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Abstract

Neuroglial cells define brain homeostasis and mount defense against pathological insults.
Astroglia regulate neurogenesis and development of brain circuits. In the adult brain, astrocytes
enter into intimate dynamic relationship with neurons, especially at synaptic sites where they
functionally form the tripartite synapse. At these sites astrocytes regulate ion and neurotransmitter
homeostasis, metabolically support neurons and monitor synaptic activity; one of the readouts of
the latter manifests in astrocytic intracellular CaZ* signals. This form of astrocytic excitability can
lead to release of chemical transmitters via Ca2*-dependent exocytosis. Once in the extracellular
space, gliotransmitters can modulate synaptic plasticity and cause changes in behavior. Besides
these physiological tasks, astrocytes are fundamental for progression and outcome of neurological
diseases. In Alzheimer’s disease, for example, astrocytes may contribute to the etiology of this
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disorder. Highly lethal glial-derived tumors use signaling trickery to coerce normal brain cells to
assist tumor invasiveness. This review sheds new light on the brain operation in health and
disease, but also points to many unknowns.
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Introduction

Neuroglia was initially described by Rudolf Virchow as a connective tissue that binds
nervous elements together (Virchow 1858). Soon after, in 1870-ies, the cellular nature of
glia was firmly established by Camillo Golgi (Golgi 1873; Golgi 1903). Astrocytes, a subset
of glial cells that represent the main subject of this review, were named by Michael von
Lenhossek (Lenhossek 1891). Subsequently, Rudolf Albert von Kélliker and William Lloyd
Andriezen (Kélliker 1889; Andriezen 1893) sub-classified them into protoplasmic and
fibrous astrocytes, located in the grey and white matter, respectively. Santiago Ramén y
Cajal further studied astrocytes and their interactions with other neural elements (Ramon y
Cajal 1913). As we know today, by using a gold chloride stain, Ramén y Cajal accidentally
targeted intermediate filaments consisting mainly of glial fibrillary acidic protein (GFAP), a
contemporary astrocytic marker (Kimelberg 2004), the gene promoter of which has proved
as a pivotal tool used for molecular genetics approaches in studying astrocytes.

It is during the nascent period of (astro)glial research, i.e. in the second part of 19" century
and the early 20t century that a variety of broad hypotheses were made in respect to
function of glial cells in the brain. Hence, astroglia would: i) serve as a metabolic support
for neurons (Camillo Golgi); ii) play a major role in uptake and/or degradation of
neurotransmitters (Ernesto Lugaro); iii) act like an endocrine gland by providing for release
of substances into the blood (Jean Nageotte); iv) regulate information processing and
synaptic connectivity in the brain (Carl Ludwig Schleich); and v) control sleep and waking
states (Santiago Ramon y Cajal) [for details see e.g., (Verkhratsky et al. 2011) and
references therein]. However, the research testing these bold and fundamental hypotheses
was realized at much later time, and mainly executed in the past three decades. Indeed, the
newly attained evidence indicates that astrocytes are actively involved in many of the brain’s
functions. Investigation of the roles of astrocytes in the functioning of nervous systems has
recently emerged as one of the hottest fields in brain research. Professional societies are
clamoring for symposia on the topic to be presented at their meetings. One such recent
gathering occured at the International Society for Neurochemistry satellite meeting entitled
“Glial cells in (patho)physiology” (http:/Inmcp.mf.uni-lj.si/), held on August 24-27, 2011
in Ljubljana, Slovenia at the Slovenian Academy of Sciences and Arts. The new and
exciting results presented at the meeting prompted the present review.

We start our journey by discussing the astroglial role in neurogenesis and proceed to
structural relationships between astroglia and neurons. We believe that in order to
understand a bidirectional metabolic and signaling dialogue between astrocyte and neurons,
one has first to consider the hierarchy of structural associations, and to appreciate their
plasticity. We then provide an update on novel findings in respect to an astrocytic
homeostatic task, a metabolic support of the brain. What follows is a description of glial
signaling components in neuronal-glial circuits: i) the astrocytic plasma membrane set of
receptors and transporters, ii) astrocytic intracellular Ca?* dynamics and consequential
regulation of exocytotic/vesicular release of gliotransmitters, and iii) the role of gap
junctions; in all these topics we emphasize the effects that glia may have on nearby neurons.
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Indeed, we next discuss the consequence of gliotransmitter release into the extracellular
space (ECS), i.e., modulation of synaptic transmission and plasticity, and its contribution to
sleep behavior. Finally, we use two examples of pathological states into which glial cells
provide fundamental contribution: i) the Alzheimer’s disease in which astrocytes contribute
to etiology; and ii) the glioma, a glial neoplasm which, in its invading quest, engages in
active bidirectional signaling with surrounding normal cells in the brain.

Astroglia in neurogenesis

In the adult mammalian brain, neurogenesis, a process of generation of new neurons, is
under normal conditions limited to two regions: lateral ventricles and the subgranular zone
of dentate gyrus of the hippocampus. The newly formed immature neurons continuously
generated in the walls of the lateral ventricles migrate through the rostral migratory stream
to their final destination in the olfactory bulbs where they differentiate into periglomerular
or granule neurons. New neurons generated in the subgranular zone of dentate gyrus of the
hippocampus migrate only a short distance to the granular cell layer where they integrate
into the existing neural circuits. Importantly, the survival of these cells depends on their
activity and functional integration. Increasing evidence suggests that astrocytes are
important players in the neurogenic niche. Astrocytes share some properties with neural
stem cells (Laywell et al. 2000; Seri et al. 2001; Buffo et al. 2008) and create an
environment conducive to neurogenesis (Song et al. 2002). Astrocytes regulate neurogenesis
by the secretion of factors such as Wnt3 (Lie et al. 2005), interleukin-1p, interleukin-6, and
insulin-like growth factor binding protein 6 (Barkho et al. 2006). These glial cells also
control the neurogenic niche through membrane-associated factors (Song et al. 2002), albeit
the identity of these factors and the mechanisms involved are largely unknown.

Intermediate filament proteins, GFAP and vimentin, are expressed in astrocytes and appear
to critically affect the processes by which astrocytes control neurogenesis and other aspects
of neural plasticity and regeneration. The ablation of GFAP and vimentin in mice (Colucci-
Guyon et al. 1994; Pekny et al. 1995; Eliasson et al. 1999; Pekny et al. 1999; Pekny and
Pekna 2004; Pekny and Nilsson 2005; Pekny and Lane 2007) creates more permissive
environment to transplantation of neural grafts or neural stem cells (Kinouchi et al. 2003;
Widestrand et al. 2007) and increases axonal and synaptic regeneration (Menet et al. 2003;
Pekny et al. 2004; Wilhelmsson et al. 2004; Cho et al. 2005). Neuronal differentiation of
neural progenitor cells was increased when they were co-cultured with astrocytes lacking
GFAP and vimentin (GFAP 7~Vim™~) (Widestrand et al. 2007). Although the altered
cellular distribution of Wnt3 in the GFAP ~~Vim ™~ astrocytes could be associated with
changed secretion of this pro-neurogenic factor and thus partially explain this finding, a
direct cell-to-cell signaling from astrocytes to neural stem/progenitor cells and its
involvement in neurogenesis remains an attractive alternative. It appears that GFAP and
vimentin are important for the astrocyte-mediated inhibition of neural stem/progenitor cell
differentiation and that this inhibition happens, at least partially, through the Notch signaling
from astrocytes to neural stem/progenitor cells (Pekny et al., unpublished data).

Astrocytes are also an essential component of the neurovascular unit and directly regulate
the properties of the blood-brain barrier. Thus, astrocytes can also regulate the neurogenic
niche indirectly by determining the accessibility of blood-derived factors/molecules
modulating neurogenesis (Barres 2008; Liebner et al. 2011).

Integration into the existing neuronal networks is essential for the survival of newly born
neurons. It appears that astrocytes regulate this step by releasing signals that induce synapse
formation as well as signals that initiate the removal of redundant synapses. Astrocyte-
derived factors participate in synaptic development by inducing synapse formation and
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maturation (Nagler et al. 2001). Thrombospondins 1 and 2 are members of a family of
extracellular glycoproteins with synaptogenic properties secreted by astrocytes
(Christopherson et al. 2005). Their deficiency leads to reduced synaptic density during
development (Christopherson et al. 2005). Expression of thromobospondins 1 and 2 is
increased after experimental stroke and both thrombospondins co-localize mostly with
astrocytes (Liauw et al, 2008). Compared to wild-type mice, mice deficient in
thromobospondin 1 and 2 exhibited synaptic density and axonal sprouting deficit associated
with impaired motor function recovery after stroke, despite no differences in infarct volume
and blood vessel density (Liauw et al. 2008). Recently, Eroglu et al (Eroglu et al. 2009)
identified the gabapentin receptor a2d-1 as a neuronal thrombospondin receptor that is
responsible for excitatory synapse formation in the central nervous system (CNS).
Astrocytes are also involved in maintaining synaptic contacts after injury. Hence, mice
deficient in GFAP and vimentin have a more pronounced loss of synapses in the
hippocampus in the acute phase (four days) after the entorhinal cortex lesion. Remarkably,
synaptic recovery of these mice was also increased, reaching the levels on the uninjured side
on day 14 after lesion (Wilhelmsson et al. 2004)

Recent data suggest that astrocytes also play a role in the elimination of redundant synapses
during development. Immature astrocytes in the developing brain seem to be a source of a
signal that triggers the expression of complement component C1q in developing neurons
(Stevens et al. 2007). C1q localizes to synapses that are thus tagged for elimination through
the activation of the complement cascade and deposition of C3b, an opsonin derived from
the proteolytic activation of the complement component C3 (Stevens et al. 2007). Indeed,
both mice deficient in C1q (C1q ") and mice deficient in C3 showed significant and
sustained defects in CNS synapse elimination in the thalamus (Stevens et al. 2007). Also,
C1q~~ mice show enhanced neocortical excitatory synaptic connectivity and epileptiform
activity (Chu et al. 2010).

In summary, astrocytes both directly and indirectly control the neurogenic niche and
integration and survival of newly formed neurons. Thus, astrocytes constitute an attractive
target for therapeutic modulation of the generation and survival of newly formed neurons in
pathological conditions such as stroke and/or neurodegenerative disease.

associations between neurons and glia in developed brain

Glial cells in the brain tightly associate with their environment. Astrocytes form processes
that contact other neural cells, be them glia and/or neurons, and extent onto non-cellular
surroundings such a basal lamina, or cerebrospinal fluid (CSF) that fills ventricles
(Reichenbach 1989). Virtually all vascular surfaces in the brain are covered by astroglial
endfeet. Using these specialized contacts astrocytes can also reach the pia mater. Astrocytic
processes in the parenchyma are in contact with and/or ensheath distinct neuronal elements,
in particular synapses, with the coverage that varies in different regions of the brain
(Ventura and Harris 1999; Hatton 2002). Due to strategic positioning at the cross-roads
between the vasculature and neurons, astrocytes can mediate the exchange of molecules
between these compartments. Moreover, it is in the neuropil that, so-called, peripheral
astrocyte processes (PAPs), which form thin membrane out-foldings, engage with their
neighboring neuronal counterparts to provide structural sites for bidirectional astrocyte-
neuron communication. Due to their high density, PAPs may constitute half of the glial cell
volume and about 80% of its surface (Chao et al. 2002). The perisynaptic processes, which
ensheath synapses, display lamellar structure; their functions are multi-faceted, e.g.,
isolation of individual synapses from their environment, uptake of neurotransmitters and
involvement in synaptic transmission and plasticity.
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Interaction of neuronal, glial and vascular elements results in the formation of specialized
functional territories which may range in size from a few nanometers up to centimeters.
These territories may be referred to as domains, which more or less function autonomously.
Coexisting glial domains can be hierarchically arranged starting with individual and very
small glia-neuron contacts constituting a nanodomain (Fig. 1, left). For instance, glial
“tongues” lining a synaptic cleft, or finger-like perinodal glial processes at axons, can be
considered as nanodomains. At the next level, microdomains ensheath an individual synapse
or a group of synapses (Fig. 1, left), as initially demonstrated for a specialized astrocyte, the
Bergmann glial cell in the cerebellum (Grosche et al. 1999). A single astrocyte forms many
microdomains, which can operate independently from each other, and have a degree of
operational independence from the glial stem process from which they extend. Both
nanodomains and microdomains have been shown to be dynamic and plastic structures
(Hirrlinger et al. 2004).

In certain areas of the brain, for example in olfactory cortex, larger synaptic aggregates or
glomerula serve as dominant functional units. Such cellular domains (Fig. 1, left) are
enwrapped by a glial envelope which probably has similar functions as a microdomain.
Depending on the size of this cellular domain, a whole astrocyte or even several astrocytes
take part in its formation. It depends on the functional requirements whether a given glial
element forms a microdomain or a cellular domain (Fig. 1; center, n1). For example,
individual microdomains of a Bergmann glial cell can be activated when individual parallel
fibers are weakly stimulated, while many microdomains or even a whole Bergmann glial
cell (and, thus, a cellular domain) can be activated by strong stimulation (Grosche et al.
1999). In the cerebellum one Purkinje cell constitutes the smallest functional neuronal unit.
However, a single Purkinje neuron is surrounded by about eight Bergmann glial cells. Such
astrocytic clusters supporting a functional neuronal unit are defined here as oligocellular
domains; they constitute a transition to larger arrays which can be called mesodomains (Fig.
1, center).

At the next level in the hierarchy, assemblies of glial oligocellular domains and
mesodomains form large (“macroscopic”) functional units, such as columnar units of the
cerebral cortex, for example ocular dominance columns of the visual cortex or “barrels” of
the somatosensory cortex. Astrocytes may contribute to such larger units based on the
formation of extensive cellular networks (Fig. 1, center). A network or an overlapping
conglomerate of glial networks (Fig. 1; center, n j-n j;) are generated by the gap junctional
coupling between the astrocytes. Mechanisms of extracellular homeostasis like spatial
buffering of K* ions, as well as the exchange of signals (e.g., Ca2* waves) partially rely on
this intercellular coupling. The astrocytic networks are experimentally visualized using an
injection of a dye into one cell with subsequent dye spread to adjacent cells. An assembly of
glial networks may be considered as glial macrodomains (Fig. 1, right). It has been shown
that physiological stimulation of neurons in the barrel cortex of mice causes astrocytic Ca?*
waves which remained restricted to the very barrel (i.e., macrodomain) that was stimulated
(Schipke et al. 2008). Groups of macrodomains form superdomains which may be related to
cortical gyri or fields. Depending on the degree and distribution of neuronal excitation, the
whole repertoire of glial domains may be switched on in series within the very same part of
the brain. At the pathological end of this scale, phenomena such as spreading depression can
expand over the entire cortex, thus involving the entire glial population. The various glial
domains can be transient and variable and appear to be important for brain function.

Astroglia in brain metabolism

Astrocytes account for a large fraction of the brain volume and their ultrastructure is,
particularly in the human brain, enormously elaborate with an immense network of fine
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processes (Fig. 2) (Oberheim et al. 2006). This enables astrocytes to monitor an extremely
large number of synapses thereby being actively involved in neurotransmitter homeostasis
(Newman 2003; Ransom et al. 2003; Hertz and Zielke 2004; Waagepetersen et al. 2009).
The finding that astrocytes possess the machinery to release glutamate and other transmitters
in a Ca*-dependent manner has led to the notion that they actively participate in the
signaling processes in a concerted action with neurons (Parpura et al. 1994; Parpura and
Zorec 2010). It should be noted that in the brain, astrocytes, rather than neurons, are capable
of de novo synthesis of glutamate and of storing glucose in the form of glycogen (Hertz and
Zielke 2004).

The contribution of astrocytes to the overall brain metabolism has been somewhat
controversial but as discussed in detail by Hertz et al. (Hertz et al. 2007) the astrocytes have
a high oxidative metabolism which is compatible with the prominent expression of enzymes
involved in oxidative metabolism as well as a high content of mitochondria even in the fine
processes as shown by a transcriptomic analysis of freshly isolated astrocytes and electron
microscopic images of astrocytic fine processes in brain cortical sections (Lovatt et al.
2007).

Glutamatergic neurotransmission is likely to account for a considerable part of the total
energy requirement related to neural signaling processes (Attwell and Laughlin 2001).
While there is little doubt that glucose is the main energy substrate for the brain (McKenna
et al. 2012), it may be less clear what may be the direct roles of glycogen and lactate both of
which are derived from glucose (McKenna et al. 2012). In case of lactate the discussion has
been focused on its role relative to that of glucose as the energy substrate for neurons [e.g.
(Bouzier-Sore et al. 2003; Bak et al. 2006)]. Regarding glycogen, it has been debated
whether it should be viewed as an energy store which can be mobilized during an episode of
aglycemia or it may be actively involved in the maintenance of neural functions during
physiological activity (Swanson 1992; Swanson and Choi 1993; Ransom and Fern 1997;
Wender et al. 2000; Brown et al. 2005; Dienel et al. 2007). In this context it is of importance
that Shulman et al (Shulman et al. 2001), based on functional imaging studies in the brain in
vivo proposed a considerable activity of the glycogen-shunt, i.e. the concerted action of
glycogen synthesis and glycogen degradation involving glycogen synthase and glycogen
phosphorylase as illustrated in Schousboe et al. (Schousboe et al. 2010). The availability of
specific pharmacological tools to inhibit glycogen phosphorylase has enabled detailed
studies of the functional role of the glycogen-shunt to be performed showing that it clearly
plays an important role in memory formation as well as in the maintenance of
neurotransmission (Waagepetersen et al. 2000; Gibbs et al. 2006; Dienel et al. 2007; Suh et
al. 2007; Walls et al. 2008; Sickmann et al. 2009; Walls et al. 2009; Suzuki et al. 2011).

The location of the astrocytic endfeet at the capillaries combined with the abundant
expression of the glucose transporter GLUT1 (McKenna et al. 2012) provides these cells
with an easy access to glucose supply. Subsequent to cellular uptake, glucose is
phosphorylated by hexokinase type | which in the astrocytes is associated with the
mitochondria (Lynch et al. 1991; Griffin et al. 1992). It is important to note that even though
the phosphorylation process is highly efficient it has been convincingly demonstrated that
the astrocytes contain a nonnegligible concentration of free, non-phosphorylated glucose
(Prebil et al. 2011). The product of glucose phosphorylation, glucose-6-phosphate can enter
the glycolytic pathway to form pyruvate and lactate or the pentose phosphate pathway which
accounts for a small percentage of the glucose metabolism (McKenna et al. 2012).
Glucose-6-phosphate may alternatively act as substrate for glycogen synthesis and glycogen
may subsequently be degraded by the action of glycogen phosphorylase ultimately leading
to regeneration of glucose-6-phosphate. i.e. the processes constituting the glycogen-shunt
(Walls et al. 2009; Schousboe et al. 2010). The activities of glycolysis alone and that of the
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concerted action of glycogenolysis and glycolysis involving the glycogen-shunt,
respectively appear to be regulated interdependently as inhibition of glycogen phosphorylase
leads to a super-compensation of the rate of glycolysis both in the brain in vivo and in
cultured astrocytes (Dienel et al. 2007; Walls et al. 2009; Schousboe et al. 2010; Schousboe
et al. 2011). It appears that this interdependence of glycogen-shunt activity and glycolysis
plays an important role in the supply of energy for the maintenance of glutamatergic activity
(Walls et al. 2009; Schousboe et al. 2011). It should also be noted that inhibition of the
glycogen-shunt has a significant effect on both vesicular glutamate release and its trans-
membrane transport (Sickmann et al. 2009; Schousboe et al. 2010; Schousboe et al. 2011).
This together with the demonstration that re-uptake of glutamate in glutamatergic neurons
can only be supported by glucose metabolism and not by that of lactate (Bak et al. 2006)
strongly argues that the glycogen-shunt as well as the glycolytic process are of fundamental
significance for maintenance of glutamatergic activity. In this context it should also be
mentioned that the astrocytic glutamate uptake mediated by the high affinity glutamate
transporters abundantly expressed in the plasma membrane appears to be coupled to
adenosine 5'-triphosphate (ATP) generated in the glycolytic pathway rather than by ATP
generated by mitochondrial oxidative phosphorylation (Schousboe et al. 2010; Schousboe et
al. 2011). This is likely explained by the association of the ATP producing glycolytic
enzymes glyceraldehyde-3-phospate dehydrogenase and phosphoglycerate kinase with the
astrocytic plasma membrane (Schousboe et al. 2011). This enables formation of a
metabolomic complex between these enzymes, the Na*/K*-ATPase and the glutamate
transporters of which the latter two also form complexes in the plasma membrane [see
(Schousboe et al. 2011)]. Such a metabolomic structure would highly increase the efficiency
of usage of the ATP produced in the glycolytic pathway, as discussed in Schousboe et al.
(Schousboe et al. 2011).

lonotropic receptors and transporters provide for fast neuronal-glial
signaling at the synaptic level

In the CNS the majority of synaptic contacts are tightly covered by astroglial perisynaptic
processes (Araque et al. 1999), which provide for structural separation between synapses
and are likely to participate in the maintenance and regulation of synaptic transmission. In
the grey matter of mammals single astrocyte can cover 20 — 100 thousand synapses in
rodents and up to 2 millions synapses in primates and humans (Oberheim et al. 2006;
Verkhratsky et al. 2011). This morphological organization obviously calls for specific
mechanisms of local signaling that allow for neuronal-glial integration at the level of
individual synapses. The local neuronal-glial signaling at the synaptic level involves
activation of multiple neurotransmitter receptors localized at the astroglial plasma
membrane. Activation of astroglial metabotropic receptors is mainly associated with
intracellular Ca%* signaling originating from the endoplasmic reticulum (ER) (Verkhratsky
et al. 1998; Agulhon et al. 2008), which regulates various functions such as metabolic
activity, gene expression and release of gliotransmitters. Astroglial Ca2* signals, however,
tend to be slow and their relevance for rapid regulation of synaptic transmission and
plasticity has been recently questioned (Fiacco et al. 2007; Agulhon et al. 2010). Astroglial
processes are endowed with several types of ionotropic receptors and transporters that may
be responsible for fast signaling activated during the course of synaptic transmission. Highly
localized ion signals produced by these molecules can potentially regulate synaptic
transmission through several pathways.

lonotropic receptors in perisynaptic processes

Expression of neurotransmitter receptors in astrocytes in different brain regions is highly
heterogeneous and is likely to be regulated by local neurotransmitter environment and often
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the assortment of receptors expressed by astroglia matches that present in the their neuronal
neighbors (Verkhratsky et al. 1998; Verkhratsky 2011). In the cerebellum, for example
Purkinje neurons and their close associates Bergmann glial cells express the almost identical
receptor assortment that includes receptors for adrenalin/epinephrine, histamine, glutamate,
y-amino butyric acid (GABA) and ATP, these receptors being congruent to the
neurotransmitters released in this anatomical region (Kirischuk et al. 1995; Kirischuk et al.
1996b; Kirischuk et al. 1996a; Verkhratsky et al. 1998). In basal ganglia rich in
dopaminergic transmissions astrocytes specifically express dopamine receptors (Miyazaki et
al. 2004); similarly in the spinal cord where glycine is utilized as a primary inhibitory
transmitter astrocytes demonstrate specific expression of glycine receptors (Kirchhoff et al.
1996).

There are at least three types of ionotropic receptors expressed in astrocytes in the
mammalian brain which are represented by a-amino-3-hydroxy-5-methyl-isoxazole
propionate (AMPA) and N-methyl-D-aspartate (NMDA) types of tetrameric glutamate
receptors (GIluRs) and P2X trimeric purinoceptors (Lalo et al. 2011a). lonotropic GIuRs of
AMPA type are the most abundant in astroglia being detected in cortex, hippocampus and
cerebellum (Condorelli et al. 1999; Gallo and Ghiani 2000; Seifert and Steinhauser 2001).
Depending on the expression of the GIuR2 subunit, some of astroglial AMPA receptors
show moderate (Pca/Pmonovalent ~ 1 —1.5) Ca2* permeability (Seifert and Steinhauser 2001),
although fast desensitization of these receptors when activated by glutamate substantially
limits Ca2* entry (Kirischuk et al. 1999). Astroglial NMDA receptors were detected and
characterized in detail both in vitro and in situ (Verkhratsky and Kirchhoff 2007; Lalo et al.
2008; Oliveira et al. 2011) and their expression seems to be confined to cortex and the spinal
cord. Astroglial NMDA receptors are characterized by weak Mg2* block at —80 mV [the
block develops at more negative membrane potentials (Palygin et al. 2011)] and moderate
Ca?* permeability [Pca/Pmonovalent ~ 3; (Palygin et al. 2010)]. Cortical astrocytes also
express heteromeric P2Xy5 receptors that are exceptionally sensitive to ATP 54 (ECsq ~ 40
— 50 nM), are moderately permeable to Ca (Pca/Pmonovalent ~ 2) and show little
desensitization in the presence of the agonist (Lalo et al. 2008; Palygin et al. 2010). Cortical
astrocytes and cerebellar Bergmann glial cells also express P2X7 purinoceptors (Habbas et
al. 2011; Oliveira et al. 2011), which, most likely, are associated with pathological
purinergic signaling. lonotropic receptors present in astroglia are activated during synaptic
transmission forming the basis for glial synaptic currents (GSCs) that directly depend on
presynaptic neurotransmitter release (Lalo et al. 2011b). Furthermore spontaneous
(“miniature”) AMPA, NMDA and P2X45 receptors-mediated GSCs were readily detected in
cortical astrocytes indicating close apposition of astroglial membranes containing ionotropic
receptors to the sites of neurotransmitter release from presynaptic terminals (Lalo et al.
2006; Lalo et al. 2011b; Lalo et al. 2011a).

Astroglial Na*-dependent transporters and exchangers

Perisynaptic processes of astrocytes contain several transporters and exchangers that provide
substantial Na* fluxes. First, astrocytes are rich in Na*-dependent glutamate transporters (of
EAAT1/GLAST and EAAT2/GLT-1 types), which represent the major element of glutamate
homeostasis in the brain (Danbolt 2001; Gadea and Lopez-Colome 2001). Activation of
glutamate transporters by synaptically released glutamate triggers inward currents mainly
carried by Na* that result in substantial (10 — 30 mM) increase in cytosolic Na*
concentration ([Na*];) in astrocytes (Kirischuk et al. 2007; Bennay et al. 2008). The second
Na*-dependent neurotransmitter transporter is represented by GABA transporters of GAT
family, which operate with a stoichiometry of 2Na*/1GABA (Heja et al. 2009).
Transmembrane Na* gradients also govern several Na* dependent exchangers involved in
Ca%* homeostasis (Na*/CaZ* exchanger or NCX) and in H*/OH-/HCOj3™ transport critically
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important for acid/base homeostasis (Deitmer and Rose 2010). Astroglial NCX may operate
in both forward (Ca?* extrusion coupled with Na* influx) and reverse (Ca2* entry coupled
with Na* extrusion) modes (Goldman et al. 1994; Matsuda et al. 1996; Kirischuk et al. 1997;
Rojas et al. 2007); the switch between NCX operational modalities depends on membrane
potential and transmembrane Na*/Ca2* gradients (Kirischuk et al. 1997). As a result NCX
represents a powerful and capacious Ca2*/Na* buffer that may rapidly and substantially
affect local cytosolic concentrations of both ions.

Localized Ca?* and Na* signals integrate neuronal-glial networks at the synaptic level

Synaptic transmission activates several ion flux pathways present in perisynaptic astroglial
processes. Importantly, molecules responsible for these pathways are strategically
positioned. Morphological and functional studies indicate that ionotropic receptors,
glutamate transporters and NCXs are all concentrated in the perisynaptic astroglial processes
(Conti et al. 1994; Conti et al. 1996; Minelli et al. 2007; Lalo et al. 2011b). This results in
local microdomains of high [Ca2*]; and [Na*]; that mediate local signaling cascades (Fig. 3).
In particular, changes in [Na*]; can control several pathways which may effectively regulate
synaptic transmission and plasticity. First, changes in [Na*]; directly control the efficacy of
glutamate uptake; increases in [Na*]; inhibit glutamate transporters. It is feasible to
speculate therefore that at the very peak of synaptic transmission event, which rapidly
increases astroglial [Na*]; through activation of both ionotropic receptors and glutamate
transporters, glutamate uptake is transiently inhibited therefore assuring high concentration
of transmitter in the synaptic cleft securing transmission event. Increased [Na*]; turns the
NCX into the reversed mode thus providing for additional local Ca2* influx and for lowering
[Na*]; which restores the efficacy of glutamate uptake. Incidentally, increase in [Na*]; may
also facilitate the reverse mode of GABA transporter (which due to its stoichiometry is
exceptionally sensitive to [Na*]; gradients) that can release GABA from astrocyte with yet
uncharacterized inhibitory effects on synaptic transmission (Heja et al. 2009). Finally,
increase in [Na*]; stimulates Na*/K* pump that (i) facilitates astroglial K* uptake thus
participation in the ion homeostasis in the synaptic cleft and (ii) activates lactate shuttle
(Magistretti 2006, 2009) that can specifically and focally supply active synapses with energy
substrate.

To conclude, concerted activation of ionotropic receptors and ion transporters residing in
astroglial perisynaptic processes results in fast and highly localized ion signaling; this in turn
affects several pathways modulating synaptic transmission and plasticity.

Integration in neuronal-glial circuits: Gliotransmitters

Astrocytes are multifunctional housekeeping cells, involved in bi-directional communication
with neurons; in doing so, these glial cells modulate synaptic transmission and plasticity
(Araque et al. 1999; Newman 2003; Ni et al. 2007; Halassa et al. 2009). In this
heterocellular signaling, astrocytes often utilize regulated exocytosis (Parpura et al. 2010;
Parpura and Zorec 2010). This process requires vesicles containing a chemical transmitter,
or a blend of them. Upon a merger of vesicular and plasma membranes, transmitter(s) stored
within the vesicular lumen is(are) secreted into the ECS. Once in the ECS, gliotransmitters
can act upon adjacent cells (paracrine function), or on the very cell which secreted them
(autocrine function). Regulated exocytosis is set-off by an increase in the cytosolic [Ca2*].
Once triggered, this process can be quick-tempered as is the case in neurons, where a sub
millisecond delay can be achieved when participating vesicles are organized in active zones,
already pre-filled with transmitter, primed and docked to the plasma membrane. Regulated
exocytosis in astrocyte, however, appears to be slower than in neurons (Kreft et al., 2004), in
part due to slow vesicle delivery to the plasma membrane, albeit other undisclosed
mechanisms may play a role as well. Astrocytes have vesicles which contain amino acids
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(e.g., glutamate and D-serine) and/or nucleotides (e.g., ATP) serving as gliotransmitters.
Undeniably, astrocytes can also release vesicle-loaded peptides, as discussed elsewhere
(Parpura et al. 2010).

Amino acid glutamate is synthesized de novo within astrocytes as a by-product of the
tricarboxylic acid cycle (Westergaard et al. 1996; Hertz et al. 1999). D-serine is generated
from L-serine by serine racemase, an enzyme found in astrocytes (Wolosker et al. 1999).
ATP is produced via glycolysis and oxidative phosphorylation. Once released into the ECS,
ATP can mediate intercellular signaling by acting directly onto purinergic receptors.
Alternatively, but more frequently additionally, upon its hydrolysis by membrane-bound
ecto-nucleotidases, the extracellular degradation products, adenosine diphospate and
adenosine, can activate diverse plasma membrane receptors [reviewed in (Fields and
Burnstock 2006)].

Evidence for Ca2*-dependent gliotransmitter release from astrocytes was initially
demonstrated for glutamate, which release from cultured astrocytes was stimulated upon
elevation of their cytosolic Ca2* caused by a Ca2* ionophore used as a secretagogue
(Parpura et al. 1994). Similarly, Ca?* ionophore-stimulated astrocytes can also release D-
serine, a co-agonist of the glycine binding site of the NMDA receptor (Mothet et al. 2005).
In support of ATP being released from astrocytes by Ca2*-dependent exocytosis, astrocytes
exposed to nitric oxide (NO) showed an increase in cytosolic Ca2* with consequential
release of ATP into the ECS (Bal-Price et al. 2002). The release of peptides, e.g., atrial
natriuretic peptide, from cultured astrocytes was demonstrated by monitoring optically
fluorescently labeled vesicles in cells exposed to Ca2* ionophore (Krzan et al., 2003). These
initial findings have been corroborated by many laboratories using a variety of techniques to
detect release of these gliotransmitters from astrocytes [e.g., (Bezzi et al. 2004; Kreft et al.
2004; Montana et al. 2004; Bowser and Khakh 2007; Jourdain et al. 2007; Pangrsic et al.
2007; Marchaland et al. 2008; Malarkey and Parpura 2011); reviewed in (Parpura and Zorec
2010)].

There are multiple sources of Ca2* for Ca2*-dependent gliotransmitter release from
astrocytes. We illustrate the complexity of Ca2* sources using an example of exocytotic
glutamate release, since it has been studied in most details. Hence, the majority of cytosolic
Ca?* necessary for astrocytic glutamate release originates from the ER store as determined
using a blocker of ER-specific Ca?*-ATPases (Araque et al. 1998; Bezzi et al. 1998;
Innocenti et al. 2000; Hua et al. 2004; Montana et al. 2004); based on further
pharmacological evidence both inositol 1,4,5-trisphosphate (InsP3)- and ryanodine-sensitive
receptors serve as channels for delivery of Ca2* from the ER lumen to the cytosol (Hua et al.
2004) (Fig. 4). It should be noted, however, that the functionality of ryanodine receptors in
astrocytes in situ is still debated (Beck et al. 2004).

The Ca?* entry across the astrocytic plasma membrane into to the cytosol eventually
represents the source of this ion for (re)filling of the ER Ca?* store. This can occur via store-
operated Ca2* entry (SOCE). Plasmallemal channels mediating this event become activated
when ER Ca?* is depleted (Takemura and Putney 1989; Golovina 2005). In particular, the
canonical transient receptor potential (TRPC) 1 protein containing channels contribute to
Ca?*-dependent glutamate release from astrocytes (Malarkey et al. 2008) (Fig. 4).

In addition to SOCE, Ca?* entry from the ECS to the cytosol can be mediated by plasma
membrane voltage- and ligand-gated Ca2* channels. Astrocytes in acute slices from
ventrobasal thalamus showed intrinsic cytosolic Ca2* oscillations which lead to glutamate
release (Parri et al. 2001); these oscillations dually draw Ca2* from the ER store and the
ECS by the Ca?* entry via voltage-gated Ca2* channels (VGCCs). Whether the activation of
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astrocytic ionotropic transmitter receptors, which leads to cytosolic Ca2* influx [reviewed in
(Lalo et al. 2011a)], plays a role in exocytotic gliotransmission remains to be determined.
Another pathway for Ca2* entry across the plasma membrane into the astrocytic cytosol is
offered by NCXs operating in the reverse mode (Kirischuk et al. 1997; Rojas et al. 2008).
Resulting cytosolic Ca2* increases can cause exocytotic glutamate release from astrocytes
(Paluzzi et al. 2007; Reyes and Parpura 2009).

Mitochondria represent a source/sink of intracellular Ca2* which can modulate the
magnitude of glutamatergic exocytosis in astrocytes (Reyes and Parpura 2008; Reyes et al.
2011). At elevated cytosolic CaZ* levels, these organelles take up Ca2* into the matrix via
Ca?* uniporter. As the cytosolic Ca2* declines, free Ca2* exits the matrix through the
mitochondrial Na*/Ca2* exchanger as well as via transient openings of the mitochondrial
permeability transition pore. Indeed, the resulting buffering of cytosolic Ca2* levels, caused
by activity of these mitochondrial proteins, reflects in modulation of the magnitude of
exocytotic glutamate release from astrocytes (Reyes and Parpura 2008). The contribution of
cytosolic proteins that can buffer Ca2* and buffering capacities of the nucleus in such
modulation remains elusive at the moment.

Taken together, a concerted effort of various molecular entities located at the plasma
membrane, the ER and mitochondria regulate cytosolic Ca2* levels which in turn drive
Ca?*-dependent regulated exocytosis. Interestingly, there could be additional levels of
modulation of this process. It has been demonstrated that cytosolic glutamate concentrations
as well as the availably of vesicular glutamate transporter (VGLUT) 3, that mediates
packing of this gliotransmitter into vesicles (see below), can affect the magnitude of
exocytotic release (Ni and Parpura 2009). Furthermore, there has been demonstration of the
immunophillin-mediated enhancement of the glutamatergic output from astrocytes which
had been attributed to a downstream of Ca2* modulation, likely at the level of secretory
machinery (Reyes et al. 2011).

Indeed, astrocytes express proteins of the exocytotic secretory machinery, in particular the
soluble N-ethyl maleimide-sensitive fusion protein attachment protein receptor (SNARE)
complex composed of: synaptobrevin 2, and its homologue cellubrevin; syntaxins 1, 2 and 4;
and synaptosome-associated protein of 23 kDa (SNAP-23) [(Paco et al. 2009) and reviewed
in (Montana et al. 2006)]. This complex is associated with various proteins, most notably
synaptotagmin 4 (Zhang et al. 2004a). Although, the expression of mutated synaptotagmin 4
showed a dominant-negative effect by reducing Ca%*-dependent glutamate release from
astrocytes (Zhang et al. 2004a), the lack of Ca2*-binding by this protein (Dai et al. 2004)
leaves the identity of a Ca2* sensor for regulated exocytosis in astrocytes unknown. The
uptake of glutamate and ATP into vesicles is carried out by vesicle membrane bound
proteins, VGLUTSs and the vesicular nucleotide transporter (VNUT) (Sawada et al. 2008),
respectively. These transporters uptake glutamate/ATP into vesicles using the proton
concentration gradient established across the vesicular membrane by another vesicular
membrane protein, vacuolar type H*-ATPase (V-ATPase). While it is widely accepted that
neurons express these proteins (Takamori 2006), only recently it has been demonstrated that
astrocytes express all the three isoforms of VGLUTS (1, 2, 3), VNUT as well as V-ATPase
(Fremeau et al. 2002; Bezzi et al. 2004; Montana et al. 2004; Wilhelm et al. 2004; Zhang et
al. 2004b; Anlauf and Derouiche 2005; Sawada et al. 2008). The release of glutamate, D-
serine and/or ATP has consequences on synaptic physiology and animal behavior, as
discussed below.
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Integration in neuronal-glial circuits: Gap junctions

Most gap junctions in the brain occur between glial cells, where coupling strength can be
very high. In particular, astrocytes are widely interconnected via gap junctions, which
mainly consist of connexin (Cx) 43 and, to a lesser extent, Cx30. The intensity of astroglial
coupling led to the concept of astrocytes providing a functional syncytium in which cell
responses are highly coordinated and effective buffer volume is quite high (Fig. 5).

One way in which such astrocyte signaling occurs is through generation of intracellular Ca2*
waves. Astroglial Ca2* waves can be generated spontaneously and/or in response to
neuronal activity. They are believed to provide a pathway of modulation between domains
of separate neurons. Gap junctions, by direct intercellular exchange of Ca2* or another
second messenger molecule (e.g., InsP3) seem to determine speed and directionality of the
waves (Fig. 5A). However, a considerable fraction of the waves is now known to be
mediated by extracellular routes involving the release of ATP (via plasmalemmal channels
and/or exocytosis) from the intracellular compartment into the extracellular environment and
subsequent paracellular diffusion and action on neighboring cells through purinergic
receptors. The channels responsible for ATP release were originally believed to be gap
junction “hemichannels” on the cell surface, although pannexin 1 channels seem more likely
candidates (Scemes et al. 2007) (Fig. 5A). These channels, which show minor sequence
homology with invertebrate gap junction proteins, innexins, but none at all to the vertebrate
connexins, open in response to elevated K*, activation of P2X5 receptors, stretch and
membrane depolarization.

Astrocyte gap junctions also facilitate the spread of Na* elevations from sites of local
increases to adjacent astrocytes (Fig. 5B). Intense neuronal excitatory synaptic activity leads
to Na* spikes in astrocytes due to cotransport of Na* with glutamate (Kimelberg et al. 1989;
Langer and Rose 2009). In hippocampal slice preparations these intracellular Na* increases
spread to neighboring astrocytes through gap junctions (Langer et al. 2011). Gap junction
mediated Na* waves would alter the glutamate uptake from synapses thereby modulating
their activity. Because of the effect of Na* concentration on glycolysis and glycogen
breakdown this form of communication changes metabolic activity of the astrocytes
(Pellerin and Magistretti 1994). This may be one way that activity dependent, directional
movement of metabolites is orchestrated as discussed below. The astrocyte syncytium forms
a metabolic network that can provide energy supply to active neurons. In the grey matter, all
or almost all astrocytes are highly polarized cells, with one process encircling a blood vessel
as astrocytic endfeet and a second neuronal pole present in the proximity of neuronal
synapses. By gap junction coupling they are assumed to provide a network that delivers
metabolites from the perivascular space to the neuronal site. Since glucose and its metabolite
lactate are the main energy carriers for neurons, it has long been thought that the astroglial
network may function as a supportive conduit to serve for the transport of these energy
donors from the vasculature to neurons. In fact, as has been shown recently, gap junction
mediated cell-to-cell diffusion of these energetic metabolites seems to be one main function
of the astroglial network, delivering energy to sites of high neuronal demand (Rouach et al.
2008; Gandhi et al. 2009). It is noteworthy that this metabolic network exhibits activity
dependent traits, since it is responsive to increased synaptic activity at AMPA receptor sites.

In addition to these astroglial properties for intercellular transmission of Ca2* waves and
metabolites, astrocytes have also been regarded to function as a buffer volume to cope with
local increases of external ions such as K*, which may rise to high levels upon action
potential generation (Fig. 5C). Coupling of astrocytes through gap junctions offers the
possibility to dissipate local peaks of K* concentrations within the syncytium, by
substantially increasing the volume of the buffer (Seifert and Steinhauser 2011). In this
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context it is noteworthy to mention that gap junctions can be formed between processes
originating from a single cell. This type of gap junction is termed “reflexive”, where the
contacts of a cell upon itself allow creation of subcellular microdomains acting in a
cooperative way, for instance at perisynaptic sites (Wolff et al. 1998; Schipke and
Kettenmann 2004).

The second class of macroglial cells, oligodendrocytes, is interconnected by connexin types
that differ from the astroglial pattern (Nagy et al. 2004; Theis et al. 2005). The most
abundant connexin expressed in oligodendrocytes, and also in its peripheral relative, the
Schwann cell, is Cx32. An additional connexin, Cx29, which is likely unable to form gap
junctions, but apposes with axonal Shaker type K* channels is also expressed in Schwann
cells and in oligodendrocytes, while oligodendrocytes also express Cx47. Both Schwann
cells and oligodendrocytes are responsible mainly for the formation and maintenance of the
myelin sheath. Most work regarding myelin connexins has been done on Schwann cells, due
to the discovery that the X-linked form of a peripheral neuropathy, the type X Charcot Marie
Tooth disease is due to mutations in Cx32. More than 300 mutations have now been
identified in patients, with clinical phenotype characterized by an accruing weakness in the
peripheral parts of the lower extremities with progression to the more proximal muscles.
Because a single Schwann cell forms the entire part of a functional unit in peripheral myelin,
the so called internode, there is obviously no need for intercellular coupling. The idea arose
and was later confirmed that gap junctions in peripheral myelin consist mainly of reflexive
junctions. Such reflexive junctions are common, and were mentioned above in the case of
astrocytes. Since reflexive junctions may serve as short-cuts to allow fast diffusion of ions or
metabolites between extremely tortuous cytoplasmic compartments of the same cell, in the
Schwann cell they may provide radial conduits at sites of the myelin sheath where
cytoplasmic inclusions are localized such as the Schmidt-Lantermann incisures and the
paranodal processes. The radial orientation allows fast diffusion of nutrients from the outer
circumference of the myelin sheath, where the soma of the Schwann cell is localized to its
central adaxonal cytoplasmic collar. Loss of function mutations of the Cx32 gene could thus
result in malnutrition of the myelin sheath in particular of its cytoplasmic portions. Because
single axons emanating from motoneurons of the lumbar spinal cord span a distance more
than a meter from their origin in humans, it is no surprise that deficits in nutritive supply and
clearance of metabolic waste of the myelin sheath leads to initial degeneration in the most
distal muscles.

In central myelin, the oligodendrocytes are arranged a little differently. Here, more than one
cell contributes to the formation of a single internode and in addition to that, a single
oligodendrocyte contributes to the formation of multiple internodes. Nevertheless, the
central myelin sheath also harbors a number of gap junctions, especially in its outer
circumference, where the connexins forming gap junctions are Cx32, Cx29 and Cx47 (Nagy
et al. 2004; Theis et al. 2005). Besides interconnecting oligodendrocytes, gap junctions are
also formed between oligodendrocytes and astrocytes. The use of transgenic mice carrying
reporter genes and deletions of different connexin genes provided evidence that most of the
junctions consist of either of the oligodendrocytic/astrocytic (O/A) combination Cx47 and
Cx43, or the O/O homotypic Cx32/Cx32 configuration. Likewise O/A junctions of Cx32
and Cx30 also exist. The extensive heterotypic coupling of both classes of glial cells has led
to the concept of a panglial syncytium, indicating that astrocytes and oligodendrocytes form
a functional network in terms of connectivity.

Mutations in the oligodendrocytic Cx47 may cause a devastating leukodystrophy called
Pelizaeus-Merzbacher-like disease or a milder spastic paraplegia (Scherer and Wrabetz
2008). It also is the cause of lymphedema, in which lymph flow is disrupted. In addition,
CNS demyelination may be caused by defects in genes expressing astrocytic gap junction
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proteins, which are essential for O/A coupling. In mice, mutants carrying a deletion of both
the oligodendrocytic genes encoding for Cx32 and Cx47 severe deficits in myelination occur
in central myelin resulting in thin or absent myelin sheaths and extensive vacuolation, signs
of degeneration.

Astroglial regulation of the neurovascular unit

Astrocytes, endothelial cells, neurons and pericytes comprise the neurovascular unit, in
which glia play major regulatory roles [for recent review, see (Dermietzel and Spray 2012)].
One such role is induction of proteins involved in polarized distribution of functional
components of the blood-brain barrier, a notable example being aquaporin 4 expression in
glial endfeet enwrapping neural vessels (shown schematically in Fig. 5). Glial induction of
both adhesive and tight junction protein expression in endothelial cells creates a permeation
boundary that is a target for both delivery of therapeutic pharmacological agents and for
breach by infectious organisms. A second function of glial cells in neurovascular coupling is
the control of local blood flow, thereby matching tissue oxygenation to demand. Here,
astrocytic release of vasoactive factors mediates the additional delivery of metabolic
molecules from the glial endfeet throughout the panglial syncytium, as illustrated by arrows
showing flow routes in Fig. 5.

Astroglial regulation of synaptic plasticity

There is a growing body of evidence demonstrating a role for astrocytes in regulating long-
term synaptic plasticity at central synapses. Such a glial contribution to changes in synaptic
strength involves the release of transmitters, including glutamate, ATP and D-serine, from
astrocytes. These substances have been reported to act pre- and/or postsynaptically at nearby
synapses affecting transmission in a transient or long-lasting manner [e.g. (Panatier et al.
2006; Serrano et al. 2006; Jourdain et al. 2007)]. These astrocytic regulations can be
classified in two groups according to the type of synaptic plasticity concerned: i) those that
are well established and have been extensively studied or ii) those that were not described
before the contribution of astrocytes was investigated.

The most common forms of synaptic plasticity found in the brain depend on the activation of
NMDA receptors (NMDARS). This includes NMDAR-mediated long term potentiation
(LTP) and long term depression (LTD) which cause an insertion or a removal of AMPA
receptors from the postsynaptic membrane, respectively (Malenka and Bear 2004).
NMDARs are peculiar glutamate receptors since they require the binding of an agonist,
glutamate, and a co-agonist that was first identified as glycine (Johnson and Ascher 1987).
In the last decade, however, several studies have challenged this idea by showing that
another amino acid, D-serine, was indeed serving as an NMDAR endogenous co-agonist
(Mothet et al. 2000) and that it was released from astrocytes (Yang et al. 2003; Mothet et al.
2005) and neurons (Kartvelishvily et al. 2006; Rosenberg et al. 2010). Recordings obtained
from cultures (Yang et al. 2003; Mothet et al. 2005) and from acute slices (Panatier et al.
2006; Henneberger et al. 2010; Fossat et al. 2011) have demonstrated that astrocytes were
important for supporting NMDAR activity at glutamatergic synapses through the supply of
D-serine, thereby enabling NMDAR-mediated synaptic plasticity (Fig. 6). In the
hypothalamus, the glial withdrawal that occurs in the supraoptic nucleus during lactation
(Theodosis et al. 2008) causes an impairment of NMDAR activity that is completely
accounted for by decreased D-serine levels within the cleft (Panatier et al. 2006). As a
consequence the activity-dependence of NMDAR-mediated synaptic plasticity is
dramatically altered since less NMDARs are available for activation. In the CA1 region of
the hippocampus, where NMDAR-dependent plasticity has been the subject of numerous
studies, a similar phenomenon prevails (Henneberger et al. 2010). Impairing intracellular
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Ca?* in an individual astrocyte leads to a reduced supply of D-serine, thereby inhibiting
NMDAR activity and LTP induction at synapses located within the glial anatomical
territory. These findings indicate that astrocytes are key determinant to NMDAR-mediated
plasticity and that each astrocyte controls NMDAR activity at independent sets of synapses.

Another well-described short-term synaptic plasticity is the heterosynaptic depression of
glutamatergic inputs occurring in the CA1 region in response to tetanic stimulation
(Manzoni et al. 1994). This form of plasticity was later shown to involve the activation of
interneurons and the consecutive stimulation of neighboring astrocytes through GABA-B
receptors (Pascual et al. 2005; Serrano et al. 2006). This protocol of stimulation activates
astrocytes, leading to the release of ATP with its metabolite adenosine, converted
extracellularly, and then acting presynaptically on Al receptors to inhibit excitatory
transmission. The overall effect is an increased contrast when comparing synaptic strength at
the glutamatergic inputs that are directly tetanized and potentiated with those neighboring
excitatory terminals that are not tetanized, but that endure the adenosine-mediated
heterosynaptic depression (Serrano et al. 2006).

Astrocytes have been also involved in the regulation of other forms of synaptic plasticity in
the CNS that were not described beforehand in the literature. In the hypothalamus, for
example, ATP released from astrocytes promotes the insertion of AMPA receptors (Gordon
et al. 2005). This plasticity differs from that depending on NMDARS since it is not input
specific, causing a general synaptic scaling, a phenomenon known as homeostatic plasticity.
Such non-Hebbian plasticity also occurs at other central synapses in response to glial tumor
necrosis factor-a (Stellwagen and Malenka 2006). This phenomenon appears to be important
not only for increasing synaptic strength but also for preserving it (Beattie et al. 2002).

In the hippocampus, a form of LTP, different from NMDA receptor-dependent LTP, that
involves glia has been described when postsynaptic depolarization was combined with
astrocytic stimulation through Ca2* uncaging (Perea and Araque 2007). This protocol causes
a long lasting enhancement of minimal glutamatergic synaptic responses evoked in CAl
neurons. It is mediated by astrocyte-derived glutamate that acts on presynaptic metabotropic
GluRs (mGIluRs). Interestingly, mGIuR activation by glial glutamate can be triggered by
endocannabinoids originating from neighboring neurons and acting on CB1 receptors
located on astrocytes (Navarrete and Araque 2010). This, however, only generates a short-
lasting enhancement of glutamatergic transmission. In the dentate gyrus, glutamate released
from astrocytes activates presynaptic NMDA receptors, thereby transiently facilitating
excitatory transmission onto granule cells (Jourdain et al. 2007).

These few chosen examples illustrate the major problem that the field of neuron-glia
interaction is facing regarding the astrocytic regulation of synaptic plasticity. Not only
phenomena that have been widely investigated in many laboratories appear to depend on
astrocytes, but also new types of short- and long-term plasticity that were never reported
before seem to depend on glia. While the relevance of all these processes for network
activity and cerebral communication remains to be unraveled, they all point to a pivotal role
played by astrocytes in the regulation of synaptic strength.

Astroglial role in control of adenosine tone: Consequences on synaptic
plasticity and sleep homeostat

Santiago Ramén y Cajal had numerous great insights into brain function. Another has
recently been realized. In 1895 he proposed that astrocytes control sleep and waking states.
He specifically proposed that astrocytic processes are electrical insulators that, when
extended between neurons, act as circuit breakers to facilitate sleep but, when retracted,
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allow neuronal circuits to communicate, facilitating wakefulness. Now, following work of
the past five years we know that his intuition was generally correct because we have been

able to demonstrate that astrocytes regulate the extracellular accumulation of adenosine a

factor that is known to control sleep homeostasis.

It has been known for some time that adenosine levels rise during wakefulness, that infusion
of adenosine can promote sleep and that adenosine receptor antagonists promote
wakefulness (Basheer et al., 2004). However, the source of adenosine was unclear. A study
designed to address a different question fortuitously led to the discovery that astrocytes
control adenosine, and as a consequence sleep (Halassa et al., 2009).

One of the difficulties with identifying the roles of astrocytes in the regulation of synaptic
transmission, circuits and behavior is that pharmacological studies do not allow a
discrimination of glial versus neuronal mechanisms of actions. The explosion of mouse
molecular genetics is beginning to give new insights into the role of astrocytes in brain and
behavior. In 2005 a landmark study demonstrated that astrocytes regulate adenosine
(Pascual et al., 2005). In this study conditional, astrocyte specific molecular genetics was
used to inhibit the release of bioactive compounds from astrocytes. In this study the
cytosolic SNARE domain of synaptobrevin 2 was expressed in adult astrocytes. By
expressing this truncated protein, which acted as dominant negative SNARE (dnSNARE),
the formation of the core SNARE complex that is required for exocytosis was prevented. In
a control experiment the investigators asked whether basal hippocampal synaptic
transmission was modulated through glial expression of dnSNARE. They were surprised to
find that the magnitude of CA3-CAL synaptic transmission was augmented, and that the
mechanism was mediated by the removal of a tonic presynaptic inhibition that is normally
mediated by basal extracellular adenosine acting on presynaptic Al receptors. The
extracellular adenosine was generated by the action of ecto-nucleotidases on extracellular
ATP released from astrocytes in the SNARE-dependent manner.

The consequences of this adenosine-mediated astrocyte-dependent synaptic modulation are
multi-fold. Foremost, the ability to induce synaptic plasticity, in the form of LTP following
theta-burst stimuli, is reduced. For many years, the mechanism of this glial modulation of
synaptic plasticity was unknown. However, recently it has been demonstrated that the tonic
activation of postsynaptic purinergic Al receptors lead to a src family kinase dependent
tyrosine phosphorylation of NR2A and NR2B subunits of the NMDA receptor (Deng et al.,
2011). Phosphorylation of these subunits leads to a reduced rate of their endocytosis. In the
astrocytic dnSNARE mice, reduced phosphorylation led to a reduction in surface expression
of NMDA receptor subunits and consequently to reduced synaptic NMDA receptor currents.
Since NMDA receptors are critical for the induction of LTP it is not surprising then that the
magnitude of hippocampal LTP is reduced in dnSNARE mice.

In addition to effects on synaptic plasticity, it has been discovered that the astrocytic source
of adenosine is essential for the process of sleep homeostasis and for responses to sleep
deprivation (Halassa et al., 2009). Sleep can be considered to be controlled by at least two
processes: i) the circadian oscillator that sets the timing of sleep and wakefulness, and ii) the
sleep homeostat that integrates the amount of wakefulness and promotes the drive to sleep.
Astrocytic adenosine is critical for the control of sleep homeostasis. When an animal sleeps
the power of slow wave activity (SWA) during non rapid eye movement (NREM) sleep is
proportional to sleep drive. Thus, when one is sleep deprived, the power of the SWA is
increased in proportion to the sleep debt that was incurred. When electroencephalography
and electromyography recordings were performed from dnSNARE mice, it was found that
the power of SWA during NREM sleep was significantly attenuated at the onset of the sleep
period. Additionally, on a subsequent day, sleep deprivation caused an attenuated increase in
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the power of SWA in astrocytic dnSNARE mice. Another consequence of sleep deprivation
is that there is compensatory increase in sleep time. Surprisingly, astrocytic dnNSNARE mice
did not exhibit altered sleep times following sleep deprivation. These effects of astrocytic
dnSNARE expression were phenocopied in wild type mice by intracerebroventricular
administration of an Al receptor antagonist indicating that these glia, as suggested by Cajal,
exert powerful control over sleep.

There are many questions left unanswered and studies that are still to be performed. It is
essential that the mechanism of adenosine accumulation be understood. Our current
conjecture is that astrocytes release ATP through a dnSNARE sensitive exocytotic
mechanism and that the released ATP is hydrolyzed to adenosine in the extracellular space.
Direct measurements of ATP and adenosine are now needed in these glial specific
dnSNARE mice. What regulates the daily rise and fall of adenosine in response to
wakefulness? Is there a wakefulness dependent modulation of the release or uptake of
adenosine? Does the glial modulation of sleep homeostasis contribute to disorders of brain
function? So many brain disorders exhibit sleep co-morbidities. Depressed patients either
sleep little or sleep too much. Bipolar patients exhibit a limited need to sleep during mania.
Do inactivated glia contribute to these psychiatric conditions? Recovering alcoholics exhibit
highly fragmented sleep and this sleep fragmentation is the most reliable predictor of
relapse. Additionally, sleep deprivation increases the probability of breakthrough seizures in
epileptics. While we do not propose for one moment that glia are the cause of all of these
disorders, it will be fascinating to discern whether one can develop new therapeutics for
these disorders based on emerging knowledge of glial-based targets.

Astroglia in the neuropathology of Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder, which is clinically characterized
by progressive memory loss and dysfunction of higher cognitive domains. Pathologically,
the aggregation and deposition of B-amlyoid (Ap) peptides and the formation of
neurofibrillary tangles represent the classical hallmarks of the disease. Considerable
evidence now suggests that AP deposition in the brain precedes neurofibrillary tangle
formation, neuronal cell death and subsequent deterioration of brain function (Jack et al.
2010). The familiar type of AD is caused by mutations in genes involved in processing of
the amyloid precursor protein (APP), with an increased A production or change in the ratio
of AP peptides to favor the overall AB1-42 content. In contrast, the sporadic form of AD
seems not to be caused by overproduction of AB peptides, but rather occurs in response to
dysfunctional degradation and clearance (Mawuenyega et al. 2010). In both cases however,
deposition of AB and clinical appearance of first cognitive dysfunction may lie decades
apart.

Only recently brain inflammation has been identified as third important component of the
disease pathogenesis (Wyss-Coray 2006; Heneka and O’Banion 2007). Increased cerebral
levels of A B peptides and their subsequent deposition in so called A B plaques lead to the
activation of the surrounding microglia and astrocytes (Fig. 7), which can even be detected
in AD patients (Cagnin et al. 2001) using positron emission tomography ligands targeting
the peripheral benzodiazepine receptor located on activated microglial cells. Upon
activation, both, microglial cells and astrocytes release a variety of pro- and anti-
inflammatory mediators thereby establishing a chronic parenchymal inflammation in the
brain. While inflammatory signals have been originally designed for host defense again
invading microorganisms and are, after successful execution of this task, usually terminated,
the chronic accumulation of AB during the course of AD represents an ongoing and
sustained stimulus for inflammatory activation. Of note, Ap induced activation of microglia
and astrocytes may well be mediated by the very same receptor signaling cascade as the
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activation by bacterial or viral cell wall components, namely through the toll receptor family
members. Importantly, inflammation will not occur as reaction to Ap deposition only, but
also establishes feedback mechanisms that further increase A B generation and at the same
time compromise A B clearance mechanisms. Thus it has been shown that proinflammatory
cytokines increase levels of APP and also increase the transcription of 3-secretase-1, which
is the rate limiting enzyme in amyloidogenic A B production (Sastre et al. 2003; Sastre et al.
2006). Furthermore, phagocytosis and degradation of A 3 is decreased once cells have been
challenged with inflammatory cytokines derived from astrocytes and microglia.

The presence of glia-derived, inflammatory molecules in the brain has both, functional as
well as structural consequences. Thus, cytokines themselves can suppress LTP, a critical
factor for hippocampal memory formation and consolidation (Tancredi et al. 1990; Tancredi
etal. 1992; Murray and Lynch 1998). Likewise, chronic inflammatory stimulation of
astrocytes reduces the glial capacity to generate and release neurotrophic mediators such as
glial cell-derived neurotrophic factor for support of bystander neurons (Nagatsu and Sawada
2005). Both actions may well be involved in early cognitive dysfunction. At later stages,
inflammation may become directly damaging to the brain and glial cytokines and
chemokines may lead to the destruction of axons, dendrites and synapses.

Astrocytes are in the center of this chronic inflammatory scene as they react to and also
release cytokines, thereby fueling the above described vicious cycles between
neurodegenerative and neuroinflammatory processes. Even more directly and with special
relevance to the sporadic form of AD, astrocytes are involved into the degradation and
clearance of AB from the brain (Koistinaho et al. 2004; Pihlaja et al. 2011). These astroglial
involvements may occur at various levels and involve direct and indirect actions. Thus, it
has been shown that astrocytes may be directly involved in the uptake and degradation of Af
(Koistinaho et al. 2004). Indirectly, but equally important, astrocytes may function as key
regulators of microglial phagocytosis through the generation and release of apolipoprotein E
(ApoE) and the modulation of its lipidation status by ATP-binding cassette transporter
subfamily A member 1 (ABCA1). Both, ApoE and ABCAL are expressed by astrocytes in
response to liver X receptor (LXR) activation. In vitro, microglial phagocytosis of
aggregated Ap is more effective in the presence of supernatants derived from astrocytes
(Terwel et al. 2011) stimulated with LXR activators. Interestingly, this effect depends on the
presence of ApoE and it was absent when supernatants from ApoE knock-out astrocytes
were applied. Of the two known LXR subtypes, LXR-a seems to be critical for the observed
regulation of astrocyte-guided microglial AP uptake.

As astrocytes themselves may undergo functional and structural changes in response to
chronic neuroinflammation and degeneration, as recently suggested by Olabarria et al.
(Olabarria et al. 2010), and in particular show substantial atrophy, one may speculate that
the above described beneficial functions of glia are consecutively compromised.

Astrocytes, however, do not only act as a source of cytokines and are involved in clearance
mechanisms, they are also the major site of expression of the inducible nitric oxide synthase
(iNOS, also referred to as NOS2), followed by neurons and microglial cells, in human AD
(Heneka et al. 2001) and related mouse models (Heneka et al. 2005). Immunostimulated and
sustained release of nitric oxide (NO) has miscellaneous consequences for the nearby
environment. Once released, NO can interact with signaling cascades and regulate gene
transcription, impair mitochondrial respiration or directly induce cell death by apoptosis or
necrosis. One important downstream product of iNOS activation is peroxynitrite which is
generated through the reaction of NO with oxygen. Peroxynitrite then can exert similar
functions as described for NO and additionally lead to posttranslational modifications of
tyrosine and cysteine residues in proteins, nitration and nitrosylation, respectively. There is
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ample evidence from post-mortem tissue and CSF analysis that suggests that NO-dependent
peroxynitrite formation and subsequent nitration takes place during AD. Only recently Ap
itself has been identified as a prominent target of nitration in AD. A, which contains a
single tyrosine at position 10 is being nitrated by iNOS derived NO and peroxynitrite
(Kummer et al. 2011). Importantly, this phenomenon can be observed in human AD brain
samples as well as in the APP/presenilin 1(PS1) transgenic mouse model. The nitration of
the tyrosine at position 10 however is not only a new pathological finding, but it itself
changes the biophysical behavior of the A peptide, potentiating the self-aggregation and
deposition of the peptide. Nitrated A is being found in the core, of each plaque and seems
to represent the seed for plaque deposition. This assumption has been further supported by
experiments, where nitrated and non-nitrated Af was used to seed subsequent plaque
formation in APP/PS1 transgenic mice at an age, well before the usual occurrence of Ap
plaques. Nitrated, but not non-nitrated AP was effective in seeding A plaques. Importantly,
the exchange of the tyrosine 10 for an alanine, completely prevented the occurrence of Af
plaques.

Together, astrocytes are intimately and at multiple levels involved in the pathogenesis of
AD. They may be driving neurodegeneration by the release of various mediators, but also
try to resolve pathological stimuli, such as Ap; the latter is accomplished by modifying the
uptake and clearance of a stimulus by microglia. Further studies are needed to investigate at
which stage of the disease and through which pathways, the modulation of astrocytes may
be therapeutically used.

Glial neoplasm: Impact of endothelial and microglial cells on invasive
glioma growth

Primary brain tumors are intracranial solid neoplasms that grow and originate within the
brain or central spinal canal. Many different types of primary brain tumors exist and each
gets its name from the cell type from which they originate. Gliomas derive from glial cells
or their precursors [reviewed in (Siebzehnrubl et al. 2011)], and comprise the large majority
of malignant brain tumors, with the most common type being classified as astrocytoma
grade 1V, and traditionally referred to as a glioblastoma multiforme (GBM). In spite of
therapy, GBM remains among the deadliest tumors. The main obstacle to successful GBM
eradication is its reappearance within a few centimeters from the surgery lesion or the
formation of satellite (secondary) tumors in distant parts of the brain, both indicating an
infiltrative nature of the tumor spreading along myelinated nerve fibers, subependymal
layers and vasculature (Zagzag et al. 2008). Signals generated at the GBM interface with the
brain surroundings in this invasion process are not well understood. However, recent
evidence implicates that microglial and endothelial cells contribution to invasive migration
of GBMs as discussed below (Fig. 8).

Tumor cells produce various autocrine motility factors to help maintain the process of
invasion (Lyons et al. 2007). Similarly, they express receptors for an array of paracrine
factors secreted by normal cells in the brain, such as growth factors, neurotrophins,
chemokines, cytokines, and kinins, (Hoelzinger et al. 2007). Some of these receptors in
glioma cells can be up-regulated due to hypoxic conditions within the tumor (Zagzag et al.
2008). Similarly, hypoxia in the brain surrounding tumor causes various changes in
otherwise normal cells. One such change is an increase in bradykinin (BK) production
predominantly by endothelial cells. Increased expression of bradykinin receptor 2 (B2R),
one of two classes of receptors for bradykinin and dominantly expressed by gliomas
(Montana and Sontheimer 2011) has been previously correlated with higher tumor grade
(Raidoo et al. 1999). Recently, Montana and Sontheimer (Montana and Sontheimer 2011)
investigated the role of B2R activation on glioma cell migration and invasion. Data from a
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series of in vitro experiments suggested significant increase in velocity, distance and
directionality of GBM cell motility tracks with, and towards, the higher BK concentrations.
The most intriguing finding, however, was generated using acute brain slices, where the
presence of BK gradient greatly enhanced GBM penetration into the tissue, and significantly
increased the number of glioma cells attached to blood vessels. All effects were attenuated
in the presence of B2R antagonists or in B2R knock-down GBM cells, further suggesting an
important role for B2R in BK mediated attraction of glioma cells to blood vessels (Montana
and Sontheimer 2011). Owing to the GBM overexpression of B2R when compared to
normal brain cellular milieu, and recent availability of the clinically approved B2R blocker
icatibant (Cicardi et al. 2010), it is tempting to speculate that this novel B2R-mediated
GBM-blood vessel signaling pathway may represent a point for adjuvant therapy
intervention.

Indeed, normal glial cells can respond to bradykinin adding further complexity to
interactions of normal and tumor cells at a tumor advancing edge. After BK stimulation,
both astrocytes and microglia can increase mobility (Ifuku et al. 2007; Hsieh et al. 2008).
Additionally, BK-evoked astrocytes can release gliotransmitters using a Ca2*-dependnet
exocytosis (e.g. glutamate, D-serine, ATP) (Parpura et al. 1994; Verderio and Matteoli 2001;
Montana et al. 2004; Montana et al. 2006; Martineau et al. 2008) and their secretion of
matrix metalloproteinase (MMP) is increased as well (Hsieh et al. 2008). MMPs are
essential for GBM invasion process as they degrade the extracellular matrix (ECM). Besides
the membrane type 1 MMP (MT1-MMP), gliomas also secrete gelatinases MMP-2 and
MMP-9 (Stylli et al. 2008). Expression and enzymatic activity of MMPs correlate with
invasive behavior and/or malignancy of the tumor. It has been observed beforehand that
microglia, attracted by cytokines released from glioma, comprise substantial portion of
tumor. Although microglial cells appeared activated based on their morphological
characteristics, they failed in providing their immune functions (Graeber et al. 2002). To a
surprise, microglia supported glioma growth and spread, as evidenced in elegant
experiments by Markovic et al (Markovic et al. 2005). They used cultured mouse brain
slices with and without microglia, seeded with glioma cells to invade slices. In slices lacking
microglia, glioma cells invaded significantly less in comparison to control slices with
microglia present, suggesting that microglia enhanced glioma invasion (Markovic et al.
2005). The mechanism underlying this surprising finding includes glioma-microglia
signaling (Markovic et al. 2009). Glioma cells released soluble factors which bound to toll-
like receptors on microglia, and through activation of the p38 MAPK pathway, up-regulated
microglial expression and activity of MT1-MMP/MMP14. They further showed that
microglial MT1- MMP was essential for conversion of an inactive pro-MMP-2 secreted by
glioma cells, to its active form. Consequently, degradation of ECM and alteration in local
architecture allows glioma cells to move further from the tumor mass and facilitate the
pathway of invasion. This finding was corroborated in vivo using a mouse with the deletion
of the toll-like receptor adapter protein MyD88 in which glioma expansion was attenuated:;
similar in vivo result was obtained with microglial depletion in wild-type mouse (Markovic
et al. 2009). Clinically approved antibiotic minocycline blocked glioma-mediated increase in
MT1-MMP expression and activity in microglia and led to reduction of glioma growth in an
experimental mouse model (Markovic et al. 2011), indicating a possibility for a new
therapeutic intervention in treatment of gliomas.

Clearly, interactions between glioma cells and their environment are numerous and very
complex (Fig. 8). Detached glioma cells are exposed to and respond to a wide range of
signaling molecules. The emerging evidence that microglial and endothelial cells support
invasive glioma growth draws attention to new potential therapeutic targets. In order to
improve upon current therapies and increase patient survival, perhaps we should start
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considering how to complement existing treatments of gliomas with novel therapeutics that
could affect bidirectional interactions between glioma and normal brain cells.

Concluding remarks

In this review we summarized up to date findings describing (astro)glial contributions to
physiology and pathophysiology in the brain. Astrocytes play a positive role in neurogenic
niche, showing some characteristics similar to those of stem cells. Their intimate structural-
functional relationship with neurons in adult brain is dynamic, especially at the tripartite
synapse. It is at these sites that astrocytes can metabolically support neurons and detect
synaptic activity. Synaptically or otherwise evoked, as well as spontaneous, changes in
astrocytic intracellular Na* and Ca2* dynamics can lead to an increased lactate production
and release of gliotransmitters via Ca2*-dependent exocytosis, respectively. Subsequently,
astrocytes can modulate neuronal activity, by modulating synaptic transmission and
plasticity, and by affecting sleep behavior. Besides these physiological tasks, astrocytes can
play role in various pathological conditions in the brain. We have discussed AD, as an
example of a disease in which astrocytes can contribute to etiology. Glial derived tumors
bidirectionally signal with normal cells (astrocytes, microglia and endothelial cells) within
the brain; using trickery, the GBM employs normal brain cells to expand its own entity.
Whilst this review sheds new light on the brain (dys)function it also presents many
unknowns. Consequently, it is clear that much more work still needs to be done in order to
solve the puzzle of how the brain operates in health and disease.
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AP B-amlyoid

ABCA1 ATP-binding cassette transporter sub-family A member 1
AD Alzheimer’s disease

AMPA a-amino-3-hydroxy-5-methyl-isoxazole propionate
ApoE apolipoprotein E

APP amyloid precursor protein

ATP adenosine 5'-triphosphate

BK bradykinin

B2R BK receptor 2

[CaZH); cytosolic Ca?* levels

CSF cerebrospinal fluid

CNS central nervous system
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dnSNARE
ECM
ECS

ER
GABA
GBM
GFAP
GluR
GSC
[Na*];
NO
iNOS
InsP3
LTD
LTP
LXR
MGIuRs
MMP
MT1-MMP
NCX
NMDA
NMDAR
NREM
O/A
PAP

PS1
SNARE

SNAP-23
SOCE
SWA
TRPC
VGCCs
V-ATPase
VGLUT
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connexin

dominant negative SNARE
extracellular matrix
extracellular space
endoplasmic reticulum
y-amino butyric acid
glioblastoma multiforme
glial fibrillary acidic protein
glutamate receptors

glial synaptic current
cytosolic Na* concentration
nitric oxide

inducible nitric oxide synthase
inositol 1,4,5-trisphosphate
long-term depression
long-term potentiation

liver X receptor
metabotropic glutamate receptors
matrix metalloproteinase
membrane type 1 MMP
Na*/Ca2* exchanger
N-methyl-D-aspartate
NMDA receptor

non rapid eye movement
oligodendrocytic/astrocytic
peripheral astrocyte process
presenilin 1

soluble N-ethyl maleimide-sensitive fusion protein attachment protein
receptor

synaptosome-associated protein of 23 kDa
store-operated Ca2* entry

slow wave activity

canonical transient receptor potential
voltage-gated CaZ* channels

vacuolar type of proton ATPase

vesicular glutamate transporter
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VNUT vesicular nucleotide transporter
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Figure 1.

Schematic representation of the various types of co-existing glial domains, illustrated
layered over two background drawings: i) a pyramidal cell (left) from Ramén y Cajal
(Ramén y Cajal 1911); and ii) a figure from Vogt and Vogt (VVogt and Vogt 1937), showing
the transition (vertical arrows) between the striate (center) and the occipital (right) cortex in
a human brain. Glial cells form a specific functional organization at different levels from
nanodomains up to superdomains for their interaction with neurons. Individual synapses are
associated with their ensheathing glial microdomains, but parallel stimulation of related
inputs may integrate (oligo-)cellular domains involving the whole glial cell (or a few of
them) and their neuronal partners. Such cellular domains can be of columnar or spherical
(center, n1) shape. Appropriate stimulation may then activate, via gap junctional coupling,
networks (center, nj and n;j), which are likely dynamic and consist of many astrocytes.
Macrodomains of variable size may form depending on neuronal activity. A further
progression of integration will result in the generation of very large functional units, so-
called superdomains, corresponding to entire cortical areas or gyri. Eventually, even a whole
hemisphere associated with huge astrocytic populations may transiently be involved,
putatively mediating events such as spreading depression and seizures.
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Figure 2.

Brain tissue is largely divided between domains of astrocytes. Mouse astrocytes, whose gap
juncrions were closed, were filled with two different dyes to visualize their respective
domains. In a human brain, a single astrocyte domain can encompass over million neuronal
synapses. Reprinted from (Pekny and Wilhelmsson 2006).
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Figure 3.

Local signaling mediated by ionotropic receptors and transporters in astroglial perisynaptic
processes. Synaptic release of neurotransmitters (glutamate and/or ATP) activates ionotropic
receptors and glutamate transporter, which generate Na* and Ca2* influx. Increase in [Na*];
can assume a signaling role through modulating neurotransmitter transporters, switching the
reverse mode of NCX and stimulating Na*/K* pump. This in turn can influence synaptic
transmission and plasticity by affecting the time Kkinetics of glutamate removal from the cleft
and through stimulating local metabolic support via the lactate shuttle.
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Figure 4.

Ca?*- dependent vesicular release of gliotransmitters from astrocytes. The sources of Ca2*
for cytosolic Ca2* increase are: the endoplasmic reticulum (ER) and the extracellular space
(ECS). Cytosolic Ca2* accumulation could be caused by the entry of Ca2* from the ER store
that possess inositol 1,4,5 trisphospate and ryanodine receptors. Store specific Ca2*-ATPase
fills these stores with Ca2*. Ultimately, this (re)filling requires Ca2* entry from the ECS
through store-operated Ca2* entry (SOCE). Additional Ca%* entry from the ECS to the
cytosol can be mediated by plasma membrane voltage -gated Ca2* channels (VGCCs) and
Na*/Ca2* exchangers (NCXs), the latter operating in the reverse mode. Mitochondria
represent a source/sink of cytosolic CaZ*. Mitochondrial CaZ* uptake from the cytosol to its
matrix is mediated by the Ca2*uniporter. Free CaZ* exits the mitochondrial matrix through
the Na*/Ca2* exchanger and also by brief openings of the mitochondrial permeability
transition pore. Increase of cytosolic Ca2* is sufficient and necessary to cause vesicular
fusions and release of gliotransmitters (GT). This process requires the activity of the ternary
SNARE complex (SNARES) consisting of: i) synaptobrevin 2 and/or cellubrevin located at
vesicular membrane and ii) the binary cis complex pre-formed at the plasma membrane and
composed of syntaxin (shown in an open form) and SNAP-23. Astrocytic vesicles are filled
by various vesicular GT transporters, which for this action utilize the proton gradient
generated by the vacuolar type H*-ATPase. Drawing is not to scale.
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Figure 5.

Astrocyte gap junction mediated pathways for modulation of synaptic transmission. A) Gap
junctions between astrocytes (1), or reflexive gap junctions between processes of a cell (2)
facilitate movement of ions, second messengers, and nutrients within and between
astrocytes. Synaptic activity (3) stimulates a Ca2* wave (4) that is transmitted through gap
junctions by Ca?* (green), InsP3 (gray), and primarily through pannexin 1 channels (yellow
channel) and, under some conditions, unpaired connexon channel opening that allows
release of ATP (red arrow). B) The Ca2* wave (4) spreads to a third astrocyte to the right.
Na* spikes are buffered and spread to adjacent cells (5). C) Increased K* is taken up from
areas of neuronal activity and spatially buffered by gap junctions (6). Metabolic fuel (7) is
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delivered through gap junctions in a directional manner, from blood vessels to areas of
synaptic activity. Gliotransmitter release and other changes in astrocyte activity lead to
modulation of the synaptic activity due to gap junction communication between astrocytes
(8). Note at the top of each panel of this figure the presence of the blood vessel (illustrated
as a horizontal red rod) which is enwrapped by the astroglial endfeet. Astroglia play active
roles in so-called “neurovascular coupling” both by inducing the blood-brain barrier and
through release of vasoactive agents.
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Figure 6.

Increase in intracellular Ca2* levels triggers exocytotic release of D-serine from astrocytes.
As D-serine (red) reaches the synaptic cleft, it binds to post-synaptic NMDA receptors
(NMDARs), which also binds glutamate (blue) released from the pre-synaptic terminal. This
co-incidental NMDAR detection favors NMDAR activation and induction of the most
common forms of synaptic plasticity. Astrocytic nucleus is drawn as a black oval.
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Figure 7.

Astroglia assembling around a plaque in an amyloid precursor protein/presenilin 1
transgenic mouse. Astrocytes (red) are labeled using indirect immunochemistry and
antibody against glial fibrillary acidic protein, while the core and periphery of the B-amlyoid
(AP) plaque are stained using methoxy-XO04 [binding Ap fibrils; (Klunk et al. 2002)] and
monoclonal antibody 1C16 [binding AB dimer, with the epitope at residues 2—8 of Ap;
(Muller-Schiffmann et al. 2011)], respectively. Courtesy of Drs. Markus Kummer and
Michael Heneka.
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Figure 8.

Intricate interactions of glioblastoma multiforme (GBM) tumor edge with the brain
microenvironment. Cells within the core GBM mass are heterogeneous with ~30% microglia
residing within. Tumor cells secrete various motility factors that maintain the process of
invasion and express receptors for factors produced by normal brain cells to smooth the
progress of tumor infiltration, e.g., bradykinin concentration gradient formed predominantly
from endothelial cells attracts tumor cells and increases their motility directing them towards
blood vessels. Glial cells in surrounding also respond to bradykinin, i.e., astrocytes by
releasing a number of signaling molecules, and increasing matrix metalloproteinase
(MMP)-9 expression and cell migration, while microglia by increasing mobility. Microglia
further facilitates glioma invasion by releasing membrane type 1 MMP/MMP-14 essential
for activation of an inactive MMP-2 pro-form secreted by glioma cells. Migration of glioma
cells away from the core GBM mass may lead to the formation of the satellite tumors.
Drawing is not to scale.
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