2+

signaling in driving neurons to seizure threshold (Gómez-Gonzalo
et al., 2010). Hence an astrocentric view of epileptogenesis has
emerged (Tian et al., 2005), corroborated by several lines of
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evidence: (1) some proconvulsants evoke astroglial Ca2+ signaling,
while anticonvulsants attenuate it (Tian et al., 2005); (2)
pathologic tissues from epileptic patients show altered spontane-
ous intracellular Ca2+

i oscillations (Manning and Sontheimer,
1997); (3) epileptic discharges are associated with astroglial Ca2+

waves (Ding et al., 2007; Lee et al., 1995). However, these data
describe mostly correlations between astroglial Ca2+ signaling and
neuronal epileptic discharges, but no causal link. Indeed, another
study showed that astrocytic glutamate is actually not necessary
for the initiation and maintenance of epileptiform activity,
although it does evoke neuronal depolarization and action
potentials, and modulate the strength of interictal and ictal events
(Fellin et al., 2006). Noteworthy, it was recently shown in vivo

using genetic manipulations targeting specifically astrocytes, that
snare-dependent gliotransmitter release, traditionally thought to
be Ca2+-dependent, contributes to seizures, hippocampal damage
and behavioral deficits associated to epileptic discharges (Fig. 4E)
(Clasadonte et al., 2013). Therefore, more work is necessary to
decipher which type of astroglial Ca2+ signaling is involved in
seizure activity.

Contradictory results have occasionally emerged in the
literature on the role of astrocytes in epilepsy, probably due to
the diversity of the models, and also to several limitations. In
particular, a major technical limit to the study of neuroglial
interactions is to act selectively on astrocytes, as they possess
many receptors, transporters and transmitters identical to the
neuronal ones. In addition, since the physiopathological con-
sequences of the bidirectional communication between neurons
and astrocytes are not fully understood, it is sometimes unclear
whether astrocytic changes cause, worsen, fight the disease, or
rather represent an accompanying phenomenon. Still, in all, the
multiple morphological and functional alterations of astrocytes
come along with and likely contribute to seizures in the epileptic
brain. This view is supported by a few modeling studies of epilepsy.
Although most modeling studies have only considered the
contribution of neurons (Lytton, 2008), a few models predict
seizures in the case of increased expression of mGluRs (Nadkarni
and Jung, 2005, 2003) or reduced K+ clearance (David et al., 2009;
Sibille et al., 2015a) by astrocytes.

6. Conclusions

Investigations of the multiple roles of astrocytes in the brain
have gradually transformed the field of neuroscience research.
This started from the molecular and cellular levels, by showing
that astrocytes are able to uptake and release neuroactive
molecules with more complex purposes than provide trophic
and clearance support, passing by physiological appreciations of
the neuroglial interactions via characterization of astroglial
responses to synaptic activity and how they influence neuro-
transmission, all the way through the realization that these
electrically silent cells are actually major players in the regulation
of neural circuits activities, notably by forming long-distance
communication networks (Pannasch and Rouach, 2013). Recent
advances now show that the physiological roles of astrocytes do
translate at the behavioral and cognitive level to an extent beyond
expectation. Indeed, they not only help, but subtend cognition
since disturbing them results in major impairment of key
functions such as sleep (Halassa et al., 2009) and memory
consolidation (e.g. recognition memory) (Lee et al., 2014),
associative memory (Gibbs et al., 2008; Stehberg et al., 2012).
Moreover, their prevalent impact in evolution that has long been
suspected because of their increase in number and complex-
ification in advanced brains (Oberheim et al., 2006) has recently
been supported by direct evidence revealing that replacement of
the mouse astrocytic population by human astroglia markedly
ameliorates plasticity and cognitive functions (Han et al., 2013).
Such striking findings indicate that the purpose of improving
cognition could be better served by aiming at influencing
astroglial processes. In the physiological context, this could mean
developing pro-cognitive agents counteracting cognitive decline
associated to overstrain or simply aging. More importantly, many
brain diseases result in intellectual disabilities, and would likely
benefit from new therapeutic strategies targeting astrocytes.
Disorders characterized by the loss of neurons undergo harmful
processes that manipulated astrocytes may well soften. Namely,
excitotoxicity is promoted by impaired clearance of glutamate via

GLT1 and K+
[8_TD$DIFF] via Kir4.1 in most neurodegenerative conditions,

restoring these astroglial functions should thus result in a
neuroprotective effect delaying cognitive symptoms. Oxidative
stress is also a major affliction in these diseases and regulating the
expression of ROS producing or scavenging enzymes in astrocytes
such as NOS and SOD, respectively, or enzymes influencing iron
content like HO-1, may be salvatory. Finally, astrocytes appear to
be endowed with the powerful ability to detoxify degenerating
neurons by degrading protein aggregates (e.g. amyloid plaques,
mHtt aggregates (Tydlacka et al., 2008; Wyss-Coray et al., 2003))
associated with AD, HD and PD. Promoting such function may be
enough to protect neurons from premature death. The more subtle
brain diseases represented by neuropsychiatric disorders would
also see their treatment benefit from astroglial based strategy.
Incidentally, antidepressant drugs already correct reported
astroglial defects, although the process behind such effect
remains poorly understood. Likewise, schizophrenia treatments
presently encompass adjunction of the gliotransmitter D-serine or
inhibitor of its degrading enzyme DAAO. ASD is in fact a plural
disease and may be more complex to apprehend. Nevertheless,
several lines of evidence suggest that limiting TNFa signaling
specifically in astrocytes might be favorable to the relief of autistic
symptoms. Remarkably, current data obtained on animal models
of RTT and FXS suggest that timely administrated gene therapy on
astrocytes may suffice to suppress neuropathology and symptoms
associated with these genetic forms of ASD. This could be
advantageous as the spread of a therapeutic transgene should
be facilitated by the high GJs coupling of astroglial networks.
Finally, research on the brain damaging epileptic conditions
[50_TD$DIFF]points to a possible role of astrocytes in epileptogenesis and/or
maintenance of epileptic activities. Although several discrepan-
cies have been found on this matter, Kir4.1, AQP4 and connexins
channels have by and large been found to be major players in the
mechanisms regulating seizures and could thus represent key
targets to appease epileptic brains.

As a whole, the current knowledge of the role of astrocytes in
normal information processing and in the major brain diseases
known to generate cognitive dysfunction enables to point out
several promising astrocytic elements that influence brain
function or that may be able to help delaying cognitive decline
or rehabilitating normal intellectual capacities. Nevertheless,
neuroglial interactions are tremendously complex and many
shadows remain in our appreciation of how astroglial and neuronal
network work in concert to handle and process information.
Similarly, revision of our understanding of the brain diseases in
light of the relatively new roles ascribed to astroglia is still at its
infancy and further development are needed [51_TD$DIFF]to [52_TD$DIFF]beat these [53_TD$DIFF]appaling
[54_TD$DIFF]disorders.
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