Chapter 2
Astrocyte-Neuron Communications

Sally R. Mclver, Mathilde Faideau, and Philip G. Haydon

2.1 Introduction

When astrocytes were first visualized by Virchow in 1846, he characterized them as
a type of “glue” filling in the interstitial space. The term “astrocyte” first appeared
in 1893 when improvements in histological techniques made it possible to distin-
guish individual cell morphology within this cerebral “glue” [1]. The importance of
these cells, though not well understood, was appreciated by the fact that astrocytes
occupy a substantial amount of space in the brain, representing up to 50% of cere-
bral volume [2]. Interestingly, the ratio of astrocytes to neurons varies among spe-
cies and according to the relative complexity of the brain [3], increasing proportionally
with the complexity of the neural network. This is perhaps one of the first pieces of
evidence hinting at a role for astrocytes in the integration of neuronal activity. With
the advancement of staining techniques came a greater appreciation for the unique
structure of these cells which subsequently provided great insight into their diverse
functions. Astrocytes have multiple primary processes and fine branching processes
which are able to expand and contract, allowing them to dynamically contact both
synapses and microvasculature. In addition, by forming independent microdomains,
with little or no overlap with neighboring astrocytes, astrocytes are able to effec-
tively modulate communication between neuronal networks and glial-vascular cou-
pling. For example, the end feet of astrocytes contact blood vessels and modulate
blood flow via Ca**-dependent release of vasoactive agents, effectively regulating
neuronal access to nutrients required to sustain metabolic demand. Similarly, astro-
cyte morphology can change in response to their environment. Hormonally respon-
sive astrocytes in the arcuate nucleus of the adult female rat respond to estradiol
with dramatic changes in their morphology, including an increased coverage of
neuronal perikarya, impacting synaptic communication [4]. These changes in
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morphology have been recently correlated with changes in glutamate—glutamine
cycling, indicating functional plasticity of neuronal-glial communication in the
normal adult brain [5]. Another important function of astrocytes is their role in
the “tripartite synapse,” or the communication between the astrocytic process and
the pre- and postsynaptic terminals [6]. Despite the complex morphology and
numerous ramifications of astrocytes, it is still rather surprising to consider that a
single astrocyte residing in area CAl of the rat hippocampus can contact up to
140,000 synapses [7].

Much of what is widely known about the function of astrocytes has been discov-
ered using in vitro and in situ preparations, providing valuable information on how
these glial cells help maintain extracellular homeostasis by buffering potassium and
reuptaking glutamate, for example. However, the dynamic nature of astrocyte physi-
ology is undoubtedly best appreciated in vivo. The recent progress in molecular
genetic techniques has allowed for astrocyte-specific expression of reporter pro-
teins, such as GFP and various transgenes of interest, and contributed to the surge in
research investigating the multifaceted role of these cells as key players in brain
function. It is now widely accepted that astrocytes are in direct communication with
neurons, modulating neuronal function at the synaptic and network levels, ulti-
mately providing a significant impact on physiological and pathological conditions.
This chapter begins by describing different types of glia—neuron communication at
the synaptic and network levels. It then aims to link these glia—neuron signaling
mechanisms to what is currently known regarding how glia—neuron communica-
tion, or perturbations thereof, contribute to healthy brain physiology as well as
neuroinflammation and other related neurological conditions such as epilepsy,
Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and addiction.

2.2 Gliotransmission

According to the definition of “classical neurotransmitter,” the signaling molecule
must be released from the presynaptic terminal. This definition reflects the histori-
cally neuron-centric considerations of brain function. As neuroscience has progressed
toward a greater encompassment of glial biology, it is now widely accepted that
astrocytes are also capable of transmitter release through a process called “gliotrans-
mission.” Similar to neurons, astrocytes contain the cellular mechanics necessary for
transmitter packaging and release, which can occur either via lysosomal or small
vesicle fusion [8—11]. Vesicle fusion and exocytosis of gliotransmitters is calcium-
dependent and involves formation of the SNARE complex, similar to neurons. Early
demonstrations of gliotransmission, particularly those using calcium imaging, were
primarily performed in cell culture, and though invaluable to the progress in current
understanding of glial biology, these studies posed limitations that would later impact
interpretations of astrocyte function [12—16]. Thanks to recent advances in technol-
ogy and innovation, many of these early studies are being confirmed in situ and
in vivo. This section summarizes the discoveries and current understanding of
gliotransmission as a key player in glia—neuron communication.
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2.2.1 Glutamate

Glutamate is the major excitatory neurotransmitter in the nervous system and is
critically involved in many functions, including cerebral development and motor
and cognitive functions. It has been recognized as a neurotransmitter since the
1950s [17], but its role as a gliotransmitter, which was first demonstrated in the
1990s in vitro [18-21], is currently under debate [22]. Using astrocyte—neuron
cocultures and photostimulation of astrocytes, Parpura et al. [20] was among the
first to demonstrate that an increase in intracellular calcium in astrocytes causes an
increase in intracellular calcium in neighboring neurons in vitro. This effect was
blocked with administration of a broad-spectrum glutamate receptor antagonist
(D-glutamylglycine), suggesting a calcium-dependent mechanism of glutamate
release by astrocytes [20]. Subsequent studies using rat and mouse hippocampal
and cortical slices employed either pharmacological or cell-specific photolytic ele-
vation of Ca?* and substantiated the relevance of Ca’**-dependent glutamate release
from astrocytes as a mechanism of gliotransmission that could modulate either neu-
ronal excitability or synaptic transmission and plasticity [23-25].

Further evidence supporting the capacity of astrocytes to release glutamate was
later provided by biochemical and structural evidence demonstrating that VGLUT
transporters and SNARE complex proteins are expressed in astrocyte processes
in vitro and in acutely isolated brain slices, showing that these cells are potentially
capable of vesicular glutamate release [10, 11, 26, 27]. Indeed, in purified astrocyte
cultures, calcium-induced glutamate release depends on proteins involved in vesic-
ular function, including the SNARE element synaptobrevin 2 and the calcium-binding
protein synaptotagmin IV [11, 28].

Astrocytic glutamate can be synthesized de novo in astrocytes through conver-
sion of alpha-ketoglutarate by glutamate dehydrogenase (GDH), which is mainly
expressed in astrocytes [29-34]. Astrocytic glutamate also comes from the high-
capacity uptake of synaptic glutamate by the astrocytic transporters GLAST and
GLT-1 and the Cl-dependent glutamate/cysteine exchanger [35, 36]. Following
uptake, glutamate is quickly metabolized into glutamine by the glutamine—glutamate
cycle via a reaction mediated by glutamine synthetase [36].

Multiple factors have been shown to stimulate glutamate release from astrocytes
in vitro, from the classic neurotransmitters, including glutamate itself, to
inflammatory molecules such as TNF-alpha [37], ATP [38, 39], prostaglandins, and
CXCL12 [40, 41]. In some cases, multiple convergent signaling cascades are
required to produce elevated calcium-induced release, suggesting that astrocytes
are capable of integrating incoming signals to produce a response. For example,
basal concentrations of TNF-alpha are required for P2YI1R-evoked and
Ca?*-dependent glutamate release from astrocytes [41, 42], whereas higher
concentrations of TNF-alpha can directly increase the glutamate release, indepen-
dently of P2Y 1R in granule cells of the mouse hippocampus [41].

The release of glutamate from astrocytes has been shown to modulate synaptic
activity in multiple brain regions in situ including the hippocampus, thalamus,
nucleus accumbens, and olfactory bulb. In many cases, it produces these effects by
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activating neuronal extrasynaptic NMDA and metabotropic glutamate receptors to
modulate neuronal activity [23, 43—49].

These early studies were critical in demonstrating that astrocytes not only com-
municate with neurons but are capable of modulating neuronal activity via calcium-
dependent release of transmitters. However, further studies using slice preparations
and in vivo models have become increasingly necessary for understanding the
functional impact of astrocytic glutamate release.

Although numerous studies have shown the potential for glutamate to be released
from astrocytes and signal directly to neurons, efforts to directly monitor glutamate-
mediated gliotransmission by many methods, including microdialysis and biosen-
sor detection, have been challenged by the fact that astrocytes are endowed with
high-affinity glutamate transporters that rapidly and avidly remove glutamate from
the extracellular space. Of course, the inability to detect does not mean that signal-
ing does not occur. Because of the difficulties inherent in direct measurements,
more indirect approaches have been used to infer the functional relevance of gluta-
mate release.

Recently, studies from one laboratory used molecular-genetic approaches to alter
intracellular calcium signaling in astrocytes and concluded that calcium-dependent
glutamate-mediated gliotransmission does not occur in the hippocampus, contrary
to other reports [13]. Specifically, the authors used two lines of transgenic mice, one
in which intracellular calcium levels could be selectively increased in astrocytes by
pharmacological activation of ectopic expression of a receptor (MrgA1R+) and one
in which the IP, signaling pathway was selectively impaired in astrocytes (IP,R2—/-),
causing reduced intracellular calcium. Based on whole cell recordings of CA1 pyra-
midal neurons in hippocampal slices, the authors failed to detect a difference in
evoked or spontaneous NMDA-mediated EPSCs, as well as LTP induction or main-
tenance, in either of the transgenic mouse lines compared to WT [13]. Results from
this study directly challenged previous results from several independent laborato-
ries, fueling a debate concerning the importance of glutamate-mediated gliotrans-
mission. A crucial consideration, however, is that “absence of evidence is not
evidence of absence.” The contradictions in results are likely to reflect variations in
experimental approaches, all of which pose limitations [50]. For example, cell cul-
ture studies undoubtedly are restricted by the lack of intact physiology; slice prepa-
rations maintain network connections, but the electrophysiological approaches that
are generally employed in these studies do not always abide by consistent para-
digms and on some occasions may depend upon a narrow range of physiological
metrics (such as measurements of basal neuronal or synaptic currents) that may
obscure functionally relevant responses. Finally, in vivo studies using astrocyte-
specific manipulations in transgenic mice minimize the need for pharmacological
approaches but should be regarded with careful criticism as well, since in many
cases the transgenes expressed may function by introducing new cellular pathways
that are not inherent in astrocytes (rather than introducing mutations in preexisting
astrocyte pathways), or may be expressed constitutively, allowing for potential
developmental compensations to impact function. These difficulties necessitate a
combined approach employing multiple independent measurements to assess the
role of glutamatergic gliotransmission in the regulation of neuronal function.
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In contrast to the reports indicating a lack of impact of disrupting astrocytic
calcium on some forms of activity, other studies employed a multifaceted approach
and demonstrated that glutamatergic gliotransmission does play a role in modulat-
ing synaptic plasticity in the hippocampus. For example, Navarette et al. recently
showed that in vivo calcium signals in astrocytes are required for cholinergic-
induced LTP in the hippocampus [51]. Using in vivo calcium imaging and electro-
physiology, they demonstrated that somatosensory stimulation (via tail pinch) or
electrical stimulation of cholinergic activity evoked increases in intracellular cal-
cium in hippocampal astrocytes along with subsequent cholinergic LTP, through a
pathway that required activation of muscarinic receptors and, in the case of LTP, of
metabotropic glutamate receptors (mGluRs). To further examine astrocytic mecha-
nisms contributing to cholinergic LTP, the authors use a combination of calcium
imaging, electrophysiology, and calcium uncaging in hippocampal slice prepara-
tions. Consistent with the in vivo results, these experiments showed that cholinergic
LTP required calcium-dependent glutamate release from astrocytes —LTP was abol-
ished when calcium chelators were applied to astrocytes in rat hippocampus and in
hippocampal slices prepared from mice in which IP,-mediated calcium signaling in
astrocytes is transgenically knocked out (IP,R2—/-). Interestingly, using simultane-
ous calcium uncaging in astrocytes and a minimal stimulation paradigm, they show
that astrocytic calcium elevations induce release of glutamate that activates presyn-
aptic mGluRs and that LTP requires a tight coordination of these events with post-
synaptic depolarization. Thus, by using similar techniques (including the same
IP,R2—/- as used in the aforementioned study) but also by broadening the scope of
physiologically relevant paradigms for monitoring synaptic activity, this group pro-
vided rigorous evidence showing that calcium-dependent release of glutamate from
astrocytes modulates cholinergic LTP in the hippocampus [51].

Thus, the pendulum is swinging back in favor of substantial evidence supporting
calcium-dependent glutamate-mediated gliotransmission. However, in the future, it
will be important to use cell-specific recombination of floxed alleles of genes to
understand the precise physiological and behavioral role of this form of glial-
neuronal interaction.

2.2.2 Dp-Serine

D-serine has been generally considered to be selectively expressed in astrocytes, along
with serine racemase, which converts L-serine into D-serine [52, 53]. D-serine is an
endogenous co-agonist of NMDA receptors and binds to the “glycine-binding site” on
the NR1 subunit, a subunit which is present on all NMDA receptor assemblies [54—
56]. In vitro studies of astrocytes demonstrated that D-serine release is Ca?*-dependent
and occurs via SNARE-mediated exocytosis following AMPA receptor activation
[57]. Evidence from in vitro cortical astrocyte cultures and in vivo hippocampal astro-
cytes studies show that D-serine and glutamate are contained in similar vesicular
organelles called synaptic-like microvesicles (SLMVs) in astrocytes [58, 59].

In contrast to early studies showing astrocyte specificity of D-serine, the recent
development of new antibodies suggests that neurons express more serine racemase
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than astrocytes [60—64]. Serine racemase expression has been observed in pyramidal
neurons of the cortex and hippocampus and GABAergic medium-spiny neurons of
the striatum, but was not detected in glial cells [62, 63]. More recently, Ding et al.
produced new antibodies against serine racemase and found immunoreactivity in
mouse cortical neurons and to a lower extent in oligodendrocytes and astrocytes of
the corpus callosum [64]. Similar to what was reported in astrocyte cultures, AMPA
receptor stimulation on cortical neuronal cultures leads to D-serine release; however
this seems to occur independently of exocytosis [61]. Neuronal D-serine release can
be differentiated from astrocytic D-serine release using application of veratridine in
cortical slices, which enhances depolarization and subsequent neuronal release of
D-serine through Asc-1 transporters [61]. The precise mechanism of D-serine signal-
ing pathways is still rather unclear, though Wolosker et al. [60] proposed the exis-
tence of a neuron—astrocyte “serine shuttle,” where neurons and astrocytes provide
sources of D-serine and L-serine, respectively. In this scenario, astrocytic L-serine
produced from glucose would be used by neurons to produce D-serine, which would
then accumulate in astrocytes [61].

The action of D-serine on the glutamatergic synapses of the supraoptic nucleus of
the hypothalamus is finely modulated by the distance between the astrocytic pro-
cesses and the postsynaptic element. During lactation, the astrocytic processes
retract from the synapse, which reduces the D-serine concentration at the synapse
and thereby induces long-term depression (LTD) [49]. The contribution of D-serine
in synaptic plasticity also has been demonstrated within the hippocampus and cor-
tex [65, 66]. For example, impairing intracellular Ca** within a single astrocyte
prevents LTP induction at Schaffer collateral/CA1 synapses, and LTP can be res-
cued with subsequent application of D-serine [65]. Furthermore, LTP is also sup-
pressed following treatment with a serine racemase inhibitor, which decreases
astrocytic release of D-serine. Astrocytic D-serine was also shown to be involved in
LTP formation in layers V/VI of the prefrontal cortex, where inhibition of astrocytic
metabolic activity with fluoroacetate reduced LTP [66].

Since several lines of evidence indicate localization of serine racemase expression
in neurons as well as astrocytes, the relative contribution of astrocytic and neuronal
D-serine was investigated using cell-selective serine racemase KO mice [67]. These
studies showed that neuronal absence of serine racemase significantly reduced LTP in
Schaffer collateral/CA1, whereas astrocytic loss of serine racemase did not. This
study does not necessarily contradict original reports of D-serine as a gliotransmitter
but suggests that in normal conditions neuronal D-serine predominantly impacts syn-
aptic activity. Future studies using these mice or other cell-specific approaches may
determine whether astrocytic D-serine plays a more important role in synaptic func-
tion under conditions of neuronal dysfunction or metabolic dysregulation.

2.23 GABA

Transient expression of the GABA-synthesizing enzyme, glutamic acid decarboxy-
lase (GAD), has been observed in astrocytes during development [68, 69]. GAD67
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(67 kDa form of GAD) and the GABA transaminase, GABA-T, have also been
reported to be expressed in human astrocytes [70]. However, the potential role of
GABA release in astrocyte—neuron signaling has been unclear until recently,
although an astrocytic inhibitory modulation on neuronal activity was suggested in
the past [71, 72]. Kozlov et al. demonstrated that mitral cells of the olfactory bulb
present synchronous slow outward currents, which are dependent on GABA release
from astrocytes [48]. Since then, studies have confirmed a role for astrocytic
GABAergic signaling in tonic inhibition, modulating a continuous current which
was found to be dependent on extrasynaptic GABA-A receptors that control the
neuronal excitability [73] and which has been shown to be involved in sleep, mem-
ory, epilepsy, and alcohol vulnerability [74-77].

Tonic inhibition mediated by astrocytic GABA appears to be released by the anion
channel Bestl, as was shown recently in the cerebellum [78]. Best1 is activated by
intracellular Ca** and by changes in cell volume and is also permeable to glutamate.
Although Bestl is expressed in astrocytes of the CAl layer in the hippocampus,
Yoon et al. [79] observed a very low tonic inhibition correlated with low levels of
GABA in astrocytes [79]. Bergmann glia of the cerebellum provide a higher tonic
inhibition due to their higher concentration of intracellular GABA [79].

In addition to providing a source of tonic inhibition to neurons, astrocytic GABA
signaling has anti-inflammatory properties. GABA receptors expressed on astro-
cytes and microglia (GABA-A and GABA-B) inhibit the NF-xB and p38-MAP
kinase pathways and the release of TNF-alpha and IL-6 under inflammatory stimu-
lation [70]. In return, activation of GABA-A and GABA-B on astrocytes increases
their release of GABA in a Ca’*-dependent manner [80]. GABA transporters GAT1,
GAT2, and GATS3 are able to release GABA from astrocytes via a Ca?*-independent
pathway when intracellular GABA concentration is too high [80], although these
mechanisms are less clear.

2.2.4 Adenosine Triphosphate

Adenosine triphosphate (ATP) is critical for metabolic cellular processes but can
also act as a transmitter. Astrocytes are equipped with machinery for ATP release,
as was appreciated by visualization of ATP-containing vesicles in cultured
astrocytes [39, 81]. Early studies using astrocyte cultures demonstrated that
calcium wave propagation was mediated by astrocyte release of ATP [82—84].
Astrocytic ATP signaling was thought to propagate calcium waves via chemical
coupling [85], providing a mechanism for rapid intercellular communication
across broad domains. ATP also proved important for astrocyte cross talk with
neurons. Zhang et al. elegantly demonstrated a functional impact of glia—neuron
signaling by showing that ATP release from astrocytes tonically suppresses glu-
tamatergic synapses via activation of presynaptic purinergic receptors in vitro, an
effect which was dependent on synaptic glutamate release and subsequent activa-
tion of glutamate receptors on astrocytes [84]. Similar findings were reported in
studies of CA1 synapses in hippocampal slices, where adenosine, a metabolite of
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ATP, was found to modulate synaptic depression [84]. A key role for purinergic
gliotransmission was further established through the development of transgenic
mice in which SNARE-dependent exocytosis was selectively blocked in astro-
cytes [86]. Specifically, this study demonstrated that astrocytic ATP and its
metabolite, adenosine, act to tonically suppress synaptic activity via activation of
A1 receptors.

ATP release from astrocytes can occur through activation of purinergic P2Y and
P2X receptors and impacts physiological and pathological responses [87-89].
Indeed, activation of P2Y1 and P2Y?2 receptors on astrocytes has been shown to be
critical for intercellular calcium signaling [90], the source of which is thought to
be ATP.

Purinergic signaling from astrocytes extends beyond ATP release. Once
released, ATP can be rapidly hydrolyzed into adenosine, which can act on adenos-
ine Al and A2a receptors. Activation of presynaptic Al receptors tonically inhibits
glutamate release, whereas activation of A2a receptors upregulates synaptic trans-
mission, and there is evidence for dynamic astrocytic regulation of synaptic activ-
ity via both A1 and A2a receptors [86, 91, 92]. Several lines of evidence point to a
critical role for this astrocytic source of adenosine in modulation of synaptic plas-
ticity, discussed in the subsequent sections, memory consolidation and sleep
homeostasis.

2.2.5 TNF-Alpha

TNF-alpha is a well-known proinflammatory cytokine, but the studies of Beattie
and Stellwagen in 2002 and 2006 suggest that it can also act as a gliotransmitter
[93, 94]. When applied to neurons in vitro, TNF-alpha taken from conditional media
of astrocyte cultures increases the amount of AMPAR expression at the membrane
surface, thereby increasing neuronal sensitivity to glutamate [93]. In response to
prolonged blockade of activity (via TTX treatment), TNF-alpha treatment still
increases AMPAR surface expression [94], suggesting that TNF-alpha is secreted
by astrocytes and modulates neuronal activity by increasing surface AMPAR expres-
sion and increasing the synaptic strength.

2.3 Synaptic Plasticity

As part of the tripartite synapse, astrocytes are uniquely positioned to monitor
synaptic activity. Signaling at the synapse can activate receptors on astrocytes, and
astrocytes are readily equipped to modulate the uptake and release of neuroactive
signaling molecules, including glutamate, D-serine, ATP, and TNF-alpha,
subsequently regulating activation of pre-, post-, and extrasynaptic receptors.
Communication at the tripartite synapse, therefore, can be both static and
dynamic, modulating synaptic plasticity and network activity through a variety of
mechanisms, many of which are calcium-dependent.
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2.3.1 Intracellular Calcium Signaling

There has been conflicting evidence regarding the role of calcium-dependent
gliotransmitter release on LTP. Several different methods have been used to assess
this, and it is likely that a difference in techniques accounts for the discrepancies.
For example, several studies have shown that calcium clamping astrocytes impairs
LTP in astrocytes [95]. However, results from Agulhon et al. [13] stimulated quite a
bit of controversy by demonstrating a lack of an effect on LTP in two transgenic
mouse lines with an induced impairment in calcium signaling specifically in astro-
cytes [13]. These authors failed to detect a difference in LTP induction and mainte-
nance in hippocampal slices isolated from transgenic mice with astrocyte-specific
impairment in the IP, signaling pathway. However, a recent study using the same
IP, knockout mouse showed that calcium-dependent glutamate-mediated gliotrans-
mission does indeed contribute to cholinergic LTP in the hippocampus [51]. Despite
conflicting evidence, there are several additional sophisticated approaches that
demonstrate the impact of intracellular calcium signaling on synaptic transmission
(for review [96]). For example, visualization of high spatial and temporal resolution
using two-photon laser scanning microscopy revealed two types of local calcium
dynamics in individual hippocampal astrocytes [97]. “Focal” events were character-
ized by small increases in calcium [Ca*], that were highly localized to a small
subregion and accounted for the majority of calcium events in astrocytic processes.
“Expanded” events were detected simultaneously in contiguous segments of astro-
cytic processes and were marked by large calcium increases [Ca**].. The expanded
events showed a higher degree of dependence on neuronal activity, whereas the
focal events only slightly decreased in frequency when neuronal activity was
blocked and therefore appeared to primarily reflect spontaneous synaptic release.
Furthermore, these calcium events were dependent on IP, receptor signaling and
purinergic receptor activation and participated in bidirectional communication, such
that activation of the purinergic receptor, P2Y 1R, stimulated IP,-mediated release
of intracellular calcium causing transmitter release at excitatory synapses.

Using combined techniques of whole cell recordings, calcium imaging in astro-
cytes and glutamate imaging in hippocampal slices, it is possible to measure
simultaneous responses in neurons and astrocytes, providing solid evidence for
astrocytic glutamate release. Panatier et al. [92] visualized calcium dynamics local-
ized within “compartments” of astrocyte processes using real-time confocal imag-
ing and found that stimulation of single synapses induced calcium events confined
to a local astrocytic compartment and occurring simultaneously with postsynaptic
glutamatergic transmission [92]. These events were dependent on mGluRS5 activa-
tion of astrocytes, which induced calcium signaling and subsequent release of an
astrocytic source of adenosine acting on presynaptic A2a receptors to modulate
basal excitatory synaptic transmission.

Recent studies have also discovered that astrocytic calcium signaling can occur
in microdomains of the astrocytic processes [98], which further impacts the ability
of these cells to communicate discretely at the synapse.
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2.3.2 Astrocyte Signaling Molecules and Synaptic Plasticity

Astrocyte—neuron signaling also occurs locally through interactions between signaling
molecules and ligand receptors. These interactions are often bidirectional, impacting
both astrocyte and neuron physiology and, in many cases, synaptic plasticity.

2.3.2.1 Ephrin

Ephrin ligands and their receptors are widely recognized for their role in axon guid-
ance and synapse development, but recent studies show that they are also involved
in synaptic plasticity in the adult brain. For example, recent [99, 100] studies indi-
cate that ephrin-mediated signaling among astrocytes and synapses impacts LTP in
the hippocampus. Astrocytic processes express ephrin-A3, whose binding partner,
EphAd4, is expressed neuronally. LTP is attenuated in mice lacking either ephrin-A3
or EphA4 in the CA1 region of the hippocampus. Furthermore, reduced synaptic
plasticity in these knockout mice was associated with increased glutamate uptake
via a selective increase in expression of the astrocytic glutamate transporters GLT'1
and GLAST, subsequently reducing the availability of synaptic glutamate [99].

2.3.2.2 Endocannabinoid Signaling

Endocannabinoids and their endogenous receptor CB1 have widespread effects on
neuronal activity, including synaptic plasticity, mainly by reducing presynaptic
release of neurotransmitters. For example, astrocytes were recently shown to express
functional CB1 receptors that, upon activation, regulate glutamate release from hip-
pocampal astrocytes in a calcium-dependent manner [101]. Further studies revealed
that activation of CB1 receptors modulates synaptic plasticity in a bidirectional
manner. Specifically, activation of presynaptic CB1 receptors depresses synaptic
activity, whereas activation of astrocytic CB 1 receptors potentiates synaptic plasticity
via calcium-dependent release of glutamate and subsequent activation of presynap-
tic mGluR1 receptors [102]. These results suggest that endocannabinoid signaling
may induce inhibitory effects locally at the synapse but may also potentiate synaptic
transmission across a broader network via CB1R activation (and subsequently cal-
cium signaling) on astrocytes. To investigate the specific role of astrocytic CBIR,
Han et al. recently generated a conditional transgenic mouse lacking CB1R selec-
tively in astrocytes, GABAergic, or glutamatergic neurons [103]. This study showed
that CB1Rs expressed by astrocytes, but not by glutamatergic or GABAergic hip-
pocampal neurons, are necessary for endocannabinoid-induced synaptic depression
in hippocampal CA3/CA1 synapses and cannabinoid-induced impairment of spatial
working memory [103]. These studies provide further evidence of astrocytic modu-
lation of synaptic plasticity.
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2.3.2.3 Agquaporin

Aquaporin 4 (APQ4) is a water-permeable channel that is mainly expressed by
astrocytes in the CNS. It responds to changes in extracellular milieu and has been
implicated in cerebral edema following injury [104]. Since APQ4 is colocalized
with K* channels [104], it was hypothesized that it has the potential to alter excit-
ability. Indeed, mice null for APQ4 show attenuated theta-burst stimulation (TBS)
LTP and LTD, though baseline activity and short-term plasticity are intact [105].
Interestingly, LTP impairment in APQ4—/— mice was attributed to reduced BDNF,
which is known to be required for TBS-LTP. How a lack of APQ4 modifies BDNF
expression is unknown.

2.4 Network Modulation

While astrocytes are ideally situated to monitor synaptic activity at the tripartite
synapse, they are also able to communicate long distances via the expression of gap
junctions. Astrocytes have been shown to be organized in structurally nonoverlap-
ping domains [106] and make contact with neurons and blood vessels. With its
impressive volume, one astrocyte can contact tens of thousands of synapses [7, 106,
107], while one synapse is surrounded by only one astrocyte. This anatomical aspect
is essential for the comprehension of their role in the plasticity and regulation of
synaptic activity. Indeed, astrocytes are organized in a network, or syncytium, to
communicate with one another via gap junctions, which are formed by connexins
that are permeable to compounds with molecular weights lower than 1,000 Da
[108]. The astrocytic syncytium can then be easily visualized via dye propagation
through gap junctions, where it is confined within the network.

Though it is clear that astrocytic signaling modulates neuronal network activity,
both through intercellular calcium signaling, gap junctions, and through lactate
transport, the intricacies of the molecular mechanisms governing these pathways
are still somewhat unclear.

2.4.1 Intercellular Calcium Signaling (‘“Calcium Waves”)

Unlike neurons, astrocytes do not produce action potentials. Their membrane poten-
tial is very stable and has low resistance due to the high resting permeability to K*
ions and because of the gap junction connectivity in an astrocytic syncytium. In
early work, Nedergaard used astrocyte—neuron cocultures to show that astrocytes
communicate to each other and to neurons through calcium signals, or “waves” that
propagate via gap junctions [109]. Since then, two forms of excitation have been
characterized in astrocytes based on “calcium waves™: a spontaneous, autonomous
excitation and an excitation which is dependent on chemical signals relayed within
the neuronal circuit [107]. Until recently, calcium waves were mainly characterized
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in vitro or in acute brain slices and were found to be independent of neuronal activity
and relatively slow and localized [110, 111]. There are discrepancies in the results
of these earlier studies, most of which were done in vitro or in situ, and subse-
quently there are two proposed mechanisms of calcium wave propagation: one
poses that it occurs via cytosolic transfer of IP, through gap junctions [112], whereas
the other proposes that it occurs via ATP release and diffusion, activation of puriner-
gic P2YRs on astrocytes, and then subsequent activation of IP, signaling [85]. It is
important to realize that these two pathways are not mutually exclusive, and it
is likely that maintenance of calcium wave propagation varies according to brain
region and the related heterogeneity of astrocyte cell types. Models of these two
pathways have been described [113]. Further studies using in vivo techniques are
required to determine the relevance of calcium wave propagation and the signaling
mechanisms that govern it.

As an example, recent improvements in calcium imaging techniques in vivo con-
tributed to the confirmation that calcium waves, or “glissandi,” propagate through
astrocytes en masse in the hippocampus [114], occurring more frequently than spo-
radic calcium activity. Interestingly, glissandi were blocked by tetrodotoxin, dem-
onstrating for the first time that calcium wave propagation is dependent on neuronal
activity, relative to sporadic activity, which is TTX-insensitive, and therefore results
from intrinsic intracellular calcium signaling in individual astrocytes. Calcium wave
propagation was also found to be initiated by ATP application and blocked by inhib-
itors of gap junctions or ATP receptors, suggesting a role for both intra- and extra-
cellular signaling molecules. Moreover, these large-scale calcium waves coincided
with reduced flow of red blood cells through vessels within the same region, provid-
ing even more evidence that astrocytic signaling coordinates network activity on
multiple levels.

2.4.2 Gap Junctions

When a large number of gap junctions were detected among astrocytes over three
decades ago, many scientists were led to the conclusion that this “glial syncytium”
functioned as more of a support system. However, more recent studies indicate that
astrocytes communicate through gap junctions to integrate intra- and extracellular
signals in response to changes in neurovasculature and neuronal metabolic demands,
effectively integrating signals to modulate network activity. Contrary to early belief,
astrocytes are uniquely structured to morphologically occupy discrete anatomical
domains, without structural overlap, therefore necessitating an efficient mechanism
for intercellular communication. This is achieved primarily by the formation of gap
junctions, which are composed of connexins 30 and 43 (Cx30, Cx43) in astrocytes.
Regulation of network activity by gap junction signaling in astrocytes can be easily
appreciated in the somatosensory barrel cortex of rodents, where dye coupling of
astrocytes shows strong coupling almost exclusively within a barrel [115]. Similarly,
astrocytic networks also modulate sensory integration within olfactory glomeruli,
which are highly structurally organized in functional units, mainly via
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activity-dependent generation of extracellular potassium and Cx30-mediated gap
junction communication [116].

Studies from Cx30 and Cx43 knockout mice also highlight the impact of astro-
cytic regulation of hippocampal network activity. Hippocampal network activity is
altered in these mice, with increased synaptic activity at CA1 pyramidal cells and
increased basal excitatory synaptic transmission, which occludes LTP and enhances
LTD [117]. This aberrant synaptic plasticity was attributed to decreased/slower
glutamate uptake and slower K* clearance. Despite the finding that Cx30—/— and
Cx43—/—- astrocytes still uptake a significant amount of glutamate and potassium, they
are uncoupled and therefore unable to redistribute it, causing cell swelling in response
to neuronal activity. These results show the importance of astrocytic networks in
maintaining extracellular homeostasis during basal synaptic transmission.

2.4.3 Energy Metabolism (Lactate Transport)

Neuronal activity, and in particular glutamatergic activity, requires a great quantity
of energy resulting from the metabolism of glucose. Cerebral consumption of glu-
cose accounts for 20 % of the total body glucose utilization [2] and is mainly uti-
lized in support of excitatory neuronal activity; action potentials, reestablishment of
ion gradients and postsynaptic responses all rely on glucose availability [118].

Astrocytes are ideally located to interact with both blood vessels, via end-feet
contact, and neurons within the tripartite synapse. Here, astrocytes are critical regu-
lators of brain energy metabolism as they provide energy to neurons during synaptic
activity [119-121]. As proposed in the astrocyte—neuron lactate shuttle (ANLS)
[122], the astrocytic energy supply to neurons depends on their glutamate and
glucose uptake and their high glycolytic activity [119, 120]. Astrocytes uptake
glutamate via Na*-coupled glutamate transporters (GLAST and GLT-1) in response
to glutamate release from neurons. The Na*/K* pump then restores the Na* gradient,
requiring ATP consumption, which in turn stimulates glucose uptake by astrocytes
via the transporter GLUT-1 [123] and glycolysis [122, 124—127]. The glycolytic
product, lactate, is then transported via the astrocytic MCT transporters (MCT1 and
MCT4) to the neuronal MCT2. In addition to their direct utilization of glucose,
neurons can rapidly use the lactate oxidative energy substrate [128—131].

An interesting study performed by Rouach et al. [132] showed that within the
hippocampus, an entire astrocyte syncytium, supported by the connexins Cx43 and
Cx30, is able to restore neuronal activity under conditions of glucose deprivation
due to lactate provided by the astrocytes and its ability to diffuse through the syncy-
tium [132]. This study showed that the fluorescent derivative of glucose 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG), injected in a
perivascular astrocyte of a mouse hippocampal slice, can diffuse in a score of
minutes in a network of astrocytes (60-90 astrocytes). This diffusion was shown to
be dependent on the gap junction proteins, Cx43 and Cx30, and increased during
neuronal activity. Moreover, it suggests that diffusion through the astrocytic net-
work, including the perivascular astrocyte, is capable of shifting differentially



44 S.R. Mclver et al.

according to energy demands. Specifically, this study showed that the diffusion of
2-NBDG propagated toward the electrically stimulated area, which was deprived of
glucose, and subsequently restored neuronal activity. This restoration was shown to
be dependent on lactate [132]. Thus, the ANLS is more than the response of one
individual astrocyte to synaptic activity but is also a dynamic response to an entire
network, with the ability to adapt its size to the intensity of the energetic demand.
This metabolic coupling between the astrocytes, the neurons, and of course the
blood capillaries is a perfect illustration of the complex integration of signaling in
the cerebral parenchyma [133].

2.5 Impact of Glia—Neuron Communication on Behavior

The previous sections were designed to introduce astrocyte—neuron signaling as it
occurs at the synaptic and network levels. The recent surge in technology and inter-
est focused on the potential contribution of astrocyte signaling to brain function has
challenged traditional views of neuroscience, which are primarily neuron-centric,
promoting the idea that neuronal activity is the basis of cognition and behavior.
Indeed, there are currently several lines of evidence that highlight the impact of
astrocyte signaling on behavior.

2.5.1 Sleep Homeostasis

Ramon y Cajal was among the first neuroscientists to appreciate the unique struc-
ture of astrocytes, predicting the importance of these glial cells in brain function,
namely, sleep—wake states [134]. Despite the availability of only static micrographs
of astrocytes, Cajal imagined a very dynamic structure and function of astrocyte
processes, based on their morphology and relative proximity to neurons. Indeed, he
theorized that astrocytes retract their processes during wakefulness, allowing
neurons to directly communicate, and then induce sleep by extending their pro-
cesses to the synapse, subsequently interrupting synaptic communication [134].
Over a century later, through the advancements in techniques applied to glial
biology research, aspects of his precocious insight have been confirmed. Using a
transgenic mouse line in which SNARE-mediated transmitter release is selectively
attenuated in astrocytes (called “dnSNARE” mice [86]), it was recently shown that
gliotransmission regulates sleep pressure by providing a tonic source of adenosine
acting on adenosine AIR [91]. Specifically, 6-h sleep deprivation effectively
increased sleep pressure (measured by the intensity of low-frequency SWA compo-
nent of NREM sleep in the cortex) in WT, but not in dnSNARE mice. This effect on
sleep pressure was demonstrated to be dependent on A1R activation, as the A1R
antagonist CPT mimicked the dnSNARE phenotype when administered to WT
mice. Interestingly, the cognitive impairments associated with sleep deprivation,
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while present in WT mice, were markedly attenuated in dnSNARE mice, suggesting
that an astrocytic source of adenosine regulates the accumulation of sleep pressure
that is associated with memory impairments following sleep loss. Extending on
these findings, a recent study examined the late-phase LTP (L-LTP) in hippocampal
slices of dnSNARE or WT mice after sleep deprivation and found that sleep loss
does not impair L-LTP in hippocampus of dnSNARE mice, as it does in WT mice,
an effect which was shown to be dependent on AIR activation [135]. Similarly,
spatial object memory, a hippocampal-dependent function, was not impaired
following sleep deprivation in dnSNARE mice or CPT-treated mice, as it was in WT
and vehicle controls. These studies consistently demonstrate the impact of an astro-
cytic source of adenosine acting on synaptic A1Rs on sleep homeostasis and mem-
ory impairments following sleep loss.

Studies linking genetic influences to sleep disorders also point to a role of ade-
nosine, which may likely include astrocytic-derived adenosine. Specifically, a func-
tional polymorphism in adenosine deaminase (ADA), the enzyme responsible for
the breakdown of adenosine into inosine, was linked to high sleep pressure in
otherwise healthy individuals [136, 137]. These results are consistent with animal
models showing the importance of ADA as a regulator of sleep homeostasis
[138, 139]. In light of aforementioned studies of dnSNARE mice, and given that
ADA is thought to be more abundantly expressed in astrocytes than neurons
[138, 140], adenosine signaling in astrocytes may be a critical regulator of sleep
homeostasis.

2.5.2 Breathing

Recent evidence has shown a crucial role for astrocyte—neuron signaling in regulating
respiration. In an elegant study by Gourine et al., astrocytes in the ventral medulla
oblongata were genetically induced to selectively express a calcium indicator to exam-
ine whether astrocytes respond to respiratory pH changes via calcium signaling [141].
Indeed, artificially induced decreases in pH stimulated immediate increases in astrocytic
calcium, particularly in astrocytes adjacent to blood vessels, independent of neu-
ronal activation. pH-sensitive calcium signaling was found to partially involve gap
junctions but was primarily dependent on activation of ionotropic ATP receptors.
Using optogenetically controlled calcium channels in astrocytes, they next showed
that calcium signaling in astrocytes induced release of ATP which subsequently
depolarized neighboring neurons. The functional importance of this signaling was
then remarkably demonstrated by optogenetic stimulation of calcium influx in astro-
cytes that robustly induced respiratory activity in anesthetized rats [141].

Astrocytes also couple with respiratory neurons and regulate rhythmic firing in
the pre-Botzinger complex in the midbrain. The burst firing of action potentials
causes an abundance of extracellular K* and glutamate, which initiate astrocytic
responses characterized by rhythmic inward currents carried by inward-rectifying
K* channels and electrogenic uptake of glutamate via GLT-1 transporter [142].
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2.5.3 Circadian Regulation

Thanks to the amenability of genetic manipulations in Drosophila, Suh and Jackson
discovered that glial cells synthesize (and secrete) biogenic amines necessary for
circadian regulation of locomotor behaviors [143]. More recently, several different
lines of transgenic mice were used to assay circadian release of ATP from cultured
astrocytes [144] and showed that it is dependent on clock genes. Using cultures
isolated from dnSNARE mice, they show that circadian release of ATP does not rely
on SNARE-dependent transmitter release. Using another line of transgenic mice in
which IP, signaling (and therefore intracellular Ca*) is selectively upregulated in
astrocytes, they showed that IP,-dependent calcium signaling contributes to the
amplitude of rhythmic ATP release. In light of evidence showing astrocytic SNARE-
dependent modulation of sleep homeostasis [91], it is interesting to consider the
idea that two mechanisms of ATP release from astrocytes independently regulate
two components of sleep and wake: circadian rhythms and sleep pressure.

2.5.4 Memory

Astrocytic modulation of network activity via lactate transport was recently demon-
strated in an elegant study by Suzuki et al. [145], where it was shown to have an
impact on plasticity and related memory impairments [145]. Specifically, they
showed that inhibition of glycolysis in the hippocampus impaired long-term mem-
ory buthad noeffect on acquisition (“training”) or short-term memory. Administration
of lactate restored long-term memory, suggesting that there is rapid glycogenesis
during training and, subsequently, lactate release that is important for long-term
memory consolidation. Impairment of lactate release via the knockdown of the
astrocytic lactate transporters MCT1 or MCT4 significantly impaired long-term
memory (but not acquisition or short-term memory), an effect which could be res-
cued by injection of lactate, but not glucose. Furthermore, long-term memory was
also impaired when the neuronal lactate transporter MCT2 was knocked down, but
neither lactate nor glucose rescued it, suggesting lactate release by MCT1 and
MCT4 from astrocytes and import by MCT?2 into neurons is necessary for long-
term memory consolidation.

Mice lacking expression of the receptor for the cytokine IL1 (which is highly, but
not exclusively, expressed in astrocytes) also exhibit impairments in hippocampal-
dependent memory and LTP [146-148]. However, when neural stem cells (NSC)
from wild-type mice were implanted into the hippocampus of IL1—/— mice and
allowed to differentiate into astrocytes, spatial memory was recovered [149], sug-
gesting that astrocytic IL1 signaling plays an important role in hippocampal-
dependent memory. Similarly, LTP is impaired and learning and memory deficits
manifest in transgenic mice with astrocyte-targeted deletion of nuclear factor-kappa
B (NF-kB), a transcription factor originally recognized for its involvement in
inflammatory and immune responses, but shown to play a role at the synapse
[150-153]. Interestingly, these deficits were associated with reduced expression of



2 Astrocyte—Neuron Communications 47

the metabotropic glutamate receptor mGIuR5 and PSD-95 in the hippocampus and
cortex and importantly were exclusively pronounced in female mice [154], impli-
cating a role for sexually dimorphic pathways in astrocytes.

2.6 Glia—Neuron Dysfunction in Disease
and Neuroinflammation

Astrocytes have long been recognized as key players in neuroinflammatory condi-
tions. Notably, along with microglia, astrocytes respond to injury by becoming “reac-
tive,” a somewhat controversial term used to describe the morphological and
histochemical profile of these cells under injury conditions. Indisputable changes
occurring in “reactive” astrocytes include hypertrophic morphology, upregulation of
the cytoskeletal protein GFAP, proliferation, loss of nonoverlapping domains, and
ultimately glial scar formation. The functional roles of reactive astrocytes appear to be
both neuroprotective and neurotoxic. For example, selective ablation of reactive astro-
cytes increases neuronal death under several injury conditions (e.g., [155]), and induc-
ible, transgenic blockade of STAT3, a signaling molecule for several cytokines,
impairs astrogliosis, increases inflammation, and impedes functional recovery after
spinal cord injury [156, 157]. On the other hand, blockade of other inflammatory
pathways in astrocytes, such as NF-kappa B, has been shown to be neuroprotective in
models of spinal cord injury, ischemia, and experimental autoimmune encephalopa-
thy [158-160]. To date, there are several reviews describing the role of astrocytes in
neuroinflammation associated with neurodegenerative diseases (e.g., see [160—164]).

Collectively, these and other studies suggest that numerous signaling pathways
are likely to be involved in astrocytic response to inflammation.

2.6.1 Epilepsy

Multiple osmotic functions of astrocytes are impaired in epilepsy, including ionic
balance (K* buffering), energy metabolism, vascular coupling, and glutamate uptake
(for review, see [165]). In general, these astrocytic changes were thought to occur
secondary to neuronal dysfunction. However, recent evidence suggests that astrocyte
signaling contributes to epileptogenesis and seizure activity through changes in glu-
tamate transport and release, energy metabolism, calcium signaling, and adenosine.

Regions affected by epilepsy in human brains show high extracellular levels of
glutamate and the associated excitotoxic neuronal death. Both decreases and
increases in expression of astrocytic glutamate transporters have been observed, so
how these transporters are involved in aberrant levels of extracellular glutamate is
not clear [166—169]. Similarly, animal models usually exhibit an impairment in glu-
tamate transport function [170-176]. Shortly after status epilepticus, an increased
coupling and decreased efficiency of glutamate uptake has been observed in the
hippocampus of a kainate-induced status epilepticus rat model [177], supporting a
role for astrocytic glutamate transport in epileptogenesis.
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The glutamine—glutamate cycle in astrocytes modulates levels of glutamate and
GABA produced by neurons. This cycle has been shown to be impaired in sclerotic
hippocampus [178, 179]. Epileptiform activity is dependent on neuronal glutamine
uptake [180], and reactive astrocytes have a decreased expression of glutamine syn-
thetase, ultimately resulting in a decreased GABA inhibition [181]. In this manner, it
is possible that astrocytes contribute to the hyperexcitability of epileptiform activity.

Furthermore, dysfunctional energy metabolism in astrocytes was recently shown
to be involved in the latent phase of epileptogenesis, which marks the transition
from status epilepticus to seizure behaviors. As described recently in Alvestad et al.,
impairment of glutamate—glutamine cycle and astrocytic GABA production from
glucose have been observed specifically in the latent phase of a kainate rat model of
epilepsy [182]. Thus, changes in metabolism of both glutamate and GABA may
contribute to epileptogenesis.

Astrocytic calcium signaling may also contribute to epileptiform activity. For
example, seizure activity induces an upregulation of metabotropic glutamate recep-
tor expression in astrocytes and increases intracellular Ca* [183, 184]. As described
previously, Ca?* signaling in astrocytes increases Ca?*-dependent gliotransmission.
Though glutamate release from astrocytes does not generate epileptiform activity
[185], it is possible that it contributes to sustained hyperexcitability during seizures
and subsequent excitotoxic neuronal death. Intracellular calcium signaling in astro-
cytes and extrasynaptic (potentially astrocytic) sources of glutamate have also been
shown to contribute to aberrant depolarization during interictal events [186],
suggesting that an astrocytic source of glutamate contributes to epileptiform activ-
ity. Indeed, inhibition of astrocytic metabotropic glutamate receptors (mGIluR5)
after status epilepticus delays neuronal death, as does application of a Ca** chelator
[187]. To more closely examine the role of astrocytes on epileptiform activity,
Gomez-Gonzalez et al. monitored astrocytic Ca** signaling in parallel with neuronal
epileptiform activity in entorhinal cortical slices from rat brain. Intracellular astro-
cytic Ca®* signaling increased during the development of a focal ictal event; selec-
tive inhibition of intracellular astrocytic Ca?* near the focal ictal event reduced the
intensity of this event. Thus, these results showed that astrocytes can play a role in
the initiation of ictal activity during seizures [188].

Adenosine, a by-product of the gliotransmitter ATP, typically counteracts neu-
ronal hyperexcitability through its action on presynaptic Al receptors. Along the
same line, overexpression of adenosine kinase (ADK), which metabolizes adenosine
into ADP and therefore reduces adenosine levels, is sufficient to induce epileptiform
activity [189]. Immunohistology from brains of temporal lobe epilepsy patients
reveals enhanced ADK expression in the hippocampus [190], and inhibition of ADK
expression is able to prevent seizures in mouse models of epilepsy [191].

In addition to local signaling, the astrocytic syncytium has been shown to be
involved in seizure development, as deletion of the gap junction proteins, Cx30 and
Cx43, increases the potency of epileptiform activity [192]. Furthermore, astrocytic
domains were shown to be disrupted in three different mouse models of epilepsy.
Diolistic labeling in cortical slices showed that the domains normally occupied by
independent astrocytes begin to overlap following seizure events, an effect which
was lessened by treatment with antiepileptic drugs [193]. Interestingly, the loss of
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astrocytic domains coincided with changes in dendritic morphology, including an
increase in spine density, though it is yet unknown whether the changes in astrocyte
morphology precede those in dendrites, or vice versa.

2.6.2 Neurodegenerative Diseases

Neurodegenerative diseases are characterized by neuronal degeneration and necrotic
cell death and in later stages are often associated with severe cognitive and/or motor
deficits. Though initially thought to result from a primary impairment in neuronal
function, accumulating evidence suggests a role for dysfunction in astrocyte—neuron
signaling as a critical contributor to pathology for most neurodegenerative diseases,
including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD), and ALS [164, 194-199]. AD, PD, and ALS primarily occur sporadically,
with the few inherited forms resulting from abnormal mutation of specific genes,
while HD is inherited through acquisition of the well-known huntingtin gene muta-
tion. Reactive astrocytes are hallmark features of pathology in these diseases and
correlate with the intensity of neuronal dysfunction and death [198, 200, 201].
This section will focus on AD and ALS, for which there is substantial evidence
showing the role of astrocytes in neurodegeneration.

Accumulation of amyloid plaques is a hallmark pathology of AD and is generally
associated with neighboring reactive astrocytes (e.g., [202]). Though astrocytes accu-
mulate around amyloid plaques, they are not able to degrade amyloid B (AB) as they
do in culture [203]. Rather, these reactive astrocytes, along with microglia, release
proinflammatory cytokines, including interleukin 1, interleukin 6, and TNFa [204],
though whether this response is neuroprotective or toxic is not well understood.
Inhibitors of proinflammatory cytokines were found to attenuate both synaptic and
cognitive deficits in mice treated with AP infusion, suggesting that these inflammatory
responses of astrocytes have detrimental downstream effects [205]. However, the
relevance of these findings to clinical evidence is questionable [206].

Notably, an abnormally increased level of TNFa is a characteristic feature of
neuroinflammation in AD patients [207], and there is convincing evidence high-
lighting a role for astrocytic release of TNFa in aberrant Ca** signaling and
extracellular glutamate levels in a mouse model of AD [208, 209]. Specifically,
TNFao-stimulated, Ca*-dependent release of glutamate was decreased in
hippocampal slices isolated from aged AD mice [209], a finding which is somewhat
incongruous with studies showing increased Ca?* signaling in astrocytes (which
should increase glutamate gliotransmission) in AD mouse models [208, 210, 211].
The altered levels of glutamate transporter and receptor expression that is character-
istically pronounced in AD models [212, 213] may partially account for these results
(see for review [164]). Given the established role of astrocytes in modulating syn-
aptic activity, as described in previous sections, it is likely that aberrations in astro-
cyte signaling contribute to the progression of impairments in synaptic transmission
associated with cognitive decline in AD. The gliotransmitter ATP has recently been
proposed as a neuroprotective agent in AD. A study on primary astrocyte cultures
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observed an increased release of ATP after application of the peptide AB42 in the
medium [214]. ATP application on neuronal cultures prevented AB42 toxicity via
P2-type purinergic receptors and prevented AP42-induced impairment of LTP on
acute hippocampal slices.

ALS is characterized by a progressive paralysis due to motor neuron death. The
etiology of ALS is mainly sporadic, but 10 % of the patients present a dominant nega-
tive mutation, and among them 25 % have a mutation of the antioxidant enzyme
superoxide dismutase 1 gene (SOD1) [215]. Changes in microglia, macrophages, and
astrocytes have been documented in transgenic mice that express mutant SOD1 ubig-
uitously. Immunohistochemical examination of the CNS from these mice revealed
that microglia activation was pronounced in the motor cortex, motor nuclei of the
brainstem, corticospinal tract, and ventral horn of the spinal cord, and preceded the
onset of motor neuron degeneration, which suggests the potential to serve as a pre-
clinical indicator of ALS [216, 217]. In fact, positron emission tomography (PET) has
been used to examine microglia activation in patients with ALS, revealing an associa-
tion between microgliosis and upper (but not lower) motor neuron damage, again
suggesting that microglia responses may occur prior to motor neuron degeneration in
humans [218]. Macrophage activation is prominent in the sciatic nerve in SODI
mutant mice, occurring throughout the disease onset and progression [219]. Astrogliosis
appears in the dorsal and ventral horn of the spinal cord and is not restricted to motor
areas of the brain, extending through both cortical gray and subcortical white matter
in SOD1 mutant mice [220-222]. The activation of astrocytes occurs later than that of
microglia, in time with the onset of motor neuron degeneration.

Given the changes that occur in microglia and astrocytes in SOD1 model of
ALS, transgenic mice with a specific manipulation of mutant SOD1 expression in
Cdl11b-expressing microglia or GFAP-expressing astrocytes were created to exam-
ine more closely how these cells contribute to the initiation and progression of ALS
[194, 223]. Transgenic mice expressing mutant SOD1 do not display features of
neurodegeneration when transgene expression is restricted to motoneurons [224].
This observation suggests that neurodegeneration in ALS is not cell-autonomous,
but rather it also results from dysfunction in nonneuronal cells. Specific deletion of
mutant SOD1 in Cd11b-expressing cells, including microglia and macrophages, or
in GFAP-expressing astrocytes does not change the disease onset but slows the
disease progression and increases the survival of mutant SOD1 mice [194, 223,
225]. When mutant SOD1 expression is absent in microglia only, astrogliosis and
microgliosis persist [223]. When mutant SOD1 is absent in astrocytes only, astro-
gliosis, but not microgliosis, is delayed compared to mice with ubiquitous expres-
sion of mutant SOD1 [225]. This suggests that the microglia response depends in
part on factors released by astrocytes expressing mutant SOD1 [225]. In conclusion,
neuronal mutant SOD1 expression is necessary for the onset of SOD1-related ALS
but expression in nonneuronal cells is involved in the progression of the disease.
More particularly, both astrocytes and microglia are important in the late progres-
sion phase of the disease and in survival [223, 225].

Several lines of evidence indicate that astrocytes are actively involved in ALS
pathogenesis, particularly due to an impairment in glutamate uptake. For example,
brain regions affected by the sporadic form of the ALS show a 95 % loss of the
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astrocytic glutamate transporter EAAT?2 and an increased level of glutamate in CSF
[226, 227].

The impairment in energy metabolism observed in ALS also appears to involve
astrocytes. For example, mutant SOD1 expression in astrocytes decreases lactate
efflux to motor neurons in vitro, and this loss of metabolic support leads to a decrease
in neuronal survival [228].

Similar to AD pathology, inflammation is also a characteristic feature of ALS
pathogenesis [229]. Depletion of SOD1 in microglia or astrocytes leads to secretion
of cytokines [229], and treatment with anti-inflammatory drugs slows down the
progression of the disease in transgenic mice [230, 231].

Collectively, this evidence suggests that neuron—astrocyte interactions have a
strong impact on the progression of neurodegenerative diseases, and therefore,
astrocytes may be a novel therapeutic target for treatment of these diseases.

2.6.3 Drugs of Abuse

To date, there are limited studies investigating the putative contribution of glial cells
to drug and alcohol abuse and addiction. However, there is some evidence from both
human and mouse models that suggest astrocytes may play a role in drug and alco-
hol behavior. For example, there are marked changes in the immunohistochemical
profile and morphology of astrocytes during chronic morphine treatment, such as
increased GFAP expression and reduced expression of GLT-1 and GLAST [232,
233], suggesting an alteration in glutamate clearance. Similar changes occur
following alcohol exposure, with the degree (and direction) of GFAP expression
dependent on the duration of alcohol exposure [234, 235]. Interestingly, the density
of GFAP-positive astrocytes is decreased in the prefrontal cortex of alcohol-
preferring rats compared to non-preferring rats [236, 237], which may be either
coincidental or meaningful to the same finding in prefrontal cortex of depressed
patients, who also show decreased GFAP protein and mRNA expression in prefron-
tal cortex, and have a high comorbidity with alcoholism [238-242]. The link between
astrocyte dysfunction and neuronal signaling is not yet clear in models of addiction;
however, there is evidence from genetic screens and manipulations to suggest that it
involves glutamate signaling. Notably, a single nucleotide mutation in the EAAT2
(GLT-1) gene has been linked to impulsive behaviors in alcoholics [243]. Furthermore,
mutations in the circadian clock gene, Per2, lead to increased alcohol consumption
in mice, coincident with decreased expression of another glial glutamate transporter,
EAAT1 [244]. This phenotype is consistent with reports of associations between
Per2 mutations and increased alcohol intake in humans.

Both astrocytes and microglia have been recognized as key players in
neuroinflammation and, as stated above, are often characterized as “reactive” based
on changes in morphology and immunohistochemical profile [245]. However, dys-
function in glia—neuron signaling during neuroinflammation has only recently
received attention as a key contributor to neuropathological conditions. Toll-like
receptor (TLR) type 4, which is responsible for immediate detection and response to
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insults to the immune system, is mainly expressed in glial cells [246] and is receiving
increasing attention for its role in pathology associated with neurodegenerative dis-
eases and chronic alcohol exposure [247-250]. For example, astrocyte and microglia
activation and associated impairments in memory and anxiety behaviors that typi-
cally occur following chronic alcohol exposure were attenuated in mice lacking
expression of TLR4 [248]. Though TLR4 is expressed on microglia and astrocytes,
and upregulated in response to a neuroimmune challenge (including chronic alcohol
exposure), a recent study using mixed glial cultures with or without microglia deple-
tion showed that the astrocytic response to lipopolysaccharide, an activator of TLR4,
was completely dependent on the presence of microglia [251]. This study suggests
that activation of TLR4 on microglia precedes and induces subsequent activation of
astrocytes in vitro. Further investigation is required to examine the extent to which
microglia TLR4 signaling impacts astrocyte response in vivo.

2.7 Summary

Our understanding of astrocyte—neuron signaling mechanisms is ever-increasing. It
is now widely appreciated that astrocytes’ contribution to brain function extends
beyond the basic extracellular “housekeeping” tasks to include modulation of neu-
ronal communication at the synaptic, network, and behavioral levels. As a compo-
nent of the tripartite synapse, astrocytes are capable of fine-tuning synaptic
transmission via calcium-dependent gliotransmitter release, dynamically regulating
the physiological range required for synaptic plasticity. Intercellular calcium signal-
ing, or calcium waves, among astrocytes helps to coordinate neuronal activity and
neurovascular resources to satisfy the metabolic demands of network activity.
Recent advances in molecular genetic techniques, including transgenic mice with
astrocyte-specific knockout, overexpression or mutation of genes, and in vivo
application of optogenetics, especially when used in combination with rigorous
electrophysiological, real-time imaging, and behavioral assays, are allowing glial
biologists to more directly probe the functions of astrocytes. From studies published
so far, there is now mounting evidence showing direct involvement of astrocytes in
several behaviors, including sleep, circadian rhythms, memory, and respiration. It is
also becoming increasingly clear, both in experimental models and clinical cases,
that astrocytes play a role in neuropathological conditions, including neurodegenera-
tion, neuroinflammation, and addiction. Any remaining debate in regard to the
significance of astrocyte—neuron communication should serve as an impetus to set
higher and more specified experimental standards, incorporating in vivo techniques
with acute slice preparations and pharmacology, and importantly sampling a range
of electrophysiological parameters which may be more physiologically relevant to
conditions in which astrocytes modulate synaptic activity. In summary, the under-
standing that astrocytes contribute to overall brain function, but do so by continu-
ously monitoring and tuning network activity rather than directly relaying it (as
neurons do), is becoming an essential component to fundamental neuroscience and
may be a key to the progression toward therapeutics for neurological conditions.
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2.8 Conclusion

Over the past decade, discoveries in glial biology have brought forth a new era in
brain research, moving beyond a neuron-centric approach to encompass the increas-
ingly defined impact of glial signaling. Glia not only play an active role in modulat-
ing synaptic activity but, through intercellular communication, serve to integrate
information at the network level. In this manner, glia—neuron signaling has a much
more significant impact on both physiological and pathological conditions than
what was initially thought. For example, glial cell involvement in the onset and/or
progression of pathology in many neurodegenerative diseases is now widely
accepted. Though the role of astrocytes in drug and alcohol abuse is only beginning
to be understood, progress made thus far has provided a greater potential for insight
into mechanisms of addiction. Astrocytes express proteins known to be impacted by
drugs and alcohol, but the signaling pathways that contribute to addiction are not
known. Given the ever-increasing development of techniques for probing glial func-
tion, and what is currently known regarding the role of astrocytes in neurodegenera-
tive diseases and addiction, the future holds the possibility for identifying novel
diagnostic techniques and therapeutics.
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