REVIEW ARTICLE

Principles of Sodium Homeostasis and
Sodium Signalling in Astroglia
Christine R. Rose1 and Alexei Verkhratsky2,3,4,5
Sodium homeostasis is at the center stage of astrocyte (and brain) physiology because the large inwardly directed Na1 gradient provides the energy for transport of ions, neurotransmitters, amino acids and many other molecules across the plasmalemma and endomembranes. Cell imaging with commercially available chemical indicators allows analysis of dynamic changes
in intracellular Na1 concentration (Na1]i), albeit further technological developments, such as genetically-controlled or membrane targeted indicators or dyes usable for advanced microscopy (such as fluorescence-lifetime imaging microscopy) are
urgently needed. Thus, important questions related to the existence of Na1 gradients between different cellular compartments or occurrence of localised Na1 micro/nanodomains at the plasma membrane remain debatable. Extrusion of Na1 (and
hence Na1 homeostasis) in astrocytes is mediated by the ubiquitously expressed Na1/K1-ATPase (NKA), the major energy
consumer of the brain. The activity of the NKA is counteracted by constant constitutive influx of Na1 through transporters
1
such as the NKCC1 (Na1-K122Cl--co-transport) or the NBC (Na122 HCO2
3-co-transport). In addition, Na -permeable ion
1
1
channels at the plasma membrane as well as Na -dependent solute carrier transporters provide for Na influx into astrocytes.
Activation of these pathways in response to neuronal activity results in an increase of [Na1]i in astrocytes and there is manifold evidence for diverse signalling functions of these [Na1]i transients. Thus, in addition to its established homeostatic functions, activity dependent fluctuations of astrocyte [Na1]i regulate signalling cascades by feeding back on Na1-dependent
transporters. The Na1 signalling system may be ideally placed for fast coordinating signalling between neuronal activity and
glial “homeostatic” Na1-dependent transporters.
Key words: Na1/K1-ATPase, EAAT, NCX, sodium transport, sodium imaging

Introduction

I

on concentration gradients between the extracellular space
and the cytoplasm represent one of the most universal and
fundamental characteristics of life: all cells known to us dedicate a major part of their energy to preserve these ion gradients. Loss of control over cytosolic ion composition signals
cell death. The absolute majority of cells (with few exceptions
only) has a remarkably similar cationic composition of their
cytosol, in which K1 ions dominate, with Na1 being 10
times lower than K1, and free Ca21 present in a low nanomolar range (Fig. 1A). Extracellular ion concentrations strongly
differ from these values, resulting in transmembrane ionic gradients which, together with selective ion conductances of the
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plasma membrane, define the membrane potential and electrochemical force vectors, pushing K1 outside of the cell while
favouring entry of Na1 and Ca21 (Fig. 1A). How this highly
peculiar ion distribution between extra- and intracellular space
emerged and evolved remains a mystery. One of the possible
explanations lies in the ionic composition of the primeval
ocean when life balanced in statu nascendi—this composition
could have defined the intracellular ion environment [this
hypothesis has been brought forward to explain exceptionally
low cytosolic Ca21 throughout life forms; see (Kazmierczak
et al., 2013)]. The slow subsequent changes in the ion content
of the ocean due to the release of different ions form the rocks
into the water could have been an important evolutionary
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pressure that instigated the evolution of molecular systems
controlling ion homeostasis.
Be this all as it may, the maintenance of ion gradients
consumes the lion share of energy required for cellular life,
and these ion gradients are widely utilised in intra- and intercellular signalling. Ion fluxes activated by various environmental stimuli are probably the most ancient form of intercellular
signalling. Indeed, cationic channels, selective for Ca21, Na1
and K1 (such as single-domain Ca21 channels, Na1 permeable bacterial Na1 channels NaChBac or Ca21-dependent K1
channels) operate in many prokaryotes (Case et al., 2007; Ito
et al., 2004; Koishi et al., 2004; Matsushita et al., 1989)
where they are involved in various signalling cascades.
Voltage-gated Na1, K1, and Ca21 channels form the backbone for electrical excitability, which utilises ionic gradients
for rapid de- or hyperpolarisation of the plasma membrane
(Hodgkin and Huxley, 1990). Besides, ions act as intracellular
second messengers, and dynamic changes in the cytosolic ion
concentration regulate numerous cellular processes. In particular, Ca21 ions are the most widely acknowledged second
messengers, and intracellular Ca21 signals not only contribute
to depolarisation but represent the fundamental element for
excitation–contraction and excitation–secretion coupling. In
electrically non-excitable cells (which are the majority of living cells), complex changes in cytosolic Ca21 generated by
metabotropic receptors, intracellular Ca21 storage organelles
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AMPA
ASCT2
CNT2
DAT1
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GABA
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nicotinic acetylcholine receptor, containing a7 subunit,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid,
neutral amino acid transporter subtype 2,
concentrative nucleoside transporter,
dopamine transporter,
excitatory amino acid transporter,
fluorescence lifetime imaging microscopy,
g-aminobutyric acid,
GABA transporter,
glycine transporter,
extracellular K1 concentration,
inward rectifier K1 channel 4.1,
extracellular Na1 concentration,
intracellular Na1 concentration,
bacterial Na1 channel,
sodium-bicarbonate co-transporter,
sodium-calcium-lithium
exchanger,
operational
in
mitochondria,
sodium-calcium exchanger,
sodium-proton exchanger,
sodium-potassium ATPase (Na1/K1-ATPase),
sodium-potassium-chloride co-transporter,
N-methyl-d-aspartate,
Na1 channels activated by an increase in [Na1]o,
sodium-binding benzofuran-isophthalate,
sodium-coupled neutral amino acid transporter,
sodium-dependent vitamin C transporter 2,
transient receptor potential,
ultra-violet

and various types of non-voltage-gated plasmalemmal cationic
channels provide for a distinct signalling mechanism.
Influx of Na1 through voltage- and ligand-gated channels evolved as a powerful mechanism for fast electrical signalling. Besides, the large inwardly directed sodium gradient
provides the energy for transport of other ions, neurotransmitters, amino acids, and many other molecules across the
plasmalemma and endomembranes. Homeostasis and regulation of cytosolic Na1 differ from that of Ca21 and pH (protons/H1) in many aspects. The intracellular Na1
concentration ([Na1]i) is orders of magnitude larger (mM as
compared with nM; Fig. 1A). Furthermore, in contrast to
Ca21 and H1, for which highly sophisticated systems of
mobile and immobile cytosolic binding proteins serve as buffers, dedicated Na1 buffers have not been described hitherto.
Similarly, numerous enzymes regulated by Ca21 and H1,
represent the specific targets for Ca21/H1 signalling cascades,
whereas much less is known of proteins regulated by Na1.
Nonetheless, Na1-sensitive enzymes that can be considered
intracellular “Na1 sensors” and hence be part of a Na1 signalling cascade do exist. In skeletal muscle, for example, Na1
regulates the activity of the Ca21-activated protease p94/calpain 3 (Ono et al., 2010). Class A G-protein-coupled receptors, including receptors for adenosine or dopamine, have a
conserved binding site for Na1, which negatively modulates
their affinity to agonists, indicating that Na1 might directly
influence activation properties of these receptors (Katritch
et al., 2014). In addition, Na1 was shown to induce the dissociation of trimeric G-proteins, promoting the generation of
Gbg subunits and the activation or inhibition of Gbg-gated
ion channels (Blumenstein et al., 2004; Rishal et al., 2003).
In neurones, Na1-dependent K1 channels have been identified where they mediate slow afterhyperpolarisations (Bhattacharjee and Kaczmarek, 2005), whereas in astrocytes increases
in [Na1]i facilitate spermine-induced inhibition of inward
rectifier Kir 4.1 channels (Kucheryavykh et al., 2012). There
is thus manifold evidence for diverse signalling functions of
Na1. Moreover, due to their leading function in energizing
membrane transport, Na1 and their regulation are in the central spotlight of cellular physiology and patho-physiology.
Detection of Glial Sodium: Approaches and
Challenges
In the 1980s, the first recordings of glial sodium content and
its dynamic changes in response to different manipulations
were performed by measuring the uptake and efflux of radioactive 22Na1 (Kimelberg et al., 1979, 1989). The very first
dynamic and direct measurements of [Na1]i were performed
using ion-selective microelectrodes, that can be calibrated in a
straightforward manner (Deitmer and Munsch, 1995; Fig.
2A). Because of their large tip diameter (1 mm), these
Volume 64, No. 10
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FIGURE 1: Ion concentrations, driving forces and major Na1 pathways across the membrane. A: Scheme illustrating typical intra- and
extracellular ion concentrations as well as the resulting Nernst-potentials (“Eion”) for these ions. B: Scheme of major transport pathways
for efflux and influx of Na1. NBC and NCX serve as importers or exporters, depending on the membrane potential and ion composition.
For further explanations and abbreviations: see text.

electrodes are best suited for large cells such as, for example,
the giant glial cells from leech ganglia (Ballanyi et al., 1989;
Deitmer, 1992). Subsequently, Na1-selective electrodes provided the first dynamic measurements of [Na1]i in vertebrate
glial cells (Ballanyi and Kettenmann, 1990; Ballanyi et al.,
1987). Sodium-selective microelectrodes remain the only
available tool for detecting changes in extracellular Na1 concentrations, and their usage has unravelled prominent
decreases in extracellular Na1 in response to glutamate or
excitatory activity (Dietzel et al., 1982; Haack et al., 2015).
A rather restricted toolbox of fluorescent dyes for monitoring [Na1]i is currently available. The UV-excitable probe
SBFI [sodium-binding benzofuran-isophthalate, (Minta and
Tsien, 1989), produced by TEFLabs, Austin, TX; Fig. 2E] was
first to be developed, and still is the most widely used indicator. The AM-ester loading allows the detection of Na1 in
astroglial networks in cell cultures (Chatton et al., 2000; Rose
and Ransom, 1996a; Fig. 2B) and in slice preparations (Langer
and Rose, 2009; Fig. 2C), whereas the membraneimpermeable form of this probe can be loaded into individual
cells through intracellular perfusion with a patch-pipette
October 2016

(Fig. 2D) and Na1 signals can then be imaged in cell bodies as
well as in cellular compartments (Bennay et al., 2008;
Kirischuk et al., 1997, 2007; Langer and Rose, 2009). Confocal imaging with SBFI requires the use of special UV lasers,
and most laboratories thus employ it for ratiometric wide-field
recordings and for two-photon microscopy. One of the major
advantages of ratiometric imaging is that signals can be reliably
calibrated in situ (Fig. 2C), permitting a quantitative determination of ([Na1]i dynamics (Schreiner and Rose, 2012).
The battery of chemical Na1 probes includes Sodium
Green and the CoroNa indicators (Molecular Probes, Invitrogen, Eugene, OR; Bernardinelli et al., 2006; Despa et al.,
2000), as well as the recently developed probes Asante
NaTrium Green 1 and 2 (ANG-1/-2; TEFLabs, Austin, TX;
Lamy and Chatton, 2011; Roder and Hille, 2014; Fig. 2E).
In contrast to SBFI, the excitation maximum for these dyes
lies around 500 nm, and hence these probes are suitable for
single photon confocal imaging. These indicators can also be
successfully used for fluorescence lifetime imaging microscopy
(FLIM) experiments, albeit with relatively small changes in
decay parameters in response to changes in [Na1]i (Despa
1613

FIGURE 2: Dynamic measurements of [Na1]i. A: Calibration of a Na1-sensitive microelectrode in salines with different sodium activities
(aNa). Sodium was substituted with either NMDG (left part) or potassium (right part). B: Images of SBFI-loaded cultured astrocytes: fluorescence emission after excitation at 380 nm (upper right) and ratio images under control conditions (upper left) and after application of
0.5 and 1 mM GABA (lower left and right). Bottom traces: [Na1]i transients in response to different GABA concentrations as indicated
by the bars. C: Top. Images of the fluorescence of an acute hippocampal tissue slice, double-labeled with the astrocyte marker SR101
(top left) and SBFI (bottom left) and merged image (right; SBFI: green, SR101: magenta). SBFI-loaded, SR101-positive astrocytes appear
in white. Scale bar: 25 mm. Bottom: In situ calibration of SBFI in this preparation. Normalized mean values 6 S.E.M. of SBFI fluorescence
at different sodium concentrations. Black line: linear fit of the data points between 5 and 50 mM sodium; dotted curve: a dose response
fit. D, Epifluorescence (left) and two-photon (right) image of a single hippocampal astrocyte, filled with SBFI through a patch-pipette. E,
commonly used fluorescent sodium indicator dyes. Ex/Em: excitation/emission wavelength, U: quantum yield. 1: available from TEFLabs,
Austin, TX; 2: trademarks of Molecular Probes/ThermoFisher Scientific Inc, Waltham, MA. Taken from (A): (Deitmer and Munsch, 1995),
(B): (Chatton et al., 2003), (C): (Karus et al., 2015), (D): (Schreiner and Rose, 2012). (E): [1–4]: (Diarra et al., 2001; Meier et al., 2006;
Minta and Tsien, 1989; Rose, 2011); [5–7]: (Amorino and Fox, 1995; Despa et al., 2000; Winslow et al., 2002); [8,9]: (Bender and Trussell,
2009; Poburko et al., 2007); [10–12]: (Azarias et al., 2013; Lamy and Chatton, 2011; Theparambil et al., 2015).
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et al., 2000; Roder and Hille, 2014; Rungta et al., 2015). For
some while, a positively charged version of CoroNa was available (“CoroNa Red,” Molecular Probes), which accumulated
in mitochondria, hence enabling detection of Na1 in this
organelle (Bernardinelli et al., 2006); regrettably, production
of this dye has been recently discontinued.
Thus, while commercially available chemical indicators
have been proven to be quite useful, further technological
developments for Na1 imaging are wanted. Lack of more
“modern” approaches, such as genetically-controlled or membrane targeted indicators or dyes usable for FLIM, has hitherto been a serious obstacle in the advancement of our
knowledge, in particular for unveiling Na1 fluctuations in
cellular microdomains or in diverse organelles. Another limitation is the absence of appropriate tools for manipulation
[Na1]i. Neither Na1 buffers (or “sponges”), nor tools for fast
and experimentally controlled release (“cages”) are in existence, which precludes reliable and reversible experimental
manipulations with [Na1]i. Because [Na1]i is in the mM
range, [Na1]i displacements affect the membrane potential.
Moreover, changes in the electrochemical driving force for
Na1 ultimately feed back upon Na1-dependent transporters
on the plasma membrane, thus altering a multitude of other
processes, such as, for example, regulation of pH, potassium
transport, or uptake/release of neurotransmitters. Thus
improving the existing tools and developing new approaches
for the detection and manipulation [Na1]i represents the
major challenge in sodium signalling studies (see Box 1).

Molecular Physiology of Transmembrane Na1
Transport in Astrocytes
The Na1/K1 Pump
Sodium extrusion is mainly mediated by the ubiquitously
expressed Na1/K1-ATPase (NKA) also known as Na1/K1
pump (Fig. 1B). The NKA is composed of several subunits,
namely the catalytic a-subunit, which binds ATP and the
selective antagonist ouabain, and the b-subunit, which is
required for full activity of the pump (Kaplan, 2002; Skou
and Esmann, 1992). Both subunits exist in several isoforms,
show differential expression in various cells and exert different
functional characteristics, depending on the exact subunit
composition of the complex (Blanco and Mercer, 1998;
Larsen et al., 2014). In the nervous system, the a1-subunit is
present in all cell types, the a2 subunit is preferentially
expressed in astrocytes, whereas the a3 is mostly found in
neurones (Juhaszova and Blaustein, 1997; Sweadner, 1995).
Loss-of-function mutations in NKA are accompanied
with neurological symptoms (Moseley et al., 2007). A missense mutation in the a2 subunit encoding gene is associated
with familial hemiplegic migraine type 2 (De Fusco et al.,
2003), whereas mutations in the a3 gene are associated with
October 2016

BOX 1 New tools needed to meet challenges in
sodium signalling:

 enlarged and improved toolbox of chemical indicator
dyes with different Kd (to extend the dynamic range of
[Na1]i measurements), spectral properties, and/or
molecular weight (e.g., dextran-coupled) as well as with
improved quantum yield and less photo-bleaching
 Na1 indicators useful for fluorescence lifetime imaging
(FLIM) for quantitative imaging in diverse cellular
compartments
 membrane-targeted Na1 indicators for monitoring
[Na1]i at the plasma membrane and in fine processes
 Na1 indicators targeted to organelles (mitochondria,
nucleus, ER, lysosomes etc.)
 genetically encoded Na1 sensors for in vivo imaging
 “caged”-Na1 for the controlled and localized generation
of [Na1]i transients
 Na1-buffers/chelators for a targeted reduction/elimination of [Na1]i transients
 improved approaches for detection of extracellular Na1

rapid-onset dystonia and parkinsonism (de Carvalho Aguiar
et al., 2004). An auxiliary g-subunit (which belongs to the so
called “FXYD” proteins that share a 35-amino acid sequence
domain beginning with the amino acid sequence PFXYD)
apparently regulates the affinities for Na1 and K1 (Sweadner
and Rael, 2000). Ouabain-like molecules act as endogenous
modulators of NKA activity; the NKA is also linked to Src
kinase pathway, which represents a signalling cascade independent from ion transport (Aperia, 2007; Hertz et al., 2015;
Liang et al., 2006).
Na1 Channels
Sodium-permeable ion channels at the plasma membrane provide a significant pathway for sodium influx into astrocytes
(Fig. 1B).
Ligand-gated
sodium-permeable
channels. Astrocytes
express virtually all types of ligand-gated sodium channels,
the combination of which varies depending on the brain
region (Verkhratsky, 2010; Verkhratsky and Kirchhoff, 2007).
These ionotropic receptors include AMPA and NMDA glutamate receptors, P2X1/5 and P2X7 purinoceptors and several
types of nicotinic acetylcholine (ACh) receptors with particular expression of a7 nAChRs. All these receptors have some
Ca21 permeability, which however is not exceedingly high
(for example PCa/PNa for astroglial NMDA receptors 3 and
for P2X1/5 receptors 2 (Palygin et al., 2010). In physiological conditions, when the extracellular Na1 concentration is
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System N transporters;
Na1-coupled neutral
amino acid transporters,
SNAT 3, SNAT 5

GABA transporter, GAT3

Glycine transporter,
GlyT1

Sodium-calcium
exchanger, NCX1, NCX2,
NCX3

Sodium-proton exchanger,
NHE1

Glutamine

GABA

Glycine

Ca21, Na1

H1, Na1

SLC6A3

Na1-dependent dopamine
transporter, DAT1

Dopamine
SLC1A5

SLC28A2

Concentrative nucleoside
transporter, CNT2

Adenosine

Neutral amino acid transporter subtype ASCT2

SLC23A2

Na1-dependent ascorbic
acid transporter, SVCT2

Ascorbic acid

D-serine

SLC8B1

Sodium-calcium-lithium
exchanger, NCLX

Ca21, Na1 in
mitochondria

SLC12A2

Sodium-potassium-chloride co-transporter,
NKCC1

SLC4A4

SLC9A1

SLC8A1, SLC8A2,
SLC8A3

SLC6A9

SLC6A12

SLC38A3, SLC38A5

SLC1A3, SLC1A2

SLC classification

Na1, K1, Cl-

Sodium-bicarbonate transporter, NBC

Excitatory Amino-Acid
Transporters 1 and 2;
EAAT1, EAAT2; in
rodents known as GLT-1
and GLAST

Glutamate

HCO3- , Na1

Generic classification

Transported molecule

TABLE 1: Sodium-dependent Transporters Expressed in Astrocytes

always outward

 280 to 270 mV

 280 mV

1Na1 (In): 1Gln: 1 H1
(Out); electroneutral

2Na1: 1Cl-: 1GABA (In);
electrogenic
2Na1: 1Cl-: 1Gly (In);
electrogenic

3

> 160 mV; always
inward
> 160 mV; always
inward

1 Na1: 1 nucleoside (In);
electrogenic
1/2 Na1: 1 DA: 1Cl- (In)

> 160 mV; always
inward

> 160 mV; always
inward

2Na1: 1Asc- (In);
electrogenic

1Na1: 1D-ser (In)

?

Erev is determined by
[Cl-]i, in physiological
context transport is always
inward

270 mV

> 160 mV

3Na1 (In): 1Ca21 (Out);
electrogenic

1Na1: 1K1: 2Cl- (In/
Out); electroneutral

electrogenic

1Na1 (In): 1H1 (Out);
electroneutral
1Na1: 2/3 HCO- (In);

290 mV (i.e., operates
in reverse mode in resting
state)

> 150 mV

3Na1: 1H1: 1Glu (In):
1K1 (Out); electrogenic

3Na1 (In): 1Ca21 (Out);
In forward mode;
electrogenic

Erev

Stoichiometry

(Martineau et al., 2014;
Maucler et al., 2013)

(Miyazaki et al., 2011)

(Peng et al., 2005)

(Acuna et al., 2013; Siushansian et al., 1997)

(Parnis et al., 2013)

(Macaulay and Zeuthen,
2012)

(Theparambil et al.,
2015)

(Bondarenko et al., 2005)

(Pappalardo et al., 2014;
Parpura and Verkhratsky,
2012)

(Eulenburg and Gomeza,
2010)

(Eulenburg and Gomeza,
2010; Zhou and Danbolt,
2013)

(Uwechue et al., 2012)

(Eulenburg and Gomeza,
2010; Zhou and Danbolt,
2013)
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about 70 times higher than that of Ca21, currents through
these channels are mainly carried by Na1, affecting thus
[Na1]i and generating Na1 signals (e.g., Bennay et al., 2008;
Kirischuk et al., 1997).
Nax channels. A distant relative of voltage-gated Na1 chan-

nels, known as Nax channel, is expressed in astrocytes from
subfornical organ, which belongs to the circumventricular
organs that are highly vascularised and are not fenced by the
brain-blood barrier, thus bridging the brain with circulation
and being responsible for CNS chemo-sensitivity. Nax channels are activated by an increase in extracellular Na1 concentration and hence allow astrocytes to monitor blood Na1:
raises of [Na1]o above 140 mM in vivo activate Nax. The
resulting Na1 influx into astrocytes with subsequent activation of NKA stimulates glycolysis and release of lactate. The
latter energizes adjoining GABA-ergic neurones, where
increased ATP closes ATP-sensitive K1 channels, hence exciting these neurones which through their connection instigate
Na1-aversive behaviour (see Noda and Hiyama, 2015 for
detailed overview).
Voltage-gated sodium channels. Depolarisation-induced
whole-cell and single channel Na1 currents were recorded in
the very first voltage-clamp experiments on cultured astroglia
(Bevan et al., 1985; Nowak et al., 1987; see also Verkhratsky
and Steinhauser, 2000 for historic overview), and at least two
types (TTX-sensitive and TTX-resistant) of voltage-gated
Na1 channels were subsequently characterised in astrocytes in
vitro (Sontheimer and Waxman, 1992; Sontheimer et al.,
1992; Thio and Sontheimer, 1993). Treatment of cultured
spinal cord astrocytes with veratridine that inhibits inactivation of voltage-gated Na1 channels, resulted in large Na1
increases, this being another indication for the functional
expression of these channels (Rose et al., 1997). Experiments
in situ also reported functional expression of TTX-sensitive
Na1 channels in glia in hippocampal slices. Cells that
expressed Na1 currents in the hippocampus were termed
“complex” or “GluR” cells by the Steinh€auser group (Matthias et al., 2003; Steinhauser et al., 1994), and likely represented NG-2 glial cells (Jabs et al., 2008). Whereas
biochemical studies identified astroglial expression of Nav1.2,
Nav1.3, Nav1.5, Nav1.6 channels subunits (Black and Waxman, 2013), the question about functional expression of
voltage-gated Na1 channels in astrocytes in vivo remains
unsettled (for comprehensive overview see Pappalardo et al. in
this issue).
TRP channels. The transient receptor potential (or TRP) is
an extensive (28 members) family of cationic channels, which
are almost ubiquitously expressed in multicellular organisms
and are fundamental for all types of sensing including

October 2016

thermal sensation, nociception, chemoception, equilibrioception and interoception (Nilius and Appendino, 2013; Vennekens et al., 2012). At least three classes of TRP channels,
the TRPA1, TPPC1/4/5 and TRPV1/4 channels have been
identified in astrocytes (Verkhratsky et al., 2014). These channels have relatively high Ca21 permeability (PCa/Pmonovalent
between 3 and 10), with maximal fractional Ca21 current
around 23% for TRPA1 (Nilius et al., 2011), which means
that these channels mostly mediate Na1 influx. The TRPC1/
3 channels seem to be the most abundant in astrocytes, where
they act as a molecular substrate of store-operated Ca21 entry
(Golovina, 2005; Malarkey et al., 2008; Verkhratsky and Parpura, 2014), and hence these channels represent a link
between metabotropic receptor stimulation and Na1 entry, as
depletion of ER Ca21 store will activate TRPC-mediated
Na1 influx. Of note, TRPC1 channels have a dual selectivity
filter for Na1 and Ca21, which regulates fluxes of these ions
in seemingly independent way (Reyes et al., 2013).
Other channels. Influx of Na1 into astrocytes can be also

mediated by cationic channels belonging to the family of
acid-sensitive ion channels [ASICs—(Krishtal, 2015)] and
epithelial sodium channel/degenerines (ENaCs—Fyfe et al.,
1998). Both types of channels seem to be expressed in astrocytes (Huang et al., 2010; Miller and Loewy, 2013), although
their contribution to astroglial function remains unexplored.
Na1-dependent solute carrier (SLC) transporters
The sodium-calcium exchanger or NCX. All three known
subunits of NCX (NCX1—NCX3/SLC8A1—A3) are
expressed in astrocytes, and are important determinants of
Na1 homeostasis linking, similarly to TRPC channels, Ca21
and Na1 dynamics (Fig. 1B; see also review by Parpura et al.
in this issue). Astroglial NCXs were reported to concentrate
in perisynaptic processes, which they share with NKA and
glutamate transporters and possibly ionotropic receptors
(Minelli et al., 2007). Astroglial mitochondria express a specific version of Na1/Ca21 exchanger, which (in contrast to all
other members of the NCX family) can transport Li1 instead
of Na1. This transporter, known as NCLX (Parnis et al.,
2013) plays an important role in mitochondrial Na1 influx
and contributes to various aspects of astrocyte physiology and
is also discussed in detail by Parpura et al. in this issue.
The reversal potential of plasmalemmal NCX in astroglia (assuming stoichiometry 3Na1:1Ca21, [Ca21]i 80 nM
and [Na1]i 15 mM; Table 1), is 292 mV indicating that
the exchanger normally operates in the reverse mode extruding Na1 and importing Ca21. Indeed pharmacological inhibition of reversed mode of NCX with KB-R7943 lead to
[Ca21]i decrease suggesting NCX dependent basal Ca21 entry
(Reyes et al., 2012). Even minor fluctuations in [Na1]i and
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membrane potential can switch the mode of NCX operation;
essentially the NCX in astrocytes dynamically fluctuates
between forward/reverse modes and mediates both Ca21
entry and [Ca21]i clearance as well as Na1 influx/efflux [Fig.
1B; (Kirischuk et al., 1997; Paluzzi et al., 2007; Reyes et al.,
2012; Rojas et al., 2007)].
The Na1/H1
exchangers extrude protons out of the cell at the expense of
the transmembrane Na1 gradient (Figs. 1B and 5) and represent thus the major system expelling H1 generated by cellular
metabolism (Chesler, 2003; Deitmer and Rose, 1996). The
operation of NHE is electroneutral reflecting its stoichiometry
of 1Na1: 1 H1. In physiological conditions (at pHi of 7.2
and pHo of 7.4), the reversal potential of the NHE lies at
around 160 to 170 mV, ensuring its operation as H1
extruder (Table 1). There are at least 8 genes (NHE1-8/
SLC9A1-A8) encoding this exchanger in the human genome;
in astrocytes, the NHE1 is the major isoform (Chesler,
2003). Activation of NHE in response to acid loading after
metabolic inhibition causes substantial Na1 increases in astrocytes (Bondarenko et al., 2005; Kintner et al., 2005).
Sodium-proton

exchanger,

or

NHE.

Sodium-bicarbonate cotransporter, or NBC. The sodiumbicarbonate transporter NBCe1/SLC4A4 performs transmembrane translocation of bicarbonate (Fig. 1B; Chesler, 2003;
Deitmer and Rose, 1996). The NBC has a stoichiometry of 1
Na1: 2 HCO2
3 in astrocytes being thus electrogenic. The
reversal potential of NBC lies around 270 to 280 mV, being
thus close to the resting membrane potential of astrocytes,
and it may operate in both inward and outward modes
2
depending on the [Na1
i ], the [HCO3 ] and the membrane
potential. In the inward mode, NBC operation results in an
increase in [Na1]i, in the outward mode NBC exports Na1
and HCO2
3 being the major mechanism for recovery from an
alkalosis in astrocytes (Theparambil et al., 2015; cf., Fig.
3D). Thus NBC, similar to the NCX, can serve as an
importer or an exporter of Na1 (Fig. 1B).
Sodium-potassium-chloride cotransporter, or NKCC1. The
Na1-K1-Cl2 cotransporter 1 (NKCC1, or SLC12A2; Fig.
1B) transports Na1, K1, and Cl2 into the cell with a stoichiometry of 1Na1: 1K1: 2Cl2. Because of this stoichiometry,
operation of NKCC1 is electroneutral and in physiological
context it operates in the inward (forward) mode only (Fig.
5; Table 1). Excessive increases in [Na1]i may reverse the
transporter (Keep et al., 1994), although this is limited to
pathological conditions. Functional expression of NKCC1 in
astrocytes increases during postnatal brain development (Kelly
et al., 2009; Yan et al., 2001) and is responsible for setting
their relatively high intracellular Cl2 concentration (Jayakumar and Norenberg, 2010). The NKCC1 is involved in the
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uptake of extracellular K1 following intense neuronal activity
or under pathological conditions (Hertz et al., 2015; Larsen
et al., 2014) and plays an important role in the swelling of
astrocytes, mediating an increase in astrocyte Na1 (Chen and
Sun, 2005; Jayakumar and Norenberg, 2010; Kahle et al.,
2009; Kelly et al., 2009).
Neurotransmitter
transporters. Glutamate. Astrocytes
express excitatory amino acid transporters types 1 and 2
(EAAT1/SLC1A3, EAAT2/SLC1A2; which in rodents are
referred to as glutamate/aspartate transporter GLAST and glutamate transporter-1 GLT-1, respectively). The EAATs (Figs.
1B and 5) are driven by electrochemical gradients; at physiological pH, glutamate is a monovalent anion and transport of
a single molecule of glutamate requires influx of three Na1
ions and a single H1 ion as well as efflux of one K1 ion, and
this stoichiometry defines the electrogenic effect of glutamate
transporters (Danbolt, 2001; Schousboe, 2003). The reversal
potential of glutamate transport is above 150 mV (Barbour
et al., 1991; Bergles and Jahr, 1997; Table 1) and reverse
operation mode of the transporter has so far been described
only for neurones under severe ischemic conditions (Rossi
et al., 2000). Uptake of glutamate into astrocytes in response
to excitatory synaptic activity triggers substantial Na1 influx
and large [Na1]i transients in astrocytes in culture as well as
in situ (Bennay et al., 2008; Chatton et al., 2000; Kirischuk
et al., 2007; Langer and Rose, 2009; Rose and Ransom,
1996b; see also reviews by Kirischuk et al. and Chatton et al.,
this issue).

Astroglial contribution to homeostasis of GABA is
predominantly mediated by GAT-3/SLC6A12 Na1/Cl2/
GABA symporters (Figs. 1B and 5) that seem to concentrate
in perisynaptic processes that enwrap GABA-ergic synapses
(Conti et al., 2004; Eulenburg and Gomeza, 2010; Schousboe, 2003). GABA transporters translocate one GABA molecule (which, at physiological pH is a zwitterion and hence
does not carry a charge) together with two Na1 ions and one
Cl2 ion (Gadea and Lopez-Colome, 2001). Their estimated
reversal potential is around 280 to 270 mV (Table 1; see
Kirischuk et al. this issue), which means that the direction of
transport is closely linked to ion concentrations and the
membrane potential. While application of GABA to astrocytes in culture and in slice preparations causes inward operation of GABA transporters mediating Na1 influx which may
increase [Na1]i by 5–7 mM (Chatton et al., 2003; Kirischuk
et al., 2012; cf. Fig. 2B), increases in astrocyte [Na1]i in
response to activation of sodium-dependent glutamate uptake
cause reversal of GAT-3 and the release of GABA from astrocytes (Heja et al., 2012).
GABA.
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FIGURE 3: Major membrane transporters setting resting [Na1]i. A: Reversible increase in baseline [Na1]i in cultured rat hippocampal
astrocytes upon inhibition of NKA by ouabain or removal of extracellular potassium as indicated by the bar. B: Stimulation of astrocyte
NKA by extracellular K1. Left. Influence of an elevation of extracellular K1 by ~1 mM on [Na1]i in a neurone (upper trace) and an astrocyte (lower trace) in a mouse hippocampal slice preparation. Right. Ouabain-sensitive fraction of 86Rb1 uptake in cultured rat astrocytes
as a function of extracellular K1, illustrating K1-stimulated activity of NKA. C: Effect of inhibition of NKCC1 by 10 mM bumetanide under
control conditions (5.8 mM K1) and at high extracellular K1 (75 mM) on [Na1]i in cultured rat cortical astrocytes. D: Changes in [Na1]i
in rat cortical astrocytes induced by addition and removal of 5%CO2/26 mM HCO2
3 in wild-type (left) and NBCe1-knockout mice
(right). Taken from (A): (Rose and Ransom, 1996a), (B): left: (Karus et al., 2015), right: (Larsen et al., 2014), (C): (Su et al., 2002), (D):
(Theparambil et al., 2015).

Glycine. 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 (Figs. 1B and 5), whereas
GlyT2 is expressed in neurones. GlyT1 is a Na1-dependent
symporter that translocates a single molecule of glycine
together with 2 Na1 and 1 Cl2 (Fig. 1B) hence rising
[Na1]i. At the same time GlyT1 can reverse in consequence
of an increase in [Na1]i and/or cell depolarization (Table 1;
Eulenburg and Gomeza, 2010). Astroglial GlyT contributes
to extracellular glycine homeostasis and their genetic ablation
triggers respiratory abnormalities and early death (Gomeza
et al., 2003).

“Baseline” Sodium: The Ying and Yang of
Sodium Extrusion and Loading
The intracellular baseline Na1 concentration reflects the balance of Na1 extrusion and Na1 influx. The baseline (or
resting) [Na1]i in astrocytes (as has been determined in
vitro, in cultured rat and mouse astrocytes, and in situ in
October 2016

astrocytes from acutely isolated brain slices) fluctuates
around 15 mM (Fig. 1A); similar values for [Na1]i were
reported for oligodendrocytes (Ballanyi and Kettenmann,
1990; Kirischuk et al., 2012; Reyes et al., 2012; Rose and
Chatton, 2015; Rose and Ransom, 1996a). The basal [Na1]i
is physiologically important because it defines the driving
force reversal potential for a multitude of Na1-dependent
transporters present in plasmalemma or in the endomembranes, hence regulating numerous homeostatic, signalling
and metabolic functions of neuroglia (Erecinska and Silver,
1994; Kirischuk et al., 2012; Rose and Karus, 2013; Somjen,, 2002).
The NKA is the main extruder of Na1 (Fig. 1B) and
also the main energy consumer of glial (as well as neuronal)
cells (Astrup et al., 1981). The NKA thus connects Na1
homeostasis to cellular metabolism, a topic discussed in detail
in earlier reviews [for example (Magistretti et al., 1999; Silver
and Erecinska, 1997); see also Chatton et al. in this issue].
Inhibition of the NKA with ouabain or by removal of extracellular K1 triggers an immediate rise in glial [Na1]i,
1619

indicative of significant constitutive Na1 influx at resting
conditions (Golovina et al., 2003a; Illarionava et al., 2014;
Kimelberg et al., 1979; Rose and Ransom, 1996a; Walz and
Hertz, 1984; Fig. 3A).
Because it exchanges Na1 for K1, glial NKA links
1
[Na ]i with extracellular K1 homeostasis (Fig. 5). In contrast
to neuronal NKA, it is activated by small, physiologically relevant increases in [K1]o [(Karus et al., 2015; Larsen et al.,
2014; Rose and Ransom, 1996a,b); Fig. 3B]. In consequence,
release of K1 during neuronal activity stimulates NKA in
astrocytes, resulting in the uptake of potassium (with the concomitant export of Na1). The distinct sensitivity to extracellular K1 is most likely mediated by the expression of the a2isoform, which (in combination with b2) demonstrates the
lowest affinity for K1 [K0.5 4 mM; (Larsen et al., 2014)].
Glial NKA therefore represents one of the most powerful
mechanisms for the buffering of activity-related increases in
extracellular K1 in the brain (Hertz et al., 2015; Larsen
et al., 2014).
The tight inter-relationship between Na1 and K1
homeostasis is also maintained by the sodium–potassium–
chloride cotransporter NKCC1 (Fig. 5). This transporter is
strongly expressed in astroglia and derives its energy and driving force not from direct hydrolysis of ATP as the NKA does,
but through the inwardly directed electro-chemical gradient
of Na1, which is being co-transported with one K1 and two
Cl2 (Jayakumar and Norenberg, 2010). Inhibition of
NKCC1 with the diuretic bumetanide causes a [Na1]i
decrease in cultured astrocytes by several mM (Kelly et al.,
2009; Rose and Ransom, 1996a; Su et al., 2002; Fig. 3C),
indicating it is constitutively active in resting state. Activation
of NKCC1 by small increases in extracellular K1 has been
shown in cultured astrocytes (Larsen et al., 2014; Rose and
Ransom, 1996a). In contrast, in rat hippocampal slices,
NKCC1 does not seem to contribute to clearance of activityinduced increases in extracellular K1 up to 10 mM. At the
same time NKCC1 is highly relevant in pathological conditions contributing to astrocyte swelling (Hertz et al., 2015;
Jayakumar and Norenberg, 2010; Kahle et al., 2009; Larsen
et al., 2014, see also review by Annunziato et al. this issue).
Sodium homeostasis is also closely linked to regulation
of cellular pH (Fig. 5). The NBC mediates significant influx
of Na1 into glial cells at rest whereas the NHE does not
seem to contribute to setting the baseline [Na1]i (Kintner
et al., 2004). Thus, exposure to CO2/HCO2
3 causes an
increase in astrocyte resting [Na1]i by several mM (Kelly
et al., 2009; Rose and Ransom, 1996a; Theparambil et al.,
2015; Fig. 3D). The NBC does not only connect sodium to
pH homeostasis, but it is in addition dependent on the
extracellular K1 concentration. Because NBC is electrogenic
and its reversal potential is close to the resting membrane
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potential of the astrocyte, it is activated by increases in extracellular K1, thus mediating a depolarisation-induced alkalinisation of astrocytes (Chesler, 2003; Deitmer and Rose, 1996;
Pappas and Ransom, 1994). The latter has recently been
shown to drive glycolysis by stimulation of phosphofructokinase therefore representing a signal for coupling neuronal
activity with astroglial metabolism (Ruminot et al., 2011; see
also review by Chatton et al. this issue).
Taken together, there is strong experimental evidence
that several constitutively active membrane transporters contribute to the setting of the baseline [Na1]i in astroglia.
While NKA is the major pathway for the export of Na1
under physiological conditions, NKCC1 and NBC mediate
constant Na1 influx and Na1 loading. The NCX, in contrast, mediates either Na1 influx or Na1 efflux depending on
intracellular Ca21 concentration and level of membrane
potential (Fig. 1B, Table 1). This being said, it is important
to remember that the data presented above were largely
obtained using Na1-sensitive fluorescent probes and evidence
reported relate to bulk Na1 concentrations in astroglial cell
bodies.

A Fuzzy Issue: Nanodomains or Microdomains
for Sodium
Direct experimental characterisation of [Na1]i dynamics in
small cellular processes or in other sub-cellular compartments
is as yet missing. There is, thus, no knowledge, if [Na1]i in
microdomains is at the same level or higher than in the
soma. This is a fundamental open matter because an
increased [Na1]i in perisynaptic glial processes, for example
due to local influx of Na1 through glutamate transporters,
NCX or Na1 channels, ultimately affects a multitude of
Na1-dependent transporters. This is particularly relevant for
those transporters that operate closely to their reversal potential such as the NCX or GABA or glycine transporters. It is
of note that either a localized constant influx of sodium and/
or significant differences in the sodium export in different
cellular domains are prerequisites for mounting Na1 gradients
within a single cell.
These arguments also hold true for Na1 dynamics in
gap-junction-coupled astroglial syncytia integrated through
gap junctions. Connexins are readily permeable to Na1 and
hence can mediate spread of [Na1]i. In primary astrocyte cultures stimulation of an individual cell induced a Na1 wave
that propagated to neighbouring cells [Fig. 4A; (Bernardinelli
et al., 2004)]. Pharmacological inhibition of gap junctions in
cultured hippocampal astrocytes resulted in a slow divergence
of the [Na1]i between individual cells, indicating that in
physiological context Na1 readily diffuses through gap junctions and [Na1]i is “clamped” to a universal level within the
syncytium [Fig. 4B; (Rose and Ransom, 1997a)]. Effective
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diffusion of Na1 through gap junctions was also identified in
mouse hippocampal slices, where Na1 rapidly spread from a
stimulated astrocyte to neighbouring cells [Fig. 4C; Langer
et al., 2012)]. Changes in gap junction conductance between
glial cells, which for example accompany neuronal activity
(Rouach et al., 2008) may facilitate propagation of Na1
through astroglial networks and promote fast intercellular
equilibration. To the contrary, in resting networks in which
gap junction permeability is reduced, Na1 diffusion between
coupled cells is restrained promoting heterogeneity in baseline
[Na1]i (cf., Fig. 4B, Rose and Ransom, 1997a). There are
some evidence from primary astroglial cultures that Na1
entry though NCX working in the reverse mode may also
contribute to propagating Na1 waves (Paemeleire and Leybaert, 2000).
In addition to possible differences in between gapjunction coupled cells, a so-called “fuzzy space” may exist,
creating Na1 nanodomains. Such nanodomains of [Na1]i
have been proposed for cardiomyocytes, in which Na1 concentrations directly underneath the plasma membrane were
postulated to be significantly higher than in the bulk of the
cytosol (Barry, 2006; Verdonck et al., 2004; Wendt-Gallitelli
et al., 1993). In rat neurones, the opening of Na1-activated
K1 channels apparently relies on Na1 influx through TTXsensitive Na1 channels, which does not visibly affect bulk
[Na1]i (Hage and Salkoff, 2012), again indicating Na1 accumulation just underneath the membrane.
The concept of a “fuzzy space” and the existence of
1
Na nano- or microdomains in astrocytes is supported by
specific clustering and co-localization of different Na1 transporters and/or Na1 channels at the plasma membrane. In
cultured astrocytes, the a2 subunit of the NKA colocalizes
with the NCX at plasma membrane domains directly opposing the ER (Blaustein et al., 2002), suggesting that local Na1
signalling may occur in small cytosolic compartments between
these two membranes (Golovina et al., 2003b). Similarly the
NCX are concentrated in perisynaptic processes of astrocytes,
where they can mediate substantial transmembrane Na1
fluxes thus creating local Na1 elevations (Minelli et al.,
2007). Moreover, aquaporin 4, which mediates water transport and is abundantly expressed in astrocyte endfeet, can
coassemble with NKA, implying that the movement of water
is directly associated with the pump’s activity (Illarionova
et al., 2010). There is also evidence that NKA is functionally
and spatially linked to Na1-dependent glial glutamate uptake
(Chatton et al., 2000). In rat cerebral cortex, the glia-specific
a2-subunit of the NKA colocalized with the Na1-dependent
glutamate transporters GLAST and GLT-1 (Cholet et al.,
2002). A similar finding was obtained in rat cerebellar cortex
where GLAST coimmunoprecipitated with a2 subunit,
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suggesting that the two transporters are associated together in
the same protein complexes (Rose et al., 2009).
While the latter observations promote the idea of a
“sodium cycling” directly at (or very close to) the plasma
membrane, it is important to emphasise that a significant
number of Na1 entering glial cells escape these cycles. This is
evident from many studies which have established that large
activity-induced [Na1]i transients, for example following activation of Na1-dependent glutamate uptake, occur in the bulk
cytosol of astrocytes (Kirischuk et al., 2012; Rose and Karus,
2013; see also reviews by Kirischuk et al. and Chatton et al,
in this issue), arguing against a complete retention and
cycling of Na1 near the membrane. The concept of Na1
nanodomains beneath the plasma membrane was also dismissed by a recent modelling study (Barros and Martinez,
2007), this model, however did not take into account possible
local Na1 cycling. As stated above, appropriate tools, such as
a membrane-bound sodium indicator, are urgently needed to
tackle this highly relevant question.

Na1 Regulates “Homeostatic” as Well as
Signalling Functions in Astrocytes
The studies and data presented above have firmly established
that transmembrane Na1 gradients control many aspects of
astroglia-mediated CNS homeostasis mainly through control
of various transporters. These transporters are critical for
homeostasis of ions such as K1, pH and Ca21, and for
homeostasis of neurotransmitters (Fig. 5 and Table 1). In
addition to glutamate, GABA and glycine transporters
described above, astrocytes express Na1-dependent concentrative nucleoside transporter CNT2/SLC28A2, which is, in
essence, a Na1/adenosine symporter that significantly contributes to the uptake of adenosine (Peng et al., 2005). After
being accumulated into astroglia adenosine is degraded by
astroglia-specific cytosolic adenosine kinase, which makes
astrocytes the main adenosine sink in the CNS (Boison et al.,
2010). Transmembrane sodium gradient also controls dopamine and D-serine transporters (Fig. 5 and Table 1).
Astrocytes are critical for maintenance of excitatory and
inhibitory neurotransmission being the main source for glutamine, the precursor for glutamate and GABA. The operation
of glutamine–glutamate and glutamine GABA shuttles is also
Na1 regulated. First, [Na1]i may directly affect the activity of
glutamine synthetase that converts glutamate to glutamine
(Benjamin, 1987). Second, glutamine is transported back to
neurones using specific Na1-dependent glutamine transporters (Deitmer et al., 2003; Schousboe, 2003). The major astrocyte subtype are the system N transporters SNAT3/SLC38A3
and SNAT5/SLC38A5 (Table 1; Fig. 5), that translocate glutamine together with 1 Na1, which is electrically balanced by
countertransport of a single proton. The transporter is hence
1621

FIGURE 4: Sodium equilibration in and propagation through astrocyte syncytium. A: Left: Sequential images of simultaneous Na1 and
Ca21 imaging in cultured astrocytes showing a Na1 (top) as well a Ca21 wave (bottom) in response to electrical stimulation of a cell positioned in the center. Right: Increases in [Ca21]i and [Na1]i in four different cells. Note that [Ca21]i rises are much steeper than increases
in [Na1]i. B: Effect of the gap junctional uncoupler octanol on [Na1]i of cultured hippocampal astrocytes. Top part depicts the regions of
interest of individual astrocytes; their response to octanol is indicated schematically. Bottom part shows dynamic measurement of Na1
in four individual astrocytes and the effect of octanol. C: Increases in [Na1]i evoked by direct electrical stimulation of a single astrocyte
propagate to neighboring cells in the CA1 area of the hippocampus. Top right: Color-coded peak amplitudes of [Na1]i transients normalized to that of the stimulated cell, depicted as cumulative 2D plot and projected over a transmitted light image of the preparation. Bottom right: Mean values of normalized amplitudes of sodium elevations in astrocytes, plotted against their distance from the stimulated
cell. Image of the stratum radiatum, with stimulation electrode is shown on the left. Astrocytes (a1–a5) are highlighted. Below: Increases
in [Na1]i in cells a1-a5 upon electrical stimulation of a1. Taken from (A): (Bernardinelli et al., 2004), (B); (Rose and Ransom, 1997a), (C):
(Langer and Rose, 2009).

electroneutral and operates close to the equilibrium under
physiological conditions (Broer et al., 2004). At the Calyx of
Held, it was proposed that astrocytic Na1-driven glutamine
efflux through glutamine transporters was potentiated by
[Na1]i increases produced by activation of Na1-dependent
glutamate transport (Uwechue et al., 2012, see also review by
Kirischuk et al., this issue). Transmembrane Na1 gradients
control many other homoeostatic functions of astrocytes (Fig.
5), such as extracellular K1 buffering (through NKA,
NKCC1 and possibly Kir4.1) or scavenging reactive oxygen
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species by ascorbic acid (astrocytes accumulate the latter
through Na1-dependent transporter, see Fig. 5 and Table 1).
Finally dynamic changes in astroglial [Na1]i regulate aerobic
glycolysis and production of lactate, which serves as an energy
substrate for neurones (Pellerin and Magistretti, 2012).
Astrocyte [Na1]i is dynamically affected by neuronal
activity, resulting in [Na1]i transients in astroglial perisynaptic
processes that spread from there to neighbouring parts of the
cell and even to adjacent astrocytes in a form of Na1 waves
(Kirischuk et al., 2012; Rose and Karus, 2013). Importantly,
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FIGURE 5: Na1 transporters involved in homeostatic and signalling functions. Scheme illustrating sodium-dependent transporters in
astrocytes which link predominately homeostatic functions with ion signaling. For further explanations and abbreviations: see text.

these astroglial Na1 signals directly reflect the strength of
synaptic activation and also differ in many other aspects,
such as absolute amplitude and time course, as well as their
passive spread by diffusion, from activity-induced calcium
signals in astrocytes. The sodium signalling system may be
ideally placed for fast coordinating signalling between neuronal activity and function of “homeostatic” Na1-dependent
transporters, especially in perisynaptic processes, where most
of these transporters concentrate and where [Na1]i transients
develop. Sodium influx into the perisynaptic processes, with
their exceedingly high surface to volume ratio, may also trigger local depolarisation which will further regulate transporter function and mode of operation. The most dramatic
influence will be exerted on transporters that work close to
their resting membrane potential. Thus, reversal of NCX in
response to intracellular [Na1]i signals will result in intracellular calcium signalling and the transporter-mediated release
of GABA or glutamine will influence neuronal excitability.
This being said, it is also clear that the principles of Na1dependent signalling in astrocytes and their functional relevance are far from being fully understood. The development
of new tools will hopefully help to solve some of the remaining mysteries allowing the detection and manipulation
[Na1]i in small astrocyte processes.
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