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ABSTRACT

Astrocytes can be defined as the glia inhabiting the nervous system with the main function in
the maintenance of nervous tissue homeostasis. Classified into several types according to their
morphological appearance, many of astrocytes form a reticular structure known as astroglial syncytium, owing to their coupling via intercellular channels organized into gap junctions. Not only
do astrocytes establish such homocellular contacts, but they also engage in intimate heterocellular
interactions with neurons, most notably at synaptic sites. As synaptic structures house the very
core of information transfer and processing in the nervous system, astroglial perisynaptic positioning assures that these glial cells can nourish neurons and establish bidirectional communication
with them, functions outlined in the concepts of the astrocytic cradle and multi-partite synapse,
respectively. Astrocytes possess a rich assortment of ligand receptors, ion and water channels, and
ion and ligand transporters, which collectively contribute to astrocytic control of homeostasis and
excitability. Astroglia control glutamate and adenosine homeostasis to exert modulatory actions
affecting the real-time operation of synapses. Fluctuations of intracellular calcium can lead to the
release of various chemical transmitters from astrocytes through a process termed gliotransmission.
Sodium fluctuations are closely associated to those of calcium with both dynamic events interfacing
signaling and metabolism. Astrocytes appear fully integrated into the brain cellular circuitry, being
an indispensable part of neural networks.

KEY WORDS

astroglia, calcium signaling, homeostasis, ion channels, neurotransmitters, receptors, sodium
signaling, synaptic transmission, transporters
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CHAPTER 1

Astrocytes: General Perspective
1.1

ASTROGLIA: DEFINITION AND IDENTIFICATION

The term astrocyte, which derives from Ancient Greek (αστρον κυτος; astron, star; kytos, a hollow
vessel, later cell; i.e., star-like cell) was introduced by Michael von Lenhossek (Lenhossek, 1895) to
denote a subpopulation of parenchymal glial cells with stellate morphology when stained with the
black reaction or gold-sublimate techniques (Figure 1.1). Astroglial cells are highly heterogeneous
in their morphology and only a minor fraction of these cells have a star-like appearance with several
primary (also called stem) processes originating from the soma. Conceptually, astrocytes can be defined as glia, populating the grey and white matter of the brain and the spinal cord, that maintain
the brain homeostasis.
Identification of astroglial cells is not exactly a trivial task, because of the prominent morphological and functional heterogeneity. Astrocytes from different brain regions express different
sets of proteins responsible for their function, such as neurotransmitter receptors, glutamate, γ-aminobutyric acid (GABA) and glycine transporters, nitric oxide synthase and enzymes catabolizing
glutamate (glutamine synthetase), dopamine and serotonin (monoamine oxidase), and GABA
(GABA transaminase). Identification of astrocytes, therefore, requires a rather complex set of criteria, which is difficult to provide not only because of the astroglial diversity, but also due to changes
in an astroglial phenotype that accompanies development and aging of the nervous system, and also
because of certain similarities between astrocytes and NG2-glia, which for a long time were considered to be a subtype of astroglia. Criteria of the astroglial identity, for example, include several
items on the list below (Kimelberg, 2009; 2010):
1. Absence of electrical excitability (i.e., astrocytes cannot generate action potentials);
+

2. A very negative membrane potential (-80 to -90 mV), because of the prevalence of K
permeability of the plasmalemma;
3. Functional expression of plasmalemmal transporters for GABA and glutamate;

4. A large number of intermediate filament bundles, which are the sites of the astrocyte-specific glial fibrillary acidic protein (GFAP);
5. Presence of glycogen granules;
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6. Processes that contact and surround blood vessels;
7. Elaborated perisynaptic processes;
8. Linkage to other astrocytes by gap junctions formed by connexins.

th

th

FIGURE 1.1: Images of astrocytes from the late 19 and the early 20 century. A. Image of an astrocyte drawn by Michael von Lenhossek (Lenhossek, 1895). B. Camillo Golgi’s drawing of astrocytes
contacting blood vessels (Golgi, 1903). C. Image of a protoplasmic astrocyte drawn by William Andriezen (Andriezen, 1893). D. The close envelopment of neurons by the processes of neuroglial cells as
seen by Santiago Ramón y Cajal (redrawn from original Cajal’s plate by De Castro). E. Close interactions between neuroglial (red) and neuronal (black) networks (from (Schleich, 1894)). F. Morphological diversity of neuroglia in the human fetal cortex (Retzius, 1894, Vol. 6, Plate II).

This set of criteria is not absolute and numerous exceptions exist. GFAP, which together with
vimentin represents the main type of intermediate filaments that contribute to the cytoskeleton of
astroglial cells, is almost universally accepted as the most common marker for astroglia. Immunoreactivity of GFAP is widely employed for astrocyte identification. In the healthy brain, however,
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many (if not the most) of the astrocytes do not express GFAP. Additionally, immunostaining with
antibodies against GFAP at the cellular level visualizes only the major processes and represents only
~ 15% of the cell volume (Figure 1.2). Expression of GFAP varies between different brain regions,
with GFAP being expressed by virtually every Bergmann glial cell in the cerebellum, in ~ 80% of
protoplasmic astrocytes in the juvenile hippocampus, but only in about 15–20% of astrocytes in the
neocortex. Several other commonly used markers to label astrocytes include the antibodies against
dimerized calcium binding protein S100β, or against glutamine synthetase. The S100β, however,
is expressed only in a subpopulation of astroglia and also labels NG2-glia. Immunostaining with
antibodies against glutamine synthetase, mainly expressed in astrocytes, provides nice images of the
entire astrocytic volume including fine processes, as this enzyme is located in the cytosol. At the
same time these antibodies do not label all the astrocytes and can also label some oligodendrocytes,
which also can express glutamine synthetase. Other astroglial markers include the excitatory amino
acid transporter 2, EAAT2, which is referred to as glutamate transporter GLT-1 in rodents, the
inward rectifier channel of Kir4.1 subtype and aquaporin channel AQP4. These molecules, however,
are usually concentrated in specific parts of astroglial membranes (e.g., in endfeet) which often
results in a rather localized staining. Live astrocytes in the acutely isolated brain slices or in the
whole brain can also be visualized by fluorescent dyes, which can be, for example, injected into the
cells of interest through intracellular microelectrodes or by intracellular perfusion with the help
of a patch-clamp pipette. Such a technique allows targeted staining of the cell of interest with
membrane-impermeable probes such as Lucifer yellow, Alexa Fluor® dyes, or biocytin. Using these
approaches several cells can be injected with dyes that have different spectral properties, which,

FIGURE 1.2: Images of astrocytes from different brain regions stained with antibodies against
GFAP.The images were taken from the entorhinal cortex, hippocampus, and prefrontal cortex. Note
the morphological diversity of GFAP profiles, which disclose only a fraction (~ 15%) of the total astrocytic volume.

3

4

PHYSIOLOGY OF ASTROGLIA

under conditions of closed gap junctions, allow visualization of adjacent cells, especially their peripheral interactions (Figure 1.3). If gap junctions are left unperturbed, then intracellularly injected
dyes of relatively small size may diffuse through gap junction and thus stain tens or even hundreds
of astrocytes belonging to the astroglial syncytia. Astrocytes in the nervous tissue can be loaded
with membrane permeable fluorescent dyes, such as a cationic dye sulforhodamine 101 and its
analogs Rhodamine B or Rhodamine G (Nimmerjahn et al., 2004), which are relatively selectively
taken up by astroglia and allow visualization of the fine cellular processes. A dipeptide β-Ala-Lys
conjugated to 7-amino-4-methylcoumarin-3-acetic acid, a fluorescent tag, selectively accumulates
in astrocytes being taken up by the PepT2 peptide transporter, and it has been used for labeling
live astrocytes in situ (Wang and Hatton, 2009). Astrocytes can even be loaded by intravenous injections of sulforhodamine (20 mg/kg); the cells in the brain tissue can be visualized 40 min after
injection with this stain, which can persist for up to 5 hours (Appaix et al., 2012). In transgenic

FIGURE 1.3: Tiling of astrocytes. Images of closely associated astrocytes in conditions with closed
gap junctions and individually injected with dyes of different fluorescent properties, hence appearing in
different colors. Each astrocyte occupies a well-defined territory; astroglial contacts occur only through
distal processes and overall overlap between astrocyte territories does not exceed 3–5%. A. Reproduced
with permission from (Bushong et al., 2002). B. Three adjacent astrocytes filled with different dyes
(green, yellow, and red). Nuclei of cells are counterstained and shown in blue. Image kindly provided
by Professor Maiken Nedergaard, University of Rochester Medical Center.
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approaches, astroglial cells can be labeled with fluorescent cytosolic proteins (many forms of which
have been obtained in recent decades; the existing inventory allows fluorescence monitoring over
the whole visual spectrum (Chudakov et al., 2010)) expressed under the control of an astroglia-specific trans-promoter (for example, promoter for GFAP, GLT-1, or S100β), which normally encodes
for a portion of the entire/native promoter. A major limitation of this approach is related to the
variability in the promoter activity between different astrocytes that determines the differences in
expression of fluorescence reporter.

1.2

ASTROGLIAL DIVERSITY

Astrocytes are classified into many types, according to their morphological appearance.
i. The main type of astroglia in the grey matter of the brain and of the spinal cord is represented by protoplasmic astrocytes. In rodents they are endowed with several (5–10)
primary processes (on average ~ 50 μm long), which in turn extend extremely elaborate
branches to form complex process arborizations. Protoplasmic astrocyte density in the
3
cortex varies between 10,000 and 30,000 cells per mm .
The classical staining techniques (Golgi's black reaction or gold chloride-sublimate
staining method of Cajal, or immunohistochemical staining with GFAP antibodies) do
not fully visualize morphological profiles of protoplasmic astrocytes, because they reveal
only the main astroglial processes. This gives an image of a star-like cell, which generally
is accepted as a portrait of a classical astrocyte. Employment of dyes that accumulate in
the cytoplasm (such as staining with sulforhodamine 101) or using targeted expression
of cytosolic fluorescent proteins revealed highly complex morphology of protoplasmic
astrocytes. The complex process arborization gives the cells a spongiform appearance
due to short, “feather-like,” ultrafine and extensively ramified processes, 2–10 μm long,
extending from principal processes (Figure 1.4). Astroglial processes, especially the peripheral ones, are highly plastic, able to produce lamellipodia-like membrane protrusions
along neuronal surfaces, or filopodia-like extensions, which protrude and retract within
tens of seconds (Hirrlinger et al., 2004).
Protoplasmic astrocytes divide the grey matter into the so-called astroglial domains,
each of which is occupied by a single astrocyte with little overlap with their neighboring
astroglia; the overlap does not exceed five per cent, i.e., astrocytes contact each other
only by the most distal processes. The process of division of the grey matter between
astroglial domains (also known as tiling; see Figure 1.3) starts in late embryogenesis.
An individual protoplasmic astrocyte in the hippocampus of rats occupies the volume
3
of ~ 43,000–66,000 μm (Bushong et al., 2002; Wilhelmsson et al., 2006). The overall
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FIGURE 1.4: Visualization of astrocytes using different labeling techniques. A. Hippocampal mouse
astrocyte stained with an antibody against GFAP. B. From a similar mouse hippocampal preparation
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as in A, an astrocyte was stained with an antibody against astroglia-specific enzyme, glutamine synthase; A and B from (Olabarria et al., 2011). C. Image of astrocytes from the rat supraoptic nucleus
stained with an antibody against GFAP; kindly provided by Dr. Yu-Fang Wang, Harbin Medical
University, P.R. China; from (Wang and Hatton, 2009). D: Images of cortical astrocytes stained with
rhodamine 101 obtained from living mouse using two-photon confocal microscopy through a cranial window. Image kindly provided by Prof. Olga Garaschuk. E. Image of a hippocampal astrocyte
injected with fluorescent dye Alexa Fluor® 568; dye filling reveals a "cloud" of fine spongiform processes; reproduced from (Wilhelmsson et al., 2006). F. A single astrocyte labeled with enhanced green
fluorescent protein (eGFP). The fine intricate processes of protoplasmic astrocytes are visualized by
eGFP fluorescence. Insert shows the eGFP labeled astrocytic processes at higher magnification. The
astrocytes were transfected in situ by an intracortical injection of adenoviral eGFP. The brains were
processed for histology 2–4 days later; reproduced from (Nedergaard et al., 2010).
2

surface area of an individual hippocampal astrocyte can reach up to 80,000 μm , because
of highly elaborated distal processes that cover most of neuronal membranes within
the astroglial domain. A single protoplasmic astrocyte in the rodent cortex contacts 4
to 8 neurons, surrounds ~ 300 to 600 neuronal dendrites, and provides cover for up to
20,000–120,000 synapses residing within its domain (Bushong et al., 2002). Human
protoplasmic astrocytes are 2–3 times larger and exceedingly more complex; the processes of a single human protoplasmic astrocyte cover ~ 2 million of synapses. At least
one, and sometimes several, processes of protoplasmic astrocytes contact capillaries
and/or arteriole, forming the perivascular endfeet; similarly some protoplasmic astrocytes send processes to the pial surface, where they form subpial endfeet. The morphology of protoplasmic astrocytes across the brain is highly heterogeneous between and
within brain regions; for example, in the CA1 area of the hippocampus protoplasmic
astrocytes have different shapes with sub-populations of fusiform cells, spherical or
markedly elongated astrocytes. In the entorhinal cortex protoplasmic astrocytes have a
needle-like morphology with several main processes (Figure 1.2).
ii. Fibrous astrocytes (see Figure 1.5) are localized in the white matter in the brain and
in tracts of the spinal cord, in the optic nerve and in the nerve fiber layer of the retina.
Processes of fibrous astrocytes are long (up to 300 μm), although less elaborate compared
to protoplasmic astroglia. The somata of fibrous astrocytes are organized in rows between
the axonal bundles. The processes of fibrous astrocytes establish several perivascular or
subpial endfeet and send extensions, known as perinodal processes, which contact axons
at nodes of Ranvier (which are periodic gaps in the insulating sheath, i.e., myelin, on
the axon of some neurons). The density of fibrous astrocytes in the white matter is ~ 200
3
cells per mm . In contrast to protoplasmic astrocytes, the fibrous astrocytes do not form
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FIGURE 1.5: Morphological heterogeneity and subtypes of astrocytes in the primate cortex. A.
Pial surface and layers 1–2 of the human cortex. GFAP staining in white; DAPI, representing cell
nuclei, in blue. Scale bar, 100 μm. Yellow dashed line indicates border between layer 1 and 2. B.
Interlaminar astrocytes have characteristic tortuous processes based on GFAP staining. Scale bar,
10 μm. C. Varicose projection astrocytes reside in layers 5–6 and extend long processes characterized by evenly spaced varicosities. GFAP, white; microtubule-associated protein 2 staining neurons,
red; DAPI, blue. Inset: Varicose projection astrocyte from chimpanzee cortex. Yellow arrowheads
indicate varicosities. Scale bar, 50 μm. D. GFAP staining of a typical human protoplasmic astrocyte. Scale bar, 20 μm. E. GFAP staining (white) of human fibrous astrocytes in the white matter.
Nuclei are counterstained with DAPI (blue). Scale bar, 10 μm. Right panel schematically shows
different astrocytes and their relations to cortical layers. (A to E modified and reproduced with permission from (Oberheim et al., 2012)).
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separate territorial domains and show a high degree of overlap. Fibrous astrocytes also
show diverse morphology; for example, in the rodent optic nerve, fibrous astrocytes are
subdivided into transverse, random, and longitudinal types depending on the orientation
of processes with respect to the long axis of the nerve (Butt et al., 1994).
iii. Surface-associated astrocytes outline the cortical surface in the posterior prefrontal
and amygdaloid cortices. The somata of these cells lie at the cortical surface and send
two types of processes: the descending processes to the cortical layer I, and superficial
processes that surround pial blood vessels (Feig and Haberly, 2011).
iv. Several brain regions populated with high densities of neurons with small somata (such
as the molecular layer of the cerebellum or in the olfactory bulb) contain specialized
astroglial cells known as velate astrocytes. These astrocytes have a small cell body and
several leaf-like processes enwrapping a pack of neighboring neurons (from which the
name of these cells derives: “velate” means being enwrapped by a velum).
v. Interlaminar astrocytes are found specifically in the cerebral cortex of higher primates,
such as old world monkeys, apes, and humans (Oberheim et al., 2009). They extend 1
or 2 very long (up to 1 mm) unbranched processes from the soma located within the
supragranular layer to cortical layers III to V (Figure 1.5). The long “interlaminar” processes terminate with specific bulbous structures also known as terminal masses, which
usually contain a mitochondrion. The processes of interlaminar astrocytes run parallel to
each other forming a “palisade.” The interlaminar astrocytes appear postnataly and are
thought to originate from some astroglial precursors and not from radial glia (Colombo
and Reisin, 2004). The specific function of these cells is unknown, although they may be
involved in delineating cortical columnar modules spanning across layers.
vi. Polarized astrocytes are another class of astroglia specific for higher primates. These
cells are positioned in the deep cortical layers very near to the white matter and have
one or two long (up to 1 mm in length) processes that penetrate into superficial cortical
layers (Figure 1.5 and (Oberheim et al., 2009)).
vii. Another type of specific astroglial cell that has been identified only in the brains of humans
is the varicose projection astrocyte, characterized by several (up to 5) long (up to 1 mm)
unbranched processes that extend in all directions through the deep cortical layers. These
processes are endowed with evenly spaced varicosities (Figure 1.5, (Oberheim et al., 2009)).
viii. The specialized radial glia called Müller cells, are present in the retina. The majority
of Müller cells have a radial glia morphology (Figure 1.6), extending longitudinal pro-
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cesses along the length of rods and cones. Around the optic disk (where the optic nerve
exits the retina) Müller cells have a morphology similar to protoplasmic astrocytes. In
the human retina, Müller glial cells occupy up to 20% of the overall volume, with the
2
density of these cells being ~ 25,000 per mm of the retinal surface area. Each Müller
cell forms contacts with a defined group of neurons organized in a columnar fashion;
a single Müller cell supports ~ 16 neurons in human retina, and up to 30 in rodents.
Müller cells perform multiple functions, including homeostatic control over ions and
neurotransmitters, secretion of glutathione for scavenging reactive oxygen species, and
release of various neurotrophic factors (Figure 1.6). In addition Müller glia act as a light
guide feeding incoming light to photoreceptor cells (Franze et al., 2007)

FIGURE 1.6: Müller glial cells. Left panel: Microanatomy of a typical retinal Müller cell, which penetrates the whole thickness of the retina and contacts most of retinal cellular elements. The image was
kindly provided by Prof. Andreas Reichenbach, University of Leipzig. Right panel: Müller cells are
fundamental for: (i) regulating extracellular K+ concentration (by K+ transport through sodium potassium ATPase and inwardly rectifying K+ channels), and water homeostasis by water transport through
aquaporin 4 channels; (ii) clearing neurotransmitters by specific transporters; (iii) protecting the retina
against oxygen free radicals through releasing glutathione; and (iv) for trophic regulations through releasing neurotrophic factors. Furthermore, Müller cells act as light guides facilitating light penetration
through the retina and directing light to rods and cones. Retinal cellular elements are: R, rods; C, cones;
A, amacrine cells; GC, ganglion cell; HC, horizontal cell; and CB, cone bipolar cells. Abbreviations.
Glu, glutamate; GS, glutamine synthetase; GSH, glutathione; GSSG, glutathione disulfide; GSHsynth, glutathione synthetase; bFGF, basic fibroblast growth factor; BDNF, brain-derived neurotrophic
factor; VGEF, vascular endothelial growth factor; PEDF, pigment epithelium-derived factor; TGFβ,
transforming growth factor β; CNTF, ciliary neurotrophic factor. Modified from (Giaume et al., 2007).
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ix. The Purkinje cell layer of the cerebellum is populated by radial glia-like cells known as
Bergmann glia. These cells have relatively small cell bodies (~ 15 μm in diameter) and
3 to 6 processes that extend from the Purkinje cell layer to the pia (Figure 1.7). Usually
several (~ 8 in rodents) Bergmann glial cells surround a single Purkinje neuron and
Bergmann glial processes form a “tunnel” around the dendritic arborization of Purkinje
neurons. The processes of Bergmann glial cells are extremely elaborated, and they form
very close contacts with synapses formed by parallel fibers on Purkinje neuron dendrites;
each Bergmann glial cell provides for the coverage of up to 8,000 synapses.
x. The bipolar astrocytes present in the periventricular organs, in the hypothalamus, hypophysis, and the raphe part of the spinal cord are known as tanycytes (Figure 1.8). In
the periventricular organs, tanycytes form a blood-brain barrier (BBB) by forming tight
junctions with capillaries; the mammalian BBB is normally formed by tight junctions
between the endothelial cells, but capillaries in the periventricular organs are “leaky,”
and the tanycytes form a permeability barrier between neural parenchyma and the
cerebrospinal fluid (CSF). In the hypothalamus four subtypes of tanycytes are distinguished with different functional and barrier properties. Tanycytes processes contact
the ventricular wall and portal capillaries, thus, providing a link between the CSF and
neurosecretion (Rodriguez et al., 2005).
xi. Astroglia of the neuro-hypophysis are classified as pituicytes. Processes of these cells
surround neuro-secretory axons and axonal endings under resting conditions, and retrieve from neural processes when increased hormone output is required. These cells
are believed to modulate the hormonal output from the neuro-hypophysis (Rosso and
Mienville, 2009).
xii. Perivascular and marginal astrocytes are closely associated with the pia mater, where
they form numerous endfeet with blood vessels. As a rule they do not form contacts with
neurons, and their main function is in forming the pial and perivascular glia limitans barrier, which assists in isolating the brain parenchyma from the vascular and subarachnoid
compartments.
xiii. Ependymocytes, choroid plexus cells, and retinal pigment epithelial cells line the ventricles and the subretinal space. These are secretory epithelial cells that have been covered
under the umbrella term glia because they are not neurons. The choroid plexus cells produce the CSF which fills the brain ventricles, spinal canal, and the subarachnoid space;
the ependymocytes and retinal pigment cells are endowed with numerous very small

12 PHYSIOLOGY OF ASTROGLIA

movable/motile processes (microvilli and kinocilia), which by regular beating produce a
stream of CSF and vitreous humor in the eye, respectively.

FIGURE 1.7: Bergmann glial cells of the cerebellum. A. The ultrastructure of a Bergmann glial cell.
(a) Fluorescent light micrograph of dye-injected Bergmann glial cell process; the red square (20 x 20
μm) corresponds to the portion that was reconstructed, shown in b and c, from consecutive ultrathin
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sections. (b) One of the lateral appendages, arising directly from a cell process. (c) The same structure
as shown in (b), but with one of the smaller appendages marked by blue. This labeled structure is
shown in isolation and at higher magnification in B. B. Left panel shows a three-dimensional reconstruction of an appendage (same as shown in A, c) extending from a larger appendix extending from
a process of the Bergmann glial cell. Electron micrographs of four sections contributing to the reconstruction (designated 1–4) are shown on the right; glial compartments appear black (from the injected
dye). The locations of these sections in the reconstruction are indicated by the numerically labeled arrows. (1) Region directly contacting synapses. (2) Glial compartments without direct synaptic contacts.
(3) Bulging glial structure containing a mitochondrion. (4) The stalk of the appendage. Note how
completely the glial membranes enwrap the synaptic terminal in panel (1). (Modified and reproduced
with permission from (Grosche et al., 1999)).

FIGURE 1.8: Tanycytes in the mouse mediobasal hypothalamus. A high magnification confocal
image of the tanycytes specifically expressing enhanced green fluorescent protein, under control of
human GFAP promoter; the cells were visualized in the coronal slice of the mediobasal hypothalamus.
The long process of an individual tanycyte marked by an arrow extends to the ventral part of the median eminence (ME), which is the location of portal capillaries (that are fenestrated and so provide a
“window” in the blood-brain barrier) (Burdakov and Verkhratsky unpublished image).
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1.3

ASTROGLIAL SYNCYTIA

In contrast to neurons astrocytes form a reticular structure known as astroglial syncytium. This
syncytium is supported by intercellular channels organized into gap junctions. These gap junctions
are specific structures connecting cells, and they appear as specialized areas where two apposing
membranes of adjacent cells come very close together, so that the intercellular cleft, normally ~ 20
nm in width, is reduced to about 2–3 nm. Within these areas (also known as gap junction plaques),
each gap junction is made up of many hundreds of intercellular channels, which span through the
membranes of adjacent cells and form an aqueous channel with a pore diameter between 6.5 and
15 Å that is permeable to hydrophilic molecules with molecular weight < 1 kDa. As a result gap
junctions provide for intercellular diffusion and exchange of numerous biologically active molecules
including second messengers, nucleotides, glutathione, prostaglandins, metabolites, vitamins, and
even RNA (Valiunas et al., 2005). The gap junctional intercellular channels are assembled from
connexons, which will be described in detail in Chapter 3.
Astrocytes form homocellular and heterocellular contacts that result in intercellular coupling, the latter being usually established between astrocytes and oligodendrocytes and known as
panglial syncytia (Figure 1.9). In certain brain regions and during embryogenesis astrocytes also
may establish gap junctional contacts with neurons. Astroglial syncytial networks are segregated
within defined anatomical structures (Figure 1.9). In the somatosensory cortex in rodents, for
example, astrocytes syncytia are localized within individual barrels with little connection between
syncytia of neighboring barrels. In the olfactory bulb, the syncytia are confined to single glomeruli,
with little connectivity between astrocytes from different glomeruli. This adds another dimension
of complexity to networking in the CNS, because neuronal and astroglial networks show similar
and overlapping anatomical and functional segregation, which allows building of multicellular
domains that represent functionally segregated neural units.

ASTROCYTES: GENERAL PERSPECTIVE 15

FIGURE 1.9: Astroglial syncytia. A. Gap junctions are instrumental in forming a panglial syncytium
in the CNS. An astrocyte, which forms gap junctions with other astrocytes (as in B), oligodendrocytes,
ependymal cells, and even neurons in specific brain regions (e.g., in locus coeruleus), plasters brain
vessels with endfeet and receives chemical signals from synapses and neurons, thus, integrating brain
macroglia into a functional syncytium. Such syncytum, however, is confined to certain anatomical regions. B. An example of segregated astroglial syncytial networks in the rodent somatosensory cortex.
Coupled astrocytes are shown in blue; uncoupled in grey. Astrocytes localized within individual barrels
demonstrate a high degree of coupling, whereas astrocytes positioned between barrels are not coupled;
similarly there is no coupling between syncytia belonging to different barrels.
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1.4

ASTROGLIA AND SYNAPSE: THE CONCEPT OF MULTIPARTITE SYNAPSE AND ASTROGLIAL CRADLE

1.4.1

MULTI-PARTITE SYNAPSE

Synaptic structures lie at the very core of information transfer and processing in the nervous system. In the CNS most of the synapses are assembled from several components (Figure 1.10, Figure
1.11), which include: (i) the presynaptic terminal; (ii) the postsynaptic neuronal element that can
be represented, for example, by a dendritic spine; (iii) the perisynaptic process of an astrocyte; (iv)
the process of a neighboring microglial cell that periodically contacts the synaptic structure; and (v)
the extracellular matrix (ECM), which is present in the synaptic cleft and also extends extra-synaptically. Of note, the existence of the brain's ECM, due to its distinct composition, was basically

FIGURE 1.10: Ultrastructure of the CNS synapse. An electron micrograph demonstrates the neuronal-astroglial relations with nanometer precision. The process of an astrocyte (blue) contacts axon
terminals (At) forming synapses onto spines. Two synapses (sp1 and sp2; arrows) are enwrapped by the
astrocyte, while two other synapses (at At1 and At2) are in close apposition to the astrocyte; nf, neurofilaments. The figure is modified from (Peters et al., 1991) and reproduced from (Verkhratsky and
Parpura, 2010) with permission.
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unacknowledged until 1971 (Zimmermann and Dours-Zimmermann, 2008). Nonetheless, these
various elements, having distinct functions outlined below, compile the so-called multi-partite
synapse. The presynaptic terminal is densely packed with neurotransmitter vesicles and exocytotic
machinery; the postsynaptic compartment contains numerous receptors and intracellular signaling
cascades needed for information transfer and postsynaptic plasticity; the astroglial perisynaptic
compartment is critical for synaptic modulation and synaptic maintenance, while the process of the
microglial cell surveys the synaptic status and, when needed, removes redundant or malfunctional
synapses; and the ECM regulates synaptogenesis, interconnects pre- and postsynaptic protein complexes, controls receptor trafficking, and modulates postsynaptic excitability.

FIGURE 1.11: An astroglial cradle, formed by astroglial perisynaptic membranous sheath, enwraps
synaptic structures and regulates, influences, and assists synaptogenesis, synaptic maturation, synaptic
maintenance, and synaptic extinction. ECM, extracellular matrix. The part of the membrane delineated
by the red dotted outline contains homeostatic molecules represented in Figure 1.12.

It should be noted that the concept of a synapse composed of neuronal and glial elements,
the “synaptic triad,” and subsequently the “tripartite synapse,” was introduced in late 1990s (Kettenmann et al., 1996; Araque et al., 1999). The tripartite synapse included an astroglial compartment as
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FIGURE 1.12: Homeostatic molecular cascades localized in astroglial perisynaptic processes. Note
that gene names for given carriers/channels are given in parenthesis. Top panel: Potassium homeo+
+
+
+
stasis: NKA–Na /K ATPase or ATP-dependent Na /K pump, the α2 subtype (ATP1A2) is pre-
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dominantly expressed in astrocytes; Kir4.1 inward rectifier Kir4.1 channels (KCNJ10); KCC1–K /
Cl co-transporter (SLC12A4). Mid panel: pH homeostasis: NHE–sodium-proton exchanger 1
(SLC9A1); NBC–sodium-bicarbonate co-transporter (SLC4A4); metabolic support: MCT1–monocar+
boxylate transporter 1 (SLC16A1); reactive oxygen species (ROS) homeostasis: NAAT–Na -dependent
ascorbic acid transporter (SLC23). Bottom panel: Neurotransmitter homeostasis: EAAT1,2–excitatory
amino acid transporters 1 (SLC1A3) and 2 (SLC1A2); GAT1,3–GABA transporters 1 (SLC6A1)
+
and 3 (SLC6A11); GlyT1–glycine transporter 1 (SLC6A9); SN1,2–Na -dependent sodium coupled
neutral amino acid transporters 1 (SLC38A3) and 2 (SLC38A5); Sxc-–cystine-glutamate exchanger
(SLC7A11); ENT1–equilibrative adenosine transporter 1 (SLC29A1); ASC–ascorbic acid; Glu–glutamate; GABA–γ-aminobutyric acid; Gly–glycine; ADO–adenosine.

a functional part of the synaptic contact able to sense neurotransmitters released from the presyn2+
aptic terminal, mount an active response in a form of an astroglial Ca signal, and signal (back) to
2+
neuronal compartments through Ca -dependent vesicular release of neurotransmitters. This latter
concept of transmitters release from astroglia received the name of “gliotransmission,” whereas the
neurotransmitters released from glia are often called “gliotransmitters.”

1.4.2

ASTROGLIAL SYNAPTIC COVERAGE

Astroglial membranes cover the majority of synapses in the CNS; for example, in the hippocampus
about 60% of all synaptic structures are closely enwrapped by astroglia (Figure 1.10). The astroglial
coverage depends on the type of a synapse with ~ 90% of large mushroom spines and perforated
synapses being associated with astroglial membranes, while only 50% of small macular synapses are
enclosed with astroglia (Reichenbach et al., 2010). In the cerebellum almost all synapses between
parallel fibers and Purkinje neurons are covered by the appendages of Bergmann glial cells (see Figure 1.7). Astroglial membranous sheaths covering synapses are extensions of peripheral astroglial
processes (often abbreviated as PAPs). These perisynaptic membranous structures are exceedingly
thin with profiles being on average less than 200 nm (and often less than 100 nm) in diameter
(Figure 1.11). These thin processes display a high degree of morphological plasticity that underlies
dynamic modulation of astroglial coverage of the synaptic contact (Oliet and Bonfardin, 2010).
The perisynaptic astroglial sheaths represent the major part of the surface area of an individual astrocyte, accounting for ~ 80% of the total astroglial plasmalemma. Being exceedingly thin
they contribute only a minor fraction (~ 4 to 10%) of the cell volume, as a reflection of their high
-1
surface-to-volume ratio (around 25 μm (Reichenbach et al., 2010)). A large area of perisynaptic
astroglial membrane provides ample space for numerous molecules (receptors, channels, transporters, and pumps) that contribute to neuronal-glial signaling and are responsible for glial homeostatic
function. The multi-partite synapse evolved through maximal specialization of its components
with all homeostatic molecules being shifted to glial membranes, therefore allowing the maximal
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density of exocytotic machinery in the presynaptic terminal and neurotransmitter receptors in the
postsynaptic membrane.
The perisynaptic astroglial membranes contain multiple neurotransmitter receptors (both
ionotropic and metabotropic), which are activated by neurotransmitters released in the course of
synaptic transmission and create localized transient microdomains of high concentration of cytoso2+
+
lic Ca and Na that represent a substrate for glial excitability. The perisynaptic astroglial processes
also contain numerous transporters critical for homeostatic transport of ions, neurotransmitters,
glutamine, lactate, etc. There is some evidence that perisynaptic astroglial processes may contain
small (~ 50 nm in diameter) clear synaptic-like vesicles capable of storing glutamate and/or ATP
and thus can represent an active astrocytic site of bidirectional communication with the neuronal
counterpart within the synapse. At the same time, perisynaptic processes seems to be devoid of
some major organelles such as the endoplasmic reticulum (Reichenbach et al., 2010).

1.4.3

ASTROCYTES CRADLE: FOSTERING AND MAINTAINING
SYNAPTIC CONNECTIVITY

Astrocytes are fundamental elements for synaptic connectivity being involved in synaptic formation, maturation, and maintenance-these multiple roles being generalized in the concept of the
astroglial cradle. Astrocytes contribute to synaptic connectivity through: (i) synaptogenesis; (ii)
maturation of the synapse; (iii) synaptic stabilization and maintenance; and (iv) possibly, synaptic
elimination/extinction (Figure 1.11). The major wave of emergence of glutamatergic synapses in the
mammalian brain occurs in the early postnatal period and it is immediately preceded by massive
astrogliogenesis (Miller and Gauthier, 2007). Astroglia contribute to synaptogenesis through secreting various factors, some of which are defined, whereas the molecular identity of others remains
unveiled, albeit their effects are known. Astrocytes secrete cholesterol/apolipoprotein E to enhance
synaptic function in general, while their release of various matricellular proteins, i.e., thrombospondins 1-5 (TSPs) (Christopherson et al., 2005; Eroglu and Barres, 2010) and hevin (Kucukdereli
et al., 2011), induces excitatory synaptogenesis. Astrocytes also secrete the so-called SPARC (i.e.,
secreted protein acidic and rich in cysteine) that inhibits hevin-induced synaptogenesis. Inhibitory
synaptogenesis can be induced by molecularly undefined astrocyte-secreted signal(s) via the activation of tropomyosin receptor kinase B (TrkB; also known as tyrosine receptor kinase B, or BDNF/
NT-3 growth factors receptor or neurotrophic tyrosine kinase receptor, type 2) signaling pathway
in neurons (Elmariah et al., 2005). Of astrocytic cell surface molecules, γ-protocadherins facilitate
general (inhibitory and excitatory) synaptogenesis (Garrett and Weiner, 2009), along with other
factor(s), possibly integrins that activate phosphokinase C signaling in neurons (Hama et al., 2004).
These “synaptogenic” factors are operational not only in development but also after brain
insults and they are instrumental for post-lesion regeneration of synaptic connectivity. It has to be
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noted, however, that certain central synapses do not require glial support, and, for instance, many
inhibitory GABA-ergic contacts develop before the profuse appearance of astrocytes. Astrocytes
also regulate synaptic maturation by, for example, secreting activity-dependent neurotrophic factor
and tumor necrosis factor α, which regulate the trafficking of glutamate receptors into postsynaptic
membranes; at the same time astroglia-derived cholesterol may enhance presynaptic neurotransmitter release from terminals (Eroglu and Barres, 2010). Similarly astroglia-derived glypicans 4
and 6 facilitate synapse maturation by increasing the number of glutamatergic α-amino-3-hydroxy-5-methyl-isoxazole propionate (AMPA) receptors at postsynaptic sites (Allen et al., 2012).
Astrocytes are also involved in synaptic extinction. Astrocytes may label redundant synapses with,
for example, complement factor C1q, which is subsequently recognized by microglia and selectively
phagocytosed (Schafer and Stevens, 2013). In addition, astroglial cells can actively engulf and eliminate synapses in the developing and adult brain. This process is governed by neuronal activity, and
requires expression of phagocytic receptors MEGF10 and MERTK (Chung et al., 2013).
Another fundamental function of the astroglial cradle is synaptic isolation. Here, a perisynaptic astroglial sheath shields the synapse from the extrasynaptic space, preventing both a “spillover”
of the transmitters from the synaptic cleft and a “trickle” of the transmitters into the cleft from
the extra-synaptic space. Thus, astroglial perisynaptic membranes isolate synapses mechanically
(by enwrapping synaptic structures with perisynaptic membranes) and functionally by active neurotransmitter and ion uptake.
Astrocytes are central for maintaining the homeostasis of the synaptic cleft. Astroglial perisynaptic processes contain numerous transporters that are responsible for translocation of ions,
+
+
neurotransmitters, and neurotransmitter precursors. Elimination of excess of K ions (K siphoning/
+
+
+
buffering) is accomplished by astroglial Na /K pump, inward rectifying Kir4.1 channels, K /Cl
+
+
+
co-transporter KCC1, and Na /K /Cl co-transporter NKCC1. Transport of K by these molecules
+
2+
is regulated by intracellular Na and Ca . Astrocytes also regulate pH of the cleft by transport+
ing H by sodium-proton exchanger and bicarbonate by sodium-bicarbonate co-transporter. In
+
addition astrocytes contribute to extracellular H levels through monocarboxylate transporter 1
+
(MCT1), that co-transports 1 H with 1 lactate, and through glutamate transporters that remove 1
+
H from the extracellular space together with each glutamate molecule (see Chapter 4 for details).
Astrocytes control extracellular distribution of glutamate and maintain neuronal pools of
glutamate and GABA by supplying glutamine. Glutamate concentration in the synaptic cleft is
+
mainly (80%) controlled by astrocytes through Na -dependent astroglia-specific glutamate transporters EAAT1 and EAAT2, which maintain low glutamate concentration at the rest and rapidly
remove glutamate released in the course of synaptic transmission (See also Chapter 5). After
being accumulated into astrocytes glutamate can be converted to glutamine, which subsequently
is transported to neurons where it acts as a precursor for glutamate and GABA (the latter is synthesized from glutamate; see Chapter 5 for further details). Astrocytes also control extracellular
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concentration of glycine and act as primary regulators of adenosine levels in the CNS through the
astroglial adenosine cycle. Adenosine is transported to astroglia via equilibrative ENT1 transporters
and concentrative CNT transporters (see Chapter 5) and is catabolized intracellularly to inosine
by adenosine kinase that in the CNS is expressed exclusively in astrocytes. Additionally, astrocytes
express ecto-5’-nucleotidase (also known as CD73) at the plasma membrane which degrades ATP
to adenosine in the extracellular space. Astroglial cells are also critical for water movements in the
CNS through astroglia-specific water channels aquaporins. These water fluxes are important for
synaptic transmission, because synaptic activity is linked to a transient decrease of the volume of
extracellular space and the synaptic cleft, this decrease being chiefly associated with astroglia.
Further, astrocytes are involved in the CNS energy metabolism through the operation of
the “astrocyte–neuron lactate shuttle” (Pellerin and Magistretti, 2012) that is assumed to supply
neurons with energy substrate lactate; this lactate translocation from astroglia to neurons is syn+
aptic activity–dependent. Increase in astroglial [Na ]i that results from stimulation of operation of
+
plasmalemmal glutamate transport (as a consequence of increased synaptic activity) activates Na /
+
K ATPase, which, through stimulation of phosphoglycerate kinase, triggers anaerobic lactate production and subsequent transport of lactate to neurons via monocarboxylate transporters.
Finally, as has been alluded to earlier, astroglial perisynaptic processes demonstrate high morphological plasticity, being able to dynamically modify the extent of the synaptic coverage. Dynamic
remodeling of the astroglial synaptic cradle may contribute to overall synaptic plasticity. In the
hippocampus, for example, stimulation of the neuronal network that usually results in functional
long-term plasticity (the long-term potentiation, LTP) is associated with an increased motility of
astroglial processes regulated by calcium signaling elicited by the activation of metabotropic glutamate receptors (mGluRs) . This increased motility of astroglial processes increases synaptic coverage
and strengthens spine stability (Bernardinelli et al., 2014).
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CHAPTER 2

Ion Distribution and Membrane
Potential
2.1

ION DISTRIBUTION

Similarly to all living cells, astrocytes control intracellular concentration of major ions (Figure 2.1)
resulting in transmembrane ionic gradients. Cytosolic ion concentrations are defined by respective
membrane permeability and by energy-dependent active transport. Astroglial cytosol contains a
+
high concentration of K ions that varies between 120 and 140 mM, which along with its low
+
extracellular/CSF concentration (3 mM), sets the equilibrium K potential (EK) at about -97 mV
(at 25˚C, and from here on all equilibrium potentials are given for this set temperature). Astroglial
+
Na concentration is almost 2 times higher than in neurons (8 mM), being in the range of 15 to
+
20 mM. Taking into account Na extracellular concentration (140 mM), the equilibrium potential
+
for Na , ENa, is set at ~ + 50 to + 57 mV. Astrocytes contain a relatively high concentration of Cl
anions (when compared to 5 mM in neurons), which varies between 30 and 60 mM, and hence ECl
is set around -33 to -16 mV, respectively, as extracellular concentration of this anion is ~ 110 mM.
As a result the opening of astroglial Cl channels usually results in outward Cl currents that (by
removing negative charges) produce depolarization. High astroglial Cl is maintained by activity of
+
+
various Cl transporters, such as for example Na /K /2Cl co-transporters that transport 2Cl into
+
+
the cell in exchange for 1 K and 1 Na . The concentration of protons in astroglial cytoplasm is ~
+
63 nM (pH 7.2), which, assuming extracellular H concentration ~ 40 nM (pH 7.4) sets the EH at
~ -12 mV. The cytopsol of astrocytes is rich in CO2 (~ 1.2 mM) and HCO3- (~ 17 mM).
2+
Concentration of free Ca ions in the cytosol of astrocytes is exceedingly low, being in the
2+
range of 50 to 100 nM; as its extracellular concentration is ~ 1.8 mM, this creates substantial Ca
concentration gradients aimed at the cytosol, with ECa being around +135 to +126 mV, respectively.
2+
Astrocytes may also contribute to the regulation of extracellular Ca concentration. In the course of
2+
neuronal activity, Ca concentration in narrow extracellular compartments and particularly in the
2+
2+
perisynaptic cleft may fluctuate rather substantially, since Ca is accumulated by neurons when Ca
2+
channels are activated as action potential invades the presynaptic terminal. The extracellular Ca
2+
concentration may decrease below 1 mM, which in turn can affect the generation of Ca signals in
the terminal, and hence modulate neurotransmission (Rusakov and Fine, 2003). It is of interest that
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2+

the lowering of extracellular Ca concentration to ~0.5 mM was reported to trigger elevation of
2+
cytoplasmic Ca concentration in astrocytes, because of activation of inositol 1,4,5-trisphopsphate
(InsP3)-induced Ca2+ release from the endoplasmic reticulum (ER) stores (Zanotti and Charles,
2+
2+
1997). This may, at least in theory, help in restoring extracellular Ca concentration, because Ca
2+
can leave the astrocyte through either plasmalemmal Ca pumps or sodium–calcium exchangers.

FIGURE 2.1: Ion distribution (and corresponding values of equilibrium potentials for different ions,
at 25°C) between the cerebro-spinal fluid and cytosol of astrocytes and neurons.

2.2

MEMBRANE POTENTIAL

It is almost universally acknowledged that astrocytes have a negative membrane potential that is
+
quite close to the equilibrium potential for K and lies between -80 and -90 mV. This is theoretically
+
explained by a predominance of K conductance in the astroglial plasma membrane, which keeps
resting membrane potential (RMP) close to EK and prevents any substantial depolarization. The
matter of astroglial resting membrane potential is however far from being completely resolved in
experiments. Indeed, a high variability of RMP was found in astrocytes in cell cultures, organo-

ION DISTRIBUTION AND MEMBRANE POTENTIAL 25

typic slice cultures, acute hippocampal slices, and acutely isolated optic nerves (McKhann et al.,
1997; Bolton et al., 2006). In all these preparations, astroglial RMP varied between -85 and -25
mV. It has been reported that membrane potentials of cultured cortical astrocytes have a bimodal
distribution with peaks at -68 and -41 mV, which assumed a unimodal distribution shifted toward
depolarization (peak at -45 mV) after knockdown of Kir4.1 (Kucheryavykh et al., 2007). Astroglial
resting membrane potential can also be dynamically regulated. For instance, in the optic nerve the
RMP was controlled by cyclic adenosine monophosphate (cAMP)–dependent pathways; inhibition
of cAMP-dependent protein kinase depolarized astrocytes by almost 40 mV (Bolton et al., 2006).
At the same time electrophysiological screening of more than 100 astroglial cells located in cortices
and hippocampi of adult rats revealed a rather homogeneous cell population with RMP being on
average -86 mV with the range between -100 and -75 mV. These variabilities may reflect astroglial
heterogeneity, which is yet to be studied in detail. Even less clear remains the fundamental problem
of voltage fluctuations in the distal astroglial processes.

2.3

ASTROCYTES ARE ELECTRICALLY NON-EXCITABLE
CELLS

In physiology, the term “electrical excitability” defines the ability of cells to generate a specific
membrane response to electrical stimulation. This response is known as an action potential which
results from coordinated activity of plasmalemmal voltage-gated ion channels. These channels are
in essence large transmembrane proteins containing an aqueous pore and a specific region sensitive
to voltage; the change in plasma membrane potential (Vm) affects the activity (opening, closing,
and inactivation in some cases) of voltage-gated channels. Changes in membrane polarization (resulting from, e.g., opening of ligand-gated plasmalemmal channels or external electrical stimulation) trigger propagating wave of regenerative, spatially and temporally organized, rapid membrane
depolarization and repolarization—these being two subsequent phases of an action potential. Such
form of electrical excitability is confined to only three types of cells: neurons, muscle cells, and
secretory cells (Hille, 2001).
Astrocytes cannot generate action potentials in response to electrical stimulation and hence
are classified as electrically non-excitable cells, and yet they actively respond to various types of
physiological or artificial stimulation, by using a specific excitation system that is conceptually different from neuronal electrical excitability (Verkhratsky, 2010). Similarly to neurons, astroglial cells
express numerous ligand-gated ion channels (also known as neurotransmitter receptors) and even
+
2+
voltage-gated channels. The density of Na and Ca voltage-gated channels in astroglia is, however,
+
quite low and most importantly it is substantially lower than the density of K voltage-gated chan+
nels. As a result every depolarization triggers a large outward K current that in turn hyperpolarizes
the astroglial cell thus rapidly returning membrane potential to its resting level (which lies very
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close to EK). Astroglial excitability is associated with temporally and spatially organized fluctua2+
+
tions of intracellular ion concentrations, most notably of Ca and Na . These fluctuations occur
in response to physiological or artificial stimulation, which either opens plasmalemmal channels
or initiates excitation of an intracellular organelle known as the ER. These astroglial ionic signals
(Chapter 5) may be regarded as substrates for their excitability.
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CHAPTER 3

Ion Channels
3.1

ION CHANNELS: AN OVERVIEW

The human genome contains ~ 235 genes encoding various types of ion channels. These ion channels fundamentally represent integral membrane proteins that form an aqueous pore through which
water-soluble ions can permeate. Owing to their ion selectivity, different channels are permeable
to different ions; the availability of the pore to permeation is regulated by a gating mechanism that
can be regulated by various environmental signals and hence define kinetics of channels openings
and closures.
There are several classifications of ion channels that distinguish separate classes based on: (i)
+
2+
ion selectivity, according to which the channels are divided into, for example, Na channels, Ca
+
channels, K channels, anion channels, or non-selective channels; (ii) gating mechanisms, channels
can be classified into voltage-gated channels, ligand-gated channels, or mechano-sensitive channels;
(iii) their topology, i.e., depending on the number of transmembrane subunits, ion channels can be
defined as di- or tri- or tetra- or pentameric; (iv) the number of transmembrane domains in every
channel subunit (Figure 3.1); and (v) historically related terms, according to which channels can be
classified as, for example, low-voltage-gated or “T-type” (that stands for “tiny and transient”) and
high-voltage-gated or L-type (abbreviation derived from “large and long-lasting,” Bernd Nilius,
2+
personal recollections) Ca channels, M-channels (which are muscarine-sensitive voltage-gated
+
potassium channels), “A” channels (“A” current is an outward K current), or transient receptor potential (TRP) channels. The unifying classifications combine some of these names and organize
them around topological structures and responsible genes. This is further combined with protein/
gene-based nomenclature that uses a numerical system to identify channel types and subtypes. In
this system the name of the specific channel is composed from the name of the principal permeat+
+
2+
ing ion (for example, K , Na , or Ca ) symbol for gating mechanism or specific channel feature (for
example, “v” for voltage-gated or “ir” for inward rectifying; these appear in subscript), the number
of the gene subfamily (for the principal channel forming α subunit) and the number of the specific
channel isoform that is assigned according to the approximate historic order in which these genes
were identified. Splice variants are denoted by lowercase letters following the number of the isoform.
The name of the respective gene follows in parenthesis. In this classification, for instance, the fast
voltage-gated potassium channel will be denoted as Kv4.1 (KCND1) A-type channel.
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FIGURE 3.1: Classification of ion channels according to the number of transmembrane domains
+
(TMD). The 2 transmembrane domain (2TMD) family embraces inward rectifier K channels.
ATP-sensitive potassium channels are composed of Kir6.x-type subunits and sulfonylurea receptor
(SUR) subunits; the 4 transmembrane domain (4TMD) family is represented by tandem-pore do+
main K channels that include: TASK, THIK, TWIK, TREK, and TALK channels; and the 6 trans2+
membrane domain (6TMD) family embraces all voltage-gated channels, TRP channels, and Ca -de+
pendent K channels.

3.2

POTASSIUM CHANNELS

Potassium channels represent the most diverse family of ion channels that include around 70 members. Potassium channels are the most abundant channels in astrocytes, however, their complement
may vary between different cells (Figure 3.2).
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FIGURE 3.2: Potassium channels in astroglia. Gene names for a given channel are shown in parentheses. See text for details.

3.2.1

INWARD RECTIFIER POTASSIUM CHANNELS, KIR

An inwardly rectifying channel passes current, i.e., positive charge, more easily into the cell (the
inward direction) than out of the cell (the outward direction). The term “inward rectification” il+
lustrates the specific property of this type of K channel that in normal physiological conditions
+
+
conducts larger K influx at Vm more negative to EK, then K efflux at potentials more positive than
2+
EK. This reflects the channel block by intracellular Mg ions and polyamines that both accompany
+
2+
K flow through the channel. Removal of Mg and polyamines turns Kir channels into ohmic con+
ductors, i.e., the K flow then depends strictly on the electro-chemical forces.
Distinct genes (KCNJ1 ‑ KCNJ16) encode 16 variants of Kir channels which are sub-classified into 7 families, Kir1.x to Kir7.x. Out of these families the Kir1.x, Kir4.x, Kir5.x, and Kir7.x channels display a relatively weak rectification and may create substantial outward potassium currents.
The Kir6 subunits may form functional channels only when assembled with another membrane
protein known as the sulfonylurea receptor; the resulting channel is gated by intracellular adenosine
5’-triphosphate (ATP), being activated upon ATP depletion. Pharmacologically, all Kir channels are
2+
2+
inhibited by Ba in micromolar concentrations, and hence Ba is often used as a specific pharmacological probe for Kir channels.
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Most of the astrocytes studied so far (including fibrous and protoplasmic astroglial cells,
radial glia, Müller cells, and Bergmann glia) express the Kir4.1 (KCNJ10) channel. In the CNS,
Kir4.1 channel is almost exclusively segregated to astrocytes. The Kir4.1 channels set the resting
membrane potential and are instrumental for extracellular potassium buffering, which represents
+
one of the most fundamental physiological functions of astrocytes. The K flow through Kir channels
+
+
is regulated by extracellular K concentration, and an increase in [K ]o stimulates an inward flow of
+
+
+
K ions, which in turn removes K from the extracellular space, this being in essence K buffering.
+
+
An elevation in extracellular K concentration increases the inward K currents proportionally to the
+
square root of [K ]o (Olsen and Sontheimer, 2005; see Section 3.2.5 for more details).
A critical role for Kir4.1 in setting the negative glial membrane potential has been demonstrated in Kir4.1 knockout mice. The Kir4.1 channel is also regulated by transmembrane gradients
+
for Na+ ions, and a decrease of [Na ]o by only 15 mM substantially increases current amplitude and
reduces its inactivation.
Several other subunits of Kir family have been identified in astroglia. In particular some
astrocytes express Kir5.1 (KCNJ16) subunits, which, in order to form functional channels, must
oligomerize with Kir4.1 subunits. Astrocytes also possess Kir2.1 (KCNJ2), 2.2 (KCNJ12), and 2.3
(KCNJ4), which display strong rectification and are active at rest, contributing thus to the resting
membrane potential. Members of Kir 2.x family can also co-assemble with Kir4.1 subunits. Astrocytes express Kir 3.x subunits, which assemble as heteromers, e.g., Kir3.1/Kir3.4 (KCNJ3/KCNJ5),
although precise combinations present in astroglia remains unknown. The Kir3.x channels are as a
rule coupled to metabotropic, i.e., G-protein–coupled receptors (GPCRs).
+
Astroglial cells also express the ATP-dependent inward rectifying K channels (Kir6.1
(KCNJ8) and Kir6.2 (KCNJ11)), which are only active when intracellular concentrations of ATP
+
fall to very low levels and therefore are important for maintaining high K conductance and hyperpolarized resting membrane potential in astrocytes under metabolic stress.
+
The complement of inward-rectifying K channels is heterogeneous in astroglial cells originating from various regions of the brain. In the spinal cord, for example, expression of Kir4.1 chan+
nels and density of inward-rectifier K currents are the highest in astrocytes from the ventral horn
and the lowest in the apex of the dorsal horn (Olsen et al, 2007). Expression of Kir4.1 channels also
changes during development; in hippocampal astrocytes, for example, it is quite low at birth and
increases several folds in the first weeks of life (Seifert et al., 2009).

3.2.2

+

VOLTAGE-INDEPENDENT K CHANNELS
+

The voltage-independent (also known as leak) K channels which belong to the tandem/two-pore
forming domain channels in astrocytes are represented by TREK1/ K2P2.1(KCNK2), TREK2/
K2P10.1(KCNK10), and TWIK1/K2P1.1(KCNK1) channels (Seifert et al., 2009; Zhou et al., 2009);
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these channels shall not be confused with two-pore channels (a family containing two members,
TPCN1 and 2). The TWIK channels are contributing rather significantly to setting up the resting
membrane potential in some astrocytes in the hippocampus. The role of other channels remain
unclear, although the TREK channels, which can be activated by mechanical stretch, acidosis,
temperature, polyunsaturated fatty acids, and lysophospholipids, can in principle contribute to
astroglial physiology.

3.2.3

+

VOLTAGE-GATED K CHANNELS, KV

There are 12 genetically distinct families of voltage-gated K channels designated as Kv1.x to Kv12.x.
The delayed/outwardly rectifying voltage-gated channels (Kv1.x family) mediate outward currents
in response to depolarization, at rest these channels remain in the closed state. Pharmacologically,
+
delayed rectifying K channels are sensitive to tetraethylammonium (TEA) and 4-aminopyridine
(4-AP). Astrocytes express several types of delayed rectifying channels including Kv1.1 (KCNA1),
Kv1.2 (KCNA2), Kv1.5 (KCNA5), and Kv1.6 (KCNA6). Expression of these Kv channels is developmentally regulated, with their down-regulation accompanying astroglial differentiation. Incidentally, in reactive astrocytes expression of Kv channels is increased. The A-type (rapidly inactivating) potassium currents in astrocytes are represented by Kv1.4 (KCNA4) homomers (Olsen and
Sontheimer, 2005). It remains unclear, however, whether these channels were indeed identified in
astrocytes or they were expressed in NG2-glia, which display a much more “excitable” behavior, and
can even discharge action potentials. Similarly unclear remains the functional role for Kv channels
+
in astrocytes: activation of voltage-gated K channels requires membrane depolarization to the
values more positive than -40 mV, which according to contemporary views is almost impossible in
astroglia (unless they lack Kir4.1 expression when resting membrane potential could be as high as ~
-30 mV). Incidentally, the Kv channels are usually expressed in immature astroglial cells or in reactive astrocytes, which may somehow indicate that in these states astrocytes actually may experience
substantial fluctuations in membrane potential.

3.2.4

2+

+

Ca -DEPENDENT K CHANNELS, KCa
2+

+

+

The Ca -dependent K channels (KCa) are similar in structure to the voltage-gated K channels
family, being represented by three types, initially distinguished by their conductance. These types
are designated as channels with big conductance (BK, or KCa1.1/KCNMA1), with intermediate
conductance (IK, or KCa3.1 (KCNN4)), and with small conductance (SK, or KCa2.1–2.3 (KCNN1–
KCNN3)). The KCa channels possess a dual gating mechanism controlled by both the membrane
2+
2+
voltage and cytosolic Ca concentration; without Ca binding the channel remains unavailable for
activation by membrane depolarization. Astrocytes were reported to express the BK and IK channels, the latter being identified as KCa3.1 (Longden et al., 2011).
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3.2.5

A NOTE ON ASTROGLIA AS CENTRAL ELEMENT OF
EXTRACELLULAR POTASSIUM HOMEOSTASIS
+

Tight control over extracellular K concentration is of paramount importance for neuronal excitability. Physiological neuronal activity may result in an increase of extracellular K+ concentration
+
from 2–3 mM to 4–4.2 mM, although usually [K ]o rises by 0.2 to 0.4 mM. Nonetheless, locally, in
tiny microdomains such as, for instance, narrow clefts between neuronal and astroglial membranes
+
+
in perisynaptic areas, [K ]o may transiently reach higher levels. The main system responsible for K
removal from the extracellular space is associated with astrocytes (which was first suggested by Leif
+
+
Hertz in 1965 (Hertz, 1965)) and is represented by local K uptake and K spatial buffering. Local
+
+
K uptake occurs at the level of an individual cell and is mediated by K flux through inward rectifier
+
Kir4.1 channels and K uptake mediated by pumps and transporters (Macaulay and Zeuthen, 2012;
+
+
and Figure 3.3). As we already discussed, local increases in [K ]o augment the rate of K accumulation in glial cells. The Kir4.1 channels are clustered in perisynaptic processes of astroglial cells and
in their endfeet (where the density of Kir channels can be up to 10 times higher than in the rest
+
of the cell membrane). A substantial (if not major) contribution to local K uptake is mediated by
+
+
+
+
+
+
Na /K pumps and Na /K /Cl transporter of NKCC1 type; there is also some release of K via K /
+
+
+
Cl co-transporter. The glial Na /K pumps are specifically designed for the removal of K from the
+
+
extracellular space when [K ]o is increased, as they saturate at around 10–15 mM [K ]o; in contrast
+
+
+
+
neuronal Na /K pumps are fully saturated at 3 mM [K ]o. The activity of K transport by astroglial
+
+
2+
+
+
Na /K pump is regulated by cytoplasmic Ca and Na ; for example, astroglial Na increase can lead
+
+
+
to increased activity of Na /K pump. Similarly, astroglial Ca2+ signals can trigger Na entry through
+
2+
Na /Ca exchanger operating in the forward mode (see Section 5.3.10) with resulting increase in
+
+
+
+
+
+
+
[Na ]i stimulating Na /K pump and hence K uptake. Uptake of K is also assisted by Na /K /
Cl co-transport via several SLC transporters (with NKCC1/SLC12A2 taking the leading role),
+
+
+
+
in which Cl influx balances K and Na entry; the latter again could activate Na /K pump. The
+
operational co-existence of several molecularly distinct pathways for K uptake in astroglia perhaps
+
serves as a safety factor; indeed, to affect astroglial K buffering at least two of these pathways have
+
to be blocked. However, the capacity for local K uptake is rather limited, because it is accompanied
+
by an overall increase in intracellular K concentration, which is accompanied by water entering the
cells and resulting in their swelling.
+
The local K buffering is therefore supported by a more global mechanism known as a spatial
buffering (the concept proposed by Richard Orkand and Wolfgang Walz in the early 1980s (Orkand, 1980; Walz, 1982)). Potassium ions accumulated locally are distributed through the astroglial
+
syncytium by diffusion through gap junctions (Figure 3.3). Subsequently, K ions exit astrocytes
into the interstitium or into the perivascular space from where they can be removed into the blood
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+

(physiological K concentration in plasma of adult human is 3.5–5.2 mM); K extrusion from astrocytes is believed to be mediated through Kir4.1 channels.

FIGURE 3.3: Principles of astroglial potassium buffering. Astroglial plasmalemma contains numer+
ous transporters that are responsible for translocation of potassium. Local elimination of excess of K
+
+
ions in the extracellular is accomplished by astroglial Na /K pump, inward-rectifying Kir4.1 channels,
+
+
+
K /Cl co-transporter KCC1, and Na /K /Cl co-transporter NKCC1. Potassium ions accumulated
locally can be distributed through the astroglial syncytium by diffusion through gap junctions and sub+
sequently K ions exit astrocytes into the interstitium.
+

The spatial K buffering may occur even within the confines of a single glial cell. This happens,
+
+
for example, in the retina, where both local K buffering and K redistribution take place within
a single Müller glial cell. The Müller glial cell has contacts with virtually all the cellular elements
of the retina. The main endfoot of the Müller cell is localized in the inner limiting “membrane” at
the interface between the retina and the vitreous humor, whereas the apical part projects into the
subretinal space; Müller cells also send perivascular processes, which enwrap retinal capillaries. The
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endfoot and perivascular processes contain very high densities of Kir4.1 channels. Potassium buffering occurs primarily in the inner plexiform layer of the retina, which contains most of the retinal
+
synapses. The K ions released during synaptic activity enter the cytosol of the glial cell, through
which they are rapidly equilibrated. Subsequently, the excess of potassium is expelled through Kir
channels located in the endfoot into the vitreous humor or through Kir channels located in perivas+
cular processes into the perivascular space; the whole process is known as K siphoning (Newman
+
et al., 1984). Some of the K ions may also be released through apical processes, where light induces
+
a decrease in [K ]o in the subretinal space.

3.3

SODIUM CHANNELS

3.3.1

VOLTAGE-GATED SODIUM CHANNELS, Nav

Voltage-gated sodium channels are fundamental elements of electrical excitability; out of 9 sodium
channel types (which differ somewhat in voltage-dependence and kinetics), Nav1.4 channels mediate
action potentials in skeletal muscle, Nav1.5 in cardiomyocytes, whereas Nav1.1, 1.2, 1.3, 1.6, 1.7, 1.8,
and 1.9 and expressed in neurons and contribute to neuronal excitability (Black and Waxman, 2013).
+
In astrocytes Nav1.2, 1.3, and 1.6 are responsible for tetrodotoxin (TTX)–sensitive Na cur+
rents. Both Nav1.5 mRNA and protein, which assembles TTX-resistant Na channels, were also
detected in astrocytes. Expression of Nav subunits was found in astroglial cells from different CNS
regions including the retina, hippocampus, cortex, and spinal cord (Black and Waxman, 2013),
with some differences in expression patterns. For example, in spinal cord astrocytes only Nav1.2
channels were identified at mRNA level in situ, whereas the same astrocytes in vitro expressed
mRNA specific for Nav1.1, Nav1.2, and Nav1.3 subtypes. In the electrophysiological studies on
cultured astroglial cells, both TTX-sensitive and TTX-resistant currents were detected, this being
in agreement with the types of Nav channels expressed. Sodium channels expressed in astrocytes
mediate relatively small currents which reflects their low density. Astroglial cells have about one
2
2
Nav channel per 10 μm , whereas their density in neurons can reach 1,000–10,000 per μm . Most
importantly, however, hitherto there has been no direct evidence for Nav-mediated ion currents in
astrocytes in situ or in vivo.
The possible functional significance for Nav channels in astrocytes similarly remains unclear.
There were some suggestions that Nav channels provide for background Na+ entry that is important
+
+
+
for sustained activity of Na /K pumps; inhibition of Na channels with TTX leads to cell death
in vitro possibly because of the failure of the pump (Sontheimer et al., 1994). High density of Nav
channels was reported in glial progenitor cells; similarly high density of Nav channels was detected
+
in tumor cells of glial origin. These data led to a suggestion that voltage-gated Na channels may
contribute to the control of glial cell proliferation, differentiation, and/or migration. There is some
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evidence that astroglial expression of Nav channels (and in particular Nav1.5 channels) can be substantially up-regulated in pathological conditions, for example, in multiple sclerosis and in ischemic
insults; similarly, increased density of Nav channels was observed in reactive astrocytes (Black and
+
Waxman, 2013). There is also evidence that Na flux through Nav1.5 channels can contribute to the
initiation of astrogliotic response to mechanical trauma (Pappalardo et al., 2014).

3.3.2

+

+

[Na ]O-REGULATED Na CHANNELS, NaX

Astrocytes in the subfornical organ, which is a part of the circumventricular organs that surround
+
+
the ventricles, express a specific type of Na channel regulated by extracellular Na concentration. Importantly, the subfornical organ is not covered by blood-brain or CSF-brain barriers and
+
therefore the cells can directly monitor ion composition of the blood. The Na channel expressed
in subfornical astrocytes is known as Nax; it belongs to Nav2.1 type in humans or Nav2.3 type in
+
mice. The Nax channel is functionally different from other Na voltage-gated channels in its voltage-dependence, kinetics, and gating mechanism. The Nax channels are activated by an increase in
+
+
concentration of extracellular Na . It appears that when plasma Na concentration increases above
150 mM, the Nax channels of astrocytes are activated. Openings of Nax channels induce rapid
+
increase in the cytosolic Na concentration that would in turn stimulate glycolytic production of
lactate. Lactate released by astrocytes is accumulated by neighboring neurons (release and uptake
carried by MCT1 in astrocytes and MCT4 in neurons), increasing ATP production in neurons.
+
Increased ATP in turn closes neuronal ATP-sensitive K channels, which results in depolarization
+
and subsequent activation of neuronal networks responsible for systemic Na homeostasis (Figure
+
3.4). These neurons send projections to other regions of the brain through which they regulate Na
+
homeostatic systemic responses, such as avoidance of dietary NaCl and increase in Na excretion
through kidneys (Shimizu et al., 2007). In experiments using transgenic mice, genetic deletion of
+
+
Nax channel affected salt-sensing and Na -aversive behaviors following Na overload (for example,
+
an injection of Na hypertonic solution).
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+

+

FIGURE 3.4: Astrocytes in systemic Na regulation. Increases in blood Na concentration activate Nax
sodium channels localized in astrocytes residing in the subfornical organ. This leads to an increase in
+
cytosolic Na concentration, which in turn increases astroglial production of lactate. Lactate released
by astrocytes is accumulated by neighboring neurons (release and uptake carried by MCT1 in astrocytes and MCT4 in neurons), thus increasing ATP production in neurons. Increased ATP in turn
+
closes neuronal ATP-sensitive K channels, which results in depolarization and subsequent activation
+
+
+
of neuronal networks responsible for systemic Na homeostasis; NKA, Na /K pump.
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3.4

CALCIUM CHANNELS

3.4.1

VOLTAGE-GATED Ca2+ CHANNELS

Voltage-gated calcium channels (VGCCs), expressed in the nervous system, belong to three main
2+
subfamilies, classified as Cav1.1-1.4 or L-type Ca channels; Cav2.1-2.3 or P/Q/N/R-type chan2+
nels; and Cav3.1-3.3 or T-type Ca channels. Expression of mRNA specific for Cav1.2 (CACNA1C) L-type, Cav2.1 (CACNA1A) P/Q type, Cav2.2 (CACNA1B) N-type, Cav2.3 (CACNA1E)
R-type, and Cav3.1 (CACNA1G) T-type VGCCs was detected in cultured astroglial cells. Similarly,
2+
voltage-dependent Ca currents were occasionally recorded from astrocytes in vitro (Verkhratsky
et al., 2012). Induction of expression of VGCCs in cultured astrocytes often required addition of
specific signaling molecules such as, for example, dibutyryl-cAMP, or co-culturing with neurons, or
exposure to acute oxidative stress (Parpura et al., 2011).
It is more or less generally accepted that mature astrocytes in various regions of the brain
seem to be either completely devoid of VGCCs or their level of expression is below the detection
level of contemporary techniques. Low and high (L- and T-type, respectively) voltage-activated
2+
Ca currents recorded from immature hippocampal astrocytes in brain slices (Akopian et al., 1996)
most likely represented recordings from then unacknowledged NG2-glial cells. At the same time,
transcriptome of astrocytes freshly isolated from rodents (between 1 and 30 days old) brains showed
appreciable expression of Cav1.3 channel subunit (Cahoy et al., 2008). In slices from the ventrobasal
2+
2+
thalamus, Ca channels were suggested to contribute to spontaneous [Ca ]i oscillations in astrocyte, as per oscillation sensitivity to L-type VGCC agonist Bay K 8644 and antagonist nifedipine
(Parri and Crunelli, 2003). Immunohistochemistry detected Cav2.2 N-type and Cav2.3 R-type
VGCCs in specialized hypophyseal astroglial cells (tanycytes) in situ; water deprivation induced an
expression of Cav1.2 L-type VGCCs in these tanycytes (Wang et al., 2009). There are also some
indications about up-regulation of expression of VGCCs in reactive astrocytes in the status epilepticus. Similarly, expression of Cav1.2 channels in astrocytes in vitro and in the brain is substantially
up-regulated by exposure to ammonium (in culture) or in animal models of hyperammoniemia.

3.4.2

2+

STORE-OPERATED Ca CHANNELS OF ORAI FAMILY
2+

2+

The store-operated Ca entry (SOCE) represents a mechanism linking Ca content of the endo2+
plasmic reticulum with plasmalemmal Ca permeability (Putney, 1986). The molecular arrange2+
2+
ments underlying SOCE include plasmalemmal channels, ER Ca sensors, and possibly ER Ca
pumps (of SERCA type); all these molecules are localized at the ER to plasma membrane (PM)
2+
junctions which establish the ER-PM link. The channels which mediate a specific Ca release-activated current or ICRAC are formed by a family of three isoforms of Orai (1–3) proteins (which
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were named after the three sisters who were Greek goddesses Orai, the keepers of Heaven’s gate
2+
(Feske et al., 2006)). The intra-ER Ca concentration is monitored by stromal interacting molecule,
2+
existing as two homologues, STIM1 and STIM2. Decrease in the ER Ca concentration results in
oligomerization of STIMs, which then migrate close to the plasmalemma where they interact with
2+
2+
and activate Orai Ca channels. Replenishment of the ER store with Ca triggers the opposite
process, which results in dissociation of the STIM1 complex from Orai and inactivation of ICRAC.
The classical ICRAC has not yet been detected in astrocytes in situ or in vivo. The expression of
Orai and STIM1 proteins in astroglial cells was detected hitherto only in vitro, in astrocytoma cell
line U373 (at mRNA level) and in primary cultured rat cortical astrocytes. In the latter preparation
the STIM/Orai complex was found to be functional and manipulations of the expression of these
2+
proteins affected the Ca signals resulted from the SOCE activation (Verkhratsky and Parpura, 2014).

3.5

INTRACELLULAR Ca2+ CHANNELS
2+

Intracellular Ca channels residing in the membrane of the endoplasmic reticulum and responsible
2+
for Ca release from this organelle are represented by two distinct families of ryanodine receptors
2+
2+
(RyRs), which are Ca -gated Ca channels, and inositol 1,4,5-trisphosphate receptors (InsP3Rs)
that are controlled by cytoplasmic second messenger inositol 1,4,5-trisphosphate (InsP3), as well as
2+
by cytosolic Ca . Both types of these channels are large tetrameric proteins which share a peculiar
four-clover-leaf-like structure when observed by electron microscopy.
2+
The InsP3-dependent Ca signaling is predominant in electrically non-excitable cells, and
2+
InsP3Rs assume the leading role in astroglial Ca signaling (Verkhratsky et al., 2012). The InsP3
receptors family is comprised of 3 members: the InsP3R1, InsP3R2, and InsP3R3, which all are reg2+
ulated by InsP3. InsP3R1 shows unusual “bell-shaped” regulation by [Ca ]i, where receptor/channel
2+
openings are facilitated with an increase in [Ca ]i between the resting level (~50–100 nM) and
2+
~ 1 μM, and inhibited at higher [Ca ]i. Activity of InsP3R2 and InsP3R3 linearly increases with
2+
an increase in [Ca ]i. The InsP3R2 is generally considered as the predominant type in astroglial
2+
cells. Indeed, genetic deletion of this receptor abolished Ca release in hippocampal and cortical
astrocytes. Nonetheless, expression of other receptor types cannot be excluded, especially in astrocytes from different brain regions. In astrocytes InsP3 receptors are often concentrated in the distal
2+
processes where Ca signals in response to metabotropic stimulation are usually initiated.
The RyRs (that received their name from the plant alkaloid ryanodine, which specifically
binds to and modulates these channels) are also represented by 3 types: the RyR1 (also known
as “skeletal” type), RyR2 (or “heart” type) and RyR3 (or “brain” type). The RyRs are activated by
2+
2+
cytosolic Ca , and therefore act as an amplifier of Ca signals; they also can be stimulated by the
naturally occurring intracellular second messenger cyclic ADP-ribose. The role for RyRs in astroglia
remains debatable. Their expression in astrocytes was detected at mRNA and protein levels and
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confirmed by immunocytochemistry and fluorescent labeling. Yet, their contribution to ER Ca
remains to be characterized in full.

3.6

TRANSIENT RECEPTOR POTENTIAL (TRP CHANNELS)

The transient receptor potential (TRP) channels belong to a highly diverse multigene class of ion
channels represented by 28 members, of which 27 members are present in humans (Nilius and
Owsianik, 2011). These TRP channels are involved in highly diverse physiological functions, being
particularly important for all types of sensing including, thermal sensation, nociception, chemoception, equilibrioception, and for interoception from pain sensation to discrimination between spices
and taste sensing (Nilius and Appendino, 2013). The TRP channels are permeable to major cations
with great heterogeneity of permeation properties. In the CNS all TRPs seems to be expressed with

FIGURE 3.5: Variety of astroglial TRP channels. Activation of GPCR, i.e., metabotropic stimulation, can lead to production of InsP3 and release of calcium from the ER store. The store is refilled
2+
by SERCA. Additionally, TRPC channels in astrocytes are activated by the depletion of the ER Ca
2+
store, acting therefore as a store-operated channel, contributing to capacitative Ca entry. Additional
calcium (and sodium) in astrocytes is carried out by TRA1 and TRPV4.
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particularly high levels of TRPV, TRPC, and TRPM channels (Figure 3.5) with more restricted
expression of TRPA1, TRPP1, and TRP-ML proteins.

3.6.1

TRPC CHANNELS

Expression of TRPC (where “C” stands for “canonical”) channels has been detected in freshly isolated astrocytes as well as in astrocytes in culture. In both these preparations TRPC1-, TRPC4-,
and TRPC5-containing channels were found at mRNA and protein level (Parpura et al., 2011).
In this combination of subunits the TRPC1 protein is an obligatory, channel-forming subunit
that assembles with ancillary TRPC4 and/or TRPC5 proteins into the functional channel. The
2+
TRPC channels in astrocytes are activated by the depletion of the ER Ca store, acting therefore
2+
as a store-operated channel, contributing to capacitative Ca entry. Down-regulation of TRPC1
protein expression by the antisense knock down of the TRPC1 gene or inhibition of TRPC1-containing channel by a blocking antibody directed at an epitope in the pore-forming region of the
2+
TRPC1 protein significantly suppressed store-operated Ca entry in cultured astrocytes. The
2+
TRPC channels, however, pass not only Ca (the PCa/Pmonovalent for different members of the family
+
+
varying between 1 and 9) but also Na ; and because of much higher Na concentration in the extra+
cellular milieu, the TRPC1-mediated currents create substantial Na influx. These may contribute
+
2+
to astroglial Na signaling with TRPC channels providing a link between metabotropic/Ca -sig+
naling pathway and Na signaling (Figure 3.5 (Verkhratsky et al., 2013)).

3.6.2

TRPA1 CHANNELS
2+

TRPA1 (where “A” stands for ankyrin) are Ca -permeable channels (PCa/Pmonovalent ~ 5.9–7.9; frac2+
tional Ca current up to 23%) with high unitary conductance (~ 110 pS) (Nilius and Owsianik,
2011). The TRPA1 channels can be activated by noxious cold (below 17°C), by pungent substances
derived from plants, by growth factors (via G-protein-coupled receptors), and by pro-inflammatory factors (Nilius and Owsianik, 2011). The TRPA1 channels were suggested to be operative in
some hippocampal astrocytes both in vitro and in situ, where they mediate near-membrane local
2+
spontaneous [Ca ]i transients. The TRPA1 channels apparently contribute to setting the resting
2+
3+
3+
[Ca ]i in astrocytes; inhibition of these channels with Gd , La , and broad spectrum TRP channel
antagonist HC 030031 resulted in a significant (from ~ 120 nM to ~ 50 nM) decrease in basal
2+
2+
[Ca ]i. This decrease in resting [Ca ]i in turn reduced functional expression of astroglial GABA
plasmalemmal GAT-3 transporters, that may result in an increase in extracellular concentration of
GABA, desensitization of GABAA receptors in neighboring hippocampal neurons, and hence a
decrease in the inhibitory synaptic transmission (Shigetomi et al., 2013).
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3.6.3

TRPV CHANNELS

TRPV (“V” is for vanilloid) channels are activated by various chemical (most notably capsaicin,
which is the pungent compound in hot chili peppers and allyl isothiocyanate, which comes with
mustard and wasabi; the latter can also activate TRPA1), thermal and noxious stimuli, as well as by
2+
changes in osmotic pressure (Nilius and Owsianik, 2011). All TRPV channels are Ca permeable
with PCa/Pmonovalent between 1 and 10 for TRPV1–4, and PCa/Pmonovalent > 100 for TRPV5,6.
TRPV4 channels and their respective whole cell currents were found in the processes of
cortical and hippocampal astroglial cells where they are reportedly involved in osmotic sensing
and together with aquaporins (AQP) contribute to cell volume regulation (Benfenati et al., 2011).
2+
Hypotonic shock was found to activate TRPV4 channels, resulting in substantial Ca influx and
2+
[Ca ]i elevation, which could be blocked by the TRPV inhibitor ruthenium red. In cortical astroglia TRPV4 were shown to interact with AQP4; the resulting TRPV4-AQP4 complexes were
critical for regulatory volume decrease that occurs as a result of hypo-osmotic shock (Benfenati
et al., 2011).
The TRPV1 channels have been identified in astrocytes in the chemosensitive area of the
brain, in the organum vasculosum of the lamina terminalis, subfornical organ, and area postrema,
which belong to circumventricular organs. These channels were found specifically concentrated
in the thick processes of astrocytes that surround blood vessels, and hence could presumably be
activated by a blood-borne stimulus. In particular, the blood infusion of the TRPV1-selective agonist resiniferatoxin triggered expression of immediate early gene c-Fos in these circumventricular
organ astrocytes (Mannari et al., 2013). Incidentally, resiniferatoxin (abbreviated as RTX), found in
Moroccan cactus-like plants known as resin spurge or Euphorbia resinifera, is the world’s “hottest”
known chemical, being 1,000 times more potent than capsaicin.

3.7

HYPERPOLARIZATION-ACTIVATED CYCLIC
NUCLEOTIDE-GATED (HCN) CHANNELS

Reactive astrocytes were found to express a specific class of cationic channels, known as hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. This channel family comprises of four
+
+
members, HCN1 to HCN4 (Biel et al., 2009). The HCN channels are permeable to Na and K ,
with permeability ratio PNa/PK between 1:3 and 1:5 at the resting membrane potential and there+
fore these channels carry almost exclusively an inward Na current that causes depolarization. The
HCN-mediated current was initially identified in cardiomyocytes and neurons, and designated as
hyperpolarization-activated, pacemaker currents If or Ih. Transcripts for HCN1-3 channels were
identified in reactive astrocytes, activated by focal or global cerebral ischemia; expression of functional proteins was further confirmed by immunocytochemistry and electrophysiology (Honsa et
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al., 2014). Activity of these channels may be (at least in part) responsible for chronic depolarization
of reactive astrocytes observed in some experiments.

3.8

ANION CHANNELS

Astrocytes express several types of anion channels, with volume-regulated anion channels or
VRACs (these channels are also known as volume-sensitive outwardly rectifying, VSOR, Cl
channels or volume-sensitive organic anion channels, VSOAC) being the most abundant. This is a
rather atypical channel permeable to anions, various amino acids, taurine, and even water (Nilius,
2004). The VRAC channels are critical for the regulation of astrocytic volume; for instance, they
are activated by osmotic stress and contribute regulatory volume decrease (RVD). It is likely that
these channels in astrocytes contain SWELL1 protein, a recently discovered essential component
of VRACs (Qiu et al., 2014).
Astrocytes (in vitro) were also reported to express several types of chloride channels including CLC-1, CLC-2, and CLC-3. Among these channels CLC-2 is the most widely expressed in
astroglia. The CLC-2 channels mediate inwardly rectifying Cl- currents—these channels being activated by hyperpolarization or by hypotonic stress. The CLC-2 channels are localized in astroglial
endfeet and also in perisynaptic processes surrounding GABA-ergic terminals, which may indicate
the role for these Cl channels in Cl homeostasis in the synaptic cleft of GABA-ergic synapses.
Immunoreactivity of CLC-2 channels was detected in astrocytes in situ, and genetic deletion of
2+
CLC-2 channels led to the disappearance of hyperpolarization-activated Cd -sensitive Cl currents in astroglial cells. Finally, acutely isolated mouse astrocytes and cerebellar Bergmann glial were
2+
also reported to express Ca -activated Cl channels identified as bestrophin-1 channels (a member
of bestrophin family of Cl channels). Anion channels expressed in astrocytes may also be permeable to glutamate and ATP (that are anions in physiological conditions) and thus may represent a
diffusional pathway for the release of neurotransmitters.

3.9

AQUAPORINS OR WATER CHANNELS

Transmembrane water transport involves a specific class of water membrane channels known as
aquaporins that belong to a distinct family of channels comprising 10 members in mammals (designated as AQP0 to AQP9); the family is highly diverse in other species and altogether more than
150 aquaporins were detected in lower vertebrates, invertebrates, plants, and bacteria. The AQP
mammalian family is further subdivided into 2 subfamilies of which the first embraces true aquaporins, i.e., water channels (AQP0,1,2,4,5,6), and the second includes aquaglyceroporins, channels
which are permeable to water and glycerol (AQP3,7,9); AQP8 is classified as a metazoan aqua-
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porin. Aquaporins are always assembled as homotetramers, with each subunit/monomer containing
6 transmembrane domains.
Astrocytes express mainly AQP4 channels, the main water channel in the CNS, which are
enriched in astroglial perivascular endfeet and colocalized with Kir4.1 channels. The AQP4 channels are also present with relatively high density in astroglial perisynaptic processes. The specialized
astrocytes, tanycytes of the hypothalamus and of the subfornical organ, express solely AQP9, which
may contribute to osmosensitivity and might thus involve astrocytes in systemic water homeostasis.
The density of AQP4 in astrocytic endfeet is ~ 10 times higher when compared to other parts of
the cell. In the astroglial endfeet AQP4 channels are organized in the square arrays, also known as
orthogonal arrays of particles (Nagelhus and Ottersen, 2013).
In many neuropathologies (such as ischemia, trauma, and neurodegeneration) AQP4 disappears from the endfeet (a phenomenon known as a loss of polarized distribution of AQP4). In contrast, infectious insults to the brain, hemorrhage, brain tumors, or hydrocephaly result in substantial
up-regulation of AQP4 expression in astroglia. Astroglial AQP4 channels are quite important for
development of brain edema; genetic deletion of these channels reduces the volume of edema by ~
50% (Nagelhus and Ottersen, 2013).

3.9.1

A NOTE ON WATER HOMEOSTASIS, EXTRACELLULAR SPACE,
AND GLYMPHATIC SYSTEM

Brain volume is strictly limited by the skull, and hence control over water movement that affects both intracellular and extracellular volume is of paramount importance for brain function.
Functional AQP4 molecules contribute to the regulation of basal, as well as activity-dependent,
fluctuations of the extracellular space. Genetic deletion of AQP4 causes an ~ 25% increase in the
extracellular volume, and larger water contents in the brain, indicating that AQP4 molecules are
important for the interstitial water resorption. Nonetheless, the physiological phenotype of AQP4
knock-out mice is rather feeble, suggesting that alternative pathways contribute to water homeostasis in the healthy brain.
Water transport mediated by AQP4 contributes to the rapid fluctuations of extracellular
volume triggered by synaptic activity. Synaptic activity is associated with a transient decrease in the
extracellular space surrounding active synapses. This is physiologically important, as local restriction
of the extracellular space modulates the efficacy of synaptic transmission by (i) increasing the local
concentration of neurotransmitter, and (ii) by limiting the spill-over of the transmitter from the
synaptic cleft. This local shrinkage of the extracellular space following neuronal activity is regulated
by water transport across astroglial membranes and water redistribution through the glial syncytium (Haj-Yasein et al., 2012). High frequency activity of glutamatergic excitatory inputs may result
in 5–30% shrinkage of the extracellular space in the immediate vicinity of the active synapses; the
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changes in the volume of the synaptic cleft could be even larger. The shrinkage in the extracellular
space reflects an increase in the volume of the astroglial compartment, which actively accumulates
+
excesses of glutamate and K that accompany synaptic activity. Increase in the cytosolic concentra+
tion of K and glutamate stimulates water influx that occurs through transporters such as EAAT2
and NKCC1. The role of AQP4 is in providing water efflux, thus balancing activity-induced swelling of the astroglial compartment. Water is then redistributed through astroglial syncytium and is
released distantly through AQP4 channels.
At the same time AQP4 channels are important components of the recently discovered
paravascular brain clearance system identified as the glymphatic system (Iliff et al., 2012). This
glymphatic system represents a route for the removal and recycling of a substantial part of the
CSF through paravenous drainage pathways. This system contributes to the clearance of interstitial
waste and various soluble proteins, including, for example, β-amyloid. Genetic deletion of AQP4
substantially reduced this paravascular clearance; hence AQP4 deficiency may facilitate chronic
neurological disorders including neurodegenerative processes (such as, for example, Alzheimer’s
disease) associated with extracellular accumulation of pathogenic proteins.
On the systemic level, water homeostasis in the CNS is regulated by several neuropeptides,
produced and released by neurosecretory cells mainly located in the hypothalamus; these peptides
are vasopressin, atrial natriuretic peptide (ANP or atriopeptin), angiotensinogen, and angiotensin.
The effect of vasopressin, which increases water content in the brain by increasing the water permeability of astrocytes, is mediated by vasopressin V1 receptors expressed in astrocytes. Activation
2+
2+
of these receptors triggers astroglial Ca signals by activating intracellular Ca release. Regulatory
effect of vasopressin is antagonized by ANP, which is produced by astrocytes. In the astroglial cells
2+
ANP is accumulated into secretory granules, and is released through Ca -dependent exocytosis.
Water homeostasis in the CNS is also controlled by the renin–angiotensin system, which is present in the brain. This system converts angiotensinogen into angiotensin II that acts as a potent
hormone regulating fluid homeostasis and blood pressure. Astrocytes are the main source of brain
angiotensinogen, which is synthesized in astroglial cells in all brain regions. How and where angiotensinogen is converted into angiotensin II remains unknown, although many astrocytes express
functional angiotensin II receptors of the AT1 type, and the activation of these receptors causes
2+
intracellular Ca release and secretion of prostacyclin from a subpopulation of astrocytes in the
cerebellum and medulla.
Astroglial cells are also directly involved in sensing and reacting to the changes in extracellular osmolarity. In hypo-osmotic conditions astrocytes rapidly swell; this swelling is followed by
a so-called regulatory volume decrease (RVD), which corrects the initial increase in cell volume
(Kimelberg et al., 1992). The RVD involves extrusion of intracellular osmotically active substances,
+
–
including K and Cl , as well as some organic molecules, such as organic amines. Hypo-osmotic
stress also triggers secretion of the neurotransmitters glutamate, glycine, taurine, and GABA. The
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precise mechanisms of RVD are not yet fully understood. A particular role may be played out by
+
–
volume-activated K and Cl channels; the latter VRACs can also pass neurotransmitters and neuromodulators such as glutamate and taurine. In conditions of hypo-osmotic stress, astrocytes in the
supra-optic nucleus and circumventricular organs release taurine, which activates glycine receptors
of osmosensitive neurons and thus can initiate systemic regulation of osmolarity. Specifically, taurine-activated glycine receptors in magnocellular neurosecretory cells (that produce vasopressin)
reduce their firing rate and hormone secretion.

3.10

CONNEXONS AND CONNEXINS

Syncytial astroglial networks (see Section 1.3) are assembled together by inter-cellular gap junction
channels which in turn are composed of two precisely aligned/paired hexameric channels known
as connexons, one of each coming from the two coupled cells. Every single (unpaired) connexon
is defined as a hemichannel. In consequence connexons can be either involved in trans-cellular
connectivity (operating as a part of gap junctional channels) or represent a transmembrane channel
contributing to plasmalemmal conductance.
Connexons are assembled from six subunits, named connexins; as a result a functional gap
junction channel containing two connexons is composed from 12 connexins (Figure 3.6). Connexin
proteins are specific for vertebrates; their invertebrate analogues are known as innexins. The connexins family includes 21 genes in the human genome, 20 in rodents, and up to 37 in teleost fishes.
Connexin nomenclature is based on the namesake abbreviation followed by the molecular weight of
a single subunit, for example, connexin of 32 kDa is Cx32. Each connexin has four transmembrane
domains, which form the channel pore and gating mechanism. The connexons may be formed from
identical connexins (homomeric), or several different connexins (heteromeric). Likewise, gap junction channels can be made from identical connexons (making a homotypic gap junctional channel)
or different connexons (heterotypic gap junctional channel). Not all connexins are compatible to
form an intercellular channel; for example, Cx32 forms gap junctional channels when paired with
Cx26 or Cx30 but not with Cx43. Functional gap junctions are clustered in a so-called plaque
that is composed of tens to hundreds of channels connecting the same cell type (e.g., astrocyte to
astrocyte), making homocellular gap junctions, or different cell types (e.g., astrocyte and oligodendrocyte) forming heterocellular gap junctions. On average, a single pair of astrocytes in the grey
matter is connected with ~ 230 gap junctions. In addition, in astrocytes, gap-junctional channels
are formed within parts of the same cell, connecting astroglial processes; these types of contacts are
known as reflexive gap junctions. Connexons (stand alone, unpaired) form a big transmembrane
pore permeable to molecules of up to 900–1,200 Da, and hence these hemichannels may contribute to the release of neurotransmitters such as ATP and glutamate. Mammalian CNS contains at
least 11 different connexins (Cx26, Cx29, Cx30, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, Cx46, and
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Cx47 (Theis et al., 2005)). Main astroglial connexins are Cx43 (most robustly expressed Cx at all
times) and to a lesser extent Cx30 (expressed in rodents older than ~ 2 weeks); minor constituents
of astroglial gap junctions are Cx40, Cx45, and Cx46. In addition, Cx26 is expressed in subpial and
subependymal astrocytes, and is down-regulated during development.

FIGURE 3.6: Structure of gap junctions. Gap junctional plaques are composed of several hundreds
of intercellular gap junctional channels between two closely apposed cellular membranes, with the gap
between cells narrowing from ~ 20 nm to ~2–3 nm wide. The intercellular channels are formed by two
apposed hemichannels or connexons. Each connexon, in turn, is composed of six subunits known as
connexins (see the text for further explanation). The gap junction channels permit intercellular movement of solutes, such as ions, second messengers, and metabolites, with their molecular weights of up
to ~1,000 Da. Modified from (Verkhratsky and Butt, 2013).
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3.11

PANNEXONS

Pannexons are transmembrane channels with some degree of similarity to connexons. The pannexin
gene family includes three members, designated Panx1–3, of which Panx1 is the most ubiquitous.
Panx1 expression was detected (at both mRNA and protein levels) in many mammalian tissues, including the brain; Panx 1 channels are also expressed in astrocytes (Iglesias et al., 2009). In contrast
to connexins, pannexins do not form functional gap junctions, and usually act as a true membrane
channels. Panx1 channels can possibly be activated in response to mechanical stimulation or to
osmotic stress.
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CHAPTER 4

Neurotransmitter Receptors
4.1

RECEPTORS FOR NEUROTRANSMITTERS AND
NEUROHORMONES: AN OVERVIEW

Intercellular communications in the nervous system is accomplished through the diffusion of
molecules between cells. Specialized signaling molecules that can be released from both neurons
and glia are represented by neurotransmitters, neuromodulators, and neurohormones, which all act
through specific receptors, expressed in all types of cells present in the neural tissue. Conceptually,
two modes of transmission, generally termed “wiring” and “volume” transmission, are considered to
be operative in the nervous system (Agnati et al., 2010). The wiring transmission is highly localized and is associated with synapses (both chemical and electrical), whereas volume transmission
is more disperse and involves diffusion of molecules through the extracellular space (extracellular
volume transmission) or between cells connected through gap junctions (intracellular volume transmission). The wiring transmission is rapid (hundreds of microseconds to several milliseconds), is
focal, always exhibits a one-to-one ratio (i.e., signals occur only between two cells), and its effects
are usually phasic. The volume transmission in contrast is slow (seconds to many minutes/hours
or even days), global, exhibits a one-to-many ratio (i.e., substance released by one cell may affect
a host of receivers), and the effects are tonic. In the CNS, volume transmission is associated with
“open” synapses, where neurotransmitter(s) are released from axonal varicosities into the neuropil
and diffuse to many targets, with signaling mediated by gaseous neurotransmitters such as NO, in
actions of neuropeptides, which are released extra-synaptically, in para-axonal transmission, etc. The
intracellular volume transmission is represented by signaling in astroglial networks, where second
messengers or metabolites diffuse between cells united in the syncytium.
Receptors for neurotransmitters and neurohormones expressed in the nervous system are
generally subdivided into ionotropic and metabotropic receptors. The ionotropic receptors are ligand-gated ion channels represented by three main types, sub-classified according to their topology
(Figure 4.1) into the pentameric channels (which represent the most diversified class of ionotropic
receptors), the tetrameric glutamate receptors, and the trimeric ATP (P2X) purinoceptors (the latter two types of receptors being faithful to their respective physiological agonists throughout phylogeny). These channels appeared at the very dawn of evolution, all of them being already present in
single-cell eukaryotic organisms. Binding of a neurotransmitter to its receptor causes opening of the
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ion channel pore and generation of an ion flux, controlled by an electrochemical driving force, determined by the transmembrane concentration gradient for a given ion and the degree of membrane
polarization. Activation of ionotropic receptors can affect cell membrane potential, producing either
depolarization or hyperpolarization, and results in time-dependent changes in the intracellular ion
concentrations, which contribute to overall intracellular ion signaling.

FIGURE 4.1: Classification and conceptual structure of ionotropic receptors. Ionotropic receptors
are represented by three major classes of channels which are topologically different, that is, they differ
in the number of subunits forming the functional ligand-gated channel and in the number of transmembrane domains forming each of the subunits. The most diverse class of ionotropic receptors is
represented by the pentameric channels, which include receptors for acetylcholine, GABA, glycine,
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and serotonin in vertebrates and many more receptors in invertebrates. The subunits of pentameric receptors have 4 fully developed transmembrane domains. The pentameric receptors form both cationic
and anionic channels, which respectively provide for cell excitation (depolarization, ultimately leading to generation of action potentials) and inhibition (hyperpolarization). This rule is not absolute,
and in some cells (for example, in neuroglia or in developing neurons) the anionic channels produce
depolarization, which can lead to action potential discharges (in neurons) and is determined by Cl
distribution across the membrane. Evolution of the pentameric receptors began in bacteria (where
pentameric channels are activated by protons) and is characterized by sensitivity to many ligands.
In invertebrates, the pentameric ionotropic receptors are remarkably diverse and include glutamate,
acetylcholine, histamine, serotonin and pH-gated Cl channels, and GABA-gated cationic channels.
Two other classes of ligand-gated channels are represented by ionotropic receptors for glutamate and
to ATP. Glutamate-gated channels are tetrameric, and each subunit has 3 fully developed and 1 rudimentary transmembrane domains. AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate),
NMDA (N-methyl-D-aspartate), and kainate (KA) receptors are distinguished. P2X purinoceptors
are trimers and every subunit is assembled from 2 transmembrane domains. Incidentally, these two
types of receptors also have ancient phylogenetic roots, as indeed ancestral forms of glutamate receptors appeared in bacteria, and P2X receptors are functional in the earliest eukaryotes. Interestingly,
ionotropic purinoceptors and glutamate receptors exist in plants, indicating their existence prior to
the divergence of the plant and animal kingdoms. Most importantly, however, both P2X and glutamate receptors retain strict adherence to their natural agonists (ATP and glutamate, respectively)
throughout the phylogenetic tree.

Metabotropic receptors (so defined because of their link to cellular metabolism) are represented by an extended class of G-protein–coupled receptors (GPCRs), which in the human genome
are encoded by ~ 900 genes. The GPCRs evolved in eukaryotes. The metabotropic receptors have
a characteristic transmembrane topology, being single polypeptides composed of seven α-helices
(hence they also are sometimes called heptahelical, seven-transmembrane domain receptors, 7TM
receptors or even serpentine receptors) oriented perpendicularly to the plasmalemma. Through
G-proteins, of which several classes such as Gs, Gi, or Gq/11 have been described, metabotropic
receptors are coupled with cellular effectors which may be either ion channels or enzymes responsible for the synthesis of various intracellular second messengers; the latter in turn regulate a range
of cellular processes (Figure 4.2). These enzymes for example are represented by phospholipase C
(PLC) that synthesizes InsP3 and diacylglycerol (DAG), or by adenylyl/guanylyl cyclases (AC or
GC), producing intracellular second messengers cyclic adenosine 3’,5’-monophosphate (cAMP) or
cyclic guanosine 3’5’-monophosphate (cGMP), respectively.
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FIGURE 4.2: Conceptual structure of metabotropic receptors. Metabotropic G-protein coupled receptors (GPCRs) are seven-transmembrane polypeptide chains. They are coupled with cellular effectors which may be either ion channels or enzymes, the latter responsible for the synthesis of various
intracellular second messengers. Phospholipase C (PLC) synthesizes InsP3 (which causes opening of
InsP3Rs on the ER) and diacylglycerol (DAG), the latter activating protein kinase C (PKC). Adenylyl
cyclase (AC) produces cyclic adenosine 3’,5’-monophosphate (cAMP). Phosphatidylinositol 4,5-bisphosphate (PIP2) is an intermediate in the InsP3/DAG pathway.

4.2

ASTROGLIA EXPRESS MULTIPLE RECEPTORS

Neuroglial cells in general and astrocytes in particular are capable of expressing virtually every type
of receptor for neurotransmitters or neurohormones (Figure 4.3). This complement of receptors
allows glia to perceive chemical transmitters circulating in the nervous system and to specifically
sense neurotransmitters released by active synapses. The very first electrophysiological recordings
that demonstrated functional receptors in glial cells were performed in 1984 and discovered that
cultured astrocytes and oligodendrocytes are depolarized by direct application of aspartate, glutamate, GABA, and glycine (Bowman and Kimelberg, 1984; Kettenmann et al., 1984). These initial
experiments were followed by widespread screening of cultured neuroglia with respect to their
sensitivity to various neuroactive substances. It was found that astroglia in vitro responded either by
2+
membrane currents or more often by changes in [Ca ]i to virtually every type of neuroactive agent
presented to them (Finkbeiner, 1993; Verkhratsky and Kettenmann, 1996). These were fundamental
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FIGURE 4.3: Main types of ionotropic and metabotropic receptors expressed in astrocytes. See text
for detailed description.
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discoveries because they demonstrated that neuroglia are endowed with the molecular machinery
to participate in chemical transmission in neural networks.

FIGURE 4.4: Receptors expressed in Bergmann glial cell in situ are limited to those specific to neurotransmitters released in their vicinity. For abbreviations consult text.

Advent of the in situ preparations, the acutely isolated brain slices (Konnerth, 1990), led
to another important discovery. It appeared that astroglial cells in situ are endowed with a rather
restricted set of receptors, these sets being different in astrocytes from different parts of the CNS.
Usually, the modality of neurotransmitter receptors expressed by astroglia mirrors that of their
neuronal neighbors; it seems likely that this restricted expression is controlled by the immediate
chemical environment (Verkhratsky, 2010). For instance (Figure 4.4), cerebellar Bergmann glial
cells express receptors that exactly match the modality of receptors expressed by its neuronal neighbor, the Purkinje neuron. These receptors include receptors for adrenaline (epinephrine), histamine,
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glutamate, GABA, and ATP, all these being congruent to the neurotransmitters released in this
anatomical region. In the spinal cord (where glycine acts as a main inhibitory neurotransmitter)
astrocytes express glycine receptors, whereas astroglial expression of dopamine receptors is robust
in the basal ganglia, which have prominent dopaminergic transmission. Astroglial receptors can
be also restricted to specific subcellular domains; for example, GABA receptors in Bergmann glia
are concentrated in perisynaptic membranes surrounding inhibitory synapses, whereas astroglial
expression of serotonin receptors is restricted to areas contacting serotonergic terminals. Therefore,
the expression of astroglial receptors is selectively and tightly regulated, which makes astrocytes
perceptive toward chemical signals specific for each particular region of the brain.

4.3

GLUTAMATE RECEPTORS

The excitatory action of glutamate in the CNS was discovered in the 1950s (Hayashi, 1954) and
soon the role of glutamate as the main excitatory neurotransmitter in the mammalian brain became
generally acknowledged; similarly the critical role of glutamatergic transmission in learning, memory, and cognition became fully recognized (Watkins and Evans, 1981). The pathological importance of glutamate, that being in excess acts as a potent neurotoxin, was initially revealed in 1969
(Olney, 1969), and soon this was formalized in the concept of glutamate excitotoxicity (Szydlowska
and Tymianski, 2010).

4.3.1 IONOTROPIC GLUTAMATE RECEPTORS
Ionotropic glutamate receptors (iGluRs) are subdivided into three main groups that have a distinct
genetic background, molecular structure, pharmacology, and biophysical properties. The subdivision
is based on the nature of specific pharmacological agonists, and hence AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate), NMDA (N-methyl-D-aspartate), and kainate receptors
are distinguished (Figure 4.5).
The AMPA receptors are assembled from four subunits, GluA1 to GluA4 (according to
the International Union of Basic and Clinical Pharmacology (IUPHAR) classification—http://
www.iuphar-db.org/; GluA1 to GluA4 were previously also known as GluR1-4 or GluRA-D),
+
+
which form cation channels permeable to Na and K . When the GluA2 subunit is missing from
2+
the assembly, the cation channel is also permeable to Ca ions, although this permeability remains
2+
rather small. The permeability ratio PCa/Pmonovalent for Ca -permeable AMPA receptors is around
2+
1–1.5, whereas maximal fractional current carried by Ca does not exceed 2–4%. Glutamate rapidly
opens AMPA receptors, and in the presence of an agonist they undergo swift desensitization, i.e.,
membrane responses mediated through AMPA receptors are fast and are fully inactivated within
2+
~ 100 ms. This fast desensitization together with relatively minor Ca permeability makes AMPA
2+
receptors’ contribution to physiological Ca signaling almost negligible.
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FIGURE 4.5: Three types of ionotropic glutamate receptors. See text for details.

Kainate receptors are assembled from 5 distinct subunits, GluK1–5; these assemble into
2+
homo- or hetero-tetramers. Kainate receptors have low Ca permeability and inactivate slower
than AMPA receptors.
NMDA receptors are composed of one channel-forming subunit GluN1 and auxiliary sub2+
units GluN2A-D and GluN3A,B. NMDA receptors have high Ca permeability (for neuronal
2+
NMDA receptors PCa/Pmonovalent is around 10 with fractional current carried by Ca being in the
range of 15–17%). At hyperpolarizing membrane potentials (more negative than -60 mV) extra2+
cellular Mg ion binds to the channel pore and prevents the channel opening following binding of
glutamate and a co-agonist, glycine or D-serine, to the receptor. Functional activation of the chan2+
2+
nel hence requires depolarization that removes Mg block. Both Ca permeability and parameters
2+
of Mg block are defined by the subunit composition; inclusion of GluN2C/D and GluN3 sub2+
units decreases the former and shifts the voltage-dependence of Mg block into hyperpolarizing
2+
direction (i.e., Mg block develops at more negative, down to -120 mV, membrane potentials).
Perhaps AMPA receptors are the most widespread in astroglia; these receptors were found
in the cortex, hippocampus, cerebellum, corpus callosum, retina, and spinal cord (Seifert and Steinhauser, 2001; Lalo et al., 2011). The AMPA receptors are, however, absent in astrocytes from the
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rat supraoptic nucleus. Subunit expression and the resulting receptors’ assembly show regional and
subcellular heterogeneity; for example, all the 4 subunits are expressed in hippocampal astrocytes
with the predominance of GluA2 and GluA4 subunits. As a result, hippocampal AMPA-mediated
2+
currents have a linear I-V relation and are Ca impermeable. In contrast, the GluA2 subunit is not
2+
expressed in Bergmann glia, and hence the channels are Ca permeable (PCa/Pmonovalent ~ 1), whereas
the I-V relationship for the AMPA-mediated current has prominent inward rectification, with intracellular polyamines generating double rectification. In the spinal cord, GluA4 immunostaining
was specifically concentrated in astroglial perivascular processes, while somata were positive for
GluA2/3 subunits. In the cortex astrocytes preferentially express the GluA1 and GluA4 subunits.
The mRNA expression analysis and immunostaining revealed expression of GluK1, 2, 3, and 5
subunits of kainate receptors in astroglia from the corpus callosum, although the evidence for functionality of these receptors in astrocytes is still missing.
Some astrocytes also express the NMDA-type ionotropic glutamate receptors. The PCR
analysis revealed expression of mRNA for GluN1, GluN2A, and GluN2B subunits in cortical
astrocytes and in Bergmann glia; in cortical astrocytes this was further corroborated by immunostaining that visualized the presence of NMDA receptors in perisynaptic processes. In cultured
human fetal astrocytes all seven NMDA receptor subunits (GluN1, 2A-D, and GluN3A,B) were
detected at mRNA and protein levels. The NMDA receptor–mediated ion currents were identified
in astrocytes in isolation and in situ in the cortex, spinal cord, and in a subpopulation of hippocampal astrocytes (Verkhratsky and Kirchhoff, 2007). In freshly isolated astrocytes from mouse cortical
slices direct application of NMDA induced cationic currents, which were positively modulated
by glycine and blocked by specific NMDA receptor antagonists MK-801 and D-2-amino-phos2+
phonopentanoic acid (D-AP5). Time-lapse imaging experiments also detected Ca -permeable
NMDA receptors in a sub-population of hippocampal astrocytes ((Lalo et al., 2011) for references).
NMDA receptors in astrocytes differ substantially from similar receptors expressed in neu2+
rons. First, the Mg block of glial NMDA receptors required hyperpolarization to -120 mV vs.
2+
~ -60 mV in neurons. Second, astroglial NMDA receptors displayed a substantially lower Ca
permeability with the PCa/Pmonovalent of ~ 3 (as mentioned above, neuronal NMDA receptors’ PCa/
Pmonovalent is ~ 10). Astroglial NMDA receptors have a specific pharmacology, being sensitive to
memantine and the GluN2C/D subunit-selective antagonist UBP141. These features may indicate
that the astroglial NMDA receptor is the heteromeric assembly of two GluN1 subunits, one GluN2
subunit, and one GluN3 subunit (Lalo et al., 2011).
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4.3.2 METABOTROPIC GLUTAMATE RECEPTORS
Astrocytes express several types of mGluRs of which mGluR5 (coupled to PLC and InsP3-me2+
diated Ca signaling) and mGluR3 (coupled to adenylyl cyclase and cAMP signaling cascade)
+
dominate. The latter receptors contribute to inhibition of K currents, swelling, proliferation, and
regulation of expression of glutamate transporters.

4.4

PURINOCEPTORS

FIGURE 4.6: Classification of purinoceptors. See text for details.

The purinergic signaling system, in which purines (most notably ATP and adenosine) and pyrimidines act as chemical transmitters, operates throughout the CNS, being present virtually in all cells
including neurons, oligodendrocytes, NG2-glia, microglia, ependymal cells, and astrocytes (Burnstock and Verkhratsky, 2012). The principal purinergic transmitter ATP is released from neurons
2+
and from neuroglia through several mechanisms, of which Ca -regulated exocytosis, release from
lysosomes, and diffusion through plasmalemmal channels have been characterized. The most phys2+
iological and widespread mechanism for ATP release, however, is Ca -regulated exocytosis (see
Chapter 7); exocytotic release of ATP was identified in neuronal terminals and in astroglial cells in
many brain regions. After being released ATP is rapidly degraded by specific extracellular enzymes,
known as ectonucleotidases (Zimmermann et al., 2012), to ADP, AMP, and adenosine, which all
also act as purinergic agonists. Neuroglial cells are particularly receptive to purines and pyrimidines
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as the absolute majority of glia express purinoceptors. Purinergic stimulation contributes to various
pathological states; in particular ATP, which is massively released from damaged cells, acts as a universal “danger” signal (also defined as damage-associated molecular pattern, DAMP) that controls
glial defensive reactions such as reactive astrogliosis and activation of microglia. Receptors of the
purinergic signaling system are classified into adenine (or P0) receptors, adenosine (also known as
P1) receptors and nucleotide (ATP, ADP, UTP) or P2 receptors of the P2X (ionotropic), and P2Y
(metabotropic) subtypes (Figure 4.6).

4.4.1 ADENOSINE (P1) RECEPTORS
Adenosine (P1) receptors are represented by four types (A1, A2A, A2B, and A3) with distinct pharmacological and functional properties (Fredholm et al., 2011). By way of generalizing, the A1 and
+
A3 receptors inhibit adenylyl cyclase (mediated through Gi/o proteins), stimulate K channels, and
2+
suppress voltage-gated Ca channels. A1 and A3 receptors also regulate phospholipase C and thus
2+
InsP3 synthesis and Ca signaling. The A2A receptors (linked to Gs or Golf proteins) activate adenylyl cyclase and hence increase cAMP. The A2B receptors similarly stimulate cAMP production via
Gs, Gq, and G12 proteins (Burnstock and Verkhratsky, 2012).
All the four types of adenosine receptors are expressed in astrocytes, where they mediate
a wide array of functions (Verkhratsky et al., 2009). Stimulation of adenosine receptors often
2+
triggers Ca signals, although the receptors responsible differ between cells from various brain
regions. In cultured cortical astrocytes and in astrocytes in olfactory bulb slices, adenosine triggers
2+
2+
Ca signals through A2A receptors; in cultured astrocytes from the neonatal forebrain similar Ca
signals are evoked by A1 receptors and in primary cultures from the whole mouse brain by A3
receptors. Activation of A1 and A3 receptors inhibits, whereas activation of A2 receptors stimulates,
glial proliferation. Adenosine receptors also regulate expression of plasmalemmal glutamate trans2+
porters, sensitivity of cells to glutamate, and modulate (via either A1 or A2A receptors) Ca signals
induced by activation of other metabotropic receptors, such as mGluRs, P2Y purinoceptors, and
muscarinic ACh receptors.
Adenosine is an important factor in brain pathology because various insults may initiate
massive release of ATP and/or adenosine from damaged cells with adenosine concentrations in the
extracellular space reaching up to 50 μM (Dale and Frenguelli, 2009). Adenosine generally exerts
a neuroprotective action on the brain tissue. Astroglial A2A receptors have complex actions on neuronal survival, being involved in neuroprotection and regulation of cell death, whereas astroglial A3
receptors are involved in the regulation of chemokine release and neuroprotection. In addition, A2A
receptors can promote astrogliosis in various neuropathologies, and have glio-protective actions in
conditions of ischemia and glucose deprivation.
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4.4.2 P2Y METABOTROPIC PURINOCEPTORS
Metabotropic purinoceptors are expressed in the majority of astrocytes throughout the CNS
(Verkhratsky et al., 2009), with P2Y1, P2Y2, and P2Y6 receptors being the most abundant. Astroglial
2+
P2Y receptors are coupled to PLC, and their activation triggers cytoplasmic Ca signals, which
2+
2+
often give rise to intercellular Ca waves; these originate from InsP3-induced Ca release from
2+
the ER that is often followed by SOCE. Ca signals resulting from activation of metabotropic
purinoceptors have been identified in astrocytes from most of the brain regions in cultures, in brain
2+
slices and in vivo. For example, the P2Y receptor–mediated Ca signaling was observed in astrocytes from the stratum radiatum region of the mouse hippocampus, in the mouse olfactory bulb, in
Bergmann glial cells in the cerebellum, in retinal Müller cells, in astrocytes from the optic nerve,
etc. The P2Y1 and P2Y2 receptors play the major role in generation and maintenance of propagating
2+
Ca waves in astrocytes in the hippocampus and spinal cord.
Stimulation of P2Y receptors triggers release of neurotransmitters and neuromodulators from
astroglia. For example, ATP stimulation of cultured astrocytes induces release of ATP, glutamate,
tumor necrosis factor-α (TNF-α), brain-derived neurotrophic factor (BDNF), and prostaglandins;
in addition P2Y receptors stimulate mobilization of arachidonic acid and eicosanoid production in
2+
cultured astroglia, an effect which depends on synergy between P2Y-mediated [Ca ]i elevation and
direct coupling of a subset of P2Y receptors with phospholipase A2. Activation of P2Y4 receptors
regulates expression and release of glycoprotein thrombospondin 1, a stimulator of synaptogenesis.
In astroglial cultures activation of P2Y2/P2Y4 receptors triggered release of NO, which in turn suppressed synaptic activity in neurons co-cultured together with astroglia. Furthermore, P2Y receptors
mediate multiple trophic effects, and in particular they promote astroglial differentiation in culture
and in vivo in the developing brain.
4.4.3 IONOTROPIC P2X PURINOCEPTORS
+
+
2+
The ionotropic or P2X receptors are classical ligand-gated cationic (permeable to K , Na and Ca )
channels, assembled through homo- or hetero-trimeric expression of seven distinct subunits, which
are classified P2X1 to P2X7 according to the historical order of cloning (Surprenant and North,
2009). In physiological conditions, activation of P2X receptors results in depolarizing currents car+
2+
2+
ried mainly by Na and Ca ions. The Ca permeability of P2X receptors is determined by subunit
composition and PCa/Pmonovalent can range between 1 and 10 for different receptors and cell types
(Lalo et al., 2011). In astrocytes, expression of mRNA and proteins was found for all types of P2X
receptors; for example, P2X1,2,3,4,6,7 were identified in hippocampal astroglia, P2X2, P2X3, and P2X4
were detected by immunostaining in astrocytes in the nucleus accumbens, P2X1 and P2X2 receptors
were found in astrocytes from the cerebellum and spinal cord, while P2X4 receptors were localized
in the astroglia from the brainstem. In experiments in situ, functional expression of a rather pecu-
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liar receptor type, the heteromericP2X1/5 receptor was detected in cortical astrocytes (Lalo et al.,
2011). These receptors are extraordinarily sensitive to ATP, being able to detect it at low nanomolar
concentrations (a threshold for activation is ~ 1 nM and EC50 around 50 nM). Arguably, these
highly sensitive purinoceptors allow astrocytes to monitor low ATP concentrations, which can be
indicative of physiological synaptic transmission.
Quite often, astrocytes from different brain regions express functional P2X7 receptors (Illes
et al., 2012). These receptors are activated by high (> 1 mM) concentrations of ATP and upon
prolonged stimulation the P2X7 receptors form a high-permeability pore that allows the passage
of cations and anions with molecular weights of up to 1,000 Da. The sensitivity of P2X7 receptors
to ATP greatly increases in divalent-free extracellular solutions. The dilated pore of P2X7 receptors
displays high Ca2+ permeability and may form a pathway for release of neurotransmitters, most
notably for ATP and glutamate. Activation of P2X7 receptors is associated with neuropathology as
they are involved in initiation of apoptosis, and may act as “emergency” receptors aimed at restraining the excessive astrogliosis triggered by brain injuries (Franke et al., 2012). In pathological context
P2X7 receptors are also associated with stimulation of processing and release of interleukin-1β and
possibly other pro-inflammatory factors.

4.5

RECEPTORS FOR INHIBITORY AMINO ACIDS

4.5.1 GABA RECEPTORS
Astrocytes throughout the CNS, in the spinal cord, hippocampus, optic nerve, retina, and cerebellum, express ionotropic GABAA receptors, which belong to the pentameric receptor family and are
GABA-gated Cl channels. Importantly, whereas in mature neurons activation of GABA receptors
induces Cl influx that hyperpolarizes the cell, in astroglia the opening of GABA channels results
in Cl efflux that depolarizes their membrane. This difference is due to the fact that astroglial
cells contain much more Cl than mature neurons (~ 30 to 60 mM vs. ~ 5 mM), and therefore
the equilibrium potential for Cl in astrocytes is ~ -33 to -16 mV, whereas in neurons the ECl is ~
-80 mV (Figure 2.1). Activation of GABAA receptors in astrocytes also inhibits K+ channels, thus
facilitating depolarization. The GABAA receptors are often localized in the perisynaptic astroglial
processes that are associated with inhibitory GABA-ergic neuronal terminals. In addition to ionotropic receptors, astrocytes express metabotropic GABAB receptors that are activated in response
to GABA release from neuronal terminals in the hippocampus, and these astroglial GABAB receptors are involved in a specific form of synaptic plasticity known as heterosynaptic depression
(Velez-Fort et al., 2012).
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4.5.2 GLYCINE RECEPTORS
Glycine receptors are specifically expressed in astrocytes in the spinal cord, where glycine acts as
a major inhibitory neurotransmitter. Astroglial glycine receptors are pentameric Cl channels and
their activation causes Cl efflux and astrocyte depolarization.

4.6

OTHER TYPES OF RECEPTORS FOR
NEUROTRANSMITTERS AND NEUROMODULATORS

4.6.1 ACETYLCHOLINE RECEPTORS
Receptors for acetylcholine (ACh), widely expressed in various tissues and cell types are represented
by ionotropic nicotinic receptors (which are classical pentameric ACh-gated channels permeable
+
+
2+
to K , Na , and Ca (Lukas et al., 1999)) and by G-protein coupled 7-transmembrane domain
metabotropic muscarinic receptors (Caulfield and Birdsall, 1998). This historic classification is
based on pharmacological use of nicotine and muscarine as selective agonists. Functional nicotinic
ACh receptors were found in astrocytes in culture and in situ (Sharma and Vijayaraghavan, 2001;
Talantova et al, 2013). These astroglial receptors are homomeric assemblies containing α7 subunit,
which is characteristic for nicotinic receptors expressed in the nervous system. Expression of this
2+
subunit confers significant Ca permeability (PCa/Pmonovalent ~ 6). As a result, activation of nicotinic
2+
ACh receptors triggers Ca signals in astroglial cells, both in vitro and in situ.
Density of α7 nicotinic cholinoreceptors increases in astroglia in the brains of patients with
familial or sporadic Alzheimer’s disease, in contrast to a significant decrease of nicotinic cholinoreceptors expression in neurons (Yu et al, 2005). Incidentally, the α7 receptors were also found to
bind, with a very high affinity, soluble β-amyloid (Nagele et al., 2002); increased density of these
receptors may therefore be a part of astroglial defensive response. At the same time, there is certain evidence that β-amyloid binding activates astroglial α7 nicotinic receptors, which results in
2+
aberrant Ca signaling and possible neurotoxicity mediated through the release of glutamate from
astrocytes (Talantova et al, 2013).
Astrocytes in vitro express all five subtypes (M1 to M5) of metabotropic muscarinic ACh
receptors. These muscarinic ACh receptors are linked to PLC and InsP3 production, and thus
2+
stimulate Ca release from the ER. Calcium signals in response to stimulation of muscarinic cholinoreceptors by synaptically released ACh were found in astrocytes in hippocampal slices (Araque
2+
et al., 2002); arguably, these Ca responses contribute to ACh-dependent synaptic plasticity in
2+
the hippocampus. Similarly, muscarinic ACh receptors were also found to trigger Ca signals in
hypothalamic tanycytes.
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4.6.2 ADRENERGIC RECEPTORS
Astroglial status, metabolism, and physiology appear to be universally controlled by noradrenergic
(norepinephrinergic) innervations in many (if not in all) regions of the brain (Bekar et al., 2008).
The diffuse noradrenergic innervations of the brain is provided by numerous neurons localized in
the locus coeruleus; their projections do not form localized synaptic terminals, rather noradrenaline is released from axonal varicosities into the neuropil and hence exerts neurohormonal action—
2+
an example of volume transmission. Noradrenergic stimulation of astrocytes triggers Ca signals
and affects their metabolism through stimulation of both energy use and energy production. There
is evidence that noradrenergic stimulation makes cortical astrocytes more susceptible to sensing
neuronal activity (Paukert et al., 2014), possibly contributing to coordination of neuronal and
astroglial networks.
Expression of α- (α-AR) and β- (β-AR) adrenergic receptors has been found in astroglia in
vitro, in slices, and in vivo at mRNA, protein, and functional levels (Kirischuk et al., 1996; Hertz et
2+
al., 2010). Astroglial Ca signaling is mediated by the α1-AR which stimulates PLC, with subse2+
quent activation of InsP3-induced Ca release from the ER. These very same receptors mediate as2+
troglial Ca signaling in vivo following stimulation of the locus coeruleus (Bekar et al., 2008). The
α2-ARs are present in hippocampal astrocytes, being concentrated on their perisynaptic processes.
The β-ARs, and especially β2-ARs stimulate cAMP production, and contribute to the initiation of
astrogliosis; the expression of β2-AR is up-regulated in pathological conditions. This up-regulation
seems to be functionally relevant, as pharmacological inhibition of β2-AR affects scar formation.
The β1-ARs are connected with glycogen synthesis and may mediate cAMP-dependent inhibition
+
of astrocytic K channels. Astroglial α1-AR as well as β2-AR and β3-AR receptors are linked to
episodic memory consolidation (Gibbs and Bowser, 2010), hinting on a possible role of astroglia
in cognitive processes. Noradrenergic signaling to astrocytes is severely disrupted by cocaine, and
astroglial adrenoreception dysfunction can be an important part of various neuropsychiatric disorders (Hertz et al., 2004).
4.6.3 SEROTONIN RECEPTORS
Astroglial cells express serotonin or 5-hydroxytriptamine (5-HT) receptors, including 5-HT1A,
5-HT2A, 5-HT2B, and 5-HT5A receptors, which have been identified in cell cultures, in freshly
isolated cells and in the brain tissue. All these receptors are G-protein coupled, with 5-HT2 receptors being generally linked to PLC with subsequent InsP3 and DAG production, whereas 5HT1
and 5-HT5 receptors are connected with adenylyl cyclase. There are data indicating that astrocytes
predominantly express 5-HT2B receptors. Physiological role of these receptors in astrocytes remains
largely unknown. Some of the 5-HT receptors are related to neuropathology, e.g., astroglial 5-HT5A
receptors are up-regulated in reactive astrocytes and in schizophrenia. Stimulation of 5-HT1 recep-
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tors was claimed to be neuroprotective in Parkinson’s disease, whereas astroglial 5-HT2B receptors
were suggested to be the main target for selective serotonin reuptake inhibitors (Hertz et al., 2014b)
that are widely used as antidepressants (e.g., fluoxetine or sertraline).

4.6.4 HISTAMINE RECEPTORS
Histamine receptors, represented by H1, H2, H3, and H4 receptors are classical 7-transmembrane
domain metabotropic receptors coupled to Gs or Gq-proteins (Hill et al., 1997). The H1 and H2
receptors are coupled to the InsP3/Ca2+ release-signaling pathway and were identified in astroglial
cells in culture and in situ, in hippocampal protoplasmic astrocytes, and in Bergmann glia in the
cerebellum (Kirischuk et al., 1996). Activation of H1 receptors was reported to increase the breakdown of glycogen. In addition, H1 receptors were found to up-regulate astroglial expression of
plasma membrane glutamate transporters, which may have neuroprotective relevance. Histamine
H3 receptors were also identified in cultured astroglia.
4.6.5 BRADYKININ RECEPTORS
Bradykinin is a small peptide composed of 9 amino acids, which is produced by proteolytic cleavage of high-molecular-weight kininogen by the enzyme tissue kallikrein (this signaling complex
is called kinin-kallikrein system). Bradykinin acts on different cells through two specific receptors
of B1 and B2 subtypes, which both are heptahelical GPCRs. Astrocytes express functional brady2+
kinin receptors, most likely of B2 subtype; activation of these receptors triggers Ca signaling and
glutamate release in astrocytes in vitro (Parpura et al., 1994). In addition activation of bradykinin
receptors in astroglia triggers Cl currents through the volume-sensitive, outwardly rectifying anion
channels and initiates several intracellular signaling cascades including cyclooxygenase 2 and mitogen-activated protein kinases (Parfenova et al., 2012). Microglia express B1 receptors.
4.6.6 CANNABINOID RECEPTORS
Mammalian tissues synthesize several ligands that bind and activate the cannabinoid receptors;
these ligands (that in the CNS may be considered as neuromodulators) and receptors in combination represent the endocannabinoid system. Cannabinoid receptors are metabotropic receptors
coupled to Gi/o proteins and are represented by two types, CB1 and CB2 receptors. There are several
more potential candidates for CB3(x) receptors (also referred to as GPR55), although none of these
could be hitherto considered as a true cannabinoid receptor (Pertwee et al., 2010). The CB1 receptors are mainly expressed by neural cells, whereas CB2 receptors are present in the immune cells,
including microglia.
The CB1 receptors were identified in astroglia (Stella, 2010); these receptors regulate astroglial
metabolism and have general anti-inflammatory actions negatively regulating astrogliotic response
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as well as production and secretion of astroglial pro-inflammatory factors. The CB1 receptors are
preferentially expressed in perivascular astrocytes, and were suggested to regulate astroglia-depen2+
dent neuronal metabolic support. Stimulation of CB1 receptors also triggers astroglial Ca signals,
which may be involved in synaptic potentiation in the hippocampus (Navarrete and Araque, 2010).

4.6.7 NEUROPEPTIDE RECEPTORS
The list of receptors for neuropeptides expressed by astroglial cells is quite extensive and it includes
receptors for somatostatin, vasoactive intestinal peptide, tachykinins, oxytocin, vasopressin, calcitonin, glucagon, angiotensin II, atrial natriuretic peptide, opioid peptides, neuropeptide Y, endothelin, and many more. These receptors control multiple intracellular signaling cascades that regulate
various aspects of astroglial functional responses, such as uptake of glucose and neurotransmitters,
morphological plasticity, gap junctional permeability, etc. (Herrero-Gonzalez et al., 2009). For
example, activation of astroglial endothelin receptors (ETA and ETB) decreases expression of gap
junctions and therefore inhibits coupling in the astroglial networks; ET receptors are also linked to
2+
astroglial Ca signaling through the InsP3 cascade.
4.6.8 LEPTIN RECEPTORS
Leptin receptors (LEP-Rs) mediate the action of fat tissue–derived leptin, a peptide hormone.
The LEP-Rs have been found in hypothalamic astrocytes. Genetic silencing of these receptors
specifically in astrocytes led to alterations in astroglial morphology and affected feeding behavior
of modified animals (Kim et al., 2014). These effects were possibly associated with modifications in
astroglia-regulated synaptic plasticity and synaptic connectivity in circuits involving proopiomelanocortin (POMC) neurons (which produce and secrete α-melanocyte stimulating hormone) and
AgRP (agouti-related protein) neurons (that release neuropeptide Y and GABA). Genetic deletion
of astroglial LEP-Rs affected astrocytic synaptic coverage on these neurons, which might represent
the relevant mechanisms affecting synaptic plasticity. It is also possible that deficits in astroglial
LEP-Rs can contribute to pathogenesis of obesity and feeding disorders.
4.6.9 CYTOKINE AND CHEMOKINE RECEPTORS
Cytokines and chemokines are a broad group of small proteins which control numerous cellular
functions and which are widely expressed in astroglia, being related to many aspects of nervous
tissue defense (Bachelerie et al., 2014). Chemokines are chemotactic cytokines, of which more
than 50 have been identified. They are proteins composed of ~ 70–80 amino acids, and produced
by many cell types and generally regulate cellular traffic. Chemokines receptors are GPCRs, of
which 18 types are present in humans. These receptors are classified into the four main classes
named CC, CXC, CX3C, and C, most of which are expressed in astrocytes. Activation of these
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receptors may initiate Ca signaling or activate Janus kinases ( JAK)/Signal Transducers and Activators of Transcription (STAT) and nuclear factor κ-light-chain-enhancer of activated B cells
(NF-κB) pathways.
The cytokines receptors are represented by receptors for interferons and interleukins, and by
receptors for TNF-α. Activation of interleukin receptors results in mobilization of JAKs, which
in turn control numerous secondary signal transduction proteins, such as STATs. The latter, after
being phosphorylated by JAKs, translocate into the nucleus where they initiate transcriptions of
various genes, generally known as cytokine responsive genes. The TNF-α receptors of the TNFRI
and TNFRII families are present in all types of glial cells. Activation of TNF receptors regulates
activity of JAKs and activates intracellular transcription factor NF-κB.

4.6.10 COMPLEMENT RECEPTORS
The complement system (which is an intrinsic part of innate immunity) is represented by numerous
small proteins that are inactive precursors for signaling molecules and synthesized mainly in the
liver. Activation of complement system by pathogenic signals produces (by protease catalyzed cleavage) small (74–77 amino acid) bioactive proteins that act as chemoattractants and secretagogues.
These signaling molecules include C3a and C5a, also known as anaphylatoxins. Complement receptors are classified into C3a, C5a1, and C5a2 receptors, which all are classical GPCRs. Astrocytes
2+
express C3a and C5a receptors, which control Ca release from the ER stores via the InsP3-dependent pathway. Expression of C3a and C5a receptors may be up-regulated during inflammation.
4.6.11 PLATELET-ACTIVATING FACTOR RECEPTOR
The platelet-activating factor (PAF), also known as AGEPC (acetyl-glyceryl-ether-phosphorylcholine), was identified as a molecule released from activated basophils. This factor (and several
other agonists) acts through a GPCR known as platelet-activating factor receptor (PAFR); only
one type of this receptor exists in mammals. The PAFRs activation is closely associated with various
immune processes and inflammatory reactions. These receptors are also expressed in neurons and
neuroglia; there are indications that PAFRs contribute to synaptic plasticity and neuronal apoptosis.
2+
The PAFRs have been identified in cultured astrocytes, and their activation triggers Ca signals and
may induce the release of prostaglandins and mediate cell death.
4.6.12 THROMBIN RECEPTORS
Thrombin is a serine-protease, which is involved in cleaving fibrinogen as a central event in the
coagulation cascade (hence its second name of blood-coagulation factor IIa). Thrombin also acts as
a chemical extracellular signal in peripheral tissues and in the nervous system. In particular, thrombin is suspected to cause severe damage to neural cells and to act as a link between injury, hemo-
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stasis, and inflammation. The thrombin receptors, which belong to a family of G-protein–coupled
protease-activated receptors (PARs) that includes four members (PAR-1 to PAR-4), out of which
thrombin activates PAR1, PAR3, and PAR4, whereas PAR2 is sensitive to trypsin or trypsin-like
substrate preference proteases. PAR1 and PAR2 were found in cultured astrocytes and are impli2+
cated in triggering InsP3-induced Ca signaling as well as initiation and/or regulation of reactive
astrogliosis. These receptors are also believed to regulate the release of ATP and glutamate as well
as some chemokines from astroglia (Moller et al., 2006).

4.6.13 EPHRIN RECEPTORS
The ephrin B (EphB) receptors are tyrosine kinases, which are activated following binding to
the membrane-associated ephrin ligands, generally responsible for contact-dependent cell-to-cell
communications. The EphB receptors were identified in astrocytes in the hippocampus and other
brain regions where they suppress expression of glutamate plasmalemmal transporters EAAT1/2.
In cultured astrocytes, activation of EphB receptors has been found to increase synthesis and release
of the neuromodulator D-serine. These findings suggest that EphB receptors may be involved in
synaptic transmission and plasticity (Murai and Pasquale, 2011).
4.6.14 SUCCINATE RECEPTORS
Succinate, which appears in the extracellular space as a general metabolite, is a reactant in the citric
acid cycle and may also act as a chemical transmitter. Receptors for succinate were identified in astrocytes from the nucleus accumbens. These receptors belong to 7-transmembrane domain G-protein–coupled metabotropic family, and the astroglial type is represented by succinate receptor 1 or
2+
SUCNR1/GPR91. Activation of this receptor by exogenous succinate triggers InsP3-induced Ca
release from the ER in a subpopulation of the nucleus accumbens astrocytes (Molnar et al., 2011).
4.6.15 TOLL-LIKE RECEPTORS
The Toll-like receptors (TLRs) are associated with astroglial defense function; these receptors belong to the superfamily of pattern recognition receptors that are tuned for recognizing pathogens
associated with numerous infectious (bacteria and viruses) agents, known also as pathogen-associated molecular patterns or PAMPs. These receptors were discovered by Nobel Laureate Christiane
Nüsslein-Volhard when she experimented with Drosophila mutants in Tübingen in mid 1980s.
When observing a particularly exciting mutant larva she exclaimed, “Das war ja toll!” (That was
amazing), the adjective she subsequently used for naming the gene (Hansson and Edfeldt, 2005).
The family of TLRs includes 10 members in humans and 13 in mice. All Toll-like receptors
are integral membrane glycoproteins coupled to several signaling cascades, which frequently comprise of adaptor protein myeloid differentiation primary response 88 (MyD88) and transcription
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factors such as activating protein-1 (AP-1) or NF-κB. The TLR1/2, 6/2, 4, and 5 are located on
the cell surface, whereas TLR3, 7, 8, and 9 are present in endosomal compartments, although may
also traffic to the plasmalemma. TLRs are widely expressed in cells of the innate as well as adaptive
immune system, but also in non-immune cells and organs traditionally not considered as immunologically active (Leulier and Lemaitre, 2008). In the CNS, TLRs are mainly expressed in neuroglia,
although sometimes they were also detected in neurons (Aravalli et al., 2007).
The main astroglial TLR in the healthy brain is TLR3, located in astrocytes in the in vitro,
in situ, and in vivo settings (Farina et al., 2007). Expression of TLR3 is up-regulated in the course
of astroglial activation and in response to pro-inflammatory factors such as, for example, interleukin-1β, interferon β, or interferon γ. In astrocytes, TLR3 was detected in the plasmalemma as well
as in the intracellular (endosomal) membranes. Stimulation of astroglial TLR3 contributes to local
inflammatory tissue response and promotes tissue regeneration (Farina et al., 2007).

4.6.16 PACAP RECEPTORS
The pituitary adenylyl cyclase-activating polypeptide (PACAP) is neuropeptide synthetized primarily in hypothalamic neurons, which project throughout the brain. This neuropeptide stimulates
neuronal outgrowth and has neuroprotective capabilities. Receptors for PACAP are found exclusively in reactive astrocytes from traumatically injured brains; these receptors contribute to proliferation of these activated astroglia (Nakamachi et al., 2014).
4.6.17 ASTROGLIA AND GLUCOSE SENSING
There is growing evidence indicating that astrocytes are an important component of the glucose
sensing in the CNS. For example, tanycytes (hypothalamic astrocytes) can sense glucose directly.
2+
Application of glucose to tanycytes triggers cytosolic Ca signals, which in turn trigger the release
2+
2+
of ATP that amplifies the initial Ca response and initiates propagating intercellular Ca waves
throughout the tanycyte layer. Tanycyte-derived ATP possibly also signals to glucose-sensing neurons of the hypothalamic nuclei. The mechanism of glucose action on tanycytes remain unresolved
and may involve either the reversal of plasmalemmal sodium-calcium exchanger (NCX) (due to
+
+
[Na ]i increase associated with glucose transport by Na -dependent transporters) or direct activa2+
2+
tion of specific (and yet unknown) GPCRs by glucose, which initiates Ca signaling, Ca waves,
and ATP release (Frayling et al., 2011). Astrocytes also regulate the activity of hypothalamic orexin
neurons (which produce orexin, the neurohormone involved in regulation of arousal and food intake). This regulation is provided by lactate, which is produced in astrocytes, and is shifted to neurons through MCTs. Increase in neuronal lactate stimulates ATP production, increase in neuronal
+
cytosolic ATP inhibits ATP-sensitive K channels that results in depolarization and excitation of
orexin-producing neurons (Parsons and Hirasawa, 2010). Astrocytes were also shown to regulate
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activity of “glucose-sensitive” neurons localized in the brainstem, and through this regulation affect
insulin secretion (Guillod-Maximin et al., 2004).
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CHAPTER 5

Membrane Transporters
5.1

AN OVERVIEW OF MEMBRANE TRANSPORTERS

The lipid bilayer, which forms the plasmalemma and cellular endomebranes, is impermeable to the
majority of molecules present in the living organism; molecular exchange between the cell and the
extracellular space requires specific proteins that span the plasma membrane and provide for transmembrane transport. These proteins are represented by ion channels, which form the pathways for
diffusion of ions (water and some other charged molecules) down to the electrochemical gradients
and transporters, which translocate molecules across membranes at the expense of energy, stored
either in chemical or in electrochemical form (Figure 5.1). The superfamily of membrane transporters is remarkably extended; the human genome contains ~ 1,020 genes encoding these transporters.

FIGURE 5.1: Classification of transmembrane transporters. Transporter proteins are generally
sub-classified into ATP-dependent transporters or pumps that hydrolyze ATP and utilize the energy released to translocate molecules against their electrochemical or concentration gradients. The
solute carrier transporters (SLCs) generally utilize the energy saved in the electrochemical gradients
of different ions to transport ions or other small molecules. These SLC are further subdivided into
uniporters which assist transmembrane movements of molecules down its concentration gradients;
the co-transporters represented by antiporters and symporters provide for translocation of molecules
against the concentration gradients by using electrochemically beneficial movement of other molecules
(usually ions) either in the opposite or in the same direction, respectively.
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5.2

ATP-DEPENDENT TRANSPORTERS IN ASTROGLIA

In general, ATP-dependent, i.e., primary transporters are classified into: (i) ion pumps, which are
further subdivided into P-type, F-type, and V-type; and (ii) ATP-binding cassette (ABC) transporters. The ion pumps utilize ATP to maintain ion gradients across membranes that fence the
cytosol and demarcate cellular organelles, whereas ABC transporters translocate various substrates
such as sugars, peptides, polysaccharides, proteins, and also ions.

5.2.1 ASTROGLIAL P-TYPE PUMPS
The P-type pumps are main contributors to cellular ion homeostasis. These are tetramers composed of two α and two β subunits. The α subunit contains the ATP- binding/phosphorylation
site. P-type refers to the ability of these ATPases to catalyze auto- (or self-) phosphorylation of a
key-conserved aspartate residue within the pump. The main representative of an astroglial P-type
+
+
pump is the sodium-potassium pump also known as Na /K ATPase (NKA), which controls trans+
+
+
+
membrane movement of Na and K with stoichiometry of 3Na (extruded from the cell): 2K (imported). Because of this, the NKA activity is associated with unequal charge transfer through the
membrane which defines its electrogenic effect. As the pump removes one positive charge from the
cell the net outward current is generated, resulting in a moderate (~ 5 to 10 mV) hyperpolarization.
Astroglial NKA is composed of α2 subunits. Plasmalemma of astrocytes also contains ATP-depen2+
2+
2+
dent Ca pumps or plasmalemmal Ca ATPases (PMCAs), which extrude excess of Ca into the
2+
extracellular space, thus contributing to the cell Ca homeostasis. The endomembrane which forms
2+
2+
the ER contains another subfamily of Ca pumps known as Sarco(Endo)Plasmic Reticulum Ca
2+
ATPases or SERCAs. These SERCA pumps provide for Ca accumulation into the lumen of the
2+
smooth ER; because of their activity the Ca concentration in the ER reaches several hundred of
2+
μM, which creates a concentration gradient underlying intracellular Ca release.
5.2.2 ASTROGLIAL F- AND V-TYPE PUMPS
These two types of ion pumps are chiefly concerned with transport of protons. The F-type ATPase
is localized in the inner membrane of mitochondria and is critical for ATP synthesis, hence it is
also known as ATP synthase or ATP phosphohydrolase (H+-transporting). The F-typeATPase in
+
normal conditions is synthesizing ATP, the synthesis of which is energetically driven by H flux (as
protons get accumulated in the intermembrane space due to reaction-coupling transfer of protons
across the membrane and the mitochondrial electron transfer chain).
The V-type pumps are catalyzing proton transport into some intracellular organelles, most
commonly the lysosomes and secretory vesicles. Excess of protons, achieved through V-type pumps
active transport, acidifies the lumen of these vesicles, which in turn is used for accumulation of
neurotransmitters with relevant H+-driven transporters (see Chapter 7).
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5.2.3 ASTROGLIAL ABC-BINDING CASSETTE TRANSPORTERS
The ABC-binding cassette transporters are present in all cell types; the family of these transporters
comprises of more than 100 members (Hartz and Bauer, 2011). These transporters are assembled
from 6 segments, transmembrane domains, and nucleotide-binding domains. The ABC-binding
cassette transporters are subdivided into several subgroups/subfamilies (ABCA, ABCB, ABCC,
ABCD, ABCE and ABCF, and ABCG). Astrocytes express several types of ABC transporters,
mostly of group A, although their functions remain generally unknown.

5.3

SECONDARY TRANSPORTERS

The secondary transporters, which are responsible for transport of ions and small molecules driven
by concentration and electrochemical gradients, are generally known as solute carriers or SLC
transporters (other names are: ion-coupled transporters, exchangers, or passive transporters). These
transporters are divided into 52 groups, which embrace about 378 members (Ren et al., 2007;
http://www.bioparadigms.org/slc/intro.htm).

5.3.1 PLASMALEMMAL GLUTAMATE TRANSPORTERS
Plasmalemmal transporters for glutamate (Eulenburg and Gomeza, 2010; Zhou and Danbolt,
2013) belong to the SLC1 superfamily and (in humans) are formally classified as Excitatory
Amino Acid Transporters 1–5 (EAAT1/SLC1A3, EAAT2/SLC1A2, EAAT3/SLC1A1, EAAT4/
SLC1A6, and EAAT5/SLC1A7). In studies on rodents the EAAT1 is often referred to as glutamate/aspartate transporter (GLAST), whereas EAAT2 is known as glutamate transporter-1
(GLT1). All glutamate transporters are driven by electrochemical gradients; at physiological pH,
glutamate is a monovalent anion and a transport of a single glutamate molecule requires an influx
+
+
+
of three Na ions and one H ion, along with an efflux of one K ion (Figure 5.2). The net influx of
three cations (4 in and 1 out), along with an influx of one anion, manifests the electrogenic effect
of glutamate transporters. This can be measured in electrophysiological experiments as an inward
+
current. Importantly, an influx of Na associated with glutamate transport may increase intracellular
+
Na concentration by tens of mM. Astrocytes specifically express EAAT1 and EAAT2 transporters, which often are concentrated in perisynaptic astroglial processes. There is a developmental
regulation of EAATs expression, with EAAT1 being expressed early in development (first 2 weeks
in rodents), while EAAT2 is expressed in adult astrocytes. It is important to note that astroglial
glutamate transporters demonstrate high lateral plasmalemmal mobility and seemingly are rapidly
attracted by high glutamate concentrations (Stephane Oliet, personal communication); besides
the plasmalemmal pool of EAATs, they can be delivered to/removed from the plasmalemma via
trafficking vesicles. Both the lateral and synthetic trafficking pathways may contribute to overall
astroglial plasticity, when homeostatic molecules are rapidly moved to the area of high demand.
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Increase in local concentration of glutamate transporters is highly important because they act as
fast local buffers by binding glutamate; the transporting cycle in comparison is much slower, and
hence the local concentration of glutamate transporters defines the rapid removal of glutamate
from the cleft.

FIGURE 5.2: Operational arrangements of the plasmalemmal glutamate transporter. Asterisks indicate glutamate concentrations and the matching reversal potentials; for details on other conditions see
Table 1 of (Kirischuk et al., 2012).

5.3.2 Sxc- CYSTINE/GLUTAMATE ANTIPORTER
The second glutamate plasmalemmal transporting system expressed by astroglia is represented by
the specific cystine glutamate transporter generally known as Sxc system (Figure 5.3). The Sxcbelongs to an extended family of SLC7 transporters, which are divided into two subfamilies: the
L-type amino acid transporters (LATs) and the cationic amino acid transporters (CATs). The LATs
are catalytic subunits of the heteromeric amino acid transporters, and are associated by a disulfide
bridge with the heavy subunits 4F2hc or rBAT, glycoproteins forming the SLC3 family. The Sxc
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transporter is a heteromeric amino acid transporter (HAT) assembled from SLC7A11 xCT and
4F2hc SLC3 subunits, the latter being important for trafficking of the transporter to the plasma
membrane. In the CNS, Sxc transporters are expressed mainly in astrocytes. The concentration
gradients (with intra-glial concentration of glutamate being in the range of 1 mM, and extracellular
concentration of cystine being at about 100 μM (Saetre and Rabenstein, 1978)) the Sxc transporter, under physiological conditions, exports/secretes glutamate and imports cystine (Bridges et
al., 2012). This system is an important component of antioxidant astroglial defense, as it is a source
of cysteine (that can be generated from cystine) required for glutathione production. In addition
the Sxc- system controls extrasynaptic levels of glutamate.

FIGURE 5.3: Operational arrangements of the plasmalemmal Sxc- cystine/glutamate antiporter.

5.3.3 GLUTAMINE TRANSPORTERS
Glutamine is a precursor for neuronal glutamate and GABA (after glutamate decarboxylation)
in the brain and spinal cord. Because neurons are unable to synthesize glutamate de novo, being
devoid of pyruvate carboxylase, the constant supply of glutamine from astrocytes is critical for the
maintenance of glutamatergic and GABA-ergic transmission. Glutamine in astrocytes derives from
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glutamate, being catabolized by glutamine synthetase; subsequently glutamine is translocated to
neurons through specific transport systems distinct for neurons and astrocytes. Neurons express
glutamine transporters of the system A optimized for import of glutamine, whereas astrocytes possess transporters of the system N that mediates glutamine export to the extracellular space. Glutamine transporters from both families belong to the SLC38 family (sodium-coupled neutral amino
acid transporters, or SNATs), which includes 11 members (Sundberg et al., 2008). The neuronal
system A comprises of SNAT1/SLC38A1, SNAT2/SLC38A2, and SNAT4/SLC38A4 transporters, whereas the astroglial system N is represented by SNAT3/SLC38A3 and SNAT5/SLC38A5
(although astrocytes may also express SNAT1 and 4). SNAT7/SLC38A1 transporter also belongs
to the N system and it was recently identified in neurons (Hagglund et al., 2011). All glutamine
transporters are Na+-dependent with system A transporters being electrogenic (co-transporting one
+
uncharged glutamine and one Na into the cell) and those of the system N being neutral (an entry
+
+
of one Na is balanced by an exit of one H ; Figure 5.4).

FIGURE 5.4: Operational arrangements of the plasmalemmal system N glutamine transporter.
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5.3.4 GABA TRANSPORTERS
Plasmalemmal transporters for GABA or GATs are represented by 4 members, which belong to the
extended sodium- and chloride-dependent neurotransmitter SLC6 transporter family; this family
includes transporters for norepinephrine (noradrenaline), dopamine, serotonin, taurine, creatine,
and neutral amino acids, such as proline. GABA transporters are classified as GAT1/SLC6A1,
GAT2/SLC6A11, GAT3/SLC6A12, and betaine/GABA transporter-1 (BGT1/SLC6A12). All
GATs are symporters which translocate one GABA molecule (which is a zwitterion and hence is
+
net uncharged at physiological pH) together with two Na ions and one Cl ion (Figure 5.5). Astroglial perisynaptic processes predominantly express GAT3 (Conti et al., 2004). According to the
stoichiometry, GABA uptake is an electrogenic process, which is manifested by an inward current,
+
and physiological activation of GATs can elevate [Na ]i by up to ~ 5–7 mM (Kirischuk et al., 2012).

FIGURE 5.5: Operational arrangements of the plasmalemmal GABA transporter.
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5.3.5 GLYCINE TRANSPORTERS
Plasmalemmal glycine transporters (GlyTs) exist in two varieties, the GlyT1/SLC6A9 and GlyT2/
SLC6A5. Astrocytes in the hippocampus, cortex, cerebellum, brain stem, and spinal cord express
GlyT1/SLC6A9, whereas GlyT2 is expressed in neurons (Eulenburg and Gomeza, 2010). GlyT1
+
is a sodium-dependent symporter that translocates a single molecule of glycine together with 2 Na
+
and 1 Cl (Figure 5.6). Being Na -dependent these transporters can revert in consequence of an
+
increase in cytosolic Na concentration and/or cell depolarization. These transporters are important
for maintaining extracellular glycine homeostasis and their genetic ablation triggers respiratory
abnormalities and early death (Gomeza et al., 2003).

FIGURE 5.6: Operational arrangements of the plasmalemmal glycine transporter.

5.3.6 ADENOSINE TRANSPORTERS
In the brain, adenosine is transported through specific transporters known as plasmalemmal
equilibrative nucleoside transporters ENT1/SLC29A1, ENT2/SLC29A2, ENT3/SLC29A3, and
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ENT4/SLC29A4. These transporters being equilibrative are directly controlled by the transmembrane gradient of adenosine concentration (Figure 5.7). In addition astrocytes (at least in vitro)
+
express Na -dependent concentrative nucleoside transporter CNT2/SLC28A2 (which is essen+
tially Na /adenosine symporter; Figure 5.7), which significantly contributes to adenosine uptake
(Peng et al., 2005). Intracellular adenosine concentration in astroglia is low, because adenosine is
constantly degraded by cytosolic adenosine kinase, and therefore astrocytes physiologically act as
an adenosine sink.

FIGURE 5.7: Operational arrangements of the equilibrative (ENT1,2) and concentrative (CNT2)
plasmalemmal nucleoside transporters, which provide for astroglial adenosine uptake.

5.3.7 DOPAMINE TRANSPORTERS
Plasmalemmal dopamine is transported into astrocytes by a large neutral amino acids transporter
encoded by the SLC7A5 gene. The dopamine precursors tyrosine and L-DOPA are taken from
the blood by LAT1/4F2hc complex, which is expressed in astroglia. Astrocytes may also express
functional dopamine transporter DAT1/SLC6A3. L-DOPA has been shown to be transported by
an organic cation transporter 1, which has also been identified in astrocytes. In the striatum, astrocytes act as a reservoir for L-DOPA, which they release into the extracellular space from which
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dopamine gets subsequently transported into neurons (Asanuma et al., 2014). Incidentally, in the
absence of astrocytes, at least in the in vitro system, L-DOPA becomes neurotoxic, and the addition
of astroglia to the neuronal culture system is imperative to converting L-DOPA into a neuroprotective agent (Mena et al., 1996).

5.3.8 D-SERINE TRANSPORTER
Along with glycine, D-serine is a positive neuromodulator (also known as a co-agonist) of NMDA
receptors in the CNS. The maintenance of physiological concentrations of D-serine in the interstitial space is fundamental for normal NMDA-mediated transmission; increased levels of D-serine may account for neurotoxicity in, for example, amyotrophic lateral sclerosis (also known as
motor neuron disease, Lou-Gehrig’s disease, and rarely as Charcot disease), whereas a decreased
production of D-serine can contribute to aberrant glutamatergic transmission in schizophrenia
(Martineau et al., 2014). The synthesis of D-serine is catalyzed by serine racemase that is present in
neurons and in astroglia. The transport of D-serine across the astroglial plasma membrane is mainly
mediated by a neutral amino acid transporter subtype ASCT2 (SLC15A), which is an alanine-,
+
+
serine-, cysteine-preferring neutral amino acid transporter. The ASCT2 is Na -dependent with Na
to amino acid stoichiometry of 1:1 (Maucler et al., 2013).
5.3.9

A NOTE ON ASTROGLIAL ROLE IN REGULATION OF
NEUROTRANSMITTERS HOMEOSTASIS
Evolutionary specialization led to a segregation of functions between neurons and astroglia. In
the context of neurotransmission the enzymatic cascades responsible for catabolism of major neurotransmitters glutamate, GABA, and adenosine have been concentrated in astrocytes, albeit astrocytes are responsible for de novo synthesis of glutamate. Catabolizing enzymes are further assisted
by specific plasmalemmal transporters which provide for the removal of neurotransmitters from the
extracellular space and supply of neurons with relevant precursors.
5.3.9.1 Astroglia Control Glutamate Homeostasis and Glutamatergic Transmission in the
CNS
Glutamic acid, commonly known as glutamate, is an amino acid that is ubiquitously present in cells,
tissues, and organs. In the nervous system, glutamate is the main excitatory neurotransmitter. Glu2+
tamate is accumulated in presynaptic vesicles, which through Ca -regulated exocytosis release glutamate into the synaptic cleft. Postsynaptic actions of glutamate are mediated through ionotropic
and metabotropic receptors. Importantly, the excess of glutamate is highly neurotoxic, and hence
extracellular glutamate concentration should be precisely controlled. There is also an important
biochemical restriction: neurons are incapable of de novo synthesis of glutamate; the latter is syn-
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thesized in astrocytes from pyruvate (glucose metabolite) as a by-product of the tricarboxylic acid
cycle using a mitochondrial enzyme pyruvate carboxylase, expressed in the brain only in astroglia
(Hertz et al., 1999). Finally, the blood-brain barrier does not allow for glutamate exchange with the
blood, and hence, all glutamate in the brain must be synthesized and catabolized within the CNS.
These properties of glutamatergic system stipulate severe restrictions on the brain glutamate homeostatic system, which must (i) prevent contamination by non-synaptically released glutamate; (ii)
allow for a rapid removal of glutamate from the synaptic cleft; (iii) ensure an effective catabolism of
glutamate; (iii) provide the means for a rapid replenishment of the glutamate-releasable pool in the
presynaptic terminals; and (iv) keep ambient extracellular glutamate concentration under control.
In the CNS, the majority of glutamatergic synapses are enclosed by the membrane of astrocytic perisynaptic processes (refer to the concept of astroglial cradle explained in Section 1.4); the
astroglial perisynaptic membranous sheath prevents glutamate from spilling over from the synaptic
cleft and interacting with nearby synapses. At the same time glutamate is rapidly removed from
the synaptic cleft by plasmalemmal glutamate transporters, which are mostly located in astroglial
plasma membranes and, to a considerably lesser extent, in the postsynaptic neuronal membrane. The
presynaptic terminal is mainly devoid of plasmalemmal glutamate transporters.
Astrocytes are the main regulators of extracellular concentration of glutamate in the CNS
(Zhou and Danbolt, 2013). About 80% of glutamate released during synaptic transmission is accumulated by astrocytes, with the remaining 20% being transported to postsynaptic neurons (Figure
5.8). Glutamate uptake by astrocytes is fundamental for preventing excitotoxicity in response to
accumulation of high glutamate levels in the extracellular space; the removal of astrocytes from
neuronal glial co-cultures, for example, greatly increases neuronal vulnerability and amplifies neuronal death.
As a matter of fact, synaptic transmission is associated with a continuous one-directional
flow of glutamate from presynaptic terminal into astrocytes. This process of depletion of the presynaptic pool of releasable glutamate is balanced by an astroglia-based system for recovering glutamate
back to the presynaptic terminal and to the synaptic vesicles. After being captured by astrocytes,
glutamate can be converted into glutamine. This conversion of glutamate to glutamine is catalyzed
by glutamine synthetase (solely expressed by astrocytes, and even used as their specific marker); this
process requires energy—one ATP molecule per conversion. Glutamine synthetase is also a key enzyme of nitrogen metabolism because it utilizes and detoxifies ammonia, which is the end product
of amino acid degradation. Glutamine consequently is released from astrocytes (by transporters
of the N system) into the extracellular space from which it is accumulated by presynaptic neurons
(by the A transport system, see Section 5.3.3). In the presynaptic neurons glutamine is hydrolyzed
to glutamate; this process is catalyzed by phosphate-activated glutaminase, and does not require
energy. The newly synthesized glutamate is accumulated by synaptic vesicles through specific vesicular glutamate transporters (VGLUTs). This cycling of glutamate/glutamine is known as the
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FIGURE 5.8: Glutamate uptake by glial and neuronal cells. Glutamate released during synaptic activity is removed from the cleft by plasmalemmal glutamate transporters; about 80% of glutamate is accumulated by astrocytes and ~ 20% by postsynaptic neurons; presynaptic terminals, in general, do not
uptake glutamate. Glutamate receptors are shown; mGluRs can recruit calcium from the endoplasmic
reticulum (ER).

glutamate-glutamine shuttle (Figure 5.9); importantly glutamine appearance in the extracellular
milieu does not have toxic consequences although may affect neuronal excitability (see Chapter 7).
Inhibition of the glutamate-glutamine shuttle suppresses glutamatergic transmission. For
example, chicken glutamate-dependent memory formation disappears 5 min after blockade of the
astroglial oxidative phosphorylation with fluoroacetate. In the retina inhibition of astroglial glutamine synthetase suppresses responses to light within 2 minutes. In contrast, in the hippocampus,
glutamatergic transmission can last for several hours after the occlusion of the glutamate-glutamine shuttle.
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FIGURE 5.9: Astrocytes maintain glutamatergic and GABA-ergic transmissions through glutamate-glutamine and GABA-glutamine shuttles. After entering the astrocytic cytosol, as a consequence
of uptake (or the de novo production in mitochondria), glutamate (Glu) is converted into glutamine
(Gln) by glutamine synthetase (GS). Glutamine is then transported back to the presynaptic terminals,
where it is converted into glutamate in excitatory, and a biochemical step (decarboxylation of glutamate) further into GABA in inhibitory, synapses; these neurotransmitters subsequently are accumulated into synaptic vesicles.

Astroglial cells are also central in the regulation of extrasynaptic glutamate concentration,
through glutamate secretion via Sxc- cystine/glutamate antiporters (Figure 5.10). Release of glutamate through this pathway maintains relatively high (around 20 μM) extrasynaptic glutamate concentration that provides for the tonic activation of extrasynaptic metabotropic glutamate receptors
(type 2/3 mGluRs), which in turn regulate the neurotransmitter release in most of the CNS locations (activation of these mGluRs suppresses the release of glutamate and dopamine). Alterations
of this mechanism, through an aberrant Sxc- activity may substantially alter neurotransmission and
is hypothesized to be the main mechanism of drug addiction. In experimental animals, chronic cocaine treatment led to a decrease in the activity of Sxc-, decrease in extrasynaptic glutamate levels,
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and aberrant glutamatergic transmission. Restoration of the Sxc- activity led to a disappearance of
cocaine-seeking behavior. Similar mechanisms were also suggested to contribute to nicotine addiction (Knackstedt et al., 2009; Moussawi et al., 2011).

FIGURE 5.10: Astrocytes regulate synaptic and extrasynaptic levels of glutamate. Plasamlemmal glutamate transporters concentrated around the synaptic cleft provide for an effective glutamate uptake
and ensure low (~ 25 nM) glutamate concentrations at the rest and rapidly remove the excess of glutamate associated with synaptic transmission. Cystine-glutamate antiporters localized exstrasynaptically
release glutamate in exchange for cystine and thus maintain relatively high (around 20 µM) glutamate
concentration necessary to activate presynaptic type 2/3 metabotropic glutamate receptors, which as
auto-receptors negatively regulate the neurotransmitter release.

5.3.9.2 Astroglia and GABA-ergic Transmission
Astrocytes are critically important for the maintenance of inhibitory transmission in the brain,
which is mediated by GABA. First, astrocytes contribute to the removal of GABA from the synap-

MEMBRANE TRANSPORTERS 85

tic cleft by plasmalemmal glutamate transporters GAT3 (the main astroglial subtype) and GAT1.
Second, astrocytes provide GABA-ergic neurons with GABA precursor. In neuronal terminals,
GABA is synthesized from glutamate, which is sourced from the astroglial glutamate-glutamine
shuttle; inhibition of the shuttle, which for inhibitory neurons often is referred to as GABA-glutamine shuttle (Figure 5.9), rapidly affects the neuronal GABA production, depletes presynaptic
GABA, and thus reduces inhibitory transmission (Ortinski et al., 2010). Third, astrocytes can release GABA either through reversed GABA transporters or possibly through anion channels. The
cytosolic concentration of GABA in astroglial cells can be quite high, approaching ~ 1 to 2.5 mM.
The reversal potential of astroglial GATs lies very close to the astroglial resting membrane potential and hence even small depolarizations favor a GABA efflux. Furthermore, GABA transport is
+
+
directly controlled by Na concentration inside astrocytes, and an increase in [Na ]i also favors the
reversal of GATs (Unichenko et al., 2013). Diffusional release of GABA via anion channels of
bestrophin 1 subfamily was also proposed in healthy cerebellar astrocytes and in reactive astrocytes.
Astroglial release of GABA can contribute to tonic inhibition in the CNS and also may have a
pathological relevance, for example, in the context of Alzheimer’s disease ( Jo et al., 2014).
5.3.9.3 Astroglia and Adenosine Homeostasis
In the CNS, ATP is continuously released by neurons (in the course of neurotransmission through
vesicular release, as ATP is co-released with many neurotransmitters) and by neuroglia (by exocytosis and/or diffusion through plasmalemmal channels). As already mentioned, ATP released into
the extracellular space is rapidly degraded to ADP, AMP, and finally to adenosine by ubiquitous
ecto-nucleotidases. Physiological levels of adenosine in the CNS are generally regulated by astrocytes (Boison et al., 2010). As discussed earlier, adenosine is taken up into astrocytes by two
+
types of equilibrium transporters and a single type of Na -dependent concentrative transporter;
subsequently adenosine is catabolized intracellularly by adenosine kinase (Figure 5.11). This main
enzyme of the adenosine metabolism in the CNS is predominantly expressed in astrocytes. Inhibition of adenosine kinase substantially affects CNS levels of adenosine, while genetic ablation of
the enzyme in vitro promotes the adenosine release from astrocytes. Over-expression of adenosine
kinase induces seizures because of lowered adenosine levels and a decreased presynaptic inhibition.
Conversely, pharmacological blockade of adenosine kinase reduces seizures in epileptic animal
models because of an increased adenosine concentration and an increased presynaptic inhibition.
As a result, astroglia-localized adenosine kinase acts as a dynamic regulator of adenosine levels in
the CNS. This is a vital function, because of the omnipresence of adenosine receptors in the neural
cells and their role in tonic inhibition. Transgenic deletion of adenosine kinase is lethal. Moreover,
the enzyme is strictly evolutionarily conserved, and there are no known mutations of it, most likely
because sporadic mutations could be inconsistent with life.
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FIGURE 5.11: Astrocytes control the CNS metabolism of adenosine. ATP in the extracellular
space is rapidly degraded by ecto-nucleotidases into adenosine (ADO), which is accumulated into
astrocytes by nucleotoside transporters. Inside the astrocytes adenosine levels are controlled by the
astroglia-specific enzyme adenosine kinase, which converts adenosine into AMP; the vice versa conversion is accomplished by intracellular 5'-nucleotidases. Even relatively small changes in the activity
of adenosine kinase result in large changes in adenosine concentrations. Adenosine kinase therefore is
regarded as a metabolic regulator for adenosine signaling in the CNS. (Redrawn from Boison et al.,
2010).

5.3.10 PLASMALEMMAL SODIUM-CALCIUM EXCHANGER (NCX)
Plasmalemmal sodium-calcium exchanger (NCX) belongs to the SLC8 family (Lytton, 2007) that
includes 3 types of plasmalemmal exchangers, NCX1/SLC8A1, NCX2/SLC8A2, and NCX3/
+
2+
SLC8A3, along with the mitochondrial Na /Ca exchanger NCLX/SLC8B1. All three types of
NCX are expressed in astroglia (Parpura and Verkhratsky, 2012) and all of them exchange sodium
+
2+
+
2+
for calcium with a stoichiometry of 3Na : 1Ca or 4Na : 1Ca and according to the thermody2+
+
2+
namics may operate in both forward (Ca extrusion associated with Na influx) and reverse (Ca
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entry associated with Na extrusion) modes (Figure 5.12). The switch between forward/reverse
+
2+
operational modes is controlled by Na and Ca transmembrane ion gradients (which define the
reversal potential for the exchanger, ENCX) and the membrane potential. The reversal potential for
NCX could be calculated using the simple formula ENCX = (nENa – 2ECa)/(n - 2), where n is a
+
+
2+
stoichiometry of Na , while ENa and ECa are equilibrium potentials of Na and Ca , respectively.
+
Depolarization and increase in intracellular Na concentration favor NCX operation in the reverse
+
2+
+
mode. Another version of Na /Ca exchanger, the K -dependent NCX (NCKX/SLC24), is exclu+
2+
sively expressed in neurons and has not been detected in astrocytes. Finally, mitochondrial Na /Ca
+
+
exchanger (NCLX/SLC8B1) transports Na into and Ca out of the mitochondrial matrix, and it
is present in astrocytes (Parnis et al., 2013).

FIGURE 5.12: Operational arrangements of the plasmalemmal sodium-calcium exchanger (NCX).

5.3.11 SODIUM-PROTON EXCHANGER (NHE)
+
+
The Na /H exchangers (plasmalemmal and intracellular) appeared very early in evolution and
are ubiquitous for all life forms (Brett et al., 2005). In mammals, the NHE pumps protons out of
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the cell at the expense of the transmembrane Na gradient. NHE acts as a major system expelling
protons generated by cellular mechanism. The reversal potential of NHE (assuming cytosolic pH
+
of 7.2 and extracellular pH at 7.4) lies at about +62 to +69 mV that ensures it operates as an H
extruder (Figure 5.13). There are at least 8 genes (NHE1-8/SLC9A1-A8) encoding this exchanger
in the human genome. Astrocytes express NHE, although their intracellular pH is less dominated
by it due to the presence of sodium-bicarbonate co-transporter. NHE is electroneutral with stoi+
+
chiometry of 1Na : 1H .

FIGURE 5.13: Operational arrangements of the sodium proton exchanger (NHE) and sodium-bicarbonate exchanger (NBC).

5.3.12 SODIUM-BICARBONATE CO-TRANSPORTER (NBC)
The sodium-bicarbonate transporter NBC/SLC4A4 is involved in pH homeostasis by providing
for transmembrane translocation of bicarbonate. NBC is an electrogenic co-transporter (Figure
+
5.13) with stoichiometry of 1 Na : 2 or 3 HCO3-; NBC is expressed in astroglia with higher expression levels in grey matter astrocytes and in Bergmann glia.
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5.3.13 A NOTE ON ASTROCYTES AND REGULATION OF pH IN THE CNS
The pH in both the extracellular space and the cytoplasm of all cells in the nervous system is the
subject of tight control by numerous buffering systems. The extracellular pH (pHo) varies between
7.2 and 7.4, whereas intracellular pH in both neurons and glia may vary between 6.8 and 7.5, the
+
physiological level being around 7.2. This means that the concentration of free protons, H , is quite
low, being somewhere around 40–60 nM in the extracellular milieu and ~30–160 nM in the cytosol.
Maintenance of extracellular pH is physiologically important, as even small fluctuations of
pHo significantly alter synaptic transmission and neuronal excitability. Lowering of pH below 7.0,
for example, almost completely inhibits NMDA receptors. In addition, acidification of the extracellular space can activate proton-sensitive cationic channels (known as ASICs—Acid-Sensitive Ion
Channels) present in many types of neurons and astrocytes. Neurons and neuronal terminals are
the main source of protons in the brain. Neurons, as the main consumers of energy, produce CO2,
which is the terminal product of oxidative metabolism. The CO2, by reacting with water, produces
–
+
protons (CO2 + H2O 1 H2CO3 1 HCO3 + H ). Protons are also released in a course of synaptic
transmission, as synaptic vesicles are acidic (with pH ~ 5.6). These changes are counterbalanced
+
–
by astroglial bicarbonate and proton transporters; particularly important is Na /HCO3 cotrans–
porter (NBC), which can operate in both directions, either supplying or removing HCO3 from
+
the extracellular space (Deitmer and Rose, 2010). NBC, being electrogenic and Na dependent,
+
can be reversed depending on membrane potential and intracellular Na concentration. NBC is
–
very sensitive to bicarbonate levels being active at [HCO3 ] as low as 0.3 mM. NBC provides the
+
main buffering capacity for the astroglial cytosol. Astrocytes also contribute to extracellular H
+
concentration through the release of H together with lactate by MCT1 transporter; incidentally,
+
lactate/H transport can be coordinated with movements of bicarbonate by NBC that may, possibly,
+
facilitate lactate release. Second, astrocytes remove H from the extracellular space by glutamate
+
+
transporters that co-transport glutamate with 3 Na and 1 H .
5.3.14 A NOTE ON ASTROGLIA AND CENTRAL CHEMOCEPTION OF pH
AND CO2
Astroglia in the CNS seems to contribute to systemic homeostasis of pH and CO2. Homeostatic
control over body CO2 and pH homeostasis is controlled by several mechanisms. The level of CO2
in the arterial blood is monitored by chemosensors located in the carotid and aortic bodies and
in the dedicated regions of the CNS. In the brain the changes in the CO2 level are monitored by
central chemosensors, localized mainly in the lower brainstem; these contribute to the regulation
of respiration; and arguably around 80% of the ventilatory response is controlled by the CNS. The
chemosensors are associated with specialized neurons in the medulla oblongata, pons, as well as
with brainstem astrocytes.
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FIGURE 5.14: Astrocytes in systemic regulation of CO2 and pH. Changes in pH of the blood trigger
Ca2+ signals and Ca2+ waves in astrocytes localized in the chemosensing areas of the brainstem. These
Ca2+ signals trigger the release of ATP from astrocytes. Similarly, increases in blood CO2 initiate the
release of ATP from astrocytes. Released ATP in turn stimulates respiratory neurons and rhythm-generating respiratory circuits that control the ventilatory response.

Astroglial cells, which are present in the chemosensing areas of the brainstem are highly
sensitive to physiological fluctuations of pH and pCO2 (Gourine and Kasparov, 2011). Even small
2+
decreases in pH trigger astroglial Ca signals, which in turn initiate the release of ATP from these
2+
astrocytes. ATP in turn induces propagating Ca waves through astroglial syncytia localized in the
ventral medulla. At the end point, ATP released from astroglial ensembles stimulates respiratory
neurons and rhythm-generating respiratory circuits that control the ventilatory response (Figure
5.14). Likewise, increases in pCO2 stimulate the astroglial release of ATP. Importantly, pH-sensi-
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tive and CO2-sensitive ATP release events occur independently via distinct mechanisms: Ca -regulated exocytosis in the case of pH, and diffusional ATP release through connexon hemichannels
in the case of CO2. The ability of chemosensing is specific to astrocytes from the brainstem, as in
other brain regions astroglia is devoid of such a capability.

5.3.15 SODIUM-POTASSIUM-CHLORIDE CO-TRANSPORTER (NKCC1)
+
+
The Na -K -Cl cotransporter 1 (classified as SLC12A2) contributes to the regulation of extracel+
+
+
lular K homeostasis in the CNS. It electroneutrally transports Na , K , and Cl ions into and out
+
+
of the cell with a stoichiometry of 1 Na :1K :2Cl . Based on its pharmacological sensitivity to furosemide or bumetanide, NKCC1 has been shown to operate in cultured astrocytes and in astrocytes
from the rat optic nerve.
5.3.16 VESICULAR NEUROTRANSMITTER TRANSPORTERS
Vesicular transporters for glutamate (VGLUT1-3/SLC17A6-8) and for nucleotides (VNUT/
SLC17A9) are expressed in astrocytes where they mediate the accumulation of glutamate and ATP
2+
into vesicles, thus being a part of Ca -regulated exocytosis of neurotransmitters (see Chapter 7).
5.3.17 MONOCARBOXYLATE TRANSPORTERS (MCTs)
The plasmalemmal monocarboxylate transporters (MCTs) of the SLC16 family are used by astrocytes to transport lactate, produced in the astroglia through anaerobic glycolysis, into the extracellular space from which is taken up by neurons, where it is subsequently used as an energy substrate
(the astroglial-neuronal lactate shuttle).
5.3.18 ASCORBIC TRANSPORTERS
+
Astrocytes express plasmalemmal Na -dependent ascorbic acid transporters SVCT2 (SLC23),
which translocate the reduced form of ascorbic acid. These are electrogenic sodium/ascorbate
+
co-transporters with a stoichiometry of 2 Na together with one ascorbate (Figure 5.15). The oxidized form of ascorbate, dehydroascorbic acid, may be transported by glucose transporters of the
SLC2 family.
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FIGURE 5.15: Operational arrangements of the ascorbate transporter.

5.3.19 A NOTE ON THE ASTROGLIAL ANTIOXIDANT SYSTEM
Astrocytes are the main cellular component of the anti-oxidative defense of the brain. First, astrocytes are the exclusive producers of glutathione that forms the backbone of the anti-oxidant
system of the nervous tissue being one of the major scavengers of the reactive oxygen species
(ROS). Generation and secretion of glutathione is critical for containments of oxidative stress
and for detoxification of xenobiotics. The prevention of oxidative stress is specifically important
for the CNS, which, because of its intense energetics, has high oxygen consumption, with an inevitable massive production of ROS. Removal of these species is one of the primary responsibilities
of astroglia, because mature neurons express minute levels of Sxc- transporter and are unable to
maintain cystine transport.
Astrocytes produce glutathione from cystine, which they accumulate from the extracellular
space through the cystine-glutamate exchanger (see Section 5.3.2). In astrocytes cystine is reduced
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to cysteine, which is converted to γ-glutamylcysteine and subsequently to glutathione (Figure 5.16).
Neurons lack the ability to synthesize glutathione directly, because they cannot accumulate cystine,
neither can they reduce cystine to cysteine, albeit they can uptake cysteine via EAAT3 (Chen and
Swanson, 2003). Neurons therefore utilize astroglia-derived glutathione, or (in conditions of oxidative stress) utilize L-cysteine also released by astrocytes as a glutathione precursor (the “cystine/
cysteine cycle” (Bridges et al., 2012)).

FIGURE 5.16: Production of glutathione is astroglia: molecular pathways.

Astrocytes are similarly fundamental for another anti-oxidant system associated with
ascorbic acid (vitamin C). Ascorbic acid is a potent antioxidant which, when reacting with ROS,
transforms into the oxidized form, or dehydroascorbic acid that is a highly neurotoxic compound.
The dehydroascorbic acid, which appears in neurons following scavenging the ROS is released into
the cerebrospinal fluid; subsequently it is accumulated into astrocytes through a Na+-dependent
electrogenic co-transporter. This is a rather powerful system, which may bring intracellular level of
ascorbic acid in astrocytes in vitro up to 8 mM. Inside the astrocytes, the dehydroascorbic acid is
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converted to ascorbate, which is then released into extracellular space ready for the next cycle of
ROS scavenging.

5.3.20 ZINC TRANSPORTER AND ZINC HOMEOSTASIS
Zinc ions are important for the regulation of multiple processes in eukaryotic cells, which devel2+
2+
oped a sophisticated machinery for Zn homeostasis. In the CNS, Zn is mainly released from
glutamatergic synapses and interacts with plasmalemmal receptors, in particular the NMDA type,
2+
and contributes to synaptic plasticity. Transmembrane transport of Zn employed specific zinc
transporters ZnTs/SLC30 and members of metal transporters family ZIPs/SLC39, which provide
2+
2+
for both an efflux of Zn through the plasma membrane and the Zn accumulation into intracellular organelles or synaptic vesicles. Zinc can also permeate through cationic channels. Some astrocytes (in particular Bergmann glial cells) express high densities of ZnTs, although the precise role
2+
2+
of astroglia in Zn homeostasis and role of Zn in glial signaling and glial-neuronal interactions
remains to be characterized (Sekler and Silverman, 2012).
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CHAPTER 6

Ionic Signaling in Astroglia
Despite a common ontogenetic origin, neurons and astroglia are fundamentally different in their
excitability. Neuronal excitability, which is generally defined as electrical excitability, is determined
+
+
by the existence of a specific complement of voltage-gated ion channels (Na channels, K chan2+
nels, and, to a lesser extent, Ca channels) in the plasmalemma. Depolarization of the neuronal
plasma membrane (resulting from a sensory or synaptic input) to a certain threshold activates these
channels, which in turn generate regenerative action potentials that propagate throughout excitable
membranes and underlie long-range nerve impulse conduction by axons. Astrocytes are electrically
non-excitable and unable to generate plasmalemmal action potentials due to a very low density of
+
voltage-gated channels in their plasma membranes in association with the high resting K permeability. Nevertheless, glial cells are excitable, in the sense of actively responding to information from
their surroundings. The substrate for glial excitability is associated with spatially and temporally
controlled fluctuations in concentration of intracellular ions, mainly calcium and sodium, which in
turn regulate and control numerous molecular cascades contributing to glial physiological processes.

6.1

CALCIUM SIGNALING: GENERAL PRINCIPLES

6.1.1 CALCIUM SIGNALING: AN EVOLUTIONARY PERSPECTIVE
Calcium ions are without doubt the most widespread and ubiquitous signaling molecules operating
in all types of living cells (Heilbrunn, 1943; Carafoli, 2002; Berridge et al., 2003; Petersen et al.,
2+
2005). The role of Ca as an omnipresent second messenger has ancient evolutionary roots (Case
et al., 2007; Plattner and Verkhratsky, 2013). Tight regulation of intracellular concentration of
2+
calcium ions, as well as Ca -mediated functional signaling, is a common feature of all life forms
of which we are aware. This certainly reflects the importance of this ion for the form of life, which
uses ATP as a main energy substrate, that emerged on Earth some 3.5–3.8 billion years ago. ATP
2+
metabolism can proceed only at very low Ca concentrations (Burnstock and Verkhratsky, 2012),
2+
and hence, the maintenance of low cytoplasmic Ca is of paramount importance for cell energetics.
2+
In addition, Ca ions interact with multiple biological molecules because of special properties of
2+
Ca that include flexible coordination chemistry, high affinity for carboxylate oxygen, which is the
most frequent motif in amino acids, rapid binding kinetics, and effects on fluidity and fusion of
cellular membranes ( Jaiswal, 2001). Increases of intercellular calcium are essential for cell signaling,
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yet high Ca concentrations, at the same time, are dangerous for biological material; the excess of
2+
Ca (>1–10 μM) causes the precipitation of phosphates, alters the integrity of lipid membranes
and causes aggregation of proteins and nucleic acids (Case et al., 2007; Williams, 2007). Therefore,
2+
from the very dawn of evolution, the tight control over Ca concentration in the cellular compart2+
ments was executed through the containment of diffusional Ca fluxes paired with active transport
2+
2+
systems that pumped Ca out of the intracellular space. This tight control over Ca is present
2+
throughout all the life forms, and in all the living cells cytosolic Ca is maintained at comfortably
low concentrations—somewhere ~ 10,000–20,000 times lower than that in the extracellular milieu
(Case et al., 2007; Plattner and Verkhratsky, 2013).
2+
The evolutionary basis for the emergence of Ca as the ion of life and death might lie in the
chemical composition of the highly alkaline prebiotic ocean, which only contained very low Ca2+
concentrations that are comparable with its characteristic cytosolic levels (Kazmierczak et al., 2013),
2+
and thus the primordial biochemistry evolved under low Ca conditions. Over the first billion years
2+
of evolution, prokaryotic life forms experienced a slow increase in the Ca content of the ocean that
2+
initiated the development of molecular cascades aimed at preserving low cytosolic Ca , which, in
turn, gave rise to the appearance and evolution of the calcium homeostatic machinery. These envi2+
ronmental changes also lead to the appearance of transmembrane Ca gradients in the cell interior
2+
2+
that are associated with dynamic intracellular Ca stores that are endowed with Ca pumps and
2+
intracellular Ca release channels.

6.1.2 CALCIUM SIGNALING: MOLECULAR MECHANISMS
2+
During the evolution of eukaryotes, Ca has become the most universal second messenger. Cal2+
cium signals are generated in response to widely different stimuli; Ca influx into the cytosol may
2+
initiate local (so-called Ca microdomains) as well as global (i.e., flooding the entire cell) increases
2+
2+
in intracellular calcium concentration ([Ca ]i) which exceed the resting Ca level by 10–100 times.
2+
These changes in [Ca ]i regulate a variety of functions, including secretion (exocytosis), locomotion
(muscle contraction, ciliary beat regulation, or cell migration), gene expression, cell division, energy
production, etc. (Kostyuk and Verkhratsky, 1995; Berridge et al., 2003).
2+
Cytoplasmic concentration of free Ca in most (if not in all) living cells is set around 50–100
2+
2+
nM, whereas Ca concentration in the extracellular space and in Ca storing intracellular organ2+
elles ranges between 0.5 and 2 mM. This exceptionally steep Ca concentration gradient forms the
2+
2+
driving force for Ca signaling; Ca ions diffuse into the cytosol. The second fundamental compo2+
nent of Ca signaling is represented by the existence of several intracellular compartments, which
2+
2+
control Ca movements in a very different way, therefore creating steep Ca concentration gradi2+
ents within the cell (Figure 6.1). Movements of Ca between these compartments and between the
cell and extracellular space produce very rapid, and quite often much localized, fluctuations of free
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Ca in different regions of the cell and within different intracellular organelles; these fluctuations
convey the signals to local enzymatic cascades (Petersen et al., 2005).

FIGURE 6.1: Calcium distribution and calcium signaling cascades in intracellular compartments.
2+
2+
Stimuli-induced increases in [Ca ]i could be caused by the entry of Ca from the extracellular
2+
space through ionotropic receptors or store-operated channels (SOC). Plasmalemmal Ca pumps/
2+
ATPases (PMCA) can extrude cytosolic Ca , while the plasmalemmal sodium-calcium exchanger
+
(NCX) can operate in both directions depending of intercellular Na concentration and membrane
2+
potential. An additional source of Ca is available from the ER internal store that possesses inositol
1,4,5-trisphosphate (InsP3) receptors, which can be activated by the activity of metabotropic G-protein coupled receptors (GPCRs) and phospholipase C (PLC). The ER store is (re)filled by the ac2+
2+
tivity of the store-specific Ca -ATPase (SERCA). Cytosolic Ca levels can be affected by a variety
2+
of cytosolic Ca -binding proteins (CBPs) and by the action of mitochondria. A negative membrane
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potential exists across the inner mitochondrial membrane. Mitochondrial Ca uptake occurs through
voltage-dependent anion channels (VDACs) present in the outer membrane and by the uniporter in
2+
2+
the inner membrane as the electrochemical gradient drives Ca into the matrix, while free Ca exits
+
2+
the mitochondrial matrix through the mitochondrial Na /Ca exchanger and transient opening of the
2+
mitochondrial permeability transition pore (MPTP). Concentrations of free Ca in different compart2+
ments are indicated on the scheme. Inset shows various Ca effector molecules, sensors, and enzymes.
CaM, camodulin; RAF, Rapidly Accelerated Fibrosarcoma (a family of kinase); Ras, Rat sarcoma (a
family of proteins called small GTPase); MAPK, mitogen-activated protein kinase (MAPK); MEK,
MAPK kinase. Modified from (Verkhratsky et al., 2012).
2+

2+

Molecular systems controlling Ca movements are represented by membrane Ca channels
2+
2+
(both plasmalemmal and intracellular), cytoplasmic Ca buffers, and several sets of membrane Ca
2+
2+
transporters represented by Ca pumps and Ca exchangers (Carafoli, 2002; Berridge et al., 2003;
Petersen et al., 2005). By combining different molecular components the versatility, adaptability,
2+
and resilience of the Ca signaling system is achieved because cells can create the context-de2+
2+
pendent “Ca signaling toolkits” (Berridge et al., 2003), that accommodate Ca signaling to the
2+
environmental context. The composition of Ca signaling toolkits defines spatial and temporal
2+
2+
parameters of Ca signaling. Importantly, molecular components of the Ca homeostatic/signaling
2+
2+
system are directly controlled by Ca ions themselves, so that changes in Ca concentrations in
2+
different cellular compartments affect the function and/or availability of both Ca channels and
2+
2+
2+
Ca transporters. For example, plasmalemmal Ca channels are generally subject to Ca -depen2+
dent inactivation. The Ca concentration gradient over the ER membrane controls the availability
2+
2+
of Ca release channels for activation and efficacy of Ca pumping through the endomembrane,
thus ensuring feedback control and versatility (Burdakov et al., 2005).
2+
2+
The effector part of Ca signaling system is represented by “Ca sensors,” which in es2+
2+
sence are enzymes controlled by Ca ions (Figure 6.1). All these enzymes possess Ca binding
2+
sites, whereby Ca binding alters their activity and subsequently triggers or discontinues diverse
2+
biochemical processes. The differences in Ca affinity of different enzymatic systems allow for
2+
2+
amplitude coding of Ca signals. The Ca -sensitive enzymes are often specifically concentrated
2+
in cellular sub-compartments, thus providing for precise spatial coding of the Ca signals. Finally,
2+
2+
the duration and kinetics of intracellular Ca fluctuations controls the timing of Ca binding/un2+
2+
binding to the “Ca sensors,” hence forming the basis for temporal coding of Ca -signaling events
(Toescu and Verkhratsky, 1998).
2+
Intracellular Ca signals differ between intracellular compartments, such as the cytosol, endoplasmic reticulum, and mitochondria, although some other intracellular organelles, such as the
2+
Golgi complex, lysosomes, and secretory granules also contribute to intracellular Ca movements,
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Ca homeostasis, and Ca signaling. Membranes which form and fence these compartments
2+
2+
contain distinct sets of Ca channels (that allow Ca diffusion along concentration gradients) and
2+
2+
transporters (which generally are responsible for Ca transport against Ca gradient); the proper2+
ties of these channels and transporters determine the amplitude, localization, and evolution of Ca
2+
2+
signals. Movements of Ca ions are also determined by Ca concentration within cellular compart2+
ments and by electrochemical gradients. As previously disclosed, the free Ca concentration in the
2+
cytosol is set in the range of 50–100 nM; the Ca concentration in the extracellular space normally
2+
ranges between 1 and 2 mM (in mammalian systems), whereas Ca concentration in the lumen of
2+
ER ([Ca ]L) can be as high as 0.2–1 mM (Verkhratsky, 2005). These concentration/electrochemical
2+
gradients favor a Ca influx into the cytosol. Cell excitation opens plasmalemmal or intracellular
2+
2+
Ca channels, which results in spatially and temporally organized [Ca ]i fluctuations. The intra2+
cellular source for Ca signaling generation is mainly associated with the ER in the electrically
non-excitable cells, but also in electrically excitable cells such as, for instance, in cardiac and skeletal
2+
muscle cells; to the contrary, in neurons the plasmalemmal Ca pathway assumes higher impor2+
tance (Toescu and Verkhratsky, 1998). The rich complement of voltage- and ligand-operated Ca
channels expressed in the neuronal plasma membrane allows rapid transformation of membrane
2+
events into cytosolic Ca signals, which is critical for fast signaling specific for neuronal networks.
2+
The spatial organization of Ca signals is determined by the cellular distribution of Ca2+
2+
2+
channels and by intracellular Ca buffers. In the cytosol Ca buffers are characterized by high
2+
2+
(in a low nanomolar range) affinity to Ca ions. These high-affinity Ca buffers tend to localize
2+
cytosolic Ca events and assist in forming focal micro- or even nano-domains of high (1–100 μM)
2+
2+
[Ca ]i. The Ca buffers expressed in the lumen or the ER have low affinity (KD ~ 0.5 - 1 mM),
2+
which permits relatively free Ca diffusion through the lumen of the ER, thus allowing long-range
2+
2+
intracellular Ca signaling through “Ca tunnels” (Petersen and Verkhratsky, 2007).
2+
2+
The termination of cytosolic Ca signals is achieved by the energy-dependent Ca transport
2+
against concentration gradients. In both electrically excitable and non-excitable cells, Ca can be
expelled to the extracellular space by PMCA, which utilizes the ATP energy directly, or by NCX,
+
which uses energy stored in the form of transmembrane Na gradient and membrane potential.
2+
2+
Additional sink important for the termination of Ca signals is the ER, which accumulates Ca
via SERCA pumps.
2+
2+
Another cellular organelle critical for Ca signaling and Ca homeostasis is represented by
the mitochondrion (Nicholls, 2005). The double membrane of mitochondria contains two main
2+
types of Ca -permeable channels. The outer membrane incorporates voltage-dependent anion
2+
channels (VDACs) that have considerable Ca permeability, whereas the inner membrane pos2+
2+
sesses the highly selective Ca channel generally known as Ca uniporter. The molecular nature of
the uniporter has been revealed in recent years (Figure 6.2) and it appears to be a macromolecular
2+
complex (also known as mitochondrial Ca uniporter complex) composed of a mitochondrial
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FIGURE 6.2: Mitochondrial Ca uniporter complex. The double membrane of mitochondria contains
2+
two main types of Ca -permeable channels. The outer membrane incorporates voltage-dependent
2+
anion channels (VDACs) that have considerable Ca permeability, whereas the inner membrane pos2+
sesses the highly selective mitochondrial Ca uniporter complex, composed of mitochondrial calcium
2+
uniporter represented by MCU1 and MCU2 isoforms, which form highly selective Ca channels, the
2+
mitochondrial EF hand Ca uniporter regulator, also represented by 2 isoforms MICU1 and MICU2,
an essential MCU regulator (EMRE), and mitochondrial calcium uniporter regulator 1 MCUR1.
Calcium ions exit the mitochondrion via mitochondrial sodium-calcium exchanger and mitochondrial
transition permeability pore (MPTP).
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calcium uniporter represented by MCU1 and MCU2 isoforms, which form highly selective Ca
2+
channels, the mitochondrial EF hand Ca uniporter regulator, also represented by 2 isoforms,
MICU1 and MICU2, an essential MCU regulator (EMRE), and mitochondrial calcium uniporter
regulator 1 MCUR1 (Pendin et al., 2014).
The mitochondria are hugely electronegative with regard to the cytosol (the mitochondrial
membrane potential, the Δψ, created by the electron transport chain is about -180 to -200 mV).
2+
This in turn generates the electric force for Ca aimed toward the mitochondrial matrix, when
2+
2+
2+
cytosolic Ca exceeds ~ 300–400 nM. Elevation of [Ca ]i therefore triggers substantial Ca influx
into mitochondria, which activates mitochondrial enzymes, resulting in an increase in the ATP
2+
2+
production. In addition, Ca accumulation by mitochondria provides for Ca buffering, which
2+
2+
prevents large cytosolic Ca loads. The overload of mitochondria with free Ca is dangerous and
may initiate cell damage and various cell death programs.

6.2
6.2.1

CALCIUM SIGNALING AND ASTROGLIAL EXCITABILITY
2+

ENDOPLASMIC RETICULUM PROVIDES FOR Ca EXCITABILITY
OF ASTROCYTES
2+
Astroglial Ca excitability is associated with the intracellular (endo)membrane, whereas the excitability of neurons lies in their plasmalemma (Figure 6.3). In both cases, however, the molecular
substrate for excitability is represented by channels and ion pumps. In the case of neuronal mem+
+
branes the waves of opening and closing of Na and K channels produce depolarization and repo+
+
larization, whereas Na /K pumps maintain the ionic gradients. In astrocytes the waves of opening
2+
2+
2+
and closing of intracellular (i.e., ER) Ca channels controlled by InsP3 and Ca , propagate the Ca
2+
release in space, whereas activation of SERCA pumps terminates cytosolic Ca signals and restores
2+
Ca gradient between the ER lumen and the cytosol.
2+
This type of astroglial Ca excitability is almost exclusively controlled by receptors for neurotransmitters and neurohormones. The main type of astroglial responses to chemical stimulation
2+
2+
is manifested by the Ca release from the ER Ca store. The ER is highly developed in astrocytes,
forming the intricate network of microtubuli and cisternae, which forms the nuclear envelope, oc2+
cupies the cell body, and penetrates into cell processes. Concentration of free Ca in the ER lumen
of astrocytes varies between 100–300 μM, thus being lower compared to neurons, where intra-ER
2+
free Ca reaches 300–800 μM. Numerous metabotropic receptors present in astroglia (see Chapter
4), when activated by physiological stimulation, trigger the production of InsP3, which diffuses to
the ER and initiates the consequent InsP3-induced Ca2+ release from the ER. The resulting Ca2+
signals persist in Ca2+-free extracellular solutions and are sensitive to the inhibition of SERCA
pumps (by thapsigargin or cyclopiazonic acid) and to the pharmacological blockade of InsP3 re-
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ceptors (for example, by an intracellular administration of heparin). It is generally accepted that
the type 2 InsP3 receptor is predominantly expressed in astroglia, although type 1 receptors also
can be functionally relevant. The InsP3 receptors are often concentrated in the distal processes of
astrocytes, where Ca2+ signals in response to metabotropic stimulation seems to be initiated. The
role for Ca2+-induced Ca2+ release through ryanodine receptors in Ca2+ signaling in astroglia remains debatable. Activation of RyRs by caffeine was observed in thalamic astrocytes. In contrast,
little evidence was found for RyRs-mediated Ca2+ signaling in hippocampal astrocytes, despite the
fact that astrocytes in the hippocampus express RyRs receptors at both the mRNA and protein
levels (Verkhratsky et al., 2012).

FIGURE 6.3: Calcium signaling cascades in neurons and glia. The force driving calcium signaling is
2+
2+
formed by Ca concentration gradients, which in turn are created by energy-dependent Ca trans2+
port across cellular membranes. Physiological stimulation opens plasmalemmal or intracellular Ca
2+
2+
channels, thus creating Ca fluxes affecting [Ca ] in various intracellular compartments. In neural
2+
cells calcium signaling events occur either in the form of localized [Ca ]i microdomains or as global
2+
2+
[Ca ]i elevation. The Ca microdomains regulate various localized functional responses, primarily
2+
responsible for the release of neuro- and gliotransmitters. Conceptually, neuronal Ca signals mainly
2+
2+
2+
rely on the Ca entry via voltage- and ligand-gated plasmalemmal Ca channels; this Ca entry cre2+
ates shortly lived [Ca ]i microdomains which determine fast and focal neurotransmitter release from
2+
2+
the synaptic terminals. In glial cells, Ca signals are usually initiated by the Ca release from the ER,
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2+

which creates more widespread and longer-lasting [Ca ]i elevations, thus determining a slower and
2+
more sustained release of gliotransmitters. The domains of elevated [Ca ]i are sensed by mitochon2+
2+
dria, which are able to accumulate Ca via uniporter. Mitochondrial Ca entry acts as the main link
between neural cells activity and energy production by regulating mitochondrial electron transport
2+
and ATP synthesis. The Ca -signaling cascades are tightly integrated in overall cellular homeostatic
+
system. In astrocytes in particular, sodium-calcium exchanger (NCX) is co-localized with Na -dependent glutamate transporter (GLT). This arrangement allows for a rapid reversal of the transporter
+
+
in response to [Na ]i elevation associated with glutamate transport which (i) maintains Na gradients
2+
2+
needed for glutamate transporter function and (ii) creates local Ca signals by the Ca entry through
2+
the exchanger. Abbreviations: CBP, Ca -binding protein; ER, endoplasmic reticulum; GLT, glutamate
transporter; GPCR, G-protein–coupled receptor; InsP3, inositol 1,4,5-trisphosphate receptor; LGCC,
2+
ligand-gated Ca channel; NCX, plasmalemmal sodium-calcium exchanger; PMCA, plasmalemmal
2+
2+
Ca ATPase; RyR, ryanodine receptor; SERCA, sarco(endo)plasmic reticulum Ca ATPase; SOC,
2+
2+
store-operated Ca channel; SOCE, SOC entry; VGCC, voltage-gated Ca channel. (2010).

2+

6.2.2 STORE-OPERATED Ca ENTRY IN ASTROCYTES
2+
Similarly to most of non-excitable cells, Ca release from the intracellular store in astrocytes lowers
2+
intra-ER Ca concentration, which in turn activates the SOCE. Astroglial SOCE seems to be
mostly mediated by TRPC1-containing channels co-expressed combined with ancillary TRPC4
and/or TRPC5 proteins (see Section 3.6). At the same time the TRPC1-containing channels may
2+
act in concert with Orai Ca channels and most likely both are controlled by STIM proteins that
2+
act as ER Ca sensors (see Section 3.4.2 and Figure 6.4).
2+

6.2.3 IONOTROPIC Ca PERMEABLE RECEPTORS IN ASTROCYTES
2+
Several types of astroglial ionotropic receptors (see Chapter 4) have significant Ca permeability
2+
2+
and hence contribute to the plasmalemmal Ca entry. The Ca permeable ionotropic receptors are
mainly represented by AMPA and NMDA glutamate receptors as well as by P2X1/5 and P2X7 purinoceptors. These receptors, when activated by a synaptically released neurotransmitter, can generate
2+
highly localized Ca signals in perisynaptic astroglial processes.
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FIGURE 6.4: Schematic representation of the store-operated calcium entry pathway. Astroglial
2+
store-operated Ca entry (SOCE) is associated with the activation of TRP and possibly Orai chan2+
2+
nels. The intra-ER Ca concentration is constantly monitored by STIM1 proteins. The Ca -sens2+
ing properties of STIM1 are associated with two EF-hand Ca -binding motifs localized at the
2+
N-terminus that faces the lumen of the ER. At ER Ca levels above ~ 400 μM the EF motifs are
2+
assembled with the so-called sterile α-motif (SAM) domain. Decrease in the ER Ca content results
2+
in dissociation of Ca from this EF-hand motif that unfolds the EF-SAM complex, which triggers
the oligomerization of STIM1s and initiates the migration of STIM1 oligomers close to the plas2+
malemma where they form distinct puncta, loci of their interaction with and activation of Orai Ca
2+
2+
channels. Increase in the ER Ca , i.e., a replenishment of the ER store with Ca via SERCA, triggers the opposite process, which results in dissociation of the STIM1 complex from TRPC or Orai
channels and inactivation of SOCE.
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6.2.4

PLASMALEMMAL SODIUM/CALCIUM EXCHANGER IN
2+
ASTROGLIAL Ca SIGNALING
+
2+
Na /Ca exchanger represents another (and possibly the most important) molecular pathway for
2+
2+
plasmalemmal Ca influx in astroglia. Entry of Ca ions through NCX operating in the reverse
mode has been found in astrocytes in culture and in situ in brain slices (Kirischuk et al., 1997).
Conceptually, at resting conditions, NCX in astrocytes almost always operates in the reverse mode
2+
+
+
(i.e., it mediates a Ca entry and a Na efflux) because relatively high cytosolic Na concentration
sets the reversal potential for NCX around -90 mV which is slightly more negative than a typical
astroglial RMP (Kirischuk et al., 2012).
2+

6.2.5 MITOCHONDRIA IN ASTROGLIAL Ca SIGNALING
2+
2+
2+
Mitochondria contribute to astroglial Ca signaling, as both a Ca buffer and a Ca source.
Inhibition of mitochondrial uniporter by Ruthenium 360, and hence the blockade of the mito2+
2+
chondrial Ca sequestration, facilitates cytosolic Ca signals by increasing their amplitude and
2+
duration. Conversely, limiting the mitochondrial Ca release by inhibiting the mitochondrial
+
2+
2+
2+
Na /Ca exchanger dampens increases in [Ca ]i. Similarly, cytosolic Ca signals are suppressed
following an inhibition of the mitochondrial transition permeability pore, MPTP, a high con2+
ductance channel whose transient openings may underlie a rapid Ca release from mitochondria
(Reyes and Parpura, 2008).
6.2.6 CALCIUM WAVES IN ASTROCYTES
The shape and spatial organization of astroglial Ca2+ signals are defined by an interplay between
Ca2+ release, Ca2+ reuptake into the ER, Ca2+ entry/efflux through store-operated channels, ionotropic receptors, NCX, and plasmalemmal Ca2+ pumps. The resulting [Ca2+]i changes may therefore
appear in different forms such as, for example, a peak (rapid and transient)-like response, [Ca2+]i
elevations lasting up to hundreds of seconds with a clear plateau, or complex [Ca2+]i oscillations.
These kinetically different [Ca2+]i changes underlie the temporal coding of the Ca2+ signal, whereas
[Ca2+]i oscillations are responsible for frequency coding of the Ca2+ signal. An important feature of
astroglial [Ca2+]i profiles is their ability to propagate within and between the cells.
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FIGURE 6.5: Mechanisms of generation of propagating intercellular Ca2+ waves. Propagation of inter-glial Ca2+ waves can be supported by several distinct mechanisms, which can operate separately or
in combination: A. Ca2+ waves can be maintained by the diffusion of InsP3 through the gap junctions
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and, secondary, by the initiation of InsP3-induced Ca2+ release; B. Ca2+ waves can be maintained by a
regenerative Ca2+-dependent release of “gliotransmitters,” in particular ATP and/or glutamate, acting
on neighboring cells through extracellular diffusion; C. Ca2+ waves can result from a focal release of
“gliotransmitter,” which then diffuses over a long distance.

In physiological conditions, astrocytes are facing relatively brief and local stimulations,
be that by mechanical displacements (e.g., at interface of vasculature) or by a focal exposure to
neurotransmitters (e.g., at the interface of synapses). This local stimulation produces local [Ca2+]i
increases, which nonetheless may translate into the propagating signal that swamps the whole cell.
Importantly, in glial cells, particularly in astrocytes, the propagation of these Ca2+ waves is not limited by cellular borders and instead can cross the intercellular boundaries to spread over a relatively
long distance through the astrocytic syncytium.
Astroglial Ca2+ waves represent regenerative openings of intracellular Ca2+ channels along
the ER membrane; this mechanism being able to convert a local supra-threshold response into
a propagating wave of excitation. The Ca2+ sensitivity of the InsP3Rs and RyRs is what makes
the ER membrane an excitable medium. A focal Ca2+ release induced by a local increase in InsP3
recruits neighboring InsP3Rs and RyRs, which not only amplify the initial Ca2+ release event,
but also create a propagating wave of Ca2+ release along the ER membrane. It is important to
remember that the Ca2+ wave is not a propagating wave of Ca2+ ions, because the movement of
Ca2+ ions is severely restricted by cytoplasmic Ca2+ buffering. Instead, the Ca2+ wave results from
a propagating wave of elementary Ca2+ release events associated with the opening of Ca2+ release
channels residing in the endomembrane.
Astroglial Ca2+ signals can also occur in the form of intercellular Ca2+ waves spreading
through astroglial networks. These intercellular Ca2+ waves propagating between astrocytes were
discovered in astroglial cell cultures. Focal stimulation of cultured astrocytes with glutamate triggered initial foci of [Ca2+]i increase in cells directly facing stimulation; this initial [Ca2+]i increase
subsequently spread throughout the culture. The intercellular Ca2+ waves had a complex path, crossing cell borders without apparent delay and traveling through the cells with a velocity of ~ 15–20
μm/s (Cornell Bell et al., 1990). These propagating astroglial Ca2+ waves required functional ER
Ca2+ stores. Subsequently, propagating Ca2+ waves were discovered in astrocytes in slices prepared
from the hippocampus and corpus callosum, and in retinal preparations. Similarly, the Ca2+ waves
propagating through astroglial syncytium were detected in vivo in an undamaged brain.
Propagating Ca2+ waves in astroglial networks can be triggered and maintained by several
mechanisms (Figure 6.5), which include: (i) direct intercellular diffusion of InsP3 via gap junctions;
(ii) regenerative release of a diffusible extracellular messenger (most often represented by ATP),
that triggers metabotropic receptor-mediated Ca2+ signaling in neighboring cells; and (iii) diffusion
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of an extracellular messenger after release from a single cell. These main mechanisms of Ca2+ wave
propagation may co-exist, or be differentially expressed in astroglial syncytia in different brain
regions. In the neocortex, for example, propagating astroglial Ca2+ waves requires an expression of
connexin Cx43, because genetic deletion of this protein results in the complete disappearance of
astroglial Ca2+ waves. Conversely, in the hippocampus and corpus callosum the propagating Ca2+
wave mainly relies on the release of ATP and subsequent activation of metabotropic P2Y receptors.
In the retina, gap junctions propagate Ca2+ waves between astrocytes, while ATP release mediates
Ca2+ waves between astrocytes and Müller cells.
2+
In conclusion, intercellular Ca waves provide astrocytes with the means for long-distance
communication. Thus, astrocytes are “excitable,” but the signal propagation is fundamentally different from that in neurons. In neurons, the substrate for excitability is the plasma membrane, which
+
+
generates a rapidly (milliseconds) propagating wave of openings/closures of Na /K channels (a
propagating action potential). In contrast, the substrate for excitability in astrocytes is the intracellular ER membrane, which generates a much slower (seconds to minutes) propagating wave of
2+
openings/closures of Ca channels.

6.3

SODIUM SIGNALING IN ASTROCYTES

Perisynaptic astroglial processes, where most of the fast neuronal glial signaling takes place, are rich
+
in ion channels and transporters that mediate Na fluxes and hence produce transient fluctuations
+
+
in intracellular concentration of cytosolic sodium ions ([Na ]i). These [Na ]i transients frequently
+
occur in response to physiological stimulation of astrocytes and these changes in [Na ]i arguably
serve a signaling function and translate extracellular events (such as, for example, an increase in
extracellular glutamate) into astroglial functional responses.
+
Several types of Na channels operate in astroglia. First and foremost, these include ionotropic receptors (glutamate, P2X, and acetylcholine), which in the physiological context mainly
+
+
generate Na currents, because of high concentration of Na in the extracellular space (which ex2+
ceeds concentration of Ca by about 70 times). Some astrocytes (for example, those located in the
+
subfornical organ which are involved in general Na homeostasis, as discussed before) express spe+
cific sodium channels activated by extracellular Na concentration (Nax channels; see Section 3.3.2).
Astrocytes also express epithelial sodium channel (ENaC), ASICs, and TRP channels, which all
+
can generate a substantial Na influx at physiological conditions.
+
An alternative route for the Na entry is associated with numerous plasmalemmal trans+
+
porters (Na /K ATPase, EAAT1/2 glutamate transporters, GAT1/3 GABA transporters, NBC,
+
NHE, NKCC1, NCX), which all generate substantial Na fluxes. The neurotransmitter transporters
in particular are activated during synaptic transmission and generate substantial inward currents
+
carried mainly by Na ions. Importantly, morphological studies demonstrated that neurotransmitter
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+

+

receptors (e.g., NMDA receptors), NCX, Na /K ATPase, and glutamate/GABA plasmalemmal
transporters are concentrated and co-localized in astroglial perisynaptic processes, therefore strategically placed for sensing synaptic events.
+
At rest (as has already been mentioned in Section 2.1) cytosolic concentration of Na ions
in astrocytes is relatively high, set at about 15 to 20 mM (which corresponds to ENa of ~ +57 to
+50 mV, respectively). Chemical or mechanical stimulation of astrocytes in vitro or in brain slices
+
+
induces a substantial rise in [Na ]i, which may increase by 10–20 mM. Similar increases in [Na ]
i are observed following electric stimulation of neuronal afferents, indicating that the synaptically
+
released neurotransmitter activated a Na influx, which is mainly mediated by the activation of glutamate and/or GABA transporters and ionotropic receptors (Deitmer and Rose, 2010; Kirischuk
2+
+
+
et al., 2012). Very similarly to Ca , localized rises of [Na ]i often translate into propagating [Na ]i
+
waves, which spread through many cells and are mediated by Na diffusion through gap junctions
formed by connexins Cx30 and Cx43 (Langer et al., 2012).
+
These activity-dependent spatio-temporal fluctuations in astroglial [Na ]i regulate numerous
pathways directly involved in astroglial homeostatic responses and in astroglial-neuronal communications (Figure 6.6). As described in detail in Section 5.3, the majority of astroglial transporters
+
+
are Na dependent and hence changes in the transmembrane Na gradients directly regulate transmembrane transport of various molecules and regulate astroglial homeostatic response.
+
Probably the most obvious physiological mechanism regulated by intracellular Na is associated with homeostasis of neurotransmitters, most notably glutamate, GABA, and glycine.
+
Increases in astroglial [Na ]i at the very peak of glutamatergic synaptic transmission events may
reduce the glutamate uptake, thus transiently increasing the effective glutamate concentration in
the synaptic cleft. After glutamate is accumulated into the astrocyte through EAAT1/2, cytosolic
+
Na directly acts on glutamine synthetase, thus regulating the efficacy of glutamate to glutamine
conversion. Subsequent glutamine export from astrocytes to neurons is also mediated through the
+
sodium-coupled N system of neutral amino acid transporters. Similarly, [Na ]i regulates trans+
membrane transport of GABA and glycine; even moderate (5–7 mM) increases in [Na ]i turn
GABA and glycine transporters into the reverse mode and hence astrocytes begin to release these
inhibitory transmitters.
+
2+
+
Changes in [Na ]i regulate Ca signals associated with NCX. Increases in [Na ]i sub2+
2+
stantially potentiate the NCX-mediated Ca influx. This may rapidly generate localized [Ca ]i
increases, which microdomains can be important for fast and focal astroglial responses, such as an
activation of regulated exocytosis.
+
Similarly, fluctuations in [Na ]i regulate the activity of many ion transporters involved in
+
+
control of CNS ion homeostasis. For example, [Na ]i regulates K buffering through affecting in+
+
+
+
ward rectifier Kir4.1 potassium channels, Na /K ATPase, and Na /K /Cl co-transporter NKCC1.
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+

+

-

Changes in [Na ]i also directly modulate H /OH / HCO3- transport systems, which are fundamental for pH homeostasis, both intra- and extra-cellular. By regulating these many ion transporters,
+
[Na ]i is also involved in the regulation of the astroglial cell volume. Changes in cytosolic Na+
concentration are directly linked to the formation of lactate and hence to providing the metabolic
support of neurons (the astroglial-neuronal lactate shuttle). Sodium influx into astrocytes results in
+
+
+
the [Na ]i-dependent activation of Na /K ATPase, which in turn stimulates the lactate production;
the latter is then channeled to active neurons or neuronal terminals. The activity of MCT1, glutamate synthetase and and G proteins is also known to be regulated by [Na+]i.
To summarize, dynamic changes in [Na+]i regulate numerous astroglial functions and represent
an ion signaling cascade critical for fast neuron-glial signaling, especially at the single synapse level.

+

+

FIGURE 6.6: Molecules of Na homeostasis and targets of Na signaling in astroglia. Schematic
+
diagram showing receptors and transporters involved in and sensitive to changes in [Na ]i and their
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relations to main homeostatic functions of astroglia. Abbreviations: ASCT2, alanine-serine-cysteine
transporter 2; ASIC, acid-sensing ion channels; CNT2, concentrative nucleoside transporters; EAAT,
excitatory amino acid transporters; ENaC, epithelial sodium channels; GAT, GABA transporters;
Gln, glutamine; Glu, glutamate; GlyT1, glycine transporter; GS, glutamine synthetase; iGluRs, ion+
+
+
otropic glutamate receptors; Nax, Na channels activated by extracellular Na ; NAAT, Na -dependent
+
+
2+
ascorbic acid transporter; NBC, Na /HCO3- (sodium-bicarbonate) co-transporter; NCX, Na /Ca
+
2+
+
+
+
+
exchanger; NCLX, mitochondrial Na /Ca exchanger; NHE, Na /H exchanger; NKCC1, Na /K /
Cl cotransporter, MCT1, monocarboxylate transporter 1; P2XRs, ionotropic purinoceptors; ROS,
reactive oxygen species; SN1,2, sodium-coupled neutral amino acid transporters; TRP, transient receptor potential channels.
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CHAPTER 7

Gliotransmission: Astrocytes as
Secretory Cells of the Nervous System
7.1

THE FUNDAMENTALS OF CHEMICAL
NEUROTRANSMISSION

The concept of a specific signaling substance that is used for signal transmission between the nervous
system and peripheral organs as well as within the nervous system and within the brain was conceived in antiquity (Lopez-Munoz and Alamo, 2009). The ventricular-pneumatic doctrine, which
attained its nadir in the writings of Galen, assigned this transmission function to the “pneuma,”
which diffuses through the nerves and then is released either from the peripheral nerve endings to
drive muscle contractions or from sensory nerves into the ventricles to drive higher brain functions.
Cartesian thoughts went even further with the introduction of a mechanistic theory of neurotransmission in which minuscule particles residing in the ventricles diffuse through the multiple pores
in the internal surface of the brain and travel toward the periphery through the nerves. The nerve
terminals, according to Descartes, are endowed with a system of valves which allow the release of
these particles, which are subsequently picked up by a congruent valve system localized in the muscle
fibers; after entering the muscle these particles initiate or regulate contraction (Descartes, 1664).
Emil Heinrich Du Bois-Reymond was probably the first to surmise, in 1877, that “Of known
natural processes that might pass on excitation, only two are, in my opinion, worth talking about.
Either there exists at the boundary of the contractile substance a stimulative secretion in the form of
a thin layer of ammonia, lactic acid, or some other powerful stimulatory substance, or the phenomenon is electrical in nature” (Du Bois-Reymond, 1877). That is precisely how intercellular information transfer is organized—cells communicate either by secreting transmitter substances or by direct
movement of molecules from one cell to another through intercellular junctions: in the nervous
system the former mechanism is central for chemical synapses and the latter for electrical ones.
The synapse was considered as a primary site for communication between neural cells at the
th
end of the 19 century, when, in 1897, Michael Foster and Charles Scott Sherrington (Foster and
Sherrington, 1897) coined the term “synapse” (the word was suggested to them by classics scholar
Arthur Woolgar Verrall from the Greek roots syn (συν), meaning together, and haptein (απτειν),
meaning clasp). The theory of specialized chemical transmitters that operate at the synapse was
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formulated in 1904 by John Newport Langley and Thomas Renton Elliott who also suggested
adrenaline (epinephrine) as the neurotransmitter in the sympathetic nervous system (Elliott, 1904).
A year later, Langley postulated the existence of specific neurotransmitter receptors; in particular
he predicted the existence of nicotinic acetylcholine receptors (Langley, 1905), which he called the
“receptive substances... capable of receiving and transmitting stimuli of target cells” (Langley, 1906).
The first neurotransmitter to be experimentally discovered was acetylcholine, the famous
“Vagusstoff” that was first suggested by Henry Dale and subsequently identified by Otto Loewi
(Dale, 1914; Loewi, 1921). Noradrenaline was experimentally identified as a neurotransmitter in
1946 by Ulf Von Euler (Von Euler, 1946). Many more neurotransmitters and neuromodulators
were discovered in ensuing decades; these are: ATP, dopamine, serotonin, glutamate, neuropeptides, etc. The theory of chemical transmission in the CNS became fully acknowledged in the mid
1950s when the main criteria of a neurotransmitter were formulated by John Carew Eccles (Eccles,
1964). These criteria were: (i) the substance and the enzymes necessary for its formation must be
present in the neuron; (ii) the substance must be released from the terminal axon when the nerve
is activated; (iii) the effect of the transmitter released on nerve stimulation must be mimicked by
the exogenous application of the substance to the effector; (iv) a mechanism for the inactivation
of the substance must be present, whether it involves the enzyme action or the uptake or both; (v)
drugs which reduce or potentiate nerve-mediated responses should similarly affect the responses to
the exogenously applied substance. Another criterion of neurotransmission, the “Dale’s principle,”
was also defined by Eccles (but not by Dale, who did not generally perceive this issue as Eccles
did) (Eccles, 1976), postulating that each neuron produces and releases a single neurotransmitter.
Further developments in the field led to the realization that both these fundamental principles have to be redefined. Indeed, some neurotransmitters (most notably glutamate) cannot be
de novo synthesized in neurons, which release them; they have to be transported in the form of
precursors and then converted into the active substance. Furthermore, it appeared that most (if not
all) neurons secrete more than one transmitter (the concept of co-transmission originally formulated by Geoffrey Burnstock in 1976 (Burnstock, 1976)), which further increases the complexity of
chemical transmission in the CNS. Finally, it became clear that neurotransmitters are released not
only by neurons but also by neuroglia.

7.2

THE CONCEPT OF ASTROGLIA AS SECRETORY CELLS IN
THE CNS
th

The hypothesis of neuroglia as a secretory arm of the brain emerged at the beginning of the 20
century. First, in 1909 Hans Held observed, using the molybdenum hematoxylin stain, granular
inclusions in neuroglial processes. He interpreted these granules as signs of an active secretion by
glial cells (Held, 1909). A year later French neuroanatomist and physician Jean Nageotte reported
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various secretory granules in glial cells of the grey matter (i.e., astrocytes) using the Altmann
method of fucsin labeling (Figure 7.1). Nageotte concluded that he was “able to present evidence of
robust and active secretion phenomenon in the protoplasm of these cells in rabbit and guinea pig.
This observation was visible especially within the protoplasmic expansions which cross the empty
space created by the retraction of tissues around the vascular walls, on which the neuroglial cells
attach using an enlarged foot” (Nageotte, 1910).

FIGURE 7.1: Neuroglial cells of the grey matter in the rabbit medulla, most likely astrocytes, contain
various secretory granules. Scale bar, 5 μm. Reproduced from (Nageotte, 1910).

Some 60-odd years later, the glial release of a neurotransmitter, GABA, was identified in the
superior cervical ganglia belonging to the peripheral nervous system. The satellite glia, which cover
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and support sympathetic neurons located in these ganglia, were found to accumulate and release
GABA, utilizing membrane transporters (Bowery et al., 1976). In subsequent decades, the ability
of astrocytes to release amino-acid transmitters was demonstrated directly. Cultured astrocytes
were found to release glutamate, aspartate, and taurine through volume-activated anion channels
in response to hypo-osmotic shock (Kimelberg et al., 1990). Release of glutamate via reversed
plasmalemmal transporters was also detected in cultured Müller retinal glial cells (Szatkowski et
2+
al., 1990). Finally (Figure 7.2), in 1994 the Ca -dependent exocytotic release of glutamate from
cultured astrocytes stimulated with bradykinin was identified (Parpura et al., 1994).

2+

FIGURE 7.2: Glutamate-mediated astrocyte-neuron signaling. A–B: Bradykinin (BK) causes [Ca ]i
elevations in cultured astrocytes originating from the visual cortex (A), and also stimulates the gluta2+
2+
mate release from these cells (B). A: Ca levels in astrocytes were monitored using the Ca indicator
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fura-2. Images were acquired 5 seconds apart, with sequence starting from the top left corner and
ending at the bottom right corner. BK was added to astrocytes (top arrowhead) and washed away
2+
after 65 seconds (bottom arrowhead), causing transient [Ca ]i elevations in these cells. Color scale
is a pseudocolor representation shown in the form of the ratio of fura-2 emission at 510 nm due to
2+
sequential excitation at 350 and 380 nm. Astrocytic resting [Ca ]i was ~ 100 nM, while the peak
response was up to ~ 1 μM. B: BK causes the release of glutamate from astrocytes. The superfusate
from astrocytes was collected at 1-minute intervals and levels of extracellular glutamate were measured
using high-performance liquid chromatography. C–H: Bradykinin causes a glutamate-mediated ac2+
2+
cumulation of internal Ca in neurons co-cultured with astrocytes from the visual cortex. The [Ca ]
i in neurons (dotted circles in C and E) and astrocytes (a in C and E) was monitored using fura-2. C:
2+
Mixed culture at rest. D: Application of BK caused an elevation in [Ca ]i in astrocytes and neurons.
E: However, when co-cultures were bathed in a broad spectrum glutamate receptor (GluR) antago2+
nist, D-glutamylglycine (DGG), application of BK did not significantly alter neuronal [Ca ]i cal2+
cium levels, even though BK elevated the astrocytic [Ca ]i (F). Color scale as in A. In G) the mean
2+
BK-evoked internal Ca accumulations (peak value subtracted from resting) in neurons are shown
2+
(in control and when pre-incubated with DGG). BK elevated neuronal [Ca ]i when neurons were
co-cultured with astrocytes, and DGG blocked this response. H) GluR pharmacology was studied
2+
2+
using confocal microscopy and the Ca indicator fluo-3. BK-induced elevations of internal Ca in
neurons were reduced by the N-methyl D-aspartate receptor antagonist D-2-amino-phosphonopentanoic acid (D-AP5), but not by the α-amino-3-hydroxy-5-methyl-isoxazole propionate (AMPA)
receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), or the metabotropic GluR antagonist 2-amino-3-phosphonopropionic acid (L-AP3). Cocktail contained all three GluR inhibitors.
Dimethyl sulfoxide (DMSO) is a carrier for CNQX. *Significant at p < 0.01. Points and bars in B, G,
and H indicate means + s.e.m. B-D) modified from ref (Parpura et al., 1994).

7.3

ASTROCYTES SECRETE MULTIPLE NEUROACTIVE
SUBSTANCES

Astrocytes secrete a surprisingly wide array of agents that act on neural cells, and in particular on
neurons. This astroglial secretion is often defined as “gliotransmission” to highlight the fact of the
glial origin of neuroactive substances. These neuroglia-derived neuroactive molecules have been
defined as a “gliotransmitter” (this term was proposed by Kim Do, Pierre Magistretti and their
colleagues (Do et al., 1997)) to emphasize their glial origin. Similarly to neurotransmitters these
gliotransmitters should meet several criteria, which are as follows (Lee and Parpura, 2009): (i) the
gliotransmitter should be synthesized by and/or stored in glia; (ii) it should be released in a regulated manner in response to stimuli; (iii) it should initiate rapid (milliseconds to seconds) responses
in neighboring cells; and (iv) it should have a defined role in (patho)physiological processes. The
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usage of the term “gliotransmitter” could, however, be misleading as it may be interpreted to set
glial-signaling molecules apart from neuronal ones, which mainly is not the case. The term merely
indicates that the origin of chemical transmitter is from glia, although these chemical transmitters
are mostly classified as neurotransmitters, neuromodulators, or neurohormones. All the molecules
involved in chemical transmission between neural cells (i.e., neurons and neuroglia) mediate homocellular signaling (e.g., neuron to neuron, or astrocyte to astrocyte) and/or heterocellular signaling
(e.g., neuron to astrocyte and other cells, or astrocyte to neuron and other cells).
Astroglia-derived signaling molecules are represented by several classes (Figure 7.3) which
are represented by (i) classical neurotransmitters such as glutamate, ATP, GABA; (ii) neuromodulators that include D-serine, kynurenic acid, lactate, glutamine, taurine; (iii) tropic factors, such as
brain-derived neurotrophic factor (BDNF), glia-derived neurotrophic factor (GDNF), or TNF-α;
(iv) peptides (atrial natriuretic peptide, or secretogranin); and (v) numerous factors (which can be
defined as “plastic”) that, for example, assist and regulate synaptogenesis and synaptic connectivity
(such as thrombospondins, estradiol, neuregulin, etc.).

FIGURE 7.3: Neuroactive molecules secreted by astroglial cells. See text for details.
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7.4

ASTROGLIAL SECRETION PROCEEDS BY MULTIPLE
MOLECULAR PATHWAYS

Conceptually, astroglial secretion is mediated through several principal routes that can be broadly
classified into (i) exocytosis; (ii) diffusion through plasmalemmal pores; and (iii) extrusion through
plasmalemmal transporters (Figure 7.4).

FIGURE 7.4: Three principal routes of astroglial secretion. (i) Regulated exocytosis; (ii) diffusion
through plasmalemmal pores; and (iii) extrusion through plasmalemmal transporters.

7.4.1 EXOCYTOSIS
Exocytotic or vesicular release is an evolutionarily conserved mechanism, present in the vast majority of eukaryotic cells. The components of this mechanism include: (i) secretory vesicles; (ii) vesicular transporters that allow loading of the vesicular lumen with the secreting cargo, unless this cargo,
i.e., peptides/proteins, is packaged via the synthetic secretory pathway; and (iii) specific proteins
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that provide for the excitation-secretion coupling and are associated with the vesicular membrane
and/or the plasmalemma.
Astroglial secretory vesicles. Several types of secretory vesicles have been found in astrocytes.
Most of these are electron-lucent and they vary in size between 30 and 700 nm. Astrocytes also
contain dense core vesicles with diameters ~ 115 nm, which carry secretory peptide secretogranin
II and ATP.

FIGURE 7.5: Vesicular transporters. Accumulation of neurotransmitters into vesicles requires the
activity of vacuolar V-type proton ATPase (V-ATPase) that pumps protons into the vesicular lumen,
+
thus creating a high concentration of H inside the secretory vesicle. Proton gradient aimed at the
cytosol and an associated chloride flux into the vesicle drive the uptake of neurotransmitters mediated by specific transporters: three types of vesicular glutamate transporters (VGLUT1–3), nucleotide
transporter (VNUT), and yet molecularly undefined specific transporters for D-serine (VSerT). In
astrocytes, serine racemase is bound to vesicles.

Vesicular transporters. Accumulation of neurotransmitters into vesicles requires synergy
between ATP-driven proton pumps and specific SLC transporters (Figure 7.5). Astroglial vesicles
possess the vacuolar V-type proton ATPase (V-ATPase) that pumps protons into the vesicular
+
lumen, thus creating a high concentration of H inside the secretory vesicle (making vesicular
lumen highly acidic). Proton gradient drives the uptake of neurotransmitters mediated by specific
transporters. These transporters expressed in astrocytes include all the three types of vesicular
glutamate transporters, VGLUT1–3, nucleotide transporter VNUT, which transports ATP (and
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other nucleotides), and possibly specific transporters for D-serine (VSerT), the molecular identity
of which is yet to be determined. There is also a chloride flux associated with the operation of the
above vesicular transports. Astrocytes, however, lack a vesicular GABA transporter (i.e, VGAT, also
termed vesicular inhibitory amino acid transporter, VIAAT/SLC32) and correspondingly there is
no evidence for exocytotic release of GABA from astroglial cells.

2+

FIGURE 7.6: Ca -dependent vesicular release of gliotransmitters from astrocytes. The process of vesicular fusions requires the formation of the ternary SNARE complex, whereby synaptobrevin 2 and/or
cellubrevin located at the vesicular membrane engage(s) the binary complex pre-formed at the plasma
membrane and composed of syntaxin and synaptosome-associated protein of 23 kDa (SNAP-23). Syn2+
aptotagmin 4 is involved in the process, but not as a Ca sensor, whose identity is elusive at present.

Secretory proteins. Astrocytes express the full set of proteins that accomplish the fusion of
secretory vesicles with the plasma membrane (Figure 7.6). These proteins include the core complex
containing the soluble N-ethyl maleimide-sensitive fusion protein attachment protein receptors
(SNAREs), including synaptobrevin 2 (also referred to as vesicle-associated membrane protein 2,
VAMP2) or its analogue cellubrevin (VAMP3, which is interchangeable with VAMP2 in mediating vesicular fusion events), synaptosome-associated protein of 23 kDa (SNAP23), and syntaxin
(isoforms 1, 2, and 4). The most common view implies the SNARE complex formation where a
preassembled syntaxin 1-SNAP23 intermediate binary cis complex located at the plasma membrane interacts with the vesicular synaptobrevin to form the core SNARE complex, a process that
eventually leads to vesicular and plasma membranes fusion. Numerous biochemical studies have
demonstrated that astrocytes express the above key secretory proteins of the core SNARE complex.
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2+

Astrocytes also express synaptotagmin 4, which in mammals does not have Ca sensitivity, but as
2+
they are devoid of synaptotagmin 1, which acts as the Ca sensor in neurons, the identity of the
2+
Ca sensor for regulated exocytosis in astrocytes remains unknown.
2+
The main event triggering astroglial exocytosis is the elevation of cytoplasmic Ca concen2+
2+
tration that originates from the Ca release from the ER and the Ca entry through plasmalemmal
channels (ionotropic receptors and TRP channels) or NCX operating in the reverse mode. The existence of these multiple pathways may provide for the plasticity of the astroglial neurotransmitter
release tailored to a particular (patho)physiological event.
Lysosomal secretion from astrocytes. Specific type of the release of ATP stored in lysosomes
has been described in cultured primary astroglia (Zhang et al., 2007). These astroglial lysosomes
appear to contain high concentrations of ATP and were shown to undergo exocytosis following a
metabotropic stimulation with glutamate or ATP. The physiological or pathophysiological significance of this type of release, or indeed its presence in astrocytes in vivo, remains unknown.

7.4.2

DIFFUSIONAL RELEASE OF NEUROTRANSMITTERS FROM
ASTROCYTES
Diffusional release of neuroactive compounds from astrocytes require: (i) a concentration gradient
directed to the cell exterior and (ii) functional expression of plasmalemmal channels permeable to
the signaling molecules in question. Concentration of major neurotransmitters, glutamate ATP
and GABA, in the cytosol of astrocytes is sufficiently high to create rather steep concentration gradients between intra- and extracellular spaces. The maximal gradient is maintained for ATP. The
cytosolic ATP concentration varies between 5 and 10 mM, whereas the ambient ATP concentration in the interstitial fluid is kept at low nM levels owing to the high activity of ectonucleotidases
catalyzing ATP degradation. As a result, the cytosolic ATP concentration is ~ 500,000 times larger
than its extracellular concentration. The intracellular concentration of GABA in astrocytes can
reach 1–2 mM, compared to ~ 200 nM in the extracellular space. Glutamate concentration in the
cytosol of astrocytes is comparatively (with neurons) low, varying between 0.5 and 1 mM; this is
because of glutamine synthetase constantly catabolizing the excess of glutamate entering astroglial
cells during neuronal activity. Extracellular glutamate is maintained within nM to µM range, as
already discussed (see Figure 5.10)
Glutamate and ATP, in physiological conditions, are weak acids, whereas GABA is a zwitterion; consequently they can both permeate through anion channels, which are abundantly expressed
in astroglia. These channels include: (i) “maxi” Cl channels, which could be activated by mechanical
stimulation; (ii) volume-regulated anion channels (VRACs; also known as volume-sensitive outwardly rectifying, VSOR Cl channels), which are activated by osmotic shock and likely contain
recently cloned SWELL; (iii) anion channels of the bestrophin family; and (iv) cystic fibrosis trans-
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membrane conductance regulator (CFTR) anion channels, although the expression and functional
role of CFTR in astroglia remains uncharacterized.
Diffusional release of neurotransmitters and other substances from astrocytes is also medi2+
2+
ated by connexons or “hemichannels” which can be activated by changes in Ca /Mg concentration
in the extracellular space (a decrease in the extracellular concentrations of divalents opens connexons; this represents an example of a so-called reverse calcium dependency), and/or intracellularly
by various kinases, phosphatases, calmodulin, etc. Apart from ATP and glutamate, connexons were
also reported to mediate the astroglial secretion of chemokines (Chen et al., 2014). Some neurotransmitters can be released through the pannexin 1 channel (a non-junctional/true plasmalemmal channel) functionally expressed in astroglia, and some neurotransmitters can diffuse through
the pore of the P2X7 receptors in its dilated state.

7.4.3

TRANSPORTER-MEDIATED NEUROTRANSMITTER RELEASE
FROM ASTROCYTES
Some neurotransmitters can also be released from astrocytes through the plasmalemmal transporters. In physiological conditions this type of release has been shown for GABA and glycine that exited the cells through the reversed operational mode of relevant plasmalemmal transporters (GAT3
and GlyT1, respectively). The reversal of these transporters results from either an increase in cyto+
solic Na concentration or depolarization or a combination of both. Astrocytes also physiologically
+
release glutamate through Sxc- cystine/glutamate antiporter. Reversal of Na -dependent glutamate
transporters (EAAT1 and EAAT2), although being shown experimentally, in physiological conditions seems to be unlikely. The reversal potential of glutamate transporters lies at a very positive
+
value (more than +30 mV) and their reversal requires a simultaneous increase in cytosolic Na and
glutamate concentrations paired with substantial cell depolarization, and an increase in extracellular
+
K concentration. Such conditions may possibly occur only in pathological states. Finally, astrocytes
may release adenosine through ENT transporters.

7.5

MAIN NEUROTRANSMITTERS AND NEUROMODULATORS
RELEASED FROM ASTROCYTES

7.5.1 GLUTAMATE
Glutamate is the main excitatory neurotransmitter of the CNS. It is de novo synthetized in astrocytes owing to the pyruvate (this being generated from glucose in the cytosol) entry into the
tricarboxylic acid (TCA) cycle via pyruvate carboxylase. Glutamate is converted from a TCA intermediate, α-ketoglutarate, usually via transamination of another amino acid such as aspartate. Glutamate does not readily cross the blood-brain barrier and neurons lack pyruvate carboxylase, so are
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incapable of de novo synthesis of glutamate from glucose. Neurons obtain glutamate by utilizing
the glutamate-glutamine shuttle (Hertz et al., 1999). Glutamate release from astrocytes involves
all three main mechanisms, i.e, glutamate can be secreted by regulated exocytosis, by diffusion via
plasmalemmal channels and through membrane transporters (Figure 7.7).

FIGURE 7.7: Various mechanisms of glutamate release from astrocytes. The question mark indicates
the speculative glutamate release via pannexons. See text for details.

Stimulation of astroglial cells mechanically, or with various neurotransmitters, triggers
2+
glutamate release; cytosolic Ca signals evoked by such stimulation paradigms are necessary and
sufficient to induce glutamate secretion. The majority of Ca2+ necessary for the glutamate release
from astrocytes originates from the ER Ca2+ store, but the entry of external Ca2+ is also involved.
This Ca2+-dependent release of glutamate reflects vesicular exocytotic secretion. Glutamate can also
be released through connexin hemichannels (i.e., connexons) and through dilated P2X7 receptors.
It is tempting to speculate (based on ATP data, see below) that glutamate could be released via
pannexon, but the directed evidence for this is missing. Finally, glutamate is constitutively released
from astrocytes through Sxc- cystine/glutamate exchanger; this release is important for extrasynaptic modulation through metabotropic glutamate receptors (see also Section 5.3.9).
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7.5.2 ATP/ADENOSINE
ATP is arguably one of the most ubiquitous signaling molecules for cell-to-cell communication,
which is utilized for chemical transmission throughout the nervous system and is also considered
to be a major cell-to cell signaler in various peripheral tissues (Burnstock and Verkhratsky, 2012).
Most of neuroglial cells express receptors for purines, and ATP regulates their functional responses,
from inducing Ca2+ signaling to controlling reactive gliotic responses and microglial activation.
ATP release from astroglia (Figure 7.8) occurs through Ca2+-regulated exocytosis, diffusion via
anion channels, connexons and pannexons, as well as through dilated P2X7 receptors. In addition,
ATP can be released from lysosomes. After being released, ATP undergoes a rapid degradation in
the interstitial space to ADP, AMP, and adenosine; this degradation is catalyzed by several classes
of ecto-nucleotidases present throughout the CNS. ATP derivatives are also transmitters; adenosine in particular interacts with numerous adenosine receptors expressed in all the cellular elements
of the nervous system. The exocytotic release of ATP from astrocytes with its subsequent extracellular conversion to adenosine sets the adenosine tonic inhibition in the hippocampus, and perhaps
in the brain in general, and critically plays a role in sleep homeostat (Hines and Haydon, 2014).
Adenosine can also be released from astroglia via equilibrating transporters. Other nucleotides such
as uridine 5’ triphosphate (UTP), UDP, or UDP-glucose also act as chemical transmitters in the
CNS; they can be released from astroglial cells via the constitutive secretory pathway.

FIGURE 7.8: Various mechanisms of ATP release from astrocytes. See text for details.
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7.5.3 GABA
Astrocytes take up GABA, released into the extracellular space by neurons, through GATs. Cytosolic concentration of GABA in astrocytes can be relatively high (about 1–2 mM), and astrocytes
were found to be able to release GABA. Astrocytes lack the vesicular GABA transporters, VGATs,
that are expressed exclusively in neurons, and hence for GABA release astroglial cells deploy either
diffusion through plasmalemmal channels or reversed transport through GAT3 (Figure 7.9). Diffusional GABA release occurs through anion channels, belonging, for example, to the bestrophin
family; and there are some indications that abnormal GABA release from reactive astrocytes mediated by these bestrophin channels can contribute to memory impairments in animal models of
Alzheimer’s disease ( Jo et al., 2014).

FIGURE 7.9: Various mechanisms of GABA release from astrocytes. See text for details.

7.5.4 D-SERINE
D-serine production in the brain appears to be a collaborative effort between astrocytes and neurons, both of which express the necessary machinery for its synthesis, the expression level of which
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varies from a brain region to a brain region (Martineau et al., 2014). This collaborative production
could be envisioned as a serine stereoisomers/chiral shuttle. L-serine produced in astrocytes shuttles
to neurons through alanine-serine-cysteine transporters (ASCTs) and following neuronal uptake
via cationic amino acid transporter asc-1/SLC7A10 (expressed in neurons, but not in astrocytes),
L-serine fuels the cytosolic synthesis of D-serine by serine racemase. D-serine in turn shuttles from
neurons to astrocytes, the latter cells taking up this neuromodulator from the interstitial space via
ASCTs. In astrocytes, D-serine accumulates in vesicles (astrocytes can also produce some D-serine
as they expresses serine racemase associated with the very secretory vesicles) and is released through
regulated exocytosis upon the activation of astrocytic plasmalemmal receptors. Once in the synaptic
cleft, D-serine binds to synaptic NMDA receptors containing GluN2A subunits, while extrasynaptic receptors containing GluN2B preferentially bind glycine, the diffusion of which toward the
cleft is prevented by GlyT1 transporters.
In addition to exocytotic release of D-serine from astrocytes, this neuromodulator can be released via non-exocytotic plasmalemmal conduits, including VRACs (Rosenberg et al., 2010), and
likely through connexin 43 hemichannels (Stehberg et al., 2012) (Figures 7.10 and 7.11).

FIGURE 7.10: Various mechanisms of D-serine release from astrocytes. See text for details.

128 PHYSIOLOGY OF ASTROGLIA

FIGURE 7.11: Serine stereoisomers/chiral shuttle. D-serine production in the brain appears to be a
collaborative effort between astrocytes and neurons. See text for details.

7.5.5 KYNURENIC ACID
Kynurenic acid is an endogenous competitive inhibitor of α7-containing nicotinic acetylcholine
receptors (which seem to be its primary target) and of ionotropic glutamate receptors in the CNS
(Schwarcz et al., 2012). Kynurenic acid is synthetized from tryptophan by kynurenine aminotransferase II (KAT II), which, in the CNS, is mainly expressed in astroglia. After being synthetized in
astrocytes, kynurenic acid is released by a yet unknown mechanismand accomplishes its neuromodulatory effects (Figure 7.12). Importantly, aberrant metabolism of kynurenic acid is considered to
be one of the specific biochemical derangements in psychiatric diseases such as major depression
and schizophrenia. In particular, the casual link between Toxoplasma gondii infection, kynurenic
acid production, and schizophrenia has been characterized. The T. gondii selectively infects astro-
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cytes and affects kynurenic acid production that is linked to the increased risk of schizophrenia
(Schwarcz and Hunter, 2007).

FIGURE 7.12: Astroglia-derived kynurenic acid, lactate, and glutamine may mediate fast glial-neuronal signaling. Astrocytes produce kynurenic acid, synthesized from L-tryptophane by astroglia-specific enzyme kynurenine aminotransferase II (KAT II); after being released kynurenic acid acts as
an endogenous inhibitor or NMDA glutamate and α7 nicotinic acetylcholine receptors. Lactate
released from astrocytes may interact with metabotropic lactate receptors localized in postsynaptic
membranes and hence influence postsynaptic signaling. Finally, glutamine released from astroglia is
accumulated into neurons by electrogenic transporters that may cause depolarization and hence affect neuronal excitability.

7.5.6 LACTATE
Lactate released by astrocytes can not only contribute to supplying neurons with energy substrate,
but also acts as an extracellular signaling molecule (Figure 7.12). Metabotropic, G-protein–coupled
receptors for lactate have been identified and classified as GRP81, also known as hydroxycarboxylic
acid receptor 1 (HCA1); it has been detected in several regions of the mammalian brain, includ-
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ing the hippocampus and cortex (Lauritzen et al., 2013). These receptors are activated by lactate,
resulting in decreased cAMP levels, thus generally promoting storage of lipids. In the brain lactate
receptors are localized mainly at the postsynaptic membranes of excitatory synapses and at the
blood-brain barrier in endothelial cells and in perivascular astrocytic processes. Alternatively, lactate can accomplish its signaling function through acting on the cellular metabolism; in particular
it was suggested that lactate, after being accumulated in neurons, increases the ATP production,
+
which leads to the closure of ATP-dependent K channels with subsequent neuronal depolarization
(Shimizu et al., 2007). There are also some indications that lactate may act as a signaling molecule
between oligodendrocytes and axons in the white matter (Rinholm and Bergersen, 2014). All in all,
lactate is considered to be a “volume” transmitter, almost like a local hormone which may regulate
energy metabolism of groups of neural cells and possibly coordinate energy metabolism with the
blood flow (Bergersen and Gjedde, 2012). Of note, lactate may also diffuse through astroglial syncytia using gap junctional channels acting as a “metabolic” intercellular signaling molecule; when
released from astroglial endfeet lactate may also regulate the local blood flow (Hertz et al., 2014a).

7.5.7 GLUTAMINE
The astroglial N system of glutamine transport (see Section 5.3.3) being electroneutral operates
+
close to the thermodynamic equilibrium; high resting cytosolic Na concentration in astroglial cells
+
favors its continuous operation in the glutamine exiting (direct) mode. Increases in astroglial [Na ]i
(resulting from the activation of glutamate transporters and ionotropic receptors; see Chapter 6)
stimulate an exit of glutamine, leading to an increase in the extracellular glutamine concentration
(Uwechue et al., 2012). This in turn stimulates glutamine uptake into neurons through the electrogenic A transport, which results in an inward current that may depolarize neurons and hence affect
their activity (Figure 7.12). In such a scenario glutamine released from astrocytes may act as a local
neuromodulator (Rusakov, 2012).
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Concluding Remarks
The intent of this book was to discuss the physiological roles of astrocyte in the operation of the
brain. In the opening chapter we discussed general perspectives of astrocytes, i.e., their morphological diversity and the main role in the maintenance of the homeostasis in the brain. The subsequent
chapters represent compendiums of various molecular entities involved in the astrocytic control
of water, ions, and chemical transmitters. We discussed the hallmark of astroglial excitability, i.e.,
calcium and sodium intracellular dynamics. In the final chapter we debated gliotransmission as a
process of release of various compounds, interfacing metabolism and signaling, from astrocytes;
all the known mechanisms underlying release of ligands are abridged. Astrocytes appear fully
integrated into the brain cellular circuitry, and, conceptually, they may participate in higher brain
functions and in information processing. Accompanying illustrations are meant to aide presentation
of astrocyte physiology to a diverse readership, including college students, professionals, novices,
and experts alike.
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