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Abstract. Most of the human brain mass is occupied by the neocortex, which consists of neurons and non-neurons. 
The latter cells include astrocytes, a heterogeneous glial cell type. While astrocytes have been considered as neuron-
subservient entities for almost a century, it is now becoming evident that they are essential in providing homeostatic 
support to neural networks and that they also actively participate in information processing in the brain. Astrocytes get 
excited when neurotransmitters bind to their membrane receptors and feed-back by releasing their own signals. This 
involves vesicles, which store chemicals termed gliotransmitters or more generally gliosignaling molecules. In the former 
case chemical messengers get released from astrocytic sites proximal to the synapse, which defines communication to 
occur in the micro-space of contact between the synapse and the astrocyte. In contrast gliosignaling molecules may 
also be released into the extracellular space. This mode of release resembles the endocrine system. Hence astrocytes 
are considered to be part of the gliocrine system in the brain, where the glymphatic system mediates the convection of 
released molecules. This complex system not only plays a role in cell-to-cell communication but also synchronizes the 
provision of energy for neural networks. Astrocytes contain glycogen, a form of energy store. Excitation of astrocytes 
by volume transmitters, such as noradrenaline , released by locus coeruleus neurons, activates adrenergic receptors and 
stimulates glycogenolysis, providing lactate. This chapter briefly reviews how noradrenaline and astrocytes operate 
to synchronize excitation and energy provision. Moreover, Ca2+ -dependent fusion of the vesicle membrane with the 
plasma membrane in astrocytes is discussed.
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Introduction

Astrocytes are an abundant form of glial cells in the central 
nervous system (CNS). They are no longer regarded as 
passive and subservient partners of neurons. In contrast to 
the established role of providing merely homeostatic met-
abolic support to neurons, they are active in signaling as 
well. Since the early 1990s many new functions have been 
discovered including regulation of synaptogenesis, syn-
aptic transmission, brain microcirculation, roles in the for-
mation and maintenance of the blood–brain barrier (BBB), 
roles in the integration of adult-born neurons into func-
tional networks and participation in pathologic immune 
responses and contributions to the formation and resolu-
tion of brain oedema (Dong & Benveniste, 2001; Haydon, 
2001; Ke et al., 2001; Anderson & Nedergaard, 2003; De 
Keyser et al., 2003; Nedergaard et al., 2003; Zonta et al., 
2003; Abbott et al., 2006; Gordon et al., 2007; Nase et al., 
2008; Stevens, 2008; Risher et al., 2009; Sultan et al., 2015). 
A key process for all these recently discovered functions 
involves cytoplasmic excitability, a property of astrocytes 
that respond to stimuli by elevations in secondary messen-
gers, such as cytosolic levels of Ca2+ and cAMP (Verkhrat-
sky & Kettenmann, 1996; Verkhratsky et al., 1998; Vardjan 
& Zorec, 2015). Excited astrocytes are engaged in energy 
providing processes to metabolically support activated 
neuronal networks during certain tasks. An important 
system that controls excitation-energy coupling is the adr-

energic system in the CNS, involving the locus coeruleus 
(LC) neurons, which release catecholamines including 
noradrenaline (NA) and adrenaline (ADR). This system 
also consists of target cells such as astrocytes which bear 
adrenergic receptors (AR) on their plasma membrane and 
respond with a change in cytosolic levels in D-glucose, a 
result of activated glycogenolysis (Prebil et al., 2011a). Ex-
cited astrocytes communicate their active physiological 
state to neighbouring cells, where vesicle-based mecha-
nisms play an important role. Exo- and endocytosis, which 
mediates vesicle-based release are also involved in setting 
the density of plasma membrane channels, receptors and 
transporters (Stenovec et al., 2008), determining the qual-
ity of the plasma membrane signaling capacity as well as 
the release of chemical messengers which may affect the 
function of neighbouring cells in health and disease (Kreft 
et al., 2004; Osborne et al., 2009; Parpura & Zorec, 2010; 
Guček et al., 2012; Parpura et al., 2012; Zorec et al., 2012; 
Potokar et al., 2013b; Vardjan et al., 2015b). 

Excitable astrocytes

The hallmark of cytosolic excitability of astrocytes is a 
transient increase in cytosolic level of Ca2+, a consequence 
of the activation of various receptors, pumps, and trans-
porters that glial cells express on their plasma membrane 
and endomembranes, most notably that of the smooth 
ER, which acts as the dominant intracellular Ca2+ store 
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(Vardjan et al., 2015a). Such a response was first detected 
by applying the neurotransmitter glutamate to astrocytes 
(Cornell-Bell et al., 1990b). Not only glutamate, astrocytes 
detect a myriad of signaling molecules present in the 
brain parenchyma, some of which are released by astro-
cytes themselves, and the list of these is getting longer and 
longer (Verkhratsky et al (2016). When signaling mole-
cules bind to their receptors, this may increase not only 
cytosolic levels of Ca2+ but also other astrocytic cytosolic 
signals, such as (cAMP) (Vardjan & Zorec, 2015). A prom-
inent stimulus for the increase in cAMP levels are β-adr-
energic receptor (β-AR) agonists, which rapidly increase 
cAMP to a new steady-state level (Vardjan et al., 2014a). 
However, the increase in cAMP levels are without rapid 
oscillations as seen in time-dependent changes in levels in 
cytosolic Ca2+ (Vardjan & Zorec, 2015). 

Astrocytes express a large number of various types 
of receptors in culture and in situ, and many of these re-
ceptors are metabotropic, high affinity G protein-coupled 
receptors (GPCRs) (Agulhon et al., 2008; Parpura & Ver-
khratsky, 2012; Zorec et al., 2012). Depending on the type 
of the GPCR subunit, distinct cellular responses can be 
elicited. For example, activation of the Gq subunit leads to 
the stimulation of phospholipase C (PLC), which hydro-
lyzes phosphoinositol diphosphate (PIP2) to diacyl-glyc-
erol (DAG) and inositol trisphosphate (IP3). Binding of 
IP3 to IP3Rs located on the ER (Hua et al., 2004) or even on 
secretory vesicles (Hur et al., 2010) increases intracellular 
Ca2+ levels through the release of Ca2+ from these intracel-
lular organelles. Mitochondria can also act in shaping Ca2+ 
signals, since in astrocytes they can buffer Ca2+ through 
Ca2+ uptake and storage (Simpson & Russell, 1998; Reyes 
& Parpura, 2008). The Ca2+ can also enter astrocytes from 
the extracellular space through voltage-gated Ca2+ chan-
nels (MacVicar, 1984; Parri & Crunelli, 2001; Latour et 
al., 2003), ionotropic receptors (Lalo et al., 2011), and the 
sodium-calcium exchanger (Reyes et al., 2012) as well as 
through the transient receptor potential canonical type 
1-containing channel (Malarkey et al., 2008). However, Gq 
GPCR activation and release of Ca2+ from IP3-sensitive in-
ternal stores is the best-accepted mechanism for cytosolic 
Ca2+ increases in astrocytes. 

Unlike Gq GPCR activation, stimulation of Gs GPCR 
subunits in astrocytes triggers adenylyl cyclase (AC) to 
catalyze the conversion of ATP to cAMP (Rathbone et al., 
1991; Vardjan et al., 2014a). This cAMP activates a number 
of effectors in the cell, primarily cAMP-dependent protein 
kinase A, which, by phosphorylating cytoplasmic and nu-
clear targets, mediates many different functional effects. 
Signaling via cAMP-activated GTP-exchange protein (de 
Rooij et al., 1998), cAMP-gated ion channels, and Popeye 
domain-containing proteins (Froese et al., 2012) may also 
be present (Beavo & Brunton, 2002). 

Ca2+ excitability in astrocytes has been observed in cul-
ture (Cornell-Bell et al., 1990a), in brain slices in situ (Pasti 
et al., 1997), and in vivo (Hirase et al., 2004) and may oc-
cur spontaneously or in response to primary messengers 
(Cornell-Bell et al., 1990a). Ca2+ excitability can propagate 
from an excited astrocyte to neighbours in the form of in-
tercellular Ca2+ waves, which are carried by diffusion of 

IP3 or Ca2+ through gap junctions (Scemes et al., 2000) or 
via astrocytic release of glutamate or ATP and subsequent 
receptor-mediated activation of neighboring astrocytes 
(Bowser & Khakh, 2007). These waves travel 10–20 μm/s 
(Leybaert & Sanderson, 2012). By contrast, Gs activation 
induces persistent cAMP elevations (Vardjan et al., 2014a; 
Vardjan & Zorec, 2015). Whether Gs-induced cAMP excit-
ability can be propagated between neighboring astrocytes 
(by intercellular cAMP waves), as was observed for Ca2+ 
excitability, needs to be evaluated in the future. 

Interestingly, α- and β-ARs coexist on astrocytes and 
are activated when catecholamines such as NA is in-
creased during activation of the LC. How this event affects 
astrocyte-based functions related to energy provision is 
considered next.

Adrenergic system in the CNS: excitation-
energy coupling in astrocytes

Most of the energy demand in the brain is linked to electri-
cal and synaptic activity (Attwell & Gibb, 2005), but how 
energy substrates, needed for ATP synthesis, are delivered 
to synapses, is still an open question. A simple assump-
tion would be that pyruvate is provided to the mitochon-
dria by glycolysis within the neuron. However, the exten-
sive astrocytic processes in contact with blood vessels are 
well suited to take up glucose from blood and distribute 
it, either as glucose itself, or pyruvate or lactate derived 
from glucose, to astrocytic parts surrounding synapses, 
possibly by diffusion through gap junctions integrating 
astroglial syncytia (Rouach et al., 2008). Diffusion of glu-
cose within astrocytes is relatively rapid (Kreft et al., 2013) 
and may well support glucose delivery via interconnected 
astrocytes in situ. Although synapses are the main ener-
gy consumers in the brain, glycogen, an important CNS 
energy storage system, is present mainly, if not exclu-
sively, in astrocytes. Many processes, including memory 
formation,require glycogenolysis (Gibbs et al., 2006; Hertz 
& Gibbs, 2009), and this appears to be controlled by neu-
ronal release of NA (Gibbs et al., 2010). Thus, NA may be 
considered as an integrator of excitation and energy pro-
vision by astrocytes. In the adult operational (i.e. awake) 
brain, NA is the main signaling molecule that triggers as-
troglial Ca2+ excitation (Ding et al., 2013).

The primary source of NA in the CNS is LC. Neurons 
from this nucleus innervate the spinal cord, other regions 
of the brain stem, the cerebellum, the hypothalamus, the 
thalamic relay nuclei, the amygdala, the basal nuclei, and 
the cortex, although some cortical areas are covered by 
more abundant innervation (Chandler et al., 2014). In all 
these structures, synchronous activation of LC projections 
(Bouret & Sara, 2005) leads to coherent and synchronized 
electrical activity, possibly reflected by gamma waves on 
an electroencephalogram (Sara, 2015). This may be re-
garded as a functional “reset” for brain networks (Bouret 
& Sara, 2005; Sara, 2015), a key process associated with 
arousal and the sleep–wake cycle, attention and memo-
ry, behavioral flexibility, behavioral inhibition and stress, 
cognitive control, emotions, neuroplasticity, posture, and 
balance (Benarroch, 2009). In all these functions NA re-
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leased from LC neurons binds to α- and β-ARs which are 
present in many cell types including neurons, microglia, 
and astrocytes. The ARs were among the first receptors 
to be causally linked to astroglial Ca2+ signaling (Salm & 
McCarthy, 1989; Kirischuk et al., 1996). Astroglial cytosolic 
Ca2+ signals were observed in vivo after stimulation of the 
LC in anesthetized animals (Bekar et al., 2008). Interesting-
ly in awake animals, stimulation of LC neurons triggered 
(by activation of β-ARs) widespread astroglial Ca2+ sig-
nals, which appeared in almost all astrocytes in the field of 
study (Ding et al., 2013). These observations are consistent 
with the notion of LC acting as a “reset” for neural net-
works (Sara, 2015). 

In addition to the role of α1-ARs, which mediate the 
increase in cytosolic Ca2+ levels widely in astrocytic net-
works (Ding et al., 2013), the simultaneous activation of 
β-ARs leads to the activation of the cAMP-dependent 
pathway; this in turn instigates rapid degradation of gly-
cogen, which serves as the main energy reserve in the brain 
(Prebil et al., 2011a; Kreft et al., 2012).  Figure 1 depicts gly-
cogen-linked mechanisms in astrocytes and shows how 
glucose entry through the plasma membrane connects 
with the glycolytic process via the glycogen shunt, how 
this is linked to oxidative phosphorylation and the puta-
tive synthesis of glutamate and lactate production. 

In addition to regulating glucose metabolism, the 
cAMP signaling pathway also shapes astrocytes; when 
NA is applied to astrocytes in culture they attain stellate 
morphology (Vardjan et al., 2014a) and morphological 
changes in astrocytes are related to memory formation 
(Ostroff et al., 2014). During pathological states, morphol-
ogy of astrocytes may change (Olabarria et al., 2010). These 
morphological changes may be linked to the efficiency of 

energy provision by astrocytes, since diffusional fluxes of 
energy-linked molecules are strongly determined by the 
surface-volume ratio of astrocytic parts (Vardjan et al., 
2014b; Vardjan et al., 2014d). Mechanisms that determine 
astrocyte morphology are unclear, but likely include ves-
icles interacting with the plasma membrane. Moreover, 
not only regulating astrocyte morphology, vesicles play 
an important role in cell-to-cell communication. Next we 
will discuss this vesicle function in astrocytes.

Versatility of communication by vesicle-based 
mechanisms

Cytosolic excitability may lead to the release of a varie-
ty of chemicals from astrocytes, termed gliotransmitters 
or more generally gliosignaling molecules. When these 
molecules interact with neighbouring cells, for example 
with a synapse, immediately in the vicinity of the astro-
cytic process, then these messengers are considered glio-
transmitters, implying a relatively rapid action, given the 
micro-space signal confinement, acting  in a paracrine or 
autocrine manner. However, if they get released into the 
extracellular space and are delivered by convection to dis-
tant parts of brain parenchyma via the glymphatic system 
(Thrane et al., 2014), then the term gliosignaling molecule 
is more appropriate (Vardjan & Zorec, 2015). Being a glio-
transmitter or a gliosignaling molecule both can modulate 
neuronal excitability (Calegari et al., 1999; Parpura & Ver-
khratsky, 2012). 

For a chemical released from astrocytes to be identi-
fied as a gliosignaling molecule, the following criteria are 
usually taken into account: (i) synthesis by and/or storage 
in glia; (ii) regulated release triggered by physiological 
and/or pathologic stimuli; (iii) activation of paracrine or 
autocrine responses; and (iv) a role in (patho)physiologi-
cal processes (Parpura & Zorec, 2010; Parpura & Verkhrat-
sky, 2011).

Several mechanisms of gliosignaling molecule release 
seem to coexist in a single astrocyte (Domingues et al., 
2010; Hamilton & Attwell, 2010). In addition to the ves-
icle-based, non–vesicle-based mechanisms have been 
identified in glial cells as channels (such as volume-regu-
lated anion channels), connexons/pannexons, hemichan-
nels, ionotropic purinergic receptors and reverse uptake 
by membrane transporter (see references within (Parpura 
& Zorec, 2010). For all these mechanisms a concentration 
gradient is required along which chemical messengers 
are transported to their targets, however the vesicle-based 
mechanisms, have certain advantages over the non–vesi-
cle-based modes of release (Guček et al., 2012).

Vesicle-based transmitter and hormone release is 
based on exocytosis, a process that involves many stages 
including the merger between the vesicle and the plasma 
membranes (Coorssen & Zorec, 2012). This universal pro-
cess, an evolutionary invention of eukaryotic cells (Vard-
jan et al., 2010), emerged from a prokaryotic-like precur-
sor cell by endosymbiosis (Cooper et al., 2000; Cooper G. 
M., 2000). Thus, a hallmark of eukaryotic cells, including 
astrocytes, is a membrane-bound subcellular structure, 
including mitochondria, Golgi bodies and secretory ves-

Figure 1. Glucose and glycogen metabolism in astrocytes. Simplified 
schematic representation of glucose metabolism via glycolysis 
or via the ‘glycogen shunt’ illustrating how glucose units may be 
metabolized via incorporation into and subsequent hydrolysis from 
the branched glycogen molecule preceding metabolism to pyruvate 
and lactate, i.e. glycogenolysis. Glucose-6-P, glucose-6-phosphate; 
TCA, Krebs Cycle in the mitochondrion where α-ketoglutarate (α-
KG) is an intermediate for glutamate production in the astrocyte.
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icles. When eukaryotic cells evolved 1000–3000 million 
years ago (Cooper G. M., 2000; Yoon et al., 2004; Spang et 
al., 2015), this was associated with an increase in cell vol-
ume 3 to 4 orders of magnitude. The increased cell size 
dictated a new organizational set-up. A key reason for this 
is that signaling and communication within the relatively 
large volume of a eukaryotic cell could no longer be sup-
ported mainly by diffusion-based processes. Hence, sub-
cellular organelles emerged as a solution for the signaling 
problem in enlarged volume of eukaryotic cells.

Vesicle-based release mechanisms may mediate very 
rapid or very slow communication between cells. For ex-
ample, neurotransmitters stored in secretory vesicles can 
be discharged swiftly through the exocytotic fusion pore 
that is formed when vesicle membrane merges with the 
plasma membrane. The probability that a fusion pore is 
formed swiftly is higher if vesicles are placed adjacent to 
the plasma membrane, for example, in an active zone. The 
latency between the signal onset and the response at the 
postsynaptic membrane in a synapse can be as short as 
100 µs (Sabatini & Regehr, 1999). 

Vesicle-based mechanism may be utilized when much 
longer delays are required. For example, the latency can 
be lengthened by delaying the vesicle delivery to the plas-
ma membrane fusion sites (Potokar et al., 2013b). Moreo-
ver, the latency between the stimulus–secretion coupling 
can be increased by reducing vesicle discharge from the 
vesicle lumen by regulating vesicle fusion pore kinetics 
and/or fusion pore diameter (Vardjan et al., 2007). Very 
long delays between a stimulus and the vesicle merger 
with the plasma membrane may be achieved, if the stim-
ulus triggers synthesis of the signaling molecules that are 
released or are incorporated into the plasma membrane. 
Astrocytes express many plasma membrane receptors, in-
cluding major histocompatibility complex class II (MHC 
II), that play a role in antigen presentation, but only when 
exposed to interferon-γ (IFN-γ). When astrocytes are chal-
lenged with IFN-γ, it may take several hours for MHC 
II molecules to appear in vesicles (Vardjan et al., 2012). 
Therefore, a delay of a day or more can be achieved by 
controlling the expression of certain signaling molecules 
and their vesicle-based delivery to the plasma membrane 
or even their release from the vesicle lumen. Figure 2 illus-
trates the requirement of intermediate filaments in this rel-
atively slow mode of vesicle-based signaling in astrocytes. 
In conclusion, the vesicle-based mechanism is suitable 
not only for rapid communication, as in neuronal chem-
ical synapses (Sabatini & Regehr, 1999) but also in much 
longer spanning processes. 

The question can be asked whether regulated exocy-
tosis in neurons and in astrocytes exhibits different prop-
erties.

Kinetics of regulated exocytosis in astrocytes 
and in neurons

In principle the mechanism of regulated exocytosis in 
neurons and in astrocytes is similar, as both cells are eu-
karyotic cells. When a vesicle membrane fully integrates 
into the plasma membrane, the area of the plasma mem-

brane increases by the area of the vesicle membrane and 
this can be monitored elegantly by measuring fluctuations 
in the plasma membrane capacitance (Cm), a parameter 
linearly related to the membrane area (Neher & Marty, 
1982; Rituper et al., 2013). This technique was used in a 
number of neuronal and neuroendocrine preparations 
(Neher, 2012) and in cultured astrocytes (Kreft et al., 2004). 
The advantage of this approach is that it allows direct test-
ing of the hypothesis that an increase in cytosolic calcium 
([Ca2+]i), increased by photolysis of caged calcium com-
pounds (Neher & Zucker, 1993), elicits an increase in the 
whole-cell Cm.

While the Ca2+-induced increase in Cm was blocked in 
astrocytes by tetanus neurotoxin, indicating that chang-
es in membrane area are associated with a SNARE-de-
pendent vesicular mechanism (Kreft et al., 2004) and a 
half-maximal response in Cm increase was attained at 
around 27 µM [Ca2+]i, which is similar to the Ca2+-depend-
ency of regulated exocytosis in neurons, recorded by a 
similar technique (Heidelberger et al., 1994; Bollmann et 
al., 2000; Kreft et al., 2003), the kinetics of this response 
in astrocytes was at least two orders of magnitude slow-
er in comparison with the rate of regulated exocytosis 
recorded by a similar technique in neurons (Kreft et al., 
2004). It turns out that in astrocytes regulated exocytosis 
measured by the afore-mentioned method is the slowest 
in astrocytes (Neher, 2012; Vardjan et al., 2014c). Hence, 
astrocytes operate as signal integrators in the CNS; they 
listen to various signals and respond with a relatively long 
delay due to the slow responsiveness of the machinery for 
regulated exocytosis. However, the reason why regulated 
exocytosis is relatively slow in astrocytes is unknown.

The relatively slow kinetics of glial-regulated exocy-
tosis may be due to many factors, including the slow de-
livery of vesicles to the plasma membrane and/or distinct 
(slow) vesicle–plasma membrane fusion mechanisms, 
perhaps due to a distinct set of molecules. One such mo-
lecular distinction between neurons and astrocytes is the 
absence of synaptotagmin I in astrocytes, which is the key 
Ca2+ sensor in rapid synaptic transmission in neurons (Ge-
ppert et al., 1994). What are the Ca2+ sensors for regulated 
exocytosis in astrocytes is still not clear and this is an im-
portant topic for future investigation. Vesicle delivery to 
the target destination may also be a reason for slow regu-
lated exocytosis in astrocytes. Cytoplasmic vesicle mobili-
ty over distances of several micrometres was measured in 
astrocytes and it turned to be tightly regulated, involving 
cell signaling pathways activated during astrocyte ex-
citability, depending on cytoskeleton dynamics. Under 
pathologic conditions (ischaemia, trauma, oedema, neu-
roinflammation), different triggers alter vesicle mobility, 
as shown by several studies (Potokar et al., 2007; Stenovec 
et al., 2007a; Potokar et al., 2008; Potokar et al., 2010; Steno-
vec et al., 2011; Potokar et al., 2012; Trkov et al., 2012; Vard-
jan et al., 2012; Potokar et al., 2013a; Potokar et al., 2013b) 
and reviewed by Vardjan et al. (Vardjan et al., 2015b). In 
addition to vesicle dynamics, relatively slow regulated 
exocytosis in astrocytes my also be due to relatively slow 
loading of gliosignaling molecules into vesicles. As point-
ed out astrocytes are unique in the sense that these cells 
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are the seat of glycolysis which rapidly generates ATP, but 
also links to mitochondrial metabolism where glutamate 
can be synthesized. Therefore, we shall discuss next the 
vesicle properties of these two gliosignaling molecules. 

Vesicle mobility and exocytotic release of 
glutamate and ATP

A decade ago first spontaneous mobility measurements 
of membrane-bound vesicles in astrocytes were described 
(Potokar et al., 2005; Crippa et al., 2006). To determine ves-
icle mobility, parameters such as the total track length, the 
path a vesicle travels in a given period of time, the aver-
age velocity, the displacement, and the directionality in-
dex (ratio between the maximal displacement/total track 
length) can be measured (see Figure 2). Maximal displace-
ment represents a measure of the maximal net transloca-
tion of vesicles (Wacker et al., 1997). Two distinct modes of 

vesicle mobility have been described in astrocytes: direc-
tional (vesicle tracks displaying a straight line, requiring 
an intact cytoskeleton) and non-directional (vesicle tracks 
displaying a contorted line), and these modes of mobili-
ty were able to switch while a vesicle was being observed 
(Potokar et al., 2005). 

Glutamate-loaded vesicles

Amino acid storing vesicles in astrocytes likely contain 
glutamate and D-serine (Parpura et al., 1994; Bezzi et al., 
2004; Kreft et al., 2004; Montana et al., 2004; Montana et 
al., 2006; Martineau et al., 2008; Martineau et al., 2013). 
Glutamate is packaged into vesicles by the vesicular 
glutamate transporters (VGLUTs) VGLUT1, VGLUT2, 
and VGLUT3 (Danbolt, 2001; Parpura & Zorec, 2010). 
Although the existence of VGLUT1 in mouse astrocytes 
has been questioned (Li et al., 2013), VGLUT1-containing 

Figure 2. The IFN-γ-induced increase in the mobility of MHC-II compartments in astrocytes is IF dependent. (A) Alexa Fluor® 
546-dextran labels MHC-II–positive compartments in IFN-γ-treated WT and GFAP–/–Vim–/– (IF-deficient) primary mouse 
astrocytes. Fluorescence images of astrocytes labeled with dextran, fixed, and immunostained with antibodies against MHC-II 
molecules. White pixels (Mask) represent the colocalization mask of green (MHC-II) and red fluorescence pixels (Dextran). Scale 
bars: 10 µm. (B) Histogram of average vesicle track lengths in control (Ctrl.) and IFN-γ-treated (+IFN-γ) WT and GFAP–/–Vim–/– 
cells. (C) Histogram of the mean maximal displacements of vesicles in control (Ctrl.) and IFN-γ-treated (+IFN-γ) WT and GFAP–/–
Vim–/– cells. The numbers on the bars are the numbers of vesicles analyzed. Values are mean ± SEM. *P < 0.05. Adapted from 
Vardjan N., Gabrijel M., Potokar M., Svajger U., Kreft M., Jeras M., de Pablo Y., Faiz M., Pekny M., Zorec R. (2012) IFN-γ-induced 
increase in the mobility of MHC class II compartments in astrocytes depends on intermediate filaments. J Neuroinflammation 9:144; 
with permission.
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vesicles in rat astrocytes are small and electron-lucent, 
with an estimated diameter of ~30 nm in situ (Bezzi et 
al., 2004) and ~50 nm when they recycle (Stenovec et al., 
2007a), but larger sizes have also been reported (Chen et 
al., 2005; Malarkey & Parpura, 2011). Why different vesicle 
diameters have been reported for glutamatergic vesicles is 
not known but this may also be associated with different 
microscopy techniques used by different investigators. 
One way to resolve this question in the future would be to 
use new methods, such as stimulation emission depletion 
microscopy (STED), a super-resolution fluorescence mi-
croscopy technique (Hell & Wichmann, 1994; Jorgacevski 
et al., 2011) that presents new possibilities to resolve the 
question of the different diameters reported for vesicles 
in astrocytes. What is remarkable about the mobility of 
glutamatergic vesicles is that their spontaneously mobility 
increases if astrocytes are excited (Stenovec et al., 2007b). 
These effects were absent in the cells preloaded with 
high-affinity Ca2+ buffer (BAPTA-AM). Microtubules, ac-
tin, and vimentin filaments likely play a role in the mobil-
ity process of VGLUT1 vesicles, because the disruption of 
actin attenuated their mobility (Stenovec et al., 2007a). The 
stimulation-enhanced mobility of glutamatergic vesicles 
is in contrast to the stimulation-induced attenuation of 
mobility of peptidergic vesicles, which contain ATP in as-
trocytes (Pangrsic et al., 2007) and endosomal structures, 
which likely plays an important role under pathologic 
conditions (Potokar et al., 2008; Potokar et al., 2010; Poto-
kar et al., 2011; Vardjan et al., 2012).

ATP-loaded vesicles

Extracellular ATP is a chemical messenger (Burnstock, 
1995). In astrocytes, it acts as a gliosignaling molecule (Par-
pura & Zorec, 2010) and a major extracellular messenger 
for interastrocyte Ca2+-mediated communication (Guthrie 
et al., 1999; Wang et al., 2000). In addition to non-vesicu-
lar modes of ATP release, such as the release of ATP from 
astrocytes mediated by the connexin hemichannel (Stout 
et al., 2002; Stehberg et al., 2012) and volume-sensitive 
organic osmolyte and anion channels (VSOAC) (Blum 
et al., 2010), Ca2+-dependent exocytotic ATP release from 
astrocytes has also been confirmed (Parpura & Zorec, 
2010). ATP is loaded into vesicles by the VNUT transport-
er (Sawada et al., 2008; Oya et al., 2013), and was report-
ed to be present in astrocytes (Larsson et al., 2011; Oya et 
al., 2013). ATP-loaded astrocytic vesicles seem to be het-
erogeneous. So far, the vesicular distribution of ATP in 
astrocytes has been shown to overlap with the marker of 
dense-core granules in the hippocampus, secretogranin II 
(Calegari et al., 1999; Coco et al., 2003) and with markers 
of lysosomes (Jaiswal et al., 2007; Zhang et al., 2007; Li et 
al., 2008; Verderio et al., 2012; Oya et al., 2013). Moreover, 
it seems to be co-stored together with peptides (Calegari 
et al., 1999; Belai & Burnstock, 2000; Bodin & Burnstock, 
2001; Coco et al., 2003; Pangrsic et al., 2007). In neonatal 
cortical rat astrocytes, ATP-containing vesicles seem to 
substantially co-store atrial natriuretic peptide (ANP; 
40%) (Pangrsic et al., 2007). Under spontaneous condi-
tions, most of the ATP vesicles were located within 150 

nm of the plasma membrane and this coincided with the 
observation that quinacrine-loaded vesicles (quinacrine 
is a marker for ATP) displayed mainly non-directional 
spontaneous mobility and only 4% of vesicles were exhib-
iting directional mobility. High [Ca2+]i affected both types 
of vesicle mobility and completely abolished directional 
mobility. After a triggered increase in [Ca2+]i, less ATP ves-
icles were observed in the cells, likely due to Ca2+-activated 
discharge of the fluorescent cargo by regulated exocytosis. 
This effect was obstructed by the presence of the domi-
nant-negative soluble N-ethylmaleimide-sensitive factor 
(NSF) attachment protein receptor (SNARE) domain pep-
tide, which interferes with the formation of the SNARE 
complex (Zhang et al., 2004; Pangrsic et al., 2007). ATP ap-
pears to be also localized in endolysosomes (Jaiswal et al., 
2007; Zhang et al., 2007; Li et al., 2008; Verderio et al., 2012; 
Oya et al., 2013). The mobility properties of these orga-
nelles have been described in detail in mouse (Potokar et 
al., 2010; Vardjan et al., 2012) and rat astrocytes (Stenovec 
et al., 2011). These vesicles were labelled by LysoTracker 
dye (Ly) and exhibited slow mobility compared with oth-
er vesicle types (Potokar et al., 2013b).

Availability of both glutamate and ATP to be loaded 
into vesicles depends on the availability of these mole-
cules in the cytoplasm.

Cytoplasmic availability of ATP  and glutamate 
for vesicle-loading 

The concentration of ATP and glutamate in the cytoplasm 
is in the range of millimoles per litre, sufficiently high to 
support loading into vesicles via specific vesicle trans-
porters, VNUT and VGLUTs, respectively (Danbolt, 2001; 
Sawada et al., 2008; Parpura & Zorec, 2010). Both ATP and 
glutamate are associated with the metabolism of glucose, 
which is linked to glycogen (Figure 1). The glycogen res-
ervoir in astrocytes can provide fuel for energy produc-
tion during hypoglycaemia via glycogen shunt (Swanson 
& Choi, 1993; Brown & Ransom, 2007), as well as during 
normal brain metabolism (Fillenz et al., 1999). Glycolysis 
and glycogenolysis seem to provide most of the energy 
required during an abrupt energy demand (Hertz et al., 
2007). The glycogen serves as the source of lactate, which 
may be transferred to neurons (Wender et al., 2000) or con-
verted to pyruvate, which enters the Krebs cycle. When 
LC neurons are activated, NA may elevate glucose in the 
cytoplasm of astrocytes fairly rapidly with a time-constant 
of 100 s (Prebil et al., 2011a). Thus, along with this, one 
can expect that the rate of ATP and glutamate availabili-
ty for loading into vesicles may match this time course. It 
appears that astrocytes respond to NA by being excited, 
then this drives processes linked to energy production 
and other processes linked to cell-to-cell communication. 
Hence astrocytes exhibit mechanisms of excitation-energy 
coupling which involves vesicle-based mechanisms. 

Perpectives

Since the early 1990s the advances in understanding as-
trocyte function in health and disease has helped to real-
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ize that these cells play key homeostatic functions in the 
brain. In this review, we considered how astrocyte excit-
ability drives, on the one side energy provision and, on 
the other side, cell-to-cell communication utilizing vesi-
cles, ATP and glutamate. Both molecules are metabolites 
and gliosignaling entities regulated by adrenergic mecha-
nisms. Thus LC neurons, when they release NA, controls 
the production/degradation of these two metabolites and 
their loading into vesicles, which may well be rate limit-
ing for signaling. In the future, these processes will have 
to be studied by direct measurements of metabolites, such 
as lactate in the cytoplasm of astrocytes, as was done for 
glucose (Prebil et al., 2011b). This will bring us closer to 
understanding how energy support is regulated in view 
of vesicle dynamics and the vesicular release of gliosig-
naling molecules, which will help us to understand the 
spatiotemporal coupling between excitation-energy pro-
vision by glia and interactions between neurons and glia.

Acknowledgements 

The authors’ work is supported by grants from the Slove-
nian Research Agency (P3 310, J3 4051, J3 4146, L3 3654; J3 
3236, CIPKEBIP, COST Nanonet).

Conflict of interest 

The authors declare no conflict of interest.

References

ABBOTT N., RÖNNBÄCK L. & HANSSON E. (2006). 
Astrocyte-endothelial interactions at the blood-brain 
barrier. Nat Rev Neurosci 7, 41-53.

AGULHON C., PETRAVICZ J., MCMULLEN A.B., SWE-
GER E.J., MINTON S.K., TAVES S.R., CASPER K.B., 
FIACCO T.A. & MCCARTHY K.D. (2008). What is the 
role of astrocyte calcium in neurophysiology? Neuron 
59, 932-946.

ANDERSON C. & NEDERGAARD M. (2003). Astro-
cyte-mediated control of cerebral microcirculation. 
Trends Neurosci 26, 340-344; author reply 344-345.

ATTWELL D. & GIBB A. (2005). Neuroenergetics and 
the kinetic design of excitatory synapses. Nature Rev 
Neurosci 6, 841-849.

BEAVO J.A. & BRUNTON L.L. (2002). Cyclic nucleotide 
research - still expanding after half a century. Nat Rev 
Mol Cell Biol 3, 710-718.

BEKAR L.K., HE W. & NEDERGAARD M. (2008). Locus 
coeruleus alpha-adrenergic-mediated activation of 
cortical astrocytes in vivo. Cereb Cortex 18, 2789-2795.

BELAI A. & BURNSTOCK G. (2000). Pattern of distribu-
tion and co-localization of NOS and ATP in the my-
enteric plexus of human fetal stomach and intestine. 
Neuroreport 11, 5-8.

BENARROCH E.E. (2009). The locus ceruleus norepi-
nephrine system: functional organization and poten-
tial clinical significance. Neurology 73, 1699-1704.

BEZZI P., GUNDERSEN V., GALBETE J., SEIFERT G., 
STEINHÄUSER C., PILATI E. & VOLTERRA A. 

(2004). Astrocytes contain a vesicular compartment 
that is competent for regulated exocytosis of gluta-
mate. Nat Neurosci 7, 613-620.

BLUM A.E., WALSH B.C. & DUBYAK G.R. (2010). Ex-
tracellular osmolarity modulates G protein-coupled 
receptor-dependent ATP release from 1321N1 astro-
cytoma cells. Am J Physiol Cell Physiol 298, C386-396.

BODIN P. & BURNSTOCK G. (2001). Evidence that re-
lease of adenosine triphosphate from endothelial cells 
during increased shear stress is vesicular. J Cardiovasc 
Pharmacol 38, 900-908.

BOLLMANN J.H., SAKMANN B. & BORST J.G. (2000). 
Calcium sensitivity of glutamate release in a calyx-type 
terminal. Science 289, 953-957.

BOURET S. & SARA S.J. (2005). Network reset: a simpli-
fied overarching theory of locus coeruleus noradrena-
line function. Trends Neurosci 28, 574-582.

BOWSER D.N. & KHAKH B.S. (2007). Vesicular ATP is 
the predominant cause of intercellular calcium waves 
in astrocytes. J Gen Physiol 129, 485-491.

BROWN A.M. & RANSOM B.R. (2007). Astrocyte glyco-
gen and brain energy metabolism. Glia 55, 1263-1271.

BURNSTOCK G. (1995). Current state of purinoceptor re-
search. Pharm Acta Helv 69, 231-242.

CALEGARI F., COCO S., TAVERNA E., BASSETTI M., 
VERDERIO C., CORRADI N., MATTEOLI M. & ROSA 
P. (1999). A regulated secretory pathway in cultured 
hippocampal astrocytes. J Biol Chem 274, 22539-22547.

CHANDLER D.J., GAO W.J. & WATERHOUSE B.D. 
(2014). Heterogeneous organization of the locus coer-
uleus projections to prefrontal and motor cortices. Proc 
Natl Acad Sci U S A 111, 6816-6821.

CHEN X., WANG L., ZHOU Y., ZHENG L.H. & ZHOU Z. 
(2005). «Kiss-and-run» glutamate secretion in cultured 
and freshly isolated rat hippocampal astrocytes. J Neu-
rosci 25, 9236-9243.

COCO S., CALEGARI F., PRAVETTONI E., POZZI D., 
TAVERNA E., ROSA P., MATTEOLI M. & VERDERIO 
C. (2003). Storage and release of ATP from astrocytes in 
culture. J Biol Chem 278, 1354-1362.

Cooper G. M. (2000). The Origin and Evolution of Cells. 
Sunderland, Massachusetts.

COORSSEN J.R. & ZOREC R. (2012). Regulated exocytosis 
per partes. Cell Calcium 52, 191-195.

CORNELL-BELL A.H., FINKBEINER S.M., COOPER 
M.S. & SMITH S.J. (1990a). Glutamate induces calcium 
waves in cultured astrocytes: long-range glial signaling. 
Science 247, 470-473.

CORNELL-BELL A.H., FINKBEINER S.M., COOPER 
M.S. & SMITH S.J. (1990b). Glutamate induces calcium 
waves in cultured astrocytes: long-range glial signaling. 
Science 247, 470-473.

CRIPPA D., SCHENK U., FRANCOLINI M., ROSA P., 
VERDERIO C., ZONTA M., POZZAN T., MATTEOLI 
M. & CARMIGNOTO G. (2006). Synaptobrevin2-ex-
pressing vesicles in rat astrocytes: insights into molecu-
lar characterization, dynamics and exocytosis. J Physiol 
570, 567-582.

DANBOLT N.C. (2001). Glutamate uptake. Prog Neuro-
biol 65, 1-105.



64    Opera Medica & Physiologica 1 ● 57-67 ● January 2016  

Marko Kreft et al. Excitation-Energy Coupling and Vesicle-Based...

DE KEYSER J., ZEINSTRA E. & FROHMAN E. (2003). 
Are astrocytes central players in the pathophysiology 
of multiple sclerosis? Arch Neurol 60, 132-136.

DE ROOIJ J., ZWARTKRUIS F.J., VERHEIJEN M.H., 
COOL R.H., NIJMAN S.M., WITTINGHOFER A. & 
BOS J.L. (1998). Epac is a Rap1 guanine-nucleotide-ex-
change factor directly activated by cyclic AMP. Nature 
396, 474-477.

DING F., O’DONNELL J., THRANE A.S., ZEPPENFELD 
D., KANG H., XIE L., WANG F. & NEDERGAARD 
M. (2013). α1-Adrenergic receptors mediate coordi-
nated Ca2+ signaling of cortical astrocytes in awake, 
behaving mice. Cell Calcium 54, 387-394.

DOMINGUES A.M., TAYLOR M. & FERN R. (2010). Glia 
as transmitter sources and sensors in health and dis-
ease. Neurochem Int 57, 359-366.

DONG Y. & BENVENISTE E. (2001). Immune function of 
astrocytes. Glia 36, 180-190.

FILLENZ M., LOWRY J.P., BOUTELLE M.G. & FRAY 
A.E. (1999). The role of astrocytes and noradrenaline 
in neuronal glucose metabolism. Acta Physiol Scand 
167, 275-284.

FROESE A., BREHER S.S., WALDEYER C., SCHINDLER 
R.F., NIKOLAEV V.O., RINNÉ S., WISCHMEYER E., 
SCHLUETER J., BECHER J., SIMRICK S., VAUTI F., 
KUHTZ J., MEISTER P., KREISSL S., TORLOPP A., 
LIEBIG S.K., LAAKMANN S., MÜLLER T.D., NEU-
MANN J., STIEBER J., LUDWIG A., MAIER S.K., 
DECHER N., ARNOLD H.H., KIRCHHOF P., FAB-
RITZ L. & BRAND T. (2012). Popeye domain contain-
ing proteins are essential for stress-mediated modula-
tion of cardiac pacemaking in mice. J Clin Invest 122, 
1119-1130.

GEPPERT M., GODA Y., HAMMER R.E., LI C., ROSAHL 
T.W., STEVENS C.F. & SÜDHOF T.C. (1994). Synapto-
tagmin I: a major Ca2+ sensor for transmitter release at 
a central synapse. Cell 79, 717-727.

GIBBS M.E., ANDERSON D.G. & HERTZ L. (2006). Inhi-
bition of glycogenolysis in astrocytes interrupts mem-
ory consolidation in young chickens. Glia 54, 214-222.

GIBBS M.E., HUTCHINSON D.S. & SUMMERS R.J. 
(2010). Noradrenaline release in the locus coeruleus 
modulates memory formation and consolidation; 
roles for α- and β-adrenergic receptors. Neuroscience 
170, 1209-1222.

GORDON G., MULLIGAN S. & MACVICAR B. (2007). 
Astrocyte control of the cerebrovasculature. Glia 55, 
1214-1221.

GUTHRIE P.B., KNAPPENBERGER J., SEGAL M., BEN-
NETT M.V., CHARLES A.C. & KATER S.B. (1999). 
ATP released from astrocytes mediates glial calcium 
waves. J Neurosci 19, 520-528.

GUČEK A., VARDJAN N. & ZOREC R. (2012). Exocytosis 
in astrocytes: transmitter release and membrane signal 
regulation. Neurochem Res 37, 2351-2363.

HAMILTON N.B. & ATTWELL D. (2010). Do astrocytes 
really exocytose neurotransmitters? Nat Rev Neurosci 
11, 227-238.

HAYDON P. (2001). GLIA: listening and talking to the 
synapse. Nat Rev Neurosci 2, 185-193.

HEIDELBERGER R., HEINEMANN C., NEHER E. & 
MATTHEWS G. (1994). Calcium dependence of the 
rate of exocytosis in a synaptic terminal. Nature 371, 
513-515.

HELL S.W. & WICHMANN J. (1994). Breaking the dif-
fraction resolution limit by stimulated emission: stim-
ulated-emission-depletion fluorescence microscopy. 
Opt Lett 19, 780-782.

HERTZ L. & GIBBS M.E. (2009). What learning in day-old 
chickens can teach a neurochemist: focus on astrocyte 
metabolism. J Neurochem 109 Suppl 1, 10-16.

HERTZ L., PENG L. & DIENEL G.A. (2007). Energy me-
tabolism in astrocytes: high rate of oxidative metabo-
lism and spatiotemporal dependence on glycolysis/
glycogenolysis. J Cereb Blood Flow Metab 27, 219-249.

HIRASE H., QIAN L., BARTHÓ P. & BUZSÁKI G. (2004). 
Calcium dynamics of cortical astrocytic networks in 
vivo. PLoS Biol 2, E96.

HORVAT A., ZOREC R., VARDJAN N. Adrenergic 
stimulation of single rat astrocytes results in distinct 
temporal changes in intracellular Ca2+ and cAMP-de-
pendent PKA responses. Cell Calcium. 2016 Jan 7. pii: 
S0143-4160(16)00004-X. doi: 10.1016/j.ceca.2016.01.002.

HUA X., MALARKEY E.B., SUNJARA V., ROSENWALD 
S.E., LI W.H. & PARPURA V. (2004). Ca2+ -dependent 
glutamate release involves two classes of endoplasmic 
reticulum Ca2+ stores in astrocytes. J Neurosci Res 76, 
86-97.

HUR Y.S., KIM K.D., PAEK S.H. & YOO S.H. (2010). Ev-
idence for the existence of secretory granule (dense-
core vesicle)-based inositol 1,4,5-trisphosphate-de-
pendent Ca2+ signaling system in astrocytes. PLoS One 
5, e11973.

JAISWAL J.K., FIX M., TAKANO T., NEDERGAARD M. 
& SIMON S.M. (2007). Resolving vesicle fusion from 
lysis to monitor calcium-triggered lysosomal exocyto-
sis in astrocytes. Proc Natl Acad Sci U S A 104, 14151-
14156.

JORGACEVSKI J., POTOKAR M., GRILC S., KREFT 
M., LIU W., BARCLAY J.W., BÜCKERS J., MEDDA 
R., HELL S.W., PARPURA V., BURGOYNE R.D. & 
ZOREC R. (2011). Munc18-1 tuning of vesicle merger 
and fusion pore properties. J Neurosci 31, 9055-9066.

KE C., POON W.S., NG H.K., PANG J.C. & CHAN Y. 
(2001). Heterogeneous responses of aquaporin-4 in 
oedema formation in a replicated severe traumatic 
brain injury model in rats. Neurosci Lett 301, 21-24.

KIRISCHUK S., TUSCHICK S., VERKHRATSKY A. 
& KETTENMANN H. (1996). Calcium signalling 
in mouse Bergmann glial cells mediated by al-
pha1-adrenoreceptors and H1 histamine receptors. 
Eur J Neurosci 8, 1198-1208.

KREFT M., BAK L.K., WAAGEPETERSEN H.S. & 
SCHOUSBOE A. (2012). Aspects of astrocyte energy 
metabolism, amino acid neurotransmitter homoeosta-
sis and metabolic compartmentation. ASN Neuro 4.

KREFT M., KRIZAJ D., GRILC S. & ZOREC R. (2003). 
Properties of exocytotic response in vertebrate photo-
receptors. J Neurophysiol 90, 218-225.

KREFT M., LUKŠIČ M., ZOREC T.M., PREBIL M. & 



Opera Medica & Physiologica 1 ● 57-67 ● January 2016    65

Marko Kreft et al. Excitation-Energy Coupling and Vesicle-Based...

ZOREC R. (2013). Diffusion of D-glucose measured in 
the cytosol of a single astrocyte. Cell Mol Life Sci 70, 
1483-1492.

KREFT M., STENOVEC M., RUPNIK M., GRILC S., 
KRZAN M., POTOKAR M., PANGRSIC T., HAYDON 
P.G. & ZOREC R. (2004). Properties of Ca2+ -dependent 
exocytosis in cultured astrocytes. Glia 46, 437-445.

LALO U., PANKRATOV Y., PARPURA V. & VER-
KHRATSKY A. (2011). Ionotropic receptors in neu-
ronal-astroglial signalling: what is the role of «excita-
ble» molecules in non-excitable cells. Biochim Biophys 
Acta 1813, 992-1002.

LARSSON M., SAWADA K., MORLAND C., HIASA 
M., ORMEL L., MORIYAMA Y. & GUNDERSEN V. 
(2011). Functional and Anatomical Identification of a 
Vesicular Transporter Mediating Neuronal ATP Re-
lease. Cereb Cortex.

LATOUR I., HAMID J., BEEDLE A.M., ZAMPONI G.W. 
& MACVICAR B.A. (2003). Expression of voltage-gat-
ed Ca2+ channel subtypes in cultured astrocytes. Glia 
41, 347-353.

LEYBAERT L. & SANDERSON M.J. (2012). Intercellular 
Ca2+ waves: mechanisms and function. Physiol Rev 92, 
1359-1392.

LI D., HÉRAULT K., SILM K., EVRARD A., WOJCIK S., 
OHEIM M., HERZOG E. & ROPERT N. (2013). Lack 
of evidence for vesicular glutamate transporter expres-
sion in mouse astrocytes. J Neurosci 33, 4434-4455.

LI D., ROPERT N., KOULAKOFF A., GIAUME C. & 
OHEIM M. (2008). Lysosomes are the major vesicular 
compartment undergoing Ca2+ -regulated exocytosis 
from cortical astrocytes. J Neurosci 28, 7648-7658.

MACVICAR B.A. (1984). Voltage-dependent calcium 
channels in glial cells. Science 226, 1345-1347.

MALARKEY E.B., NI Y. & PARPURA V. (2008). Ca2+ entry 
through TRPC1 channels contributes to intracellular 
Ca2+ dynamics and consequent glutamate release from 
rat astrocytes. Glia 56, 821-835.

MALARKEY E.B. & PARPURA V. (2011). Temporal char-
acteristics of vesicular fusion in astrocytes: examina-
tion of synaptobrevin 2-laden vesicles at single vesicle 
resolution. J Physiol 589, 4271-4300.

MARTINEAU M., GALLI T., BAUX G. & MOTHET J. 
(2008). Confocal imaging and tracking of the exocytot-
ic routes for D-serine-mediated gliotransmission. Glia 
56, 1271-1284.

MARTINEAU M., SHI T., PUYAL J., KNOLHOFF A.M., 
DULONG J., GASNIER B., KLINGAUF J., SWEE-
DLER J.V., JAHN R. & MOTHET J.P. (2013). Storage 
and Uptake of D-Serine into Astrocytic Synaptic-Like 
Vesicles Specify Gliotransmission. J Neurosci 33, 3413-
3423.

MONTANA V., MALARKEY E., VERDERIO C., MAT-
TEOLI M. & PARPURA V. (2006). Vesicular transmit-
ter release from astrocytes. Glia 54, 700-715.

MONTANA V., NI Y., SUNJARA V., HUA X. & PARPU-
RA V. (2004). Vesicular glutamate transporter-depend-
ent glutamate release from astrocytes. J Neurosci 24, 
2633-2642.

NASE G., HELM P.J., ENGER R. & OTTERSEN O.P. 

(2008). Water entry into astrocytes during brain edema 
formation. Glia 56, 895-902.

NEDERGAARD M., RANSOM B. & GOLDMAN S. 
(2003). New roles for astrocytes: redefining the func-
tional architecture of the brain. Trends Neurosci 26, 
523-530.

NEHER E. (2012). Introduction: regulated exocytosis. Cell 
Calcium 52, 196-198.

NEHER E. & MARTY A. (1982). Discrete changes of cell 
membrane capacitance observed under conditions of 
enhanced secretion in bovine adrenal chromaffin cells. 
Proc Natl Acad Sci U S A 79, 6712-6716.

NEHER E. & ZUCKER R.S. (1993). Multiple calcium-de-
pendent processes related to secretion in bovine chro-
maffin cells. Neuron 10, 21-30.

OLABARRIA M., NORISTANI H.N., VERKHRATSKY 
A. & RODRÍGUEZ J.J. (2010). Concomitant astroglial 
atrophy and astrogliosis in a triple transgenic animal 
model of Alzheimer’s disease. Glia 58, 831-838.

OSBORNE K.D., LEE W., MALARKEY E.B., IRVING A.J. 
& PARPURA V. (2009). Dynamic imaging of cannabi-
noid receptor 1 vesicular trafficking in cultured astro-
cytes. ASN Neuro 1.

OSTROFF L.E., MANZUR M.K., CAIN C.K. & LEDOUX 
J.E. (2014). Synapses lacking astrocyte appear in the 
amygdala during consolidation of Pavlovian threat 
conditioning. J Comp Neurol 522, 2152-2163.

OYA M., KITAGUCHI T., YANAGIHARA Y., NUMA-
NO R., KAKEYAMA M., IKEMATSU K. & TSUBOI T. 
(2013). Vesicular nucleotide transporter is involved in 
ATP storage of secretory lysosomes in astrocytes. Bio-
chem Biophys Res Commun 438, 145-151.

PANGRSIC T., POTOKAR M., STENOVEC M., KREFT 
M., FABBRETTI E., NISTRI A., PRYAZHNIKOV E., 
KHIROUG L., GINIATULLIN R. & ZOREC R. (2007). 
Exocytotic release of ATP from cultured astrocytes. J 
Biol Chem 282, 28749-28758.

PARPURA V., BASARSKY T., LIU F., JEFTINIJA K., 
JEFTINIJA S. & HAYDON P. (1994). Glutamate-medi-
ated astrocyte-neuron signalling. Nature 369, 744-747.

PARPURA V., HENEKA M.T., MONTANA V., OLIET 
S.H., SCHOUSBOE A., HAYDON P.G., STOUT R.F., 
SPRAY D.C., REICHENBACH A., PANNICKE T., 
PEKNY M., PEKNA M., ZOREC R. & VERKHRAT-
SKY A. (2012). Glial cells in (patho)physiology. J Neu-
rochem 121, 4-27.

PARPURA V. & VERKHRATSKY A. (2011). The astrocyte 
excitability brief: From receptors to gliotransmission. 
Neurochem Int.

PARPURA V. & VERKHRATSKY A. (2012). The astrocyte 
excitability brief: from receptors to gliotransmission. 
Neurochem Int 61, 610-621.

PARPURA V. & ZOREC R. (2010). Gliotransmission: Exo-
cytotic release from astrocytes. Brain Res Rev 63, 83-92.

PARRI H.R. & CRUNELLI V. (2001). Pacemaker calcium 
oscillations in thalamic astrocytes in situ. Neuroreport 
12, 3897-3900.

PASTI L., VOLTERRA A., POZZAN T. & CARMIGNO-
TO G. (1997). Intracellular calcium oscillations in as-
trocytes: a highly plastic, bidirectional form of com-



66    Opera Medica & Physiologica 1 ● 57-67 ● January 2016  

Marko Kreft et al. Excitation-Energy Coupling and Vesicle-Based...

munication between neurons and astrocytes in situ. J 
Neurosci 17, 7817-7830.

POTOKAR M., KREFT M., LI L., DANIEL ANDERSSON 
J., PANGRSIC T., CHOWDHURY H., PEKNY M. & 
ZOREC R. (2007). Cytoskeleton and vesicle mobility in 
astrocytes. Traffic 8, 12-20.

POTOKAR M., KREFT M., PANGRSIC T. & ZOREC R. 
(2005). Vesicle mobility studied in cultured astrocytes. 
Biochem Biophys Res Commun 329, 678-683.

POTOKAR M., LACOVICH V., CHOWDHURY H.H., 
KREFT M. & ZOREC R. (2012). Rab4 and Rab5 GT-
Pase are required for directional mobility of endocytic 
vesicles in astrocytes. Glia 60, 594-604.

POTOKAR M., STENOVEC M., GABRIJEL M., LI L., 
KREFT M., GRILC S., PEKNY M. & ZOREC R. (2010). 
Intermediate filaments attenuate stimulation-depend-
ent mobility of endosomes/lysosomes in astrocytes. 
Glia 58, 1208-1219.

POTOKAR M., STENOVEC M., JORGAČEVSKI J., HO-
LEN T., KREFT M., OTTERSEN O.P. & ZOREC R. 
(2013a). Regulation of AQP4 surface expression via 
vesicle mobility in astrocytes. Glia.

POTOKAR M., STENOVEC M., KREFT M., GABRIJEL 
M. & ZOREC R. (2011). Physiopathologic dynamics of 
vesicle traffic in astrocytes. Histol Histopathol 26, 277-
284.

POTOKAR M., STENOVEC M., KREFT M., KREFT M. 
& ZOREC R. (2008). Stimulation inhibits the mobility 
of recycling peptidergic vesicles in astrocytes. Glia 56, 
135-144.

POTOKAR M., VARDJAN N., STENOVEC M., GABRI-
JEL M., TRKOV S., JORGAČEVSKI J., KREFT M. 
& ZOREC R. (2013b). Astrocytic vesicle mobility in 
health and disease. Int J Mol Sci 14, 11238-11258.

PREBIL M., VARDJAN N., JENSEN J., ZOREC R. & 
KREFT M. (2011a). Dynamic monitoring of cytosolic 
glucose in single astrocytes. Glia 59, 903-913.

PREBIL M., VARDJAN N., JENSEN J., ZOREC R. & 
KREFT M. (2011b). Dynamic monitoring of cytosolic 
glucose in single astrocytes. Glia 59, 903-913.

RATHBONE M.P., MIDDLEMISS P.J., DELUCA B. & 
JOVETICH M. (1991). Extracellular guanosine increas-
es astrocyte cAMP: inhibition by adenosine A2 antag-
onists. Neuroreport 2, 661-664.

REYES R.C. & PARPURA V. (2008). Mitochondria modu-
late Ca2+ -dependent glutamate release from rat cortical 
astrocytes. J Neurosci 28, 9682-9691.

REYES R.C., VERKHRATSKY A. & PARPURA V. (2012). 
Plasmalemmal Na+/Ca2+ exchanger modulates Ca2+ 

-dependent exocytotic release of glutamate from rat 
cortical astrocytes. ASN Neuro 4.

RISHER W.C., ANDREW R.D. & KIROV S.A. (2009). 
Real-time passive volume responses of astrocytes to 
acute osmotic and ischemic stress in cortical slices and 
in vivo revealed by two-photon microscopy. Glia 57, 
207-221.

RITUPER B., GUČEK A., JORGAČEVSKI J., FLAŠKER 
A., KREFT M. & ZOREC R. (2013). High-resolution 
membrane capacitance measurements for the study 
of exocytosis and endocytosis. Nat Protoc 8, 1169-1183.

ROUACH N., KOULAKOFF A., ABUDARA V., WIL-
LECKE K. & GIAUME C. (2008). Astroglial metabolic 
networks sustain hippocampal synaptic transmission. 
Science 322, 1551-1555.

SABATINI B.L. & REGEHR W.G. (1999). Timing of syn-
aptic transmission. Annu Rev Physiol 61, 521-542.

SALM A.K. & MCCARTHY K.D. (1989). Expression of 
beta-adrenergic receptors by astrocytes isolated from 
adult rat cortex. Glia 2, 346-352.

SARA S.J. (2015). Locus Coeruleus in time with the mak-
ing of memories. Curr Opin Neurobiol 35, 87-94.

SAWADA K., ECHIGO N., JUGE N., MIYAJI T., OTSUKA 
M., OMOTE H., YAMAMOTO A. & MORIYAMA Y. 
(2008). Identification of a vesicular nucleotide trans-
porter. Proc Natl Acad Sci U S A 105, 5683-5686.

SCEMES E., SUADICANI S.O. & SPRAY D.C. (2000). In-
tercellular communication in spinal cord astrocytes: 
fine tuning between gap junctions and P2 nucleotide 
receptors in calcium wave propagation. J Neurosci 20, 
1435-1445.

SIMPSON P.B. & RUSSELL J.T. (1998). Role of mitochon-
drial Ca2+ regulation in neuronal and glial cell signal-
ling. Brain Res Brain Res Rev 26, 72-81.

SPANG A., SAW J.H., JØRGENSEN S.L., ZAREM-
BA-NIEDZWIEDZKA K., MARTIJN J., LIND A.E., 
VAN EIJK R., SCHLEPER C., GUY L. & ETTEMA T.J. 
(2015). Complex archaea that bridge the gap between 
prokaryotes and eukaryotes. Nature 521, 173-179.

STEHBERG J., MORAGA-AMARO R., SALAZAR C., 
BECERRA A., ECHEVERRÍA C., ORELLANA J.A., 
BULTYNCK G., PONSAERTS R., LEYBAERT L., 
SIMON F., SÁEZ J.C. & RETAMAL M.A. (2012). Re-
lease of gliotransmitters through astroglial connexin 
43 hemichannels is necessary for fear memory consol-
idation in the basolateral amygdala. FASEB J 26, 3649-
3657.

STENOVEC M., KREFT M., GRILC S., PANGRSIC T. & 
ZOREC R. (2008). EAAT2 density at the astrocyte plas-
ma membrane and Ca2+ -regulated exocytosis. Mol 
Membr Biol 25, 203-215.

STENOVEC M., KREFT M., GRILC S., POTOKAR M., 
KREFT M., PANGRSIC T. & ZOREC R. (2007a). 
Ca2+ -dependent mobility of vesicles capturing an-
ti-VGLUT1 antibodies. Exp Cell Res 313, 3809-3818.

STENOVEC M., KREFT M., GRILC S., POTOKAR M., 
KREFT M.E., PANGRSIC T. & ZOREC R. (2007b). 
Ca2+ -dependent mobility of vesicles capturing an-
ti-VGLUT1 antibodies. Exp Cell Res 313, 3809-3818.

STENOVEC M., MILOŠEVIĆ M., PETRUŠIĆ V., POTO-
KAR M., STEVIĆ Z., PREBIL M., KREFT M., TRKOV 
S., ANDJUS P.R. & ZOREC R. (2011). Amyotrophic 
lateral sclerosis immunoglobulins G enhance the mo-
bility of Lysotracker-labelled vesicles in cultured rat 
astrocytes. Acta Physiol (Oxf) 203, 457-471.

STEVENS B. (2008). Neuron-astrocyte signaling in the de-
velopment and plasticity of neural circuits. Neurosig-
nals 16, 278-288.

STOUT C.E., COSTANTIN J.L., NAUS C.C. & CHARLES 
A.C. (2002). Intercellular calcium signaling in astro-
cytes via ATP release through connexin hemichannels. 



Opera Medica & Physiologica 1 ● 57-67 ● January 2016    67

Marko Kreft et al. Excitation-Energy Coupling and Vesicle-Based...

J Biol Chem 277, 10482-10488.
SULTAN S., LI L., MOSS J., PETRELLI F., CASSÉ F., GE-

BARA E., LOPATAR J., PFRIEGER F.W., BEZZI P., 
BISCHOFBERGER J. & TONI N. (2015). Synaptic In-
tegration of Adult-Born Hippocampal Neurons Is Lo-
cally Controlled by Astrocytes. Neuron.

SWANSON R.A. & CHOI D.W. (1993). Glial glycogen 
stores affect neuronal survival during glucose depri-
vation in vitro. J Cereb Blood Flow Metab 13, 162-169.

THRANE A.S., RANGROO THRANE V. & NEDER-
GAARD M. (2014). Drowning stars: reassessing the 
role of astrocytes in brain edema. Trends Neurosci 37, 
620-628.

TRKOV S., STENOVEC M., KREFT M., POTOKAR M., 
PARPURA V., DAVLETOV B. & ZOREC R. (2012). 
Fingolimod-a sphingosine-like molecule inhibits ves-
icle mobility and secretion in astrocytes. Glia 60, 1406-
1416.

VARDJAN N., GABRIJEL M., POTOKAR M., SVAJGER 
U., KREFT M., JERAS M., DE PABLO Y., FAIZ M., 
PEKNY M. & ZOREC R. (2012). IFN-γ-induced in-
crease in the mobility of MHC class II compartments 
in astrocytes depends on intermediate filaments. J 
Neuroinflammation 9, 144.

VARDJAN N., KREFT M. & ZOREC R. (2014a). Dynamics 
of β-adrenergic/cAMP signaling and morphological 
changes in cultured astrocytes. Glia.

VARDJAN N., KREFT M. & ZOREC R. (2014b). Regulat-
ed Exocytosis in Astrocytes is as Slow as the Metabolic 
Availability of Gliotransmitters: Focus on Glutamate 
and ATP. Adv Neurobiol 11, 81-101.

VARDJAN N., PARPURA V. & ZOREC R. (2015a). Loose 
excitation-secretion coupling in astrocytes. Glia.

VARDJAN N., POTOKAR M., STENOVEC M., JOR-
GAČEVSKI J., SAŠA T., KREFT M. & ZOREC R. 
(2014c). Pathophysiology of Vesicle Dynamics in As-
trocytes. In Pathological Potential of Neuroglia: Possi-
ble New Targets for Medical Intervention, ed. Parpura 
V. & Verkhratsky A., pp. 33-60. Springer.

VARDJAN N., POTOKAR M., STENOVEC M., JOR-
GAČEVSKI J., TRKOV S., KREFT M. & ZOREC R. 
(2014d). Chapter 3: Pathophysiology of Vesicle Dy-
namics in Astrocytes. In Pathological Potential of Neu-
roglia, ed. Parpura V. & Verkhratsky A.E., pp. 33-60. 
Springer Science.

VARDJAN N., STENOVEC M., JORGACEVSKI J., 
KREFT M. & ZOREC R. (2007). Elementary properties 
of spontaneous fusion of peptidergic vesicles: fusion 
pore gating. J Physiol 585, 655-661.

VARDJAN N., STENOVEC M., JORGAČEVSKI J., KREFT 
M. & ZOREC R. (2010). Fusion pore: an evolutionary 
invention of nucleated cells, pp. 347–364. Academia 
Europaea, European Review.

VARDJAN N., VERKHRATSKY A. & ZOREC R. (2015b). 
Pathologic potential of astrocytic vesicle traffic: new tar-
gets to treat neurologic diseases? Cell Transplant 24, 599-
612.

VARDJAN N. & ZOREC R. (2015). Excitable Astrocytes: Ca2+ 

and cAMP-Regulated Exocytosis. Neurochem Res.
VERDERIO C., CAGNOLI C., BERGAMI M., FRAN-

COLINI M., SCHENK U., COLOMBO A., RIGANTI 
L., FRASSONI C., ZUCCARO E., DANGLOT L., WIL-
HELM C., GALLI T., CANOSSA M. & MATTEOLI M. 
(2012). TI-VAMP/VAMP7 is the SNARE of secretory 
lysosomes contributing to ATP secretion from astro-
cytes. Biol Cell 104, 213-228.

VERKHRATSKY A. & KETTENMANN H. (1996). Calci-
um signalling in glial cells. Trends Neurosci 19, 346-
352.

VERKHRATSKY A., MATTEOLI M., PARPURA 
V., MOTHET J.P., ZOREC R. 2016. Astrocytes as 
secretory cells of the central nervous system: idiosyn-
crasies of vesicular secretion. EMBO J.

VERKHRATSKY A., ORKAND R.K. & KETTENMANN 
H. (1998). Glial calcium: homeostasis and signaling 
function. Physiol Rev 78, 99-141.

WACKER I., KAETHER C., KRÖMER A., MIGALA A., 
ALMERS W. & GERDES H.H. (1997). Microtubule-de-
pendent transport of secretory vesicles visualized in 
real time with a GFP-tagged secretory protein. J Cell 
Sci 110 ( Pt 13), 1453-1463.

WANG Z., HAYDON P.G. & YEUNG E.S. (2000). Direct 
observation of calcium-independent intercellular ATP 
signaling in astrocytes. Anal Chem 72, 2001-2007.

WENDER R., BROWN A.M., FERN R., SWANSON R.A., 
FARRELL K. & RANSOM B.R. (2000). Astrocytic gly-
cogen influences axon function and survival during 
glucose deprivation in central white matter. J Neurosci 
20, 6804-6810.

YOON H.S., HACKETT J.D., CINIGLIA C., PINTO G. & 
BHATTACHARYA D. (2004). A molecular timeline for 
the origin of photosynthetic eukaryotes. Mol Biol Evol 
21, 809-818.

ZHANG Q., PANGRSIC T., KREFT M., KRZAN M., LI 
N., SUL J., HALASSA M., VAN BOCKSTAELE E., 
ZOREC R. & HAYDON P. (2004). Fusion-related re-
lease of glutamate from astrocytes. J Biol Chem 279, 
12724-12733.

ZHANG Z., CHEN G., ZHOU W., SONG A., XU T., LUO 
Q., WANG W., GU X.S. & DUAN S. (2007). Regulated 
ATP release from astrocytes through lysosome exocy-
tosis. Nat Cell Biol 9, 945-953.

ZONTA M., ANGULO M., GOBBO S., ROSENGARTEN 
B., HOSSMANN K., POZZAN T. & CARMIGNOTO 
G. (2003). Neuron-to-astrocyte signaling is central to 
the dynamic control of brain microcirculation. Nat 
Neurosci 6, 43-50.

ZOREC R., ARAQUE A., CARMIGNOTO G., HAYDON 
P.G., VERKHRATSKY A. & PARPURA V. (2012). As-
troglial excitability and gliotransmission: an appraisal 
of Ca2+ as a signalling route. ASN Neuro 4.


