
Contents lists available at ScienceDirect

Cell Calcium

journal homepage: www.elsevier.com/locate/ceca

NCX activity generates spontaneous Ca2+ oscillations in the astrocytic
leaflet microdomain

László Héja*, Julianna Kardos
Functional Pharmacology Research Group, Institute of Organic Chemistry, Research Centre for Natural Sciences, Hungarian Academy of Sciences, Hungary

A R T I C L E I N F O

Keywords:
Astrocytic leaflet
Na+/Ca2+ exchange
Ca2+ oscillations
Astrocytic Glu-Na+ symport
Synaptic Glu release
Glu-Na+ symport

A B S T R A C T

The synergy between synaptic Glu release and astrocytic Glu-Na+ symport is essential to the signalling function
of the tripartite synapse. Here we used kinetic data of astrocytic Glu transporters (EAAT) and the Na+/Ca2+

exchanger (NCX) to simulate Glu release, Glu uptake and subsequent Na+ and Ca2+ dynamics in the astrocytic
leaflet microdomain following single release event. Model simulations show that Glu-Na+ symport differently
affect intracellular [Na+] in synapses with different extent of astrocytic coverage. Surprisingly, NCX activity
alone has been shown to generate markedly stable, spontaneous Ca2+ oscillation in the astrocytic leaflet. These
on-going oscillations appear when NCX operates either in the forward or reverse direction. We conjecture that
intrinsic NCX activity may play a prominent role in the generation of astrocytic Ca2+ oscillations.

1. Introduction

Intracellular high-[K+]i and low-[Na+]i holds for excitable tissues
such as nerve and muscle [1]. Further than nerves, Na+ transients may
activate astrocytes and neuro-glia coupling via uptake of glutamate
(Glu) [2–7]. Here we discuss the details of the active astrocytic trans-
port of major excitatory neurotransmitter in the brain, Glu. Similar to
neurons, astrocytes also feature complex arborization, comprising of
tiny leaflets that are in direct contact with synapses and larger diameter
branchlets through which synaptic information can be processed and
propagated to the soma. Importantly, these specific microdomains ex-
perience highly distinct [Na+] and [Ca2+] dynamics and it has been
recently showed that Glu transporter activation can induce complex
Ca2+ signalling in leaflets with no contribution from intracellular Ca2+

stores [8]. The question now arises as to whether the leaflet, which
covers the tripartite synapse [9], is also the seat of the activation of
astrocytes and neuro-glia coupling via Na+ and Ca2+ transients and
oscillations.

With data and concepts already accumulated [4,10–23], we in-
vestigated whether Na+ and Ca2+ dynamics in the astrocytic leaflet of
tripartite synapse [9,24–26] may interact and collectively contribute to
the emergence of complex Ca2+ signalling in response to a single sy-
naptic release event. The hypothesis is based on the fact that Glu mo-
lecules released from synapse are transported against an electro-
chemical potential gradient. This involves the symport of 3 Na+ cations
into the cell down the electrochemical potential gradient. The Glu

uptake process achieves relatively high [Na+]i within the astrocytic
leaflet. The high [Na+]i possibly will trigger cation exchange by the
astrocytic Na+/Ca2+ exchanger NCX. This process performs 3 Na+: 1
Ca2+ stoichiometry.

Simulations of single synaptic Glu release, astrocytic Glu uptake and
coupled Na+ dynamics have been carried out at molecular resolution
with different tripartite synapse configurations, i.e. in tightly and
loosely wrapped synapses [14]. Model simulations suggest that the
synaptic Glu release-associated astrocytic Glu uptake within the astro-
cytic leaflet highly depends on the morphological arrangement of the
leaflet. Surprisingly, the single Glu release-induced Glu-Na+ symport is
only weakly coupled to Na+-Ca2+ exchange dynamics. Importantly,
NCX intrinsically generates spontaneous astrocytic Ca2+ oscillations.

2. Simulation of interplay between Na+ and Ca2+ dynamics in
astrocytic leaflets

2.1. Modelling dynamic coverage of the tripartite synapse by astrocytic
leaflets

An important and less recognized feature of the astrocytic control
over neuronal activity is the highly variable coverage of synapses by
astrocytic leaflets. This astrocytic formation around the synapse es-
tablishes the astroglial cradle that protects and controls the synapse
throughout its life from synaptogenesis to synapse elimination [27].
Reportedly [28], astrocytes in the cerebellum almost completely wrap
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dendritic spines (74 % coverage), while spines of pyramidal cells in the
visual cortex are only partially covered (29 %). In addition, astrocytic
coverage of different spine types can also be significantly different in
the same hippocampal region [29]. These baseline differences in the
astrocytic coverage are further amplified by the remarkable ability of
astrocytes to dynamically change leaflet morphology in response to
fluctuations in neuronal activity due to stimulation or drug exposure
[30,31]. Since Glu uptake and consequently the coupled Na+ influx is
crucially dependent on astrocytic coverage, the tightness of astrocyte
wrapping of the synapse can significantly alter the Na+ dynamics in the
leaflet.

To explore the potential impact of different astrocytic coverages of
the synapse, we simulated synaptic Glu release-induced intracellular
Na+ and Ca2+ dynamics in two different scenarios. In the tightly
wrapped synaptic model, astrocytic leaflet completely ensheated the
postsynaptic spine and 50 % of the presynaptic bouton. In the loosely
wrapped synapse, astrocytic leaflet covered only the 50 % of the spine
and did not touch the bouton. In both models (Fig. 1A), the presynaptic
and postsynaptic neuronal compartments were considered to have a
cylindrical shape with diameter of 400 nm. Height of the synaptic cleft
was set to 20 nm. Width of the extracellular space was set to 50 nm,
except around the leaflet, where it was set to 20 nm. Width of the leaflet
was 100 nm, while its length was set to 600 nm in the tightly wrapped
synapse and 200 nm in the loosely wrapped synapse. Ca2+ was allowed
to freely diffuse in and out of the leaflet to the connecting astrocytic
intracellular space allowing steady state [Ca2+]i after NCX-mediated

Ca2+ transport.
Importantly, due to its small size, Ca2+ stores are not able to enter

the leaflet [25,27], which helped us to reduce the complexity of the
model, making NCX activity and diffusion the only source and sink of
intracellular Ca2+.

2.2. Markovian models of Glu-Na+ symport and Na+/Ca2+ exchange
kinetics

Markovian kinetic models of astrocytic EAATs and NCX were con-
structed according to published rate constants based on experimental
data. Glu uptake by EAATs was modelled by a 13-step cycle comprised
of separate bindings and unbindings of 3 Na+, 1H+, 1 K+ and 1 Glu
molecule [32]. NCX activity was modelled by a 6-step cycle according
to Chu and co-workers [33]. 10800/μm2 EAAT [34] and 500/μm2 NCX
[33] molecules were distributed randomly on the astrocytic leaflet
surface.

Extracellular concentrations of relevant ions ([Na+]e= 140mM;
[K+]e= 3mM; [Ca2+]e= 2mM) as well as intracellular [K+]i
(130mM) and [Glu]i (3 mM) were kept constant during the simulation.
Baseline [Glu]e (0.3 μM), [Na+]i,0 (5, 10, 15 or 20mM) and [Ca2+]i,0
(50, 100, 200 or 1000 nM) were allowed to change during the simu-
lation due to Glu release, intracellular Ca2+ diffusion and activation of
EAATs and NCX.

Before starting the simulation, EAATs and NCX randomly populated
the available states and allowed to reach steady-state distribution for

Fig. 1. EAAT subpopulations on the astrocyte
leaflet are exposed to different extracellular
Glu concentration in the tightly vs. loosely
wrapped synapses. A) Model geometry of the
tightly (left) and loosely (right) wrapped sy-
napses. B) Distribution of EAAT molecules in
the tightly (left) and loosely (right) wrapped
synapses based on the maximal local [Glu] in
their 50× 50×50 nm3 neighborhood. C) Net
number of Glu molecules transported by
EAATs in the tightly (left) and loosely (right)
wrapped synapses based on the maximal local
[Glu] in their 50×50×50 nm3 neighbor-
hood. Baseline [Na+]i,0= 15mM and baseline
[Ca2+]i,0= 100 nM for all figures.
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30ms at the above concentrations. Simulations begun with a further
10ms baseline activity before initiating single synaptic Glu release.

2.3. Glu release and diffusion

Instantaneous release of 5000 Glu molecules was triggered at the
center of the presynaptic bouton after 10ms. Diffusion of independent
Glu molecules in the 3D extracellular space was estimated by random
walks at 1 μs intervals. Diffusion coefficient of Glu was set to 0.33 μm2/
ms [25].

2.4. Electrogenic Glu-Na+ symport

Importantly, transitions of EAAT states in the transport cycle were
determined based on the local [Glu] in the surrounding
50× 50×50 nm3 extracellular microdomain of each EAAT molecule,
instead of the average extracellular [Glu]. This feature of our simula-
tion allowed us to take into account the highly variable and dynami-
cally changing extracellular [Glu] following Glu release.

We found that there is a remarkable difference in the extracellular
Glu concentration near the EAAT molecules in the tightly vs. loosely

Fig. 2. A) Net number of Glu molecules transported by EAATs following synaptic Glu release in the tightly (left) and loosely (right) wrapped synapse in each 0.1 ms
interval. Positive and negative values correspond to net Glu uptake and Glu release, respectively. B) EAAT-mediated changes in [Na+]i in astrocyte leaflet in the
tightly (left) and loosely (right) wrapped synapses. C) NCX-mediated changes in [Ca2+]i in astrocyte leaflet in the tightly (left) and loosely (right) wrapped synapse.
NCX activity intrinsically produces intracellular [Ca2+] oscillation in both models. Tightly wrapped synapse: Vleaflet= 0.11 μm3, influx of 1 Ca2+ ion corresponds to
Δ[Ca2+]i= 16 nM. Loosely wrapped synapse: Vleaflet = 0.034 μm3, influx of 1 Ca2+ ion corresponds to Δ[Ca2+]i= 49 nM. Baseline [Na+]i,0= 15mM and baseline
[Ca2+]i,0= 100 nM for all figures.
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wrapped synapses. Based on the local [Glu], two subpopulations of
EAATs can be clearly distinguished in the tightly wrapped synapse
(Fig. 1B). Approximately half of the EAAT molecules experience a re-
latively low and invariable Glu concentration (0–30 μM), while the
other half is exposed to 5 times higher extracellular [Glu] (40–150 μM).
Importantly, this high-[Glu] exposed population is responsible for the
majority of Glu uptake (Fig. 1C).

In the loosely wrapped synapse in which the astrocyte leaflet is
withdrawn from the synaptic cleft, this highly active EAAT sub-
population is missing (Fig. 1B and C), assuming largely different ion
dynamics in the intracellular space.

2.5. Na+ and Ca2+ dynamics in the astrocyte leaflet following Glu release

Astroglial Na+ dynamics is considered to be a prominent me-
chanism by which astrocytic functions, like Glu, GABA and glycine
transport are coupled to each other and also to neuronal activity
[16,35]. Perturbations in intracellular astrocytic [Na+], due to the
function of the above transporters are compensated by Na+/K+ ATPase
and other plasmamembrane proteins. Therefore, astrocytes, and espe-
cially the synapse-facing microdomains experience complex Na+ sig-
naling [36]which is also coupled to Ca2+ signalling through NCX.

According to our simulation, following a single synaptic release
event, approximately 46 % of the released Glu molecules are taken up

by the astrocyte leaflet (Fig. 2A), causing a moderate increase in the
intracellular [Na+] (Fig. 2B). Noteworthy, it is widely believed that due
to the high expression level of glial Glu transporters and their 3 Na+ : 1
Glu stoichiometry, EAAT activation substantially increases the astro-
cytic [Na+]i. However, even the tiny volume of the astrocytic leaflet
(0.102 μm3 in our tightly wrapped synapse model) contains approxi-
mately 920000 Na+ ions (corresponding to 15mM), therefore the
∼2300 Glu molecules transported after a single release event can only
slightly contribute to the intracellular [Na+].

2.6. NCX activity generates stable astrocytic Ca2+ oscillation

Despite the subtle [Na+] increase outlined above, it may still be
expected to reverse the Na+/Ca2+ exchanger (NCX), because it is
known to operate close to its reversal potential. According to our si-
mulation, however, a single release event is not sufficient to completely
reverse NCX. Surprisingly, however, NCX activity intrinsically induce
an intracellular Ca2+ oscillation, regardless of any other secondary Na+

or Ca2+ transport processes (Fig. 2C). To characterize the mechanism
behind this emerging [Ca2+] oscillation, we first modelled how diffu-
sion alone changes [Ca2+]i (Fig. 3A, top). Under this condition, only
low amplitude, irregular fluctuations could be observed. Since NCX was
“disabled” in this simulation, as expected, EAAT activity did not mod-
ulate the [Ca2+]i profile. In contrast, introduction of NCX (Fig. 3A,

Fig. 3. NCX activity is necessary and sufficient to generate [Ca2+]i oscillation in the astrocyte leaflet. A) [Ca2+]i in astrocyte leaflet in the tightly wrapped synapse
with EAAT and/or NCX activity. (Top) EAAT activity alone does not induce rhythmic [Ca2+]i changes. (Middle) NCX activity alone is sufficient to generate [Ca2+]i
oscillation. (Bottom) The NCX-generated [Ca2+]i oscillation is not modulated by EAAT function. B) High-frequency (200 Hz) firing of the presynaptic neuron does not
significantly affect NCX-generated [Ca2+]i oscillation. Both EAAT and NCX activities were considered. C) NCX-generated [Ca2+]i oscillation is not affected by
changing the astroglial membrane potential to −90mV (top) or −50mV (bottom). Both EAAT and NCX activities were considered. Baseline [Ca2+]i,0= 100 nM,
baseline [Na+]i,0= 15mM in all simulations. Tightly wrapped synapse Vleaflet = 0.11 μm3, influx of 1 Ca2+ ion corresponds to Δ[Ca2+]i= 16 nM.
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middle) generated a high-amplitude oscillation which was still not af-
fected by Glu release, even when EAATs were also present (Fig. 3A,
bottom). Therefore, intrinsic NCX activity is sufficient to generate as-
trocytic [Ca2+] oscillation. Since single release event resulted only in a
slightly elevated astrocytic [Na+]i, we also simulated an intense ex-
citation. However, even a high-frequency (200 Hz) synaptic release was
not able to modulate the NCX-mediated [Ca2+] oscillation (Fig. 3B).
The oscillation was also not affected by changing the astrocytic resting
membrane potential to either −90 or −50mV from the initial −70mV
(Fig. 3C). In summary, NCX activity is sufficient to generate a re-
markably stable, spontaneous [Ca2+] oscillation in the astrocytic
leaflet, which is maintained even without any Glu release event.

After recognizing the stability of NCX-mediated intracellular [Ca2+]
oscillations, we also investigated whether it appears during forward or
reverse operation of the transporter. Simulations were run under 3
distinct conditions. Setting intracellular [Na+] and [Ca2+] to 15mM
and 50 nM, respectively, nearly equilibrates NCX. Elevating [Ca2+]i to
100 nM triggers robust forward operation, pumping out Ca2+ from the

cell, while increasing [Na+]i to 20mM reverses the transporter. These
data also highlight that NCX may be very sensitive to changes in the
astrocytic [Na+]i which is determined in the 15–20mM range.
Surprisingly, Ca2+ oscillations appeared in all three scenarios (Fig. 4),
suggesting that temporal fluctuations in the NCX transport cycle can be
sufficient to induce Ca2+ oscillations irrespective of the overall opera-
tion direction of the transporter. The sustained spontaneous Ca2+ os-
cillation in the astrocytic leaflet does not necessarily involve Ca2+

translocation through the membrane, but may be associated with the
molecular mechanisms of NCX action kinetics [32], namely transitions
between empty and calcium-bound states of the inward-facing NCX.

Based on the above data, we hypothesize that NCX activity may lie
behind the appearance of astrocytic Ca2+ oscillations. Importantly, it
has been shown that Ca2+ fluctuations in thin astrocytic processes are
preserved in IP3 type 2 receptor (IP3R2) knock-out animals [37], sug-
gesting that local Ca2+ oscillations are not driven by store-operated
mechanisms. We conjecture that it is the intrinsic NCX activity that
maintains this signalling. In addition, spreading of this local Ca2+

Fig. 4. Spontaneous Ca2+ oscillations appear during both forward and reverse operation of NCX. Number of Ca2+ ions bound to (negative values) and dissociated
from (positive values) NCX are shown (top). The changes in intracellular [Ca2+], taking into account the diffusion as well is shown in the bottom. Spontaneous Ca2+

oscillations can be observed when NCX operates near to equilibrium (A), operating in the reverse (B) or forward (C) mode, depending on the intracellular baseline
[Ca2+]i and [Na+]i. Tightly wrapped synapse Vleaflet = 0.11 μm3, influx of 1 Ca2+ ion corresponds to Δ[Ca2+]i= 16 nM.
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fluctuation to larger processes may provide the triggering oscillatory
signal which (when amplified by calcium stores) can induce macro-
scopically detectable Ca2+ oscillations in larger scales or even in as-
trocyte networks.

3. Pathophysiological implications

The Glu-uptake induced activation of Na+ dynamics in astrocytes
discussed in this paper represents only local players of an extensive
network of the tripartite synapse, the focal point in neuro-glia coupling
[2–7]. We and others increasingly recognized the role of potential in-
terplay of Glu-uptake and other Na+-dependent transport processes as
contributing factors in various diseases, such as Huntington, Alzheimer,
Tourette, epilepsy, stroke, demyelinating diseases, hyperammonemia,
cardiac ischemia and cancer [2,14,38–52].

As outlined above, NCX is intrinsically able to generate Ca2+ os-
cillations in the astrocytic leaflet and this oscillatory activity is re-
markably stable across widely different intracellular Na+ and Ca2+

concentrations, membrane potentials, synaptic firing rates and NCX
operation directions. Furthering neuron-glia interactions, these func-
tions shall strengthen signalling close by the tripartite synapse.
Possibly, we may associate a range of prokaryotic/eukaryotic cell- and
isoform/splice variant-specific NCX transport cycles (0.5 s−1 to 2500
s−1) [23] to a variety of synaptic strengths. Amplification of this local
fluctuation by Ca2+ stores in the connecting larger astrocytic processes
and the resulting large-scale Ca2+ signalling could affect the extensive
network of tripartite synapses and pertinent astrocytic signalling
throughout brain areas [2,7,13,14,53–60].
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