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Abstract
Astrocytes exhibit cellular excitability through variations in their intracellular calcium (Ca2 + ) levels in
response to synaptic activity. Astrocyte Ca2 + elevations can trigger the release of neuroactive substances
that can modulate synaptic transmission and plasticity, hence promoting bidirectional communication
with neurons. Intracellular Ca2 + dynamics can be regulated by several proteins located in the plasma
membrane, within the cytosol and by intracellular organelles such as mitochondria. Spatial dynamics and
strategic positioning of mitochondria are important for matching local energy provision and Ca2 + buffering
requirements to the demands of neuronal signalling. Although relatively unresolved in astrocytes, further
understanding the role of mitochondria in astrocytes may reveal more about the complex bidirectional
relationship between astrocytes and neurons in health and disease. In the present review, we discuss some
recent insights regarding mitochondrial function, transport and turnover in astrocytes and highlight some
important questions that remain to be answered.

Introduction
Astrocytes are a subset of glial cells that provide trophic
and structural support for neurons. Accumulating evidence
over the last few years has revealed that astrocytes are
active regulators of information processing in the central
nervous system (CNS) [1–5]. At the synaptic level, where
astrocyte processes can ensheath the pre- and post-synaptic
elements (termed the tripartite synapse), they play many
important regulatory roles that include clearance of synaptic
transmitters, such as glutamate and ions such as potassium
(K+ ). Astrocytes integrate neuronal activity by increasing
their intracellular calcium (Ca2 + ) [6,7] levels and this can
subsequently lead to the release of neuroactive substances (for
example, glutamate, ATP and D-serine) that regulate synaptic
communication [3,8–11]. The synaptically evoked astrocyte
Ca2 + rise occurs in spatially restricted microdomains within
astrocyte processes [12] and represents a crucial element of
rapid bidirectional signalling between neurons and astrocytes
[13,14].

Mitochondria are dynamic organelles highly efficient at
producing cellular energy in the form of ATP and buffering
intracellular Ca2 + . In neurons, they are transported on a rapid
timescale and localize at sites of high energy consumption
such as the axon initial segment, nodes of Ranvier and
the pre- and post-synaptic domains [15–18]. In terms of
astrocytes, their positioning could influence intracellular
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Ca2 + levels, which could be important for astrocyte Ca2 +

signalling, i.e. Ca2 + wave propagation and Ca2 + -dependent
gliotransmission that can have an impact on the signalling
of nearby neurons. Mitochondria may also play a role in
providing ATP for important astrocytic functions such as
the glutamate–glutamine shuttle and ion homoeostasis at the
tripartite synapse [19]. Their ability to be rapidly transported
makes them ideal candidates for localized ATP provision and
Ca2 + buffering within astrocytes. However, far less is known
about the spatial regulation of mitochondria in astrocytic
processes.

In the present paper, we highlight recent key findings
regarding Ca2 + buffering by mitochondria in astrocytes and
draw upon emerging evidence highlighting the importance of
mitochondrial trafficking dynamics and positioning within
astrocyte processes. We also briefly discuss what is known
about mitochondrial turnover in astrocytes.

Mitochondrial calcium buffering in
astrocytes
Ca2 + signalling is central for the regulation of astrocyte
functions and for astrocyte–neuron communication. Mi-
tochondria actively uptake Ca2 + via the mitochondrial
Ca2 + uniporter (MCU), powered by a negative membrane
potential and release free Ca2 + to the cytosol via the
Na+ /Ca2 + exchanger (NCX) [12,20–24]. Release of Ca2 +

from the endoplasmic reticulum (ER) internal stores, via
activation of both inositol 1,4,5-trisphosphate receptors
(IP3Rs) and ryanodine/caffeine receptors [25], contributes
to an increase in cytosolic Ca2 + ([Ca2 + ]c) in astrocytes.
Using fluorescence imaging of cultured astrocytes, Boitier
et al. [26] showed that the ER-induced [Ca2 + ]c rise was
followed by an increase in mitochondrial Ca2 + levels.
Application of the protonophore carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), which leads to
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a collapse of the mitochondrial membrane potential and a
diminished Ca2 + buffering capacity of mitochondria, along
with oligomycin (ATP synthase inhibitor), decreased the
rate of [Ca2 + ]c decay. This suggests that mitochondria play
a crucial role in clearance of physiological Ca2 + loads,
generated by the ER [26]. Moreover, altering mitochondrial
Ca2 + buffering with FCCP or CGP37157, a mitochondrial
NCX blocker, which induces Ca2 + accumulation in the
mitochondria, resulted in increased or reduced glutamate
release by astrocytes respectively [27]. These data suggest that
[Ca2 + ]c levels are directly correlated with glutamate release
and altering the Ca2 + buffering capacity of mitochondria can
affect this phenomenon [27]. Taken together, these results
reveal that the ability of mitochondria to buffer Ca2 + in as-
trocytes is important in terms of both astrocyte functionality
and the downstream implications for neural signalling.

Depletion of the internal ER stores in astrocytes results in
Ca2 + entry from the extracellular space via store-operated
Ca2 + channels (SOCs) (for example, transient receptor
potential channels) [28–31], which triggered significant
mitochondrial Ca2 + transients. This indicates functional
cross-talk between the plasma membrane and mitochondrial
domains. In addition, compromised mitochondrial Ca2 +

buffering, due to NCX silencing, caused reductions in SOC
entry, amplitude and rate. These results suggest that mito-
chondrial Ca2 + handling, and in particular NCX activity, is
of major importance for the regulation of Ca2 + influx into
the cell through SOCs [21]. The depleted ER internal stores
are subsequently replenished via sarcoplasmic/endoplasmic
reticulum Ca2 + -ATPases (SERCAs) [32]. Simpson and
Russell [33] showed that mitochondria are found in close
association with high density SERCA-expressing ER sites in
cultured astrocytes. One possibility for this close association
is that mitochondrial Ca2 + uptake via the MCU may
regulate Ca2 + levels around nearby IP3Rs. Indeed, Csordas
et al. [34] showed using drug-inducible fluorescent inter-
organelle linkers that increasing the distance between the ER
and the outer mitochondrial membrane (OMM) to ∼15 nm
enhanced the efficiency of Ca2 + transfer from the ER to the
mitochondria, in a H9c2 cell line. In contrast, reduction in the
mitochondria–ER gap to 5 nm blocks the accommodation of
IP3Rs (shown to protrude ∼10 nm from the ER membrane)
and thus prevents efficient Ca2 + transfer [34,35]. Moreover,
several structural and functional studies have revealed
zones of close contact between ER and mitochondria
called mitochondria-associated ER membranes (MAMs) [36].
MAMs enable highly efficient transmission of Ca2 + and
lipid exchange from ER to mitochondria [37,38]. However,
discerning the components of ER–mitochondria contact sites
and regulation of Ca2 + and lipid exchange at the MAM
contact sites within astrocytes remains to be fully explored.

Mitochondrial trafficking in astrocytic
processes
The ability of mitochondria to spatially match energy
provision and Ca2 + buffering to neuronal demand is an

important aspect of neuronal signalling [15,16,18,39,40]. In
neurons, mitochondria are mobilized in order to replenish
the usable pool of mitochondria in axons and dendrites
and to transport damaged mitochondria back to the soma
for degradation [17,41]. Although significant progress has
been made to elucidate the mechanisms that regulate
mitochondrial trafficking dynamics in neurons, far less
is known about the mechanisms regulating mitochondrial
dynamics in astrocytes.

Recently, Jackson et al. [42] revealed that mitochondria
are non-uniformly distributed along the fine processes of
astrocytes (<600 nm in diameter) in organotypic slices,
confirming previous results from astrocyte cultures [43,44]
and in vivo [45,46]. Their trafficking was bidirectional with
44 % of mitochondria moving in the retrograde direction
(towards the cell body) and 56 % moving in the anterograde
direction (away from the cell body). This differed from
neurons where 61 % of the mitochondria were moving in
the retrograde direction. Interestingly, mitochondria moved
significantly more slowly and covered shorter distances in
astrocytic processes compared with dendrites. These results
suggest that astrocyte mitochondrial trafficking might be
governed by different motor proteins [42]. In neurons, long-
range anterograde and retrograde mitochondrial trafficking
involves kinesin superfamily 5 (KIF5) and dynein motors
respectively, which bind to the microtubule cytoskeleton
[18,47]. Short-range trafficking in neurons is instead regulated
by actin filaments [48–50]. Jackson et al. [42] report that mito-
chondrial trafficking within astrocytic processes seems to be
regulated by both microtubule and actin cytoskeletons, where
pharmacological disruption of microtubule or actin assembly
significantly decreased the fraction of moving mitochondria
in organotypic slices. Kremneva et al. [51], however, report
that microtubules are the main regulators of mitochondrial
trafficking in cultured astrocytes. Interestingly, it has been
shown that astrocytes express kinesin motor proteins (KIF11
and KIF22) [52]; however, their involvement in regulating
astrocyte mitochondrial trafficking has yet to be determined.

In neurons, another key regulator of mitochondrial
trafficking is Miro1, an OMM Rho-GTPase protein
containing two GTP-binding domains separated by a linker
region containing two Ca2 + -binding EF-hand motifs [53]
(Figure 1A). Miro1 is crucial for mitochondrial transport in
both axons and dendrites [54–56] by coupling mitochondria
to kinesin or dynein motors via the adaptor protein trafficking
protein, kinesin-binding (TRAK) (of which there are two
isoforms, TRAK1 and TRAK2) [40,57–59,59a]. Currently,
three models have been proposed to describe the role of
Miro1 as a Ca2 + sensor in regulating mitochondrial mobility
in neurons [60] (Figure 1B). First, mitochondrial transport
is mediated by linking Miro1 to KIF5 and the KIF5-binding
protein TRAK2. Ca2 + -binding to Miro1’s EF-hand motifs
dissociates Miro1, along with TRAK2, from KIF5, which
remains bound to the microtubules [40]. In the second
model, the KIF5 tail is linked to Miro1 via TRAK2 in a
Ca2 + -independent manner, freeing the motor domain to
engage with microtubules. Ca2 + binding to the EF-hand

C©The Authors Journal compilation C©2014 Biochemical Society

© 2014 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



1304 Biochemical Society Transactions (2014) Volume 42, part 5

Figure 1 Miro1 and the machinery of mitochondrial transport in neurons

(A) Schematic diagram of Miro1‘s functional domains, which consist of two GTPase domains flanking two Ca2 + -binding

EF-hand domains. Miro1 also has an outer-mitochondrial transmembrane domain. (B) Under basal conditions, Miro1 forms

a complex with TRAK1/TRAK2 and KIF5. This complex binds the microtubule network and allows anterograde transport. As

well as binding kinesins, Miro1 can bind dynein motors via TRAK2 and this instead allows retrograde transport. During activity

there is a concomitant influx of Ca2 + , which binds to Miro1 causing a conformational change in its structure resulting in

its uncoupling from the transport network. Upon uncoupling, mitochondria are rendered immobile and in this way they are

retained at sites of high Ca2 + . Three possible models have been proposed for the uncoupling of Miro1 from the microtubule

network. (i) KIF5 remains bound to the microtubule network [40], (ii) KIF5 remains bound to the Miro1/TRAK2 complex upon

uncoupling [55], or (iii) detachment from KIF5 occurs with subsequent interaction of the mitochondrial tether syntaphilin

(SNPH) [61].

motifs triggers the direct interaction of the motor domain
with Miro1, thus preventing the motor from engaging with
microtubules [56]. In the third model, the detachment of
KIF5 from Ca2 + -bound Miro1 triggers its interaction with
syntaphilin, and the KIF5–syntaphilin anchors mitochondria
on to the microtubules [61]. In addition, Miro1 has been
suggested to play a role in the health and organization of
mitochondria by regulating fission and fusion, mitochondrial
degradation (mitophagy) and mitochondria–ER interactions
[39,62,63]. However, nothing is currently known about
Miro or its binding partners in astrocytes, raising the
critical question of whether, if present, Miro plays an
equally important role in regulating astrocyte mitochondrial
dynamics.

Many potential routes exist for elevating astrocyte [Ca2 + ]c

and factors that determine which route is involved include
age or stage of development and brain region [64]. The
most established route is via synaptic glutamate activation
of metabotropic glutamate receptors (mGluRs), in particular
mGluR5, which trigger G-protein-coupled receptor cascades
that induce a Ca2 + rise from internal stores [8,64–66].
Glutamate released during synaptic activity can be taken
up by astrocyte glutamate transporters (GLT-1 and GLAST)
along with sodium (Na+ ) ions. The subsequent conversion

of glutamate into non-toxic glutamine along with restoring
homoeostatic levels of Na+ within the cell is energetically
demanding [67,68]. Here, the role of mitochondrial ATP
provision could be of particular importance (Figure 2Ai).
Interestingly, the astrocyte glutamate transporters have been
shown to form complexes with glycolytic enzymes and
mitochondria [69,70]. The co-transported Na+ favours the
reversal of the plasma membrane NCX, which extrudes Na+

and thus induces a rapid local Ca2 + rise [14,71,72]. Here,
mitochondria could be important for local Ca2 + buffering.
Tan et al. [73] have shown that with pharmacological
elevations of intracellular Ca2 + , released from internal
stores, using 4Br-A23187 in primary cortical astrocytes,
mitochondria became shorter with a reduction in motility.
Furthermore, Jackson et al. [42] revealed that pharmaco-
logical inhibition of the NCX increased the percentage
of mobile mitochondria in organotypic slice astrocytes.
To a similar degree, tetrodotoxin, a Na+ channel blocker,
also increased the fraction of moving mitochondria with a
corresponding increase in the distance between mitochondria
and GLT-1 puncta in organotypic slice astrocytes [42]. These
results infer that glutamate activates astrocytic glutamate
transporters, possibly inducing NCX-dependent elevations
in intracellular astrocytic Ca2 + , which could trigger the
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Figure 2 Local excitatory synaptic signalling and the contribution of astroglial perisynaptic processes

(A) Schematic diagram of synaptic interactions occurring between neuronal dendrites and separate axonal boutons, from

neighbouring neurons, forming the excitatory synapse. Here, astrocytes can project their processes into the synaptic cleft

where they can influence synaptic signalling. (Ai) Synaptic release of glutamate activates receptors (of which many are

expected to be involved, depending on the brain region) and glutamate transporters on the astrocyte membrane. Glutamate

(Glu) entering via glutamate transporters can either be actively converted into glutamine (Gln), lactate or glucose (to

be stored as glycogen) or be used to generate ATP production via mitochondrial oxidation. Na+ influx occurs alongside

glutamate entry and this rise can induce the reverse mode of the NCX, resulting in Ca2 + influx. This is another possible route

for astrocyte Ca2 + entry (the other being activation of receptors), which can consequently be taken up by the mitochondrial

uniporter and re-released in exchange for Na+ . Ca2 + release by mitochondria can then induce the exocytotic release of

glutamate. The Na+ /K+ -ATPase is important for ionic homoeostasis during astrocyte depolarization by actively extruding

Na+ that accumulates with glutamate uptake. These actions reveal the intricate and crucial regulatory role provided by

astrocytes at the excitatory synapse and the importance of mitochondrial ATP provision and Ca2 + buffering within their

processes.

localization of mitochondria near glutamate transporters.
This therefore highlights the significance of mitochondrial
trafficking, which may allow astrocytes to localize energy
production and Ca2 + buffering to specific areas requiring
functional mitochondria.

Mitochondrial morphology in astrocytes
Mitochondrial morphology is diverse and dynamic, varying
between different cell types, and within individual cells
[74]. Mitochondrial fission and fusion events regulate
mitochondrial morphology, promote the exchange of genetic
material and proteins between mitochondria, an essential
process required for proper mitochondrial function [74].
These opposing processes are complex and involve a host
of proteins with fission being mediated by dynamin-related

protein 1 (Drp1) and fission 1 protein (Fis1) and fusion being
mediated by mitofusins (Mfn1 and Mfn2) and optic atrophy
1 (OPA1) [75–77].

Motori et al. [79] showed that under physiological con-
ditions, individual astrocytic mitochondria undergo fission
and fusion events in acute cortical slices with an even split of
events, i.e. 50 % of events were fission and 50 % were fusion.
Importantly, the intracellular environment can have an impact
on mitochondrial morphology. Indeed, Tan et al. [73] showed
that pharmacological Ca2 + elevations in cultured astrocytes
resulted in remodelling or rounding of mitochondria.
Similarly, in neurons, influx of Ca2 + resulting from glutamate
treatment also altered mitochondrial morphology [78].
Although the direct impact of mitochondrial morphology
on function is not immediately clear, morphology may
influence energy production and Ca2 + buffering functions;
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for example, longer mitochondria may allow Ca2 + buffering
and ATP dispersal over a larger cytoplasmic area [74].

Interestingly, the balance between mitochondrial fusion
and fission events is altered in astrocytes challenged
with cellular injury. During cortical injury or treatment
with pro-inflammatory stimuli in acute slices, an increase
in mitochondrial fission was observed along with an
increase in the phosphorylated/activated form of Drp1
[79]. The inflammatory insult was transduced into nitric
oxide (NO) production, which mediated the activation of
Drp1 and subsequently induced mitochondrial fission in
astrocytes. The fragmented astrocytic mitochondria exhibited
compromised ATP production and increased reactive oxygen
species (ROS) generation, affecting cell survival [79]. NO
itself can regulate gene transcription, impair mitochondrial
respiration or directly induce cell death by apoptosis.
Interestingly, inducible nitric oxide synthase expression was
enhanced in astrocytes (significantly more than in neurons)
in human Alzheimer’s disease (AD) tissue [80] and mouse
models of AD [81]. These results reveal the ability of
astrocytes to rapidly react to pro-inflammatory stimuli.
This highlights the importance of clarifying the mechanisms
regulating mitochondrial morphology in astrocytes as well as
how it is dysregulated during pathology.

Mitochondrial quality control mechanisms
and their implications in astrocytes
Increasing evidence has revealed that aberrant mitochondrial
dynamics, function and turnover are associated with
pathological changes in several neurodegenerative diseases
[82,83]. Indeed, there are several mitochondrial quality
control mechanisms that are utilized to ensure mitochondrial
integrity, including repair of dysfunctional mitochondria
by fusion with healthy mitochondria [83,84] and selective
removal of irreversibly damaged mitochondria by mitophagy,
a cargo-specific subset of autophagy [85].

The main pathway for selective mitochondrial degradation
involves activation of the phosphatase and tensin homologue
deleted on chromosome 10 (PTEN)-induced putative kinase 1
(PINK1) and the E3 ubiquitin ligase parkin. Upon mitochon-
drial damage, PINK1 accumulates in its full-length form on
the OMM, recruits parkin from the cytosol and activates it by
phosphorylation. Activated parkin then ubiquitinates various
substrates on the OMM [VDAC1 (voltage-dependent anion
channel 1), Drp1, Mfns, TOM (translocase of OMM)-20 and
-40] [86–93]. Ubiquitinated mitochondria are subsequently
recognized by ubiquitin-binding autophagic components,
e.g. LC3 (microtubule-associated protein light chain 3),
HDAC6 (histone deacetylase 6) and p62 sequestosome,
that promote the formation of autophagosomes and induce
mitochondrial clearance by fusion with lysosomes. Loss-of-
function mutations in PINK1/parkin have been associated
with forms of early-onset Parkinson’s disease (PD) [94,95].
More recently, Miro1 was shown to interact with PINK1
and parkin [90,96,97], and was found to be ubiquitinated

upon mitochondrial damage [63,98,99], suggesting a possible
link between Miro-mediated transport pathways and PD-
associated disruption of mitochondrial turnover.

Interestingly, parkin dysfunction has been shown to
impair astrocyte mitochondrial function and contribute to
the pathogenesis of PD [100]. Glial cells cultured from
parkin-null mice exhibited increased expression of pro-
apoptotic proteins and reduction in heat-shock protein
70 (cytoprotective), together contributing to decreased
neuroprotection [101,102]. Expression of proteins contain-
ing other PD-related gene mutations (for example, DJ-
1 mutations) in cultured astrocytes have been shown
to similarly impair mitochondrial dynamics, compromise
neuroprotective ability and thus render neurons more
sensitive to toxic insults [103–105]. Moreover, Ledesma
et al. [100] have shown that astrocytes express lower levels
of parkin, which has been suggested to exhibit different
subcellular localizations compared with neurons. These data
warrant further investigation into the importance of cell-
specific differences in parkin expression and distribution,
differential cellular response to lack of parkin, and the
subsequent effect on PD pathogenesis.

Regulation of the autophagy machinery is crucial for
mitochondrial clearance and affects mitochondria function
in astrocytes. For example, knockout of the gene encoding
Atg7, essential for autophagosome production and lipidation
of LC3B, in astrocytes resulted in highly hyperfused
mitochondria, ROS production and ultimately cell death [79].
Importantly, Motori et al. [79] highlight that a failure to
maintain the functional architecture of mitochondria affects
astrocyte survival.

A recent discovery by Davis et al. [106] revealed that
retinal ganglion cell axons shed mitochondria at the optic
nerve head (ONH), which are internalized and degraded
by adjacent astrocytes. Axonal mitochondria accumulate
in large protrusions that are subsequently pinched off to
form membrane-enclosed evulsions. Axonal mitochondria
were confirmed within adjacent astrocytes, exhibiting high
phagocytic activity (high expression of phagocytic marker
Mac2) [106]. This process, termed transcellular mitophagy,
is predicted to be a widespread phenomenon, occurring
elsewhere in the CNS [106]. These data suggest a potential
mechanism of mitophagy employed within astrocytes as well
as astrocyte influence on neuronal mitophagy. However, there
are still major mechanistic questions that remain regarding
the components involved in the mitophagy pathway in
astrocytes, for example, the timescale in comparison with
neurons and dysregulation of mitophagy during pathology.

Concluding remarks
Currently, there is great interest regarding the complex
relationship between astrocytes and neurons. Although
studies have revealed the importance of mitochondrial
function in astrocytes [107,108], shedding light on the
specific mechanisms that regulate mitochondrial dynamics
in astrocytes would significantly enhance our understanding
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of information processing in the CNS during health and
disease. It is expected, but still only inferred, that neuronal
activity regulates mitochondrial trafficking within astrocyte
processes [42]. Thus it remains to be determined whether
mitochondrial trafficking is regulated directly by glutamate
transport or modulated by a subsequent process such as
the activation of the Na+ /K+ -ATPase. However, it is
known that mitochondrial NCX-mediated Ca2 + elevations
modulate glutamate release and, in this way, astrocytic
mitochondria may play a role in preventing excitotoxic cell
death in the CNS [14].

Specialized astrocyte processes are found to be highly
mobile and spontaneously advance or retract from active
synapses in brain slices [109–111]. It remains to be
clarified whether mitochondria are present in these extremely
fine/perisynaptic astrocyte processes. Together with the
recent study revealing differences in astrocytic mitochondrial
trafficking dynamics in comparison with dendritic mitochon-
dria [42], it will be interesting to determine whether Miro-
mediated mitochondrial trafficking dynamics are conserved
in astrocyte processes or whether alternative mechanisms are
employed. This will, perhaps, shed light on how astrocyte
mitochondria are selectively retained at sites of high Ca2 +

or glutamate release in response to neuronal activity, which
could have important consequences for astrocyte function
and consequently neuronal activity regulation by astrocytes.

Understanding the consequences of alterations in mito-
chondrial morphology on their functionality (ATP produc-
tion and Ca2 + buffering) will determine the impact not
only on overall cellular health but also on the mechanisms
contributing to disease progression. The identification of
transcellular mitophagy has also raised several interesting
questions, for example, whether this is indeed a widespread
phenomenon occurring in the CNS and exactly how
astrocyte mitophagy may influence neuronal function. More
importantly, mitophagy regulation in astrocytes remains to
be defined. Overall, discerning the more specific mechanisms
of mitochondrial dynamics and function in astrocytes will
be pivotal for advancing our understanding of the astrocyte–
neuron bidirectional relationship and how this has an impact
on synaptic function.

Funding

J.T.K. is the recipient of a Lister Institute for Preventive Medicine

award, European Research Council starting grant (Fuelling Synapses)

and Wellcome Trust project grant. T.L.S. is a Biotechnology and

Biological Sciences Research Council-funded Ph.D. student.

References
1 Araque, A., Sanzgiri, R.P., Parpura, V. and Haydon, P.G. (1999)

Astrocyte-induced modulation of synaptic transmission. Can. J. Physiol.
Pharmacol. 77, 699–706 PubMed

2 Castonguay, A., Levesque, S. and Robitaille, R. (2001) Glial cells as
active partners in synaptic functions. Prog. Brain Res. 132, 227–240
CrossRef PubMed

3 Haydon, P.G. (2001) Glia: listening and talking to the synapse. Nat.
Rev. Neurosci. 2, 185–193 CrossRef PubMed

4 Nedergaard, M., Ransom, B. and Goldman, S.A. (2003) New roles for
astrocytes: redefining the functional architecture of the brain. Trends
Neurosci. 26, 523–530 CrossRef PubMed

5 Panatier, A., Vallee, J., Haber, M., Murai, K.K., Lacaille, J.C. and
Robitaille, R. (2011) Astrocytes are endogenous regulators of basal
transmission at central synapses. Cell 146, 785–798 CrossRef PubMed

6 Charles, A.C., Merrill, J.E., Dirksen, E.R. and Sanderson, M.J. (1991)
Intercellular signaling in glial cells: calcium waves and oscillations in
response to mechanical stimulation and glutamate. Neuron 6,
983–992 CrossRef PubMed

7 Verkhratsky, A., Orkand, R.K. and Kettenmann, H. (1998) Glial calcium:
homeostasis and signaling function. Physiol. Rev. 78, 99–141 PubMed

8 Carmignoto, G. (2000) Reciprocal communication systems between
astrocytes and neurones. Prog. Neurobiol. 62, 561–581
CrossRef PubMed

9 Di Castro, M.A., Chuquet, J., Liaudet, N., Bhaukaurally, K., Santello, M.,
Bouvier, D., Tiret, P. and Volterra, A. (2011) Local Ca2 + detection and
modulation of synaptic release by astrocytes. Nat. Neurosci. 14,
1276–1284 CrossRef PubMed

10 Parpura, V., Basarsky, T.A., Liu, F., Jeftinija, K., Jeftinija, S. and Haydon,
P.G. (1994) Glutamate-mediated astrocyte–neuron signalling. Nature
369, 744–747 CrossRef PubMed

11 Pasti, L., Volterra, A., Pozzan, T. and Carmignoto, G. (1997)
Intracellular calcium oscillations in astrocytes: a highly plastic,
bidirectional form of communication between neurons and astrocytes
in situ. J. Neurosci. 17, 7817–7830 PubMed

12 Grosche, J., Matyash, V., Moller, T., Verkhratsky, A., Reichenbach, A.
and Kettenmann, H. (1999) Microdomains for neuron–glia interaction:
parallel fiber signaling to Bergmann glial cells. Nat. Neurosci. 2,
139–143 CrossRef PubMed

13 Kirischuk, S., Kettenmann, H. and Verkhratsky, A. (1997) Na+ /Ca2 +

exchanger modulates kainate-triggered Ca2 + signaling in Bergmann
glial cells in situ. FASEB J. 11, 566–572 PubMed

14 Reyes, R.C., Verkhratsky, A. and Parpura, V. (2012) Plasmalemmal
Na+ /Ca2 + exchanger modulates Ca2 + -dependent exocytotic release
of glutamate from rat cortical astrocytes. ASN NEURO 4, AN20110059
CrossRef PubMed

15 MacAskill, A.F., Atkin, T.A. and Kittler, J.T. (2010) Mitochondrial
trafficking and the provision of energy and calcium buffering at
excitatory synapses. Eur. J. Neurosci. 32, 231–240 CrossRef PubMed

16 MacAskill, A.F. and Kittler, J.T. (2010) Control of mitochondrial
transport and localization in neurons. Trends Cell Biol. 20, 102–112
CrossRef PubMed

17 Miller, K.E. and Sheetz, M.P. (2004) Axonal mitochondrial transport
and potential are correlated. J. Cell Sci. 117, 2791–2804
CrossRef PubMed

18 Schwarz, T.L. (2013) Mitochondrial trafficking in neurons. Cold Spring
Harb. Perspect. Biol. 5, a011304 CrossRef PubMed

19 Dienel, G.A. (2013) Astrocytic energetics during excitatory
neurotransmission: what are contributions of glutamate oxidation and
glycolysis? Neurochem. Int. 63, 244–258 CrossRef PubMed

20 Kintner, D.B., Luo, J., Gerdts, J., Ballard, A.J., Shull, G.E. and Sun, D.
(2007) Role of Na+ –K+ –Cl− cotransport and Na+ /Ca2 + exchange
in mitochondrial dysfunction in astrocytes following in vitro ischemia.
Am. J. Physiol. Cell Physiol. 292, C1113–C1122 PubMed

21 Parnis, J., Montana, V., Delgado-Martinez, I., Matyash, V., Parpura, V.,
Kettenmann, H., Sekler, I. and Nolte, C. (2013) Mitochondrial
exchanger NCLX plays a major role in the intracellular Ca2 + signaling,
gliotransmission, and proliferation of astrocytes. J. Neurosci. 33,
7206–7219 CrossRef PubMed

22 Drago, I., Pizzo, P. and Pozzan, T. (2011) After half a century
mitochondrial calcium in- and efflux machineries reveal themselves.
EMBO J. 30, 4119–4125 CrossRef PubMed

23 Palty, R., Silverman, W.F., Hershfinkel, M., Caporale, T., Sensi, S.L.,
Parnis, J., Nolte, C., Fishman, D., Shoshan-Barmatz, V., Herrmann, S.
et al. (2010) NCLX is an essential component of mitochondrial
Na+ /Ca2 + exchange. Proc. Natl. Acad. Sci. U.S.A. 107, 436–441
CrossRef PubMed

24 Kirichok, Y., Krapivinsky, G. and Clapham, D.E. (2004) The
mitochondrial calcium uniporter is a highly selective ion channel.
Nature 427, 360–364 CrossRef PubMed

25 Hua, X., Malarkey, E.B., Sunjara, V., Rosenwald, S.E., Li, W.H. and
Parpura, V. (2004) Ca2 + -dependent glutamate release involves two
classes of endoplasmic reticulum Ca2 + stores in astrocytes. J.
Neurosci. Res. 76, 86–97 CrossRef PubMed

C©The Authors Journal compilation C©2014 Biochemical Society

© 2014 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://www.ncbi.nlm.nih.gov/pubmed/10566947
http://dx.doi.org/10.1016/S0079-6123(01)32079-4
http://www.ncbi.nlm.nih.gov/pubmed/11544991
http://dx.doi.org/10.1038/35058528
http://www.ncbi.nlm.nih.gov/pubmed/11256079
http://dx.doi.org/10.1016/j.tins.2003.08.008
http://www.ncbi.nlm.nih.gov/pubmed/14522144
http://dx.doi.org/10.1016/j.cell.2011.07.022
http://www.ncbi.nlm.nih.gov/pubmed/21855979
http://dx.doi.org/10.1016/0896-6273(91)90238-U
http://www.ncbi.nlm.nih.gov/pubmed/1675864
http://www.ncbi.nlm.nih.gov/pubmed/9457170
http://dx.doi.org/10.1016/S0301-0082(00)00029-0
http://www.ncbi.nlm.nih.gov/pubmed/10880851
http://dx.doi.org/10.1038/nn.2929
http://www.ncbi.nlm.nih.gov/pubmed/21909085
http://dx.doi.org/10.1038/369744a0
http://www.ncbi.nlm.nih.gov/pubmed/7911978
http://www.ncbi.nlm.nih.gov/pubmed/9315902
http://dx.doi.org/10.1038/5692
http://www.ncbi.nlm.nih.gov/pubmed/10195197
http://www.ncbi.nlm.nih.gov/pubmed/9212080
http://dx.doi.org/10.1042/AN20110059
http://www.ncbi.nlm.nih.gov/pubmed/22268447
http://dx.doi.org/10.1111/j.1460-9568.2010.07345.x
http://www.ncbi.nlm.nih.gov/pubmed/20946113
http://dx.doi.org/10.1016/j.tcb.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/20006503
http://dx.doi.org/10.1242/jcs.01130
http://www.ncbi.nlm.nih.gov/pubmed/15150321
http://dx.doi.org/10.1101/cshperspect.a011304
http://www.ncbi.nlm.nih.gov/pubmed/23732472
http://dx.doi.org/10.1016/j.neuint.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23838211
http://www.ncbi.nlm.nih.gov/pubmed/17035299
http://dx.doi.org/10.1523/JNEUROSCI.5721-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23616530
http://dx.doi.org/10.1038/emboj.2011.337
http://www.ncbi.nlm.nih.gov/pubmed/21934651
http://dx.doi.org/10.1073/pnas.0908099107
http://www.ncbi.nlm.nih.gov/pubmed/20018762
http://dx.doi.org/10.1038/nature02246
http://www.ncbi.nlm.nih.gov/pubmed/14737170
http://dx.doi.org/10.1002/jnr.20061
http://www.ncbi.nlm.nih.gov/pubmed/15048932


1308 Biochemical Society Transactions (2014) Volume 42, part 5

26 Boitier, E., Rea, R. and Duchen, M.R. (1999) Mitochondria exert a
negative feedback on the propagation of intracellular Ca2 + waves in
rat cortical astrocytes. J. Cell Biol. 145, 795–808 CrossRef PubMed

27 Reyes, R.C. and Parpura, V. (2008) Mitochondria modulate
Ca2 + -dependent glutamate release from rat cortical astrocytes. J.
Neurosci. 28, 9682–9691 CrossRef PubMed

28 Malarkey, E.B., Ni, Y. and Parpura, V. (2008) Ca2 + entry through
TRPC1 channels contributes to intracellular Ca2 + dynamics and
consequent glutamate release from rat astrocytes. Glia 56, 821–835
CrossRef PubMed

29 Singaravelu, K., Lohr, C. and Deitmer, J.W. (2006) Regulation of
store-operated calcium entry by calcium-independent phospholipase
A2 in rat cerebellar astrocytes. J. Neurosci. 26, 9579–9592
CrossRef PubMed

30 Golovina, V.A. (2005) Visualization of localized store-operated calcium
entry in mouse astrocytes: close proximity to the endoplasmic
reticulum. J. Physiol. 564, 737–749 CrossRef PubMed

31 Lo, K.J., Luk, H.N., Chin, T.Y. and Chueh, S.H. (2002) Store
depletion-induced calcium influx in rat cerebellar astrocytes. Br. J.
Pharmacol. 135, 1383–1392 PubMed

32 Kovacs, G.G., Zsembery, A., Anderson, S.J., Komlosi, P., Gillespie, G.Y.,
Bell, P.D., Benos, D.J. and Fuller, C.M. (2005) Changes in intracellular
Ca2 + and pH in response to thapsigargin in human glioblastoma cells
and normal astrocytes. Am. J. Physiol. Cell Physiol. 289, C361–C371
PubMed

33 Simpson, P.B. and Russell, J.T. (1997) Role of sarcoplasmic/
endoplasmic-reticulum Ca2 + -ATPases in mediating Ca2 + waves and
local Ca2 + -release microdomains in cultured glia. Biochem. J. 325,
239–247 PubMed

34 Csordas, G., Varnai, P., Golenar, T., Roy, S., Purkins, G., Schneider, T.G.,
Balla, T. and Hajnoczky, G. (2010) Imaging interorganelle contacts and
local calcium dynamics at the ER–mitochondrial interface. Mol. Cell
39, 121–132 CrossRef PubMed

35 Shin, D.M. and Muallem, S. (2010) What the mitochondria see. Mol.
Cell 39, 6–7 CrossRef PubMed

36 Giorgi, C., De Stefani, D., Bononi, A., Rizzuto, R. and Pinton, P. (2009)
Structural and functional link between the mitochondrial network and
the endoplasmic reticulum. Int. J. Biochem. Cell Biol. 41, 1817–1827
PubMed

37 Scharwey, M., Tatsuta, T. and Langer, T. (2013) Mitochondrial lipid
transport at a glance. J. Cell Sci. 126, 5317–5323 CrossRef PubMed

38 Hayashi, T., Rizzuto, R., Hajnoczky, G. and Su, T.P. (2009) MAM: more
than just a housekeeper. Trends Cell Biol. 19, 81–88 CrossRef PubMed

39 Birsa, N., Norkett, R., Higgs, N., Lopez-Domenech, G. and Kittler, J.T.
(2013) Mitochondrial trafficking in neurons and the role of the Miro
family of GTPase proteins. Biochem. Soc. Trans. 41, 1525–1531
PubMed

40 Macaskill, A.F., Rinholm, J.E., Twelvetrees, A.E., Arancibia-Carcamo, I.L.,
Muir, J., Fransson, A., Aspenstrom, P., Attwell, D. and Kittler, J.T.
(2009) Miro1 is a calcium sensor for glutamate receptor-dependent
localization of mitochondria at synapses. Neuron 61, 541–555
CrossRef PubMed

41 Frederick, R.L. and Shaw, J.M. (2007) Moving mitochondria:
establishing distribution of an essential organelle. Traffic 8,
1668–1675 CrossRef PubMed

42 Jackson, J.G., O’Donnell, J.C., Takano, H., Coulter, D.A. and Robinson,
M.B. (2014) Neuronal activity and glutamate uptake decrease
mitochondrial mobility in astrocytes and position mitochondria near
glutamate transporters. J. Neurosci. 34, 1613–1624 CrossRef PubMed

43 Lavialle, M., Aumann, G., Anlauf, E., Prols, F., Arpin, M. and Derouiche,
A. (2011) Structural plasticity of perisynaptic astrocyte processes
involves ezrin and metabotropic glutamate receptors. Proc. Natl.
Acad. Sci. U.S.A. 108, 12915–12919 CrossRef PubMed

44 Ito, U., Hakamata, Y., Kawakami, E. and Oyanagi, K. (2011) Temporary
cerebral ischemia results in swollen astrocytic end-feet that compress
microvessels and lead to delayed focal cortical infarction. J. Cereb.
Blood Flow Metab. 31, 328–338 CrossRef PubMed

45 Mathiisen, T.M., Lehre, K.P., Danbolt, N.C. and Ottersen, O.P. (2010)
The perivascular astroglial sheath provides a complete covering of the
brain microvessels: an electron microscopic 3D reconstruction. Glia
58, 1094–1103 CrossRef PubMed

46 Lovatt, D., Sonnewald, U., Waagepetersen, H.S., Schousboe, A., He,
W., Lin, J.H., Han, X., Takano, T., Wang, S., Sim, F.J. et al. (2007) The
transcriptome and metabolic gene signature of protoplasmic
astrocytes in the adult murine cortex. J. Neurosci. 27, 12255–12266
CrossRef PubMed

47 Morris, R.L. and Hollenbeck, P.J. (1995) Axonal transport of
mitochondria along microtubules and F-actin in living vertebrate
neurons. J. Cell Biol. 131, 1315–1326 CrossRef PubMed

48 Hollenbeck, P.J. and Saxton, W.M. (2005) The axonal transport of
mitochondria. J. Cell Sci. 118, 5411–5419 CrossRef PubMed

49 Hollenbeck, P.J. (2005) Mitochondria and neurotransmission:
evacuating the synapse. Neuron 47, 331–333 CrossRef PubMed

50 Ligon, L.A. and Steward, O. (2000) Movement of mitochondria in the
axons and dendrites of cultured hippocampal neurons. J. Comp.
Neurol. 427, 340–350 CrossRef PubMed

51 Kremneva, E., Kislin, M., Kang, X. and Khiroug, L. (2013) Motility of
astrocytic mitochondria is arrested by Ca2 + -dependent interaction
between mitochondria and actin filaments. Cell Calcium 53, 85–93
CrossRef PubMed

52 Cahoy, J.D., Emery, B., Kaushal, A., Foo, L.C., Zamanian, J.L.,
Christopherson, K.S., Xing, Y., Lubischer, J.L., Krieg, P.A., Krupenko, S.A.
et al. (2008) A transcriptome database for astrocytes, neurons, and
oligodendrocytes: a new resource for understanding brain
development and function. J. Neurosci. 28, 264–278 CrossRef PubMed

53 Fransson, A., Ruusala, A. and Aspenstrom, P. (2003) Atypical Rho
GTPases have roles in mitochondrial homeostasis and apoptosis. J.
Biol. Chem. 278, 6495–6502 CrossRef PubMed

54 Russo, G.J., Louie, K., Wellington, A., Macleod, G.T., Hu, F.,
Panchumarthi, S. and Zinsmaier, K.E. (2009) Drosophila Miro is
required for both anterograde and retrograde axonal mitochondrial
transport. J. Neurosci. 29, 5443–5455 CrossRef PubMed

55 Wang, X. and Schwarz, T.L. (2009) The mechanism of
Ca2 + -dependent regulation of kinesin-mediated mitochondrial
motility. Cell 136, 163–174 CrossRef PubMed

56 Saotome, M., Safiulina, D., Szabadkai, G., Das, S., Fransson, A.,
Aspenstrom, P., Rizzuto, R. and Hajnoczky, G. (2008) Bidirectional
Ca2 + -dependent control of mitochondrial dynamics by the Miro
GTPase. Proc. Natl. Acad. Sci. U.S.A. 105, 20728–20733
CrossRef PubMed

57 van Spronsen, M., Mikhaylova, M., Lipka, J., Schlager, M.A., van den
Heuvel, D.J., Kuijpers, M., Wulf, P.S., Keijzer, N., Demmers, J., Kapitein,
L.C. et al. (2013) TRAK/Milton motor-adaptor proteins steer
mitochondrial trafficking to axons and dendrites. Neuron 77, 485–502
CrossRef PubMed

58 Glater, E.E., Megeath, L.J., Stowers, R.S. and Schwarz, T.L. (2006)
Axonal transport of mitochondria requires milton to recruit kinesin
heavy chain and is light chain independent. J. Cell Biol. 173, 545–557
CrossRef PubMed

59 Smith, M.J., Pozo, K., Brickley, K. and Stephenson, F.A. (2006) Mapping
the GRIF-1 binding domain of the kinesin, KIF5C, substantiates a role
for GRIF-1 as an adaptor protein in the anterograde trafficking of
cargoes. J. Biol. Chem. 281, 27216–27228 CrossRef PubMed

59a Morotz, G.M., De Vos, K.J., Vagnoni, A., Ackerley, S., Shaw, C.E. and
Miller, C.C.J. (2012) Amyotrophic lateral sclerosis-associated mutant
VAPBP56S perturbs calcium homeostasis to disrupt axonal transport of
mitochondria. Hum. Mol. Genet. 21, 1979–1988 CrossRef PubMed

60 Cai, Q. and Sheng, Z.H. (2009) Moving or stopping mitochondria: Miro
as a traffic cop by sensing calcium. Neuron 61, 493–496
CrossRef PubMed

61 Chen, Y. and Sheng, Z.H. (2013) Kinesin-1-syntaphilin coupling
mediates activity-dependent regulation of axonal mitochondrial
transport. J. Cell Biol. 202, 351–364 CrossRef PubMed

62 Misko, A., Jiang, S., Wegorzewska, I., Milbrandt, J. and Baloh, R.H.
(2010) Mitofusin 2 is necessary for transport of axonal mitochondria
and interacts with the Miro/Milton complex. J. Neurosci. 30,
4232–4240 CrossRef PubMed

63 Birsa, N., Norkett, R., Wauer, T., Mevissen, T.E., Wu, H.C., Foltynie, T.,
Bhatia, K., Hirst, W.D., Komander, D., Plun-Favreau, H. and Kittler, J.T.
(2014) Lysine 27 ubiquitination of the mitochondrial transport protein
Miro is dependent on serine 65 of the Parkin ubiquitin ligase. J. Biol.
Chem. 289, 14569–14582 CrossRef PubMed

64 Rusakov, D.A., Bard, L., Stewart, M.G. and Henneberger, C. (2014)
Diversity of astroglial functions alludes to subcellular specialisation.
Trends Neurosci. 37, 228–242 CrossRef PubMed

65 Sun, W., McConnell, E., Pare, J.F., Xu, Q., Chen, M., Peng, W., Lovatt, D.,
Han, X., Smith, Y. and Nedergaard, M. (2013) Glutamate-dependent
neuroglial calcium signaling differs between young and adult brain.
Science 339, 197–200 CrossRef PubMed

66 Wang, X., Lou, N., Xu, Q., Tian, G.F., Peng, W.G., Han, X., Kang, J.,
Takano, T. and Nedergaard, M. (2006) Astrocytic Ca2 + signaling
evoked by sensory stimulation in vivo. Nat. Neurosci. 9, 816–823
CrossRef PubMed

C©The Authors Journal compilation C©2014 Biochemical Society

© 2014 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.1083/jcb.145.4.795
http://www.ncbi.nlm.nih.gov/pubmed/10330407
http://dx.doi.org/10.1523/JNEUROSCI.3484-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815254
http://dx.doi.org/10.1002/glia.20656
http://www.ncbi.nlm.nih.gov/pubmed/18338793
http://dx.doi.org/10.1523/JNEUROSCI.2604-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16971542
http://dx.doi.org/10.1113/jphysiol.2005.085035
http://www.ncbi.nlm.nih.gov/pubmed/15731184
http://www.ncbi.nlm.nih.gov/pubmed/11906951
http://www.ncbi.nlm.nih.gov/pubmed/15800052
http://www.ncbi.nlm.nih.gov/pubmed/9224652
http://dx.doi.org/10.1016/j.molcel.2010.06.029
http://www.ncbi.nlm.nih.gov/pubmed/20603080
http://dx.doi.org/10.1016/j.molcel.2010.06.030
http://www.ncbi.nlm.nih.gov/pubmed/20603071
http://www.ncbi.nlm.nih.gov/pubmed/19389485
http://dx.doi.org/10.1242/jcs.134130
http://www.ncbi.nlm.nih.gov/pubmed/24190879
http://dx.doi.org/10.1016/j.tcb.2008.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19144519
http://www.ncbi.nlm.nih.gov/pubmed/24256248
http://dx.doi.org/10.1016/j.neuron.2009.01.030
http://www.ncbi.nlm.nih.gov/pubmed/19249275
http://dx.doi.org/10.1111/j.1600-0854.2007.00644.x
http://www.ncbi.nlm.nih.gov/pubmed/17944806
http://dx.doi.org/10.1523/JNEUROSCI.3510-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24478345
http://dx.doi.org/10.1073/pnas.1100957108
http://www.ncbi.nlm.nih.gov/pubmed/21753079
http://dx.doi.org/10.1038/jcbfm.2010.97
http://www.ncbi.nlm.nih.gov/pubmed/20588315
http://dx.doi.org/10.1002/glia.20990
http://www.ncbi.nlm.nih.gov/pubmed/20468051
http://dx.doi.org/10.1523/JNEUROSCI.3404-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17989291
http://dx.doi.org/10.1083/jcb.131.5.1315
http://www.ncbi.nlm.nih.gov/pubmed/8522592
http://dx.doi.org/10.1242/jcs.02745
http://www.ncbi.nlm.nih.gov/pubmed/16306220
http://dx.doi.org/10.1016/j.neuron.2005.07.017
http://www.ncbi.nlm.nih.gov/pubmed/16055057
http://dx.doi.org/10.1002/1096-9861(20001120)427:3
elax protect $
elax <$340::AID-CNE2
elax protect $
elax >$3.0.CO;2-Y
http://www.ncbi.nlm.nih.gov/pubmed/11054697
http://dx.doi.org/10.1016/j.ceca.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23177663
http://dx.doi.org/10.1523/JNEUROSCI.4178-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171944
http://dx.doi.org/10.1074/jbc.M208609200
http://www.ncbi.nlm.nih.gov/pubmed/12482879
http://dx.doi.org/10.1523/JNEUROSCI.5417-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19403812
http://dx.doi.org/10.1016/j.cell.2008.11.046
http://www.ncbi.nlm.nih.gov/pubmed/19135897
http://dx.doi.org/10.1073/pnas.0808953105
http://www.ncbi.nlm.nih.gov/pubmed/19098100
http://dx.doi.org/10.1016/j.neuron.2012.11.027
http://www.ncbi.nlm.nih.gov/pubmed/23395375
http://dx.doi.org/10.1083/jcb.200601067
http://www.ncbi.nlm.nih.gov/pubmed/16717129
http://dx.doi.org/10.1074/jbc.M600522200
http://www.ncbi.nlm.nih.gov/pubmed/16835241
http://dx.doi.org/10.1093/hmg/dds011
http://www.ncbi.nlm.nih.gov/pubmed/22258555
http://dx.doi.org/10.1016/j.neuron.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19249268
http://dx.doi.org/10.1083/jcb.201302040
http://www.ncbi.nlm.nih.gov/pubmed/23857772
http://dx.doi.org/10.1523/JNEUROSCI.6248-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20335458
http://dx.doi.org/10.1074/jbc.M114.563031
http://www.ncbi.nlm.nih.gov/pubmed/24671417
http://dx.doi.org/10.1016/j.tins.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24631033
http://dx.doi.org/10.1126/science.1226740
http://www.ncbi.nlm.nih.gov/pubmed/23307741
http://dx.doi.org/10.1038/nn1703
http://www.ncbi.nlm.nih.gov/pubmed/16699507


Astrocytes in Health and Neurodegenerative Disease 1309

67 Hertz, L., Peng, L. and Dienel, G.A. (2007) Energy metabolism in
astrocytes: high rate of oxidative metabolism and spatiotemporal
dependence on glycolysis/glycogenolysis. J. Cereb. Blood Flow Metab.
27, 219–249 CrossRef PubMed

68 Peng, L., Hertz, L., Huang, R., Sonnewald, U., Petersen, S.B.,
Westergaard, N., Larsson, O. and Schousboe, A. (1993) Utilization of
glutamine and of TCA cycle constituents as precursors for transmitter
glutamate and GABA. Dev. Neurosci. 15, 367–377
CrossRef PubMed

69 Bauer, D.E., Jackson, J.G., Genda, E.N., Montoya, M.M., Yudkoff, M. and
Robinson, M.B. (2012) The glutamate transporter, GLAST, participates
in a macromolecular complex that supports glutamate metabolism.
Neurochem. Int. 61, 566–574 CrossRef PubMed

70 Genda, E.N., Jackson, J.G., Sheldon, A.L., Locke, S.F., Greco, T.M.,
O’Donnell, J.C., Spruce, L.A., Xiao, R., Guo, W., Putt, M. et al. (2011)
Co-compartmentalization of the astroglial glutamate transporter,
GLT-1, with glycolytic enzymes and mitochondria. J. Neurosci. 31,
18275–18288 CrossRef PubMed

71 Goldman, W.F., Yarowsky, P.J., Juhaszova, M., Krueger, B.K. and
Blaustein, M.P. (1994) Sodium/calcium exchange in rat cortical
astrocytes. J. Neurosci. 14, 5834–5843 PubMed

72 Rojas, H., Ramos, M., Benaim, G., Caputo, C. and DiPolo, R. (2008) The
activity of the Na+ /Ca2 + exchanger largely modulates the Ca2 +

i

signal induced by hypo-osmotic stress in rat cerebellar astrocytes: the
effect of osmolarity on exchange activity. J. Physiol. Sci. 58, 277–279
CrossRef PubMed

73 Tan, A.R., Cai, A.Y., Deheshi, S. and Rintoul, G.L. (2011) Elevated
intracellular calcium causes distinct mitochondrial remodelling and
calcineurin-dependent fission in astrocytes. Cell Calcium 49, 108–114
CrossRef PubMed

74 Chang, D.T. and Reynolds, I.J. (2006) Mitochondrial trafficking and
morphology in healthy and injured neurons. Prog. Neurobiol. 80,
241–268 CrossRef PubMed

75 Chang, C.R. and Blackstone, C. (2010) Dynamic regulation of
mitochondrial fission through modification of the dynamin-related
protein Drp1. Ann. N.Y. Acad. Sci. 1201, 34–39
CrossRef PubMed

76 Santel, A. and Fuller, M.T. (2001) Control of mitochondrial morphology
by a human mitofusin. J. Cell Sci. 114, 867–874 PubMed

77 Liesa, M., Palacin, M. and Zorzano, A. (2009) Mitochondrial dynamics
in mammalian health and disease. Physiol. Rev. 89, 799–845
CrossRef PubMed

78 Rintoul, G.L., Filiano, A.J., Brocard, J.B., Kress, G.J. and Reynolds, I.J.
(2003) Glutamate decreases mitochondrial size and movement in
primary forebrain neurons. J. Neurosci. 23, 7881–7888 PubMed

79 Motori, E., Puyal, J., Toni, N., Ghanem, A., Angeloni, C., Malaguti, M.,
Cantelli-Forti, G., Berninger, B., Conzelmann, K.K., Gotz, M. et al.
(2013) Inflammation-induced alteration of astrocyte mitochondrial
dynamics requires autophagy for mitochondrial network
maintenance. Cell Metab. 18, 844–859 CrossRef PubMed

80 Heneka, M.T. and Feinstein, D.L. (2001) Expression and function of
inducible nitric oxide synthase in neurons. J. Neuroimmunol. 114,
8–18 CrossRef PubMed

81 Heneka, M.T., Sastre, M., Dumitrescu-Ozimek, L., Dewachter, I.,
Walter, J., Klockgether, T. and Van Leuven, F. (2005) Focal glial
activation coincides with increased BACE1 activation and precedes
amyloid plaque deposition in APP[V717I] transgenic mice. J.
Neuroinflammation 2, 22 CrossRef PubMed

82 Sheng, Z.H. and Cai, Q. (2012) Mitochondrial transport in neurons:
impact on synaptic homeostasis and neurodegeneration. Nat. Rev.
Neurosci. 13, 77–93 CrossRef PubMed

83 Chen, H. and Chan, D.C. (2009) Mitochondrial dynamics – fusion,
fission, movement, and mitophagy – in neurodegenerative diseases.
Hum. Mol. Genet. 18, R169–R176 CrossRef PubMed

84 Westermann, B. (2010) Mitochondrial fusion and fission in cell life and
death. Nat. Rev. Mol. Cell Biol. 11, 872–884 CrossRef PubMed

85 Sheng, Z.H. (2014) Mitochondrial trafficking and anchoring in neurons:
new insight and implications. J. Cell Biol. 204, 1087–1098
CrossRef PubMed

86 Cai, Q., Zakaria, H.M. and Sheng, Z.H. (2012) Long time-lapse imaging
reveals unique features of PARK2/Parkin-mediated mitophagy in
mature cortical neurons. Autophagy 8, 976–978
CrossRef PubMed

87 Yoshii, S.R., Kishi, C., Ishihara, N. and Mizushima, N. (2011) Parkin
mediates proteasome-dependent protein degradation and rupture of
the outer mitochondrial membrane. J. Biol. Chem. 286, 19630–19640
CrossRef PubMed

88 Geisler, S., Holmstrom, K.M., Treis, A., Skujat, D., Weber, S.S., Fiesel,
F.C., Kahle, P.J. and Springer, W. (2010) The PINK1/Parkin-mediated
mitophagy is compromised by PD-associated mutations. Autophagy 6,
871–878 CrossRef PubMed

89 Poole, A.C., Thomas, R.E., Yu, S., Vincow, E.S. and Pallanck, L. (2010)
The mitochondrial fusion-promoting factor mitofusin
is a substrate of the PINK1/parkin pathway. PLoS ONE 5, e10054
CrossRef PubMed

90 Wang, X., Winter, D., Ashrafi, G., Schlehe, J., Wong, Y.L., Selkoe, D.,
Rice, S., Steen, J., LaVoie, M.J. and Schwarz, T.L. (2011) PINK1 and
Parkin target Miro for phosphorylation and degradation to arrest
mitochondrial motility. Cell 147, 893–906 CrossRef PubMed

91 Kondapalli, C., Kazlauskaite, A., Zhang, N., Woodroof, H.I., Campbell,
D.G., Gourlay, R., Burchell, L., Walden, H., Macartney, T.J., Deak, M.
et al. (2012) PINK1 is activated by mitochondrial membrane potential
depolarization and stimulates Parkin E3 ligase activity by
phosphorylating serine 65. Open Biol. 2, 120080
CrossRef PubMed

92 Narendra, D., Walker, J.E. and Youle, R. (2012) Mitochondrial quality
control mediated by PINK1 and Parkin: links to parkinsonism. Cold
Spring Harb. Perspect. Biol. 4, a011338 PubMed

93 Ziviani, E., Tao, R.N. and Whitworth, A.J. (2010) Drosophila parkin
requires PINK1 for mitochondrial translocation and ubiquitinates
mitofusin. Proc. Natl. Acad. Sci. U.S.A. 107, 5018–5023
CrossRef PubMed

94 Exner, N., Lutz, A.K., Haass, C. and Winklhofer, K.F. (2012)
Mitochondrial dysfunction in Parkinson’s disease: molecular
mechanisms and pathophysiological consequences. EMBO J. 31,
3038–3062 CrossRef PubMed

95 Thomas, B. and Beal, M.F. (2007) Parkinson’s disease. Hum. Mol.
Genet. 16, R183–R194 CrossRef PubMed

96 Weihofen, A., Thomas, K.J., Ostaszewski, B.L., Cookson, M.R. and
Selkoe, D.J. (2009) Pink1 forms a multiprotein complex with Miro and
Milton, linking Pink1 function to mitochondrial trafficking.
Biochemistry 48, 2045–2052 CrossRef PubMed

97 Chan, N.C., Salazar, A.M., Pham, A.H., Sweredoski, M.J., Kolawa, N.J.,
Graham, R.L., Hess, S. and Chan, D.C. (2011) Broad activation of the
ubiquitin–proteasome system by Parkin is critical for mitophagy. Hum.
Mol. Genet. 20, 1726–1737 CrossRef PubMed

98 Sarraf, S.A., Raman, M., Guarani-Pereira, V., Sowa, M.E., Huttlin, E.L.,
Gygi, S.P. and Harper, J.W. (2013) Landscape of the Parkin-dependent
ubiquitylome in response to mitochondrial depolarization. Nature
496, 372–376 CrossRef PubMed

99 Liu, L., Feng, D., Chen, G., Chen, M., Zheng, Q., Song, P., Ma, Q., Zhu,
C., Wang, R., Qi, W. et al. (2012) Mitochondrial outer-membrane
protein FUNDC1 mediates hypoxia-induced mitophagy in mammalian
cells. Nat. Cell Biol. 14, 177–185 CrossRef PubMed

100 Ledesma, M.D., Galvan, C., Hellias, B., Dotti, C. and Jensen, P.H. (2002)
Astrocytic but not neuronal increased expression and redistribution of
parkin during unfolded protein stress. J. Neurochem. 83, 1431–1440
CrossRef PubMed

101 Calabrese, V., Stella, A.M., Butterfield, D.A. and Scapagnini, G. (2004)
Redox regulation in neurodegeneration and longevity: role of the
heme oxygenase and HSP70 systems in brain stress tolerance.
Antioxid. Redox Signal. 6, 895–913 CrossRef PubMed

102 Solano, R.M., Casarejos, M.J., Menendez-Cuervo, J., Rodriguez-Navarro,
J.A., Garcia de Yebenes, J. and Mena, M.A. (2008) Glial dysfunction in
parkin null mice: effects of aging. J. Neurosci. 28, 598–611
CrossRef PubMed

103 Lev, N., Barhum, Y., Ben-Zur, T., Melamed, E., Steiner, I. and Offen, D.
(2013) Knocking out DJ-1 attenuates astrocytes neuroprotection
against 6-hydroxydopamine toxicity. J. Mol. Neurosci. 50, 542–550
CrossRef PubMed

104 Larsen, N.J., Ambrosi, G., Mullett, S.J., Berman, S.B. and Hinkle, D.A.
(2011) DJ-1 knock-down impairs astrocyte mitochondrial function.
Neuroscience 196, 251–264 CrossRef PubMed

105 Schmidt, S., Linnartz, B., Mendritzki, S., Sczepan, T., Lubbert, M.,
Stichel, C.C. and Lubbert, H. (2011) Genetic mouse models for
Parkinson’s disease display severe pathology in glial cell
mitochondria. Hum. Mol. Genet. 20, 1197–1211
CrossRef PubMed

106 Davis, C.H., Kim, K.Y., Bushong, E.A., Mills, E.A., Boassa, D., Shih, T.,
Kinebuchi, M., Phan, S., Zhou, Y., Bihlmeyer, N.A. et al. (2014)
Transcellular degradation of axonal mitochondria. Proc. Natl. Acad. Sci.
U.S.A. 111, 9633–9638 CrossRef PubMed

C©The Authors Journal compilation C©2014 Biochemical Society

© 2014 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.1038/sj.jcbfm.9600343
http://www.ncbi.nlm.nih.gov/pubmed/16835632
http://dx.doi.org/10.1159/000111357
http://www.ncbi.nlm.nih.gov/pubmed/7805591
http://dx.doi.org/10.1016/j.neuint.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22306776
http://dx.doi.org/10.1523/JNEUROSCI.3305-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22171032
http://www.ncbi.nlm.nih.gov/pubmed/7523629
http://dx.doi.org/10.2170/physiolsci.RP009208
http://www.ncbi.nlm.nih.gov/pubmed/18638422
http://dx.doi.org/10.1016/j.ceca.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21216007
http://dx.doi.org/10.1016/j.pneurobio.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17188795
http://dx.doi.org/10.1111/j.1749-6632.2010.05629.x
http://www.ncbi.nlm.nih.gov/pubmed/20649536
http://www.ncbi.nlm.nih.gov/pubmed/11181170
http://dx.doi.org/10.1152/physrev.00030.2008
http://www.ncbi.nlm.nih.gov/pubmed/19584314
http://www.ncbi.nlm.nih.gov/pubmed/12944518
http://dx.doi.org/10.1016/j.cmet.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24315370
http://dx.doi.org/10.1016/S0165-5728(01)00246-6
http://www.ncbi.nlm.nih.gov/pubmed/11240010
http://dx.doi.org/10.1186/1742-2094-2-22
http://www.ncbi.nlm.nih.gov/pubmed/16212664
http://dx.doi.org/10.1038/nrg3141
http://www.ncbi.nlm.nih.gov/pubmed/22218207
http://dx.doi.org/10.1093/hmg/ddp326
http://www.ncbi.nlm.nih.gov/pubmed/19808793
http://dx.doi.org/10.1038/nrm3013
http://www.ncbi.nlm.nih.gov/pubmed/21102612
http://dx.doi.org/10.1083/jcb.201312123
http://www.ncbi.nlm.nih.gov/pubmed/24687278
http://dx.doi.org/10.4161/auto.20218
http://www.ncbi.nlm.nih.gov/pubmed/22739253
http://dx.doi.org/10.1074/jbc.M110.209338
http://www.ncbi.nlm.nih.gov/pubmed/21454557
http://dx.doi.org/10.4161/auto.6.7.13286
http://www.ncbi.nlm.nih.gov/pubmed/20798600
http://dx.doi.org/10.1371/journal.pone.0010054
http://www.ncbi.nlm.nih.gov/pubmed/20383334
http://dx.doi.org/10.1016/j.cell.2011.10.018
http://www.ncbi.nlm.nih.gov/pubmed/22078885
http://dx.doi.org/10.1098/rsob.120080
http://www.ncbi.nlm.nih.gov/pubmed/22724072
http://www.ncbi.nlm.nih.gov/pubmed/23125018
http://dx.doi.org/10.1073/pnas.0913485107
http://www.ncbi.nlm.nih.gov/pubmed/20194754
http://dx.doi.org/10.1038/emboj.2012.170
http://www.ncbi.nlm.nih.gov/pubmed/22735187
http://dx.doi.org/10.1093/hmg/ddm159
http://www.ncbi.nlm.nih.gov/pubmed/17911161
http://dx.doi.org/10.1021/bi8019178
http://www.ncbi.nlm.nih.gov/pubmed/19152501
http://dx.doi.org/10.1093/hmg/ddr048
http://www.ncbi.nlm.nih.gov/pubmed/21296869
http://dx.doi.org/10.1038/nature12043
http://www.ncbi.nlm.nih.gov/pubmed/23503661
http://dx.doi.org/10.1038/ncb2422
http://www.ncbi.nlm.nih.gov/pubmed/22267086
http://dx.doi.org/10.1046/j.1471-4159.2002.01253.x
http://www.ncbi.nlm.nih.gov/pubmed/12472897
http://dx.doi.org/10.1089/ars.2004.6.895
http://www.ncbi.nlm.nih.gov/pubmed/15345150
http://dx.doi.org/10.1523/JNEUROSCI.4609-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18199761
http://dx.doi.org/10.1007/s12031-013-9984-9
http://www.ncbi.nlm.nih.gov/pubmed/23536331
http://dx.doi.org/10.1016/j.neuroscience.2011.08.016
http://www.ncbi.nlm.nih.gov/pubmed/21907265
http://dx.doi.org/10.1093/hmg/ddq564
http://www.ncbi.nlm.nih.gov/pubmed/21212098
http://dx.doi.org/10.1073/pnas.1404651111
http://www.ncbi.nlm.nih.gov/pubmed/24979790


1310 Biochemical Society Transactions (2014) Volume 42, part 5

107 Abramov, A.Y., Canevari, L. and Duchen, M.R. (2004) β-Amyloid
peptides induce mitochondrial dysfunction and oxidative stress in
astrocytes and death of neurons through activation of NADPH oxidase.
J. Neurosci. 24, 565–575 CrossRef PubMed

108 Cassina, P., Cassina, A., Pehar, M., Castellanos, R., Gandelman, M., de
Leon, A., Robinson, K.M., Mason, R.P., Beckman, J.S., Barbeito, L. and
Radi, R. (2008) Mitochondrial dysfunction in SOD1G93A-bearing
astrocytes promotes motor neuron degeneration: prevention by
mitochondrial-targeted antioxidants. J. Neurosci. 28, 4115–4122
CrossRef PubMed

109 Derouiche, A., Pannicke, T., Haseleu, J., Blaess, S., Grosche, J. and
Reichenbach, A. (2012) Beyond polarity: functional membrane
domains in astrocytes and Muller cells. Neurochem. Res. 37,
2513–2523 CrossRef PubMed

110 Reichenbach, A., Derouiche, A. and Kirchhoff, F. (2010) Morphology
and dynamics of perisynaptic glia. Brain Res. Rev. 63, 11–25
CrossRef PubMed

111 Hirrlinger, J., Hulsmann, S. and Kirchhoff, F. (2004) Astroglial processes
show spontaneous motility at active synaptic terminals in situ. Eur. J.
Neurosci. 20, 2235–2239 CrossRef PubMed

Received 21 July 2014
doi:10.1042/BST20140195

C©The Authors Journal compilation C©2014 Biochemical Society

© 2014 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.1523/JNEUROSCI.4042-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/14724257
http://dx.doi.org/10.1523/JNEUROSCI.5308-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18417691
http://dx.doi.org/10.1007/s11064-012-0824-z
http://www.ncbi.nlm.nih.gov/pubmed/22730011
http://dx.doi.org/10.1016/j.brainresrev.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20176054
http://dx.doi.org/10.1111/j.1460-9568.2004.03689.x
http://www.ncbi.nlm.nih.gov/pubmed/15450103

