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Abstract

INTRODUCTION: In pathological conditions, glutamate release can
show abnormal dynamic behaviou, characterized by plumes: a relatively
large and fast increase in extracellular glutamate concentration, followed
by a slow removal. Glutamate plumes appear to result from impaired
astrocyte clearance of synaptically released glutamate. Although exper-
iments with TTX show that plumes are independent of neuronal action
potentials, the spontaneous activation of presynaptic voltage-gated cal-
cium channels seems to be the source of the plumes.

OBJECTIVE: We aim to understand critical determinants of glutamate
plume generation and clearance in silicon.

METHODS: We use an existing computational model of the tripartite
synapse (Kalia PLoS Comput Biol. 2021) that includes extensive neuronal
glutamate dynamics and energy-dependent dynamics. We aim to generate
glutamate plumes in relation to ischemic stress, blocked channels, and as
a response to various ion injections. We corrected several inconsistencies
in the implementation, including the voltage-gated calcium current. We
also analyze a flaw during the glutamate release that causes an implau-
sible glutamate dip in the extracellular space before glutamate is released.

RESULTS: Our simulations indicate that energy deprivation may cause
calcium-dependent synaptic glutamate release, independent of action po-
tentials, but this glutamate release does not resemble glutamate plumes.
We show that increased neuronal calcium concentrations alone are un-
likely to cause noteworthy glutamate release, but calcium increase during
a temporal astrocytic EAAT block can result in plume-like glutamate
release. Furthermore, we show that even without neuronal glutamate re-
lease, a temporal astrocytic EAAT impairment can result in a plume-like
extracellular glutamate transient.

CONCLUSION: Our research supports the hypothesis that a combi-
nation of impaired astrocytic EAAT and an increase in neuronal calcium
can lead to glutamate plumes. We also propose that stochastic temporal
astrocytic EAAT blocks could lead to glutamate plumes.

2 Introduction
More than 101 million people worldwide have experienced a stroke, and six and
a half million people die from stroke annually [10]. During a stroke, a blockage
in blood vessels causes a decrease in energy transportation to the brain [23, 49].
Under normal circumstances, the brain uses about 20% of the energy our body
produces [33]. The energy shortage during a stroke can result in cognitive dam-
age, paralysis, or chronic behavioural changes [34]. To better understand the
mechanisms involved during a stroke, researchers try to understand the impact
of energy deprivation on signal transmission.
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An effect of energy deprivation is the release of neurotransmitters, which can
result in deregulated neuronal signalling, cell death [44], and degradation of
proteins [8]. Under normal circumstances, these neurotransmitters transfer sig-
nals between neurons. Excitatory signals mostly utilize the neurotransmitter
glutamate. Energy deprivation can inhibit the transmission of ions through
Na+-K+-ATPase, which disturbs ion dynamics and homeostasis. As a result,
more glutamate can be released, while glutamate clearance is impaired [36, 12].
Buffers temporarily prevent harmful consequences, but the glutamate release
may cause continuous signalling of one neuron to the next once buffers are full.
The resulting excessive neurotransmitter concentrations can be fatal for sig-
nalling and the neuron.

In pathological conditions with impaired glutamate clearance, glutamate dy-
namics can show abnormal dynamic behaviour, which we call glutamate plumes.
These plumes are characterized by a relatively fast increase in extracellular glu-
tamate concentrations, followed by a slow removal, with a duration of typically
743 ± 620 ms and an amplitude similar to the amplitude during glutamate re-
lease after an action potential. These plumes are observed in-vivo in familiar
hemiplegic migraine mice by Parker et al. [28], and in-vitro in rat slices by
Ziebarth and Reiner [49]. The glutamate plumes most likely result from the
spontaneous activation of voltage-gated calcium channels in combination with
impaired astrocytic glutamate clearance. Parker et al. [28] hypothesize that
stimuli that depolarize neural membranes, like a KCl injection and a spreading
depression, are sufficient to induce plumes. This research investigates glutamate
release after different stimuli to investigate which stimuli can trigger plume-like
events.

Numerical models can help to investigate mechanisms underlying the glutamate
plumes. Once a model exists, a single simulation is easily done without expensive
techniques or long waiting times, as opposed to in-vivo or in-vitro experiments.
Several biophysical models describe how ion gradients in neurons, glia, and
surrounding areas change over time due to energy deprivation [18, 15, 9]. We
will use the model by Kalia et al. [18] to answer the research question:

• What are possible causes for glutamate plumes?

To answer this question, we investigate two sub-questions:

• What is known about biological processes leading to neuronal and astro-
cytic glutamate release,

• Which adaptations to channel strengths, ion concentrations, or transition
rates can induce glutamate release in the model, and is this glutamate
release similar to glutamate plumes?

We hypothesize that circumstances similar to that of Ziebarth and Reiner [49]
and Parker et al. [28] on itself will not generate glutamate plumes, but that
a small calcium injection under these circumstances triggers glutamate release
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similar to glutamate plumes. One would expect that a higher glutamate release
rate causes extra glutamate release. We will check if this can be concluded from
numerical experiments. We expect that experiments with inefficient glutamate
clearance will give further insight into the mechanics of glutamate plumes.

We begin this paper by explaining the biological processes in the tripartite
synapse, including signalling in a normally functioning neuron (section 3.1), the
influence of energy deprivation on these processes (section 3.2), and the infor-
mation we have on glutamate and glutamate plumes (section 3.3). Section 4
describes which model has been used, and how this model has been adapted
to explore glutamate plumes. The analysis of the model and the results are
described in section 6. Section 6.1 shows how an applied current and an energy
deprivation can lead to glutamate release. A sensitivity analysis on forward
rates in the glutamate cycle shows that the initial model is not likely to produce
glutamate plumes (section 6.2). Section 6.3 investigates if a calcium injection
under similar circumstances as experiments by Ziebarth and Reiner [49] and
Parker et al. [28] can generate glutamate plumes. Section 6.4 investigates the
effect of impairment of glutamate clearance through neuronal and astrocytic
EEAT malfunctioning. Results show that even without neuronal glutamate re-
lease, a temporal astrocytic EAAT block induces an extracellular glutamate
peak similar to the glutamate plumes. We aim to improve the model by inves-
tigating a shortcoming of the model, a glutamate dip, in section 6.5. Section
7 and 8 discuss the results and the limitations of this research and proposes
further research. The conclusions can be found in section 9.

3 Biological processes
Before we can model glutamate plumes, it is important to understand the dy-
namics leading to normal glutamate release. Therefore, this section describes
how signalling in a normal functioning neuron works. We will also describe the
effect of energy deprivation since it is well-known that energy deprivation can
result in glutamate release. Finally, we will summarize the main characteristics
of glutamate plumes.

3.1 Signalling in normal functioning neuron
Neurons are fundamental parts of the brain that are responsible for processing
all sensory input, determining what to do with this information, and sending
commands to our muscles to react [46]. In this process, neurons communicate
with each other by sending signals in the form of electrical pulses. Different
compartments of neurons play a role in this signalling. A neuron consists of
a soma, dendrites, and an axon which can be seen in Figure 1. Dendrites are
branches of the soma that sense incoming signals and pass these on to the soma.
If the signal is strong enough, the soma generates an action potential that prop-
agates to the axon. The axon splits up and ends in several synapses. Dendrites
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of other neurons are located near these synapses. Synapses have elaborate ion
dynamics to pass the signal on to these dendrites. This research focuses on
glutamate dynamics during signalling between synapses and dendrites.

Dendrites

Axon terminal

Direction
of impulse

Synapse

Soma

Nucleus

Axon

Figure 1: A neuron consists of dendrites, a soma, and an axon. The axon splits
and ends up at synapses. An input is processed by the dendrites and propagates
to the soma. Depending on the strength of the input, the soma generates an
action potential or not. The action potential is sent through the axon to the
synapses [27].

The signals sent from one neuron to the next consist of electrical pulses. Dif-
ferent ion concentrations inside and outside the cell cause a voltage on the cell
membrane called the membrane potential. At a resting state, this membrane
potential is approximately -70 mV and is called the resting potential. The phys-
iological resting concentrations for different ions are regulated by a semiperme-
able membrane. When the neuron receives an excitatory stimulus, for example,
an applied current, gates in the cell membrane open, allowing ions to flow along
their gradient. The membrane potential increases, which is called depolariza-
tion. At the synapses, the current causes a release of neurotransmitters into the
extracellular space by the presynaptic neuron, where they can activate receptors
on the postsynaptic neuron to pass on the signal.

During signalling, different ions, gates, and currents are involved. Figure 2
shows the most influential processes. At rest, Na+ and Cl− concentrations are
low in the neuron, causing an inward leak current, while the intracellular K+

concentration is high and potassium leaks out of the neuron. These leak cur-
rents are relatively small. Specific ion gates open when a current is applied to
the neuron, causing gated K+, Na+, and Cl− currents. The neuron also con-
tains some gates that can transport ions from low to high concentrations: The
K+-Cl−-cotransporter uses K+ to actively transport Cl− out of the cell, and
the Na+/K+-ATPase (NKA) uses energy in the form of adenosine triphosphate
(ATP) to transport Na+ and K+ against its gradient [18]. The NKA maintains
the negative resting membrane by generating and maintaining the Na+ and K+

electrochemical gradients. This negative membrane potential is the basis for
neuronal signalling, which makes NKA a crucial protein [26].
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The synapse houses the presynaptic terminal, where Ca2+ and glutamate dy-
namics are crucial for synaptic transmission. At rest, Ca2+ concentrations are
low and glutamate is stored in glutamate vesicles. When the membrane poten-
tial in the presynaptic terminal rises, the Ca2+ gates open, and Ca2+ concentra-
tions in the presynaptic terminal rise. Glutamate vesicles bind to the neuronal
membrane in a calcium-dependent process and release their glutamate into the
cleft. Released glutamate can bind to postsynaptic receptors to pass the signal
on to the postsynaptic neuron.

After the glutamate has been released, the neuron returns to its resting state.
The neuron transports Ca2+ out of the cell with the Sodium Calcium Exchange
protein (NCX) and takes up the released glutamate through an Excitatory
Amino Acid Transporter (EAAT). However, neuronal glutamate clearance is
relatively not fast and the EAAT does not return the other ion concentration
to its resting state. Another cell type called astrocyte is located near the cleft.
Its primary function is to buffer glutamate and ions, but the astrocyte also
indirectly influences synaptic transmission. The excess glutamate in the cleft
is cleared by a part of the astrocyte called the perisynaptic astrocyte process.
The astrocyte maintains the extracellular ion concentrations, especially by re-
moving K+ ions that are released during an action potential. The clearance by
the astrocyte allows the neuronal membrane potential to recover and prevents
continuous signalling.

3.2 Effect of energy deprivation
Neurons need energy for several processes. Researchers suppose that the con-
servation of its structure, the creation of new proteins and lipids, and the traffic
of organelles require high levels of ATP. However, the brain uses nearly 75%
of its energy for signalling citevergara2019energy,hofmeijer2012ischemic. The
primary energy source of a neuron is ATP, a molecule made by ‘energy plants’
like mitochondria from glucose and oxygen. Blood vessels transport the glucose
and oxygen to neuronal mitochondria to create the ATP molecules necessary in
the brain [18].

A blood clot, blood leak, or another blockade in the blood vessel can decrease
glucose transport and result in an energy shortage in the brain [45]. This en-
ergy deprivation deregulates processes and sometimes results in long-term and
short-term problems. In the short term, changing ion concentrations deregulate
neuronal signalling. Furthermore, cells swell, possibly irreversibly. The osmotic
pressure becomes too high and may result in cell death.

The main consumer of ATP in the signalling process is NKA, which transports
K+ into the cell and Na+ out of the cell [2]. The NKA pump is located in both
neurons and astrocytes and normally helps to maintain a hyperpolarized rest-
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Figure 2: Active and passive transport of ions is regulated by different gates in
the cell membrane of the neuron and the astrocyte. This image shows where
the different gates are located and which currents they allow. Details can be
found in section 3.1.

ing membrane potential. Low energy conditions reduce the NKA processes, and
fewer K+ and Na+ ions can move against their gradient. K+ ions accumulate
in the ECS, while Na+ concentrations in the cell are high [20, 13]. The changed
ion concentrations depolarize the membrane potential. Voltage-dependent gates
open, which deregulates the ion concentrations even more. Cl− ions accumulate
inside the cell and osmosis causes cell swelling or lysing: the breaking of the cell
membrane. The high presynaptic Ca2+ levels result in continuous glutamate
release into the cleft. The glutamate binds to postsynaptic receptors and causes
excitotoxicity [4]. A wave of depolarization can spread from neuron to neuron,
called spreading depolarization. When energy deprivation persists for a long
period, these changes in ion concentrations can become irreversible. Cells break
and cannot pass on signals anymore. This causes long-term problems that in-
clude paralysis and cognitive damage in the patient [14].

3.3 Glutamate plumes
Glutamate is an excitatory neurotransmitter that nerve cells use to send mes-
sages to other cells. The presynaptic terminal releases glutamate into the cleft
to pass on a signal. In the cleft, it can bind to receptors on the membrane of
post-synaptic cells to pass on the signal. Even though this process is essen-
tial for signalling in the brain, glutamate is also a toxic chemical that requires
rapid removal from the cleft. If fast clearance fails, excessive activation of gluta-
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mate receptors may excite nerve cells to death in a process called excitotoxicity
[48, 3, 8]. In this process, the activation of glutamate receptors causes an ex-
cessive influx of sodium, chloride, and calcium. The resulting osmosis causes
cell swelling until the cell bursts [44]. Furthermore, excessive calcium in the
cell leads to the activation of enzymes that degrade proteins, membranes, and
nucleic acids [8, 3].

When the neuron is at rest, glutamate is stored in vesicles in the neuron and
the astrocyte. An action potential can lead to the opening of voltage-gated
calcium gates, allowing canonical neuronal glutamate release, as described in
section 3.1. However, glutamate can also be released spontaneously in a largely
Ca2+-independent manner. Furthermore, the spontaneous opening of voltage-
gated Ca2+ channels can contribute a significant fraction of spontaneous release
in excitatory synapses [35].

Both the neuron and the astrocyte contribute to the clearance of glutamate.
The neuron transports the glutamate back to the presynaptic terminal through
active transport by EAAT2 and EAAT5 proteins [24]. The astrocyte is the
main absorber of glutamate and clears approximately 90% of the synaptically
released glutamate [5, 7, 30]. The astrocyte uses EAAT1 and EAAT2 proteins
to take up glutamate and glutamate enters vesicles in the astrocyte [24].

Both glutamate release and glutamate re-uptake can be affected by energy depri-
vation. Glutamate re-uptake is an ATP-dependent process and is reduced dur-
ing energy deprivation [29]. Energy deprivation indirectly facilitates glutamate
release through a wave of spikes [47]. These spikes occur after NKA deregula-
tion, resulting in a depolarization of the membrane potential. The voltage-gated
Ca2+ channels open to transport Ca2+ into the neuron, and these Ca2+ ions will
cause glutamate release. After a short energy deprivation, ion concentrations
will return to their original equilibrium. If energy deprivation persists for a long
time, the shift of sodium and potassium concentrations may become irreversible.
Glutamate concentrations in the neuron become lower while the extracellular
glutamate concentration increase. This can lead to excitotoxicity [18].

3.3.1 In-vivo glutamate plumes in mice by Parker et al.

Recent research has found possible new consequences of impaired glutamate
uptake on glutamate dynamics. In-vivo experiments have shown spontaneous
plumes of released glutamate in mice with an FHM2 mutation (Figure 3). These
mice have a GLT1a protein that works at 50% of normal capacity. The GLT1a
is the mice equivalent of the human EAAT2 protein and is thought to be respon-
sible for the majority of glutamate regulation [17, 31]. The amount of released
glutamate during plumes was in the same order of magnitude as released glu-
tamate during signalling. The duration of plumes was on average (± standard
deviation) 743 ± 620 ms. The onset of the plumes is generally fast, while re-
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covery is slow. Beside glutamate plumes, the mutation causes slow glutamate
clearance from the synaptic cleft after sensory stimulation [28].

A B C D

Figure 3: Average intensity projection from a wild-type (A) and an FHM2 (B)
mouse with coloured circles overlaid to indicate the location and size of plumes.
The wild-type mouses generally do not show plumes under baseline conditions.
figuer C shows the relative fluorescence amplitude of the FHM2 mice in Figure
B (∆F/F0). The FHM2 mouse shows 22 plumes in 10 minutes. Figure D shows
the distribution of amplitude, duration, and diameter of 590 plumes from 7
FHM2 mice. The average amplitude of plumes is slightly lower than all other
measured glutamate signalling, and the average (± standard deviation) duration
was 743 ± 620 ms [28].

Many observed plumes in FHM2 mice last longer than 1 second. This suggests
that glutamate clearance mechanisms malfunction during the plumes. To de-
termine if the breakdown of glutamate clearance mechanisms directly causes
the plumes, glutamate clearance was inhibited in normal mice with a glutamate
transporter inhibitor (3S)-3-[[3-[[4-(Trifluoromethyl)benzoyl]amino]phenyl]methoxy]-
L-aspartic acid (TFB-TBOA, short TBOA). This is a blocker that affects glial
glutamate transport through EAAT1 and EAAT2 but does not affect EAAT4
and EAAT5. These wild-type mice showed a high frequency of plumes, while
glutamate plumes were rare in wild-type mice without TBOA. These exper-
iments show that the glutamate plumes are a consequence of impaired glu-
tamate uptake. The frequency and diameter of TBOA-induced plumes were
greater than those observed for spontaneous events in FHM2, which implies
that TBOA impairs glutamate uptake even more than the FHM2 mutation [28].

Experiments with the voltage-gated Na+ channel blocker tetrodotoxin (TTX)
have shown that the plumes do not depend on neuronal action potentials. When
the Na+ channels were blocked for 30 minutes, no significant change was ob-
served in the frequency, diameter, duration, or amplitude of the spontaneous
plumes.

Since calcium plays a big role in glutamate release mechanisms, Parker et al.
have tested the influence of calcium influx with the voltage-gated calcium blocker
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Ni2+. This causes a halving of the plume frequency, which implies that Ca2+ in-
flux influences the plumes. Another experiment shows that the removal of extra-
cellular Ca2+ significantly reduces the number of TFB-TBOA-induced plumes,
supporting this hypothesis. Inhibition of Ca2+ influx through the glutamate-
gated NMDA receptors did not influence plume frequency, indicating that Ca2+
enters the cell via other channels [28].

To determine if glutamate plumes are caused by vesicular release, the filling of
vesicles was blocked by bafilomycin A1. Half of the brain slices of FMH2 did
not show plumes after treatment with bafilomycin A1 and the median plume
frequency was reduced. injection with both veratridine and Baifilomycin A1
significantly increases the incidence of plumes in FHM2 mice. Veratridine pre-
vents the inactivation of voltage-gated sodium channels. The resulting influx
of Na+ leads to the increase of neuronal Ca2+ concentrations, which stimu-
lates the release of glutamate into the cleft. This indicates that plumes are
induced by synaptic release and that the plumes are calcium-dependent. The
astrocyte is also capable of vesicular glutamate release in a calcium-dependent
manner. Parker et al. manipulated an astrocyte of FMH2 mice to see if astro-
cytic glutamate release could cause glutamate plumes. Mechanical stimulation
and depolarizing current injections caused a response in Ca2+ but did not in-
duce glutamate plumes. Therefore we hypothesize that glutamate plumes are
induced by neuronal processes.

Since glutamate plumes seem to be induced by Ca2+ dependent synaptic glu-
tamate release, Parker et al also examine the neuronal Ca2+ transients. When
measuring presynaptic and postsynaptic Ca2+ FHM2 mice show plume-like
Ca2+ events that originated from a central location and increased in size over
time (Ca2+ plumes). To only measure presynaptic Ca2+, the postsynaptic Ca2+
due to glutamate receptor activation is inhibited by a cocktail of glutamate re-
ceptor antagonists. The Ca2+ response was reduced by ± 56%, leaving a resid-
ual Ca2+ response that was presumably comprised of mostly presynaptic neural
signalling. These same mice under influence of glutamate receptor inhibitors
showed Ca2+ plumes, both with and without plume inducers (veratridine and
thapsigargin). This suggests that at least a part of the Ca2+ plumes is presynap-
tic and that Ca2+ plumes do not require glutamate receptors. These findings
support the hypothesis that plumes are the result of Ca2+-dependent neuronal
vesicular glutamate release.

Parker et al. also investigated the possible relevance of glutamate plumes in the
onset of spreading depolarization. An injection of veratridine can initiate SD
(both in-vivo and in-vitro), but veratridine is also a glutamate plume inducer.
Increasing concentrations of veratridine increased both plume frequency and
plume amplitude. When veratridine concentrations were high enough, the loca-
tion of the plume became the origin of SD. The rise of plume frequency started
at lower concentrations of veratridine in FHM2 mice than in wild-type mice, and
less veratridine was necessary to induce an SD in FHM2 compared to FHM2
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mice. However, similar plume frequencies and mean glutamate concentrations
were observed just before the SD onset in FHM2 and wild-type mice. These
results indicate that plumes are a form of glutamate dysregulation that occurs
when a network approaches SD. It also implies that the threshold for SD onset
does not depend on genotype and that differences in plume frequency between
FHM2 and wild-type mice occur because of the rate at which the glutamate
threshold is achieved. Interestingly, one mouse from each genotype did not have
an increase in plume frequency before SD, which suggests that a rise in plume
frequency is not necessarily required for veratridine-induced SD.

Inhibition of voltage-gated calcium gates by Ni2+ inhibits the incidence of
plumes in most mice and eliminates the rise in glutamate concentrations. Ni2+
increased the SD threshold for veratridine by more than 3-fold and prevented
SD onset in 4 out of 6 mice after a veratridine dose < 750 µM and in 2 out
of 6 mice with a dose < 3 µM. These results reinforce the hypothesis that the
voltage-gated calcium channel is crucial for calcium-dependent glutamate re-
lease in veratridine-induced SD in FHM2 mice. It also suggests that additional
glutamate-independent mechanisms are involved in SD ignition at higher con-
centrations of veratridine.

To determine if the presence of glutamate plumes is a general phenomenon in
SD induction, or only in veratridine-induced SD, an SD is also induced by KCl
injection. Again, all mice showed an increase in plume frequency at the location
of injection before the SD. Glutamate concentrations increased for less than 10
seconds and did not rise with increasing KCl concentrations, which is in contrast
with veratridine injection. The results confirm the association of plumes with
SD initiation but do not mean that glutamate plumes lead to SD.

To check if glutamate plumes lead to SD or result from the waves of an SD,
Parker et al. [28] injected KCl and induced an SD that propagated several mm.
Away from the injection location, plume frequency, and glutamate concentra-
tions did not rise before the SD wavefront (both in wild-type and in FHM2 mice),
but glutamate concentrations did rise at the wavefront. Plume frequency only
increased after the wavefront, during depolarization. The occurrence of plumes
resolved with the decay in basal glutamate, suggesting that plumes subsided as
clearance mechanisms were able to buffer extracellular glutamate back to pre-
SD levels. The plume frequency was similar in wild-type and FHM2 mice, but
plumes persisted for a longer period in FHM2 mice. The diameter and duration
of each plume were also larger in FHM2 mice than in wild-type mice, which
suggests that astrocyte clearance influences plume characteristics. These exper-
iments suggest that glutamate plumes follow the wavefront of an SD and that
plumes subside when excessive glutamate is cleared from the extracellular space.

Parker et al.[28] have initiated a model for glutamate release during glutamate
plumes, which is shown in Figure 4. From all experiments by Parker et al.
[28], we observe the following characteristics of plumes that are relevant to our

14



research:

• In-vivo glutamate plumes have a duration of 743 ± 620 ms and have an
amplitude similar to glutamate released during normal signalling. The
onset is relatively fast, and recovery is relatively slow.

• Glutamate plumes occur in mice in-vivo due to a breakdown of glutamate
clearance. The plume frequency and diameter probably increase relative
to the impaired rate of glutamate clearance.

• Plumes seem to not depend on neuronal action potentials, as shown by
the experiments with TTX.

• Absence of plumes after Ni2+ injection indicates that plumes are gener-
ated through Ca2+ influx after action-potential-independent opening of
the neuronal voltage-gated Ca2+ channels. Ca2+ influx through NMDA
receptors does not influence the plumes.

• Glutamate plumes seem to be induced by neuronal Ca2+-dependent synap-
tic glutamate release.

• Neuronal Ca2+ plumes precede the glutamate plumes, with a duration of
±3 seconds and amplitude similar to Ca2+ release in normal signalling.

• Glutamate receptors are not required to induce glutamate plumes.

3.3.2 In-vitro glutamate plumes in brain slices by Ziebarth and Reiner

Ziebarth and Reiner [49] have observed similar plumes as Parker et al., but
during in-vitro experiments instead of in-vivo. They make a clear distinction
between synchronous activity, where different locations on a neuronal slice show
synchronous glutamate release, and between glutamate plumes. The glutamate
plumes have significantly longer durations than synchronous glutamate release,
with a mean half-width duration (± standard deviation) of 322 ± 192 ms. The
onset (10-90%) of the plumes is fast (166 ± 153 ms), the recovery (90-10%) of
the plumes is slow (537 ± 331 ms), and plume amplitude is comparable to the
amplitude of synchronous release.
Ziebarth and Reiner have shown that applying TTX in vitro did not influence
the plume frequency, duration, or amplitude. This experiment is in line with
the TTX experiment of Parker et al. and indicates that the glutamate plumes
do not depend on neuronal action potentials.

Blocking the glutamate clearance with TBOA increased the plume frequency
37-fold. The plume size increased by a factor of 1.3, while plume duration and
amplitude were not significantly influenced. This result aligns with the TBOA
experiment of Parker et al. and supports the hypothesis that a breakdown of
glutamate clearance is responsible for the glutamate plumes.
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Figure 4: Glutamate release during plumes is likely due to Ca2+-mediated vesic-
ular release from neurons, as compounds that inhibit release (Ni2+ and BafA1)
reduce the frequency of plumes (pink lines), whereas those that promote the
release (veratridine and thapsigargin) increase the frequency of plumes (green
arrows). Once glutamate is released, the presence of plumes is gated by im-
paired or inefficient glutamate clearance by astrocytes. Stimuli that depolarize
neural membranes (KCl and SD) are sufficient to induce plumes. This model
illustrates glutamate release from a single synapse for clarity, although release
from multiple synapses may contribute to a single plume [28].

During chemical ischemia, plume frequency increases, plume duration doubles,
and plume size increases by 50 %. Glutamate plumes appear to drive extracel-
lular glutamate accumulation. Simultaneously, the spontaneous synchronized
activity no longer occurs during the chemical ischemia. This experiment indi-
cates that chemical ischemia alters neuronal or astrocytic processes responsible
for plumes. It is not exactly clear which processes are involved in plume gener-
ation.
We summarize the experiments by Ziebarth and Reiner as follows.

• In vitro glutamate plumes have a half-width duration of 322 ± 192 ms,
with a rise from 10% to 90% in 166± 153 ms and a decay from 90% to
10% in of 537± 331 ms.

• Experiments with TTX show that glutamate plumes do not depend on
neuronal action potentials.

• Application of TBOA leads to more plumes indicating that a breakdown
of glutamate clearance is responsible for glutamate plumes.

• Chemical ischemia influences processes that can generate glutamate plumes,
but the experiment has not shown which processes are relevant.
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3.4 Occurrence of EAAT block
Experiments by Parker et al. [28] show that glutamate plumes are an indicator
for dysregulated glutamate clearance. The main glutamate clearance mecha-
nism in neurons and astrocytes is the EAAT anion channel. The EAAT pro-
teins, located on the neuron and the astrocyte, transport glutamate, Na+, and
H+ into the cell in exchange for K+. The most likely reasons for the disruption
of glutamate clearance are a (partial) astrocytic EAAT block and/or a (partial)
neuronal EAAT block. This section summarizes the literature on EAAT dys-
regulation.

Studies on Alzheimer’s diseased brains have observed a permanent decrease in
EAAT2 expression. [22]. This EAAT2 protein is mainly located on astrocytes,
but can also be found on neurons. The EAAT2 protein is responsible for more
than 90 % of glutamate uptake throughout the brain [19]. It is still unknown
what causes the loss of function of EAAT2. Researchers hypothesize that the
EAAT2 proteins may experience oxidative damage, resulting in loss of function.
Furthermore, a cholesterol reduction in the membrane can lead to a loss of func-
tion of EAAT2 proteins. [22].

The same EAAT2 protein has a 30-95% loss of function in approximately 60-
70% of Lou Gehrig’s Disease (ALS) patients. Studies have found that EAAT2
expression in animals changes when exposed to symptoms of Parkinson’s dis-
ease. The underlying mechanisms for this different expression of EAAT2 are
still unclear. Researchers also found that overexpression of EAAT2 reduces ex-
cessive glutamate, helps to reduce epileptic attacks and helps to recover from a
stroke [22].

For our research, we have not found incidences of natural short-term EAAT dys-
functionality. However, EAAT proteins can be blocked artificially by inhibitors
dihydrokainic acid, TFB-TBOA, and dl-TBOA [37]. These EAAT blockers are
not naturally produced by the body and therefore seem unlikely to be respon-
sible for glutamate plumes.

4 Computational Models with Glutamate Dynam-
ics

This research will use mathematical modelling to investigate the possible causes
of glutamate plumes in a neuron. Since glutamate plumes are most likely re-
leased through synaptic calcium-dependent glutamate release, the model should
contain neuronal calcium dynamics and calcium-dependent glutamate release.
Experiments by Parker et al. [28] indicate that plumes are generated through
Ca2+ influx after the opening of neuronal voltage-gated Ca2+ channels, so our
model should contain this voltage-gated Ca2+ channel. Furthermore, the model
has to contain glutamate clearance mechanisms that can be (partially) blocked,
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since plumes occur due to a breakdown of glutamate clearance. To check if non-
canonical glutamate release can be the cause of glutamate plumes, the model
needs a mechanism to manually open voltage-gated calcium channels, or another
method to simulate the stochastic inflow of calcium into the neuron.

After considering two candidate models ([18, 15]), we have determined to use
the model of Kalia et al. [18] as a basis for this research. Section 4.1 shows
the difference between the two models and substantiates our choice. The model
equations are given in appendix A.

4.1 Comparing candidate basis models
Both Hubel et al. [15] and Kalia et al. [18] have created two different mathemat-
ical models to describe ion dynamics in a neuron, astrocyte, and extracellular
space. Hubel et al. focus their numerical experiments on spreading depolariza-
tion caused by K+perfusion and oxygen-glucose–deprivation (OGD) in a model
that includes a potassium bath. Kalia et al. focus on the change in the resting
state of a neuron after energy deprivation, and the brain’s ability to recover
from energy deprivation. The models use different methods to determine the
ion dynamics, and therefore similar experiments can show different results. This
section will highlight the modelling differences and determines their influences
on the simulations. For readability, we will call the model by Hubel et al. ‘model
H’, and the model by Kalia et al. ‘model K’.

One of the main differences between the two models is the modelling of glu-
tamate release. Model K describes a full glutamate cycle in the neuron, such
that the amount of released glutamate is proportional to the amount of cal-
cium in the cell. This means that glutamate release is continuous over time and
that without calcium, no glutamate is released. Model H omits the influence
of calcium on glutamate release and assumes that glutamate is released at one
moment when a threshold of the membrane potential is reached. Above this
threshold, glutamate release is proportionate to the membrane potential and
proportionate to the amount of available glutamate in the neuron.

Another difference between the models is the interpretation of the neuron.
Model H utilizes a local average of glutamate concentration. Every synapse
is assumed to connect to two neurons. Therefore only 50% of released gluta-
mate will enter the ECS related to the modelled neuron. On the other hand,
model K models a single neuron with its dynamics, and assumes all ions remain
in the modelled tripartite synapse.

Also, the interaction with the surrounding of the neurons is different in the two
models. Model K assumes all ions, all glutamate, and all water is confined to
the modelled tripartite synapse. Model H assumes the neuron can exchange ions
with a bath with a certain K+ concentration. The diffusion of potassium ions
with this bath enables the neuron’s recovery and is responsible for a glutamate
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peak at the end of the OGD. These results are shown in section 4.1.2

Furthermore, the dynamics of the ions are modelled differently. Model H does
not model the calcium concentrations, does not include a K+-Cl−-cotransporter
or Na+-Ca2+-transporter, and leaves out the voltage-gated Cl− channel, as op-
posed to model K. Model H does include AMPA receptor gates and NMDA
receptor gates for Na+and Cl−, which are omitted in model K. Furthermore,
model H includes cotransport of glutamate and chloride with a 1:1 ratio. Still,
it is unclear which kind of gate allows for this transport.

One last difference is the modelling of the OGD. Model H assumes that the
EAAT current is zero during the OGD, and therefore multiplies the EAAT cur-
rent without OGD by the intensity of the OGD, to calculate the actual EAAT
current. Model K does not assume direct consequences of the OGD to the EAAT
current, but uses the ion concentrations to model the intensity of the EAAT cur-
rent. EAAT transports one glutamate ion together with three sodium ions into
the cell, in exchange for one potassium ion. During the OGD, the intracellular
sodium concentration rises and the extracellular sodium concentration drops a
lot so the EAAT current works against the diffusion of sodium ions. This causes
the EAAT current to drop to almost 0. Therefore, the net EAAT current during
OGD is almost similar in model H and model K, and we have not found signif-
icant changes due to this difference in simulations. The reaction to an OGD of
both model H and model K are described in section 4.1.1.

After considering all these differences, we choose to use model K as our starting
model. This decision is mainly based on the difference in the calcium cycle and
in the modelling of the EAAT current. Model H entirely leaves out all calcium
dynamics, while experiments by Parker et al.[28] show that glutamate plumes
are generated through synaptic calcium-dependent glutamate release. Model
K includes neuronal Ca2+ dynamics and, therefore, can mimic the glutamate
release mechanisms of the experiments better. Since experiments have shown
that a malfunctioning EAAT current can cause glutamate plumes, we also prefer
a model for the EAAT current that is as accurate as possible. One advantage
of choosing model H would have been the exchange of potassium ions with a
K+-bath. This exchange is also present in the experiments of Ziebarth and
Reiner Furthermore, our simulation has shown that this exchange can cause
glutamate peaks during recovery, which may be relevant to explain glutamate
plumes. Potassium exchange to the bath in model K will not be present in this
research but can be a useful topic of further research.

4.1.1 Reaction to OGD

Both model H and model K have experimented with oxygen-glucose depriva-
tion (OGD). An OGD causes a series of spikes at the beginning of OGD in both
models, but the rest of the reaction to energy shortage is different in the models.
Own simulations in Figure 5aa show that model H can recover after any OGD,
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however long it is. The system first seems to reach a new equilibrium, but this
state is not actually an equilibrium. The same behaviour can be observed in
model K during an energy deprivation of 15 seconds when setting α = 0.8, the
pump strength to 200 % (Figure 5ab). However, lowering the pump strength in
model H does not prevent recovery, so another characteristic of model H must
cause this difference. Simulations in section 4.1.2 show that the diffusion with
the K+ bath in model H causes this recovery. When this diffusion is set to 0,
a new equilibrium can be reached and recovery depends on the length of the
OGD, similarly as in model K. Model K can converge to a new equilibrium after
an OGD, from where the system cannot recover to its original state. Figure 5b
shows such a new equilibrium.

During the OGD, the membrane potential, the Na+ concentration, and the K+

concentration react similarly in both models. The chloride concentration in
model H barely changes during the OGD compared to that in model K. This
is due to the difference in chloride current: model H calculates this as the sum
of leak current and cotransport current with potassium (KCC), while model K
also takes the gated Cl−-current into account. The extracellular glucose con-
centration behaves in the same manner in the two models, although the scale is
different. Model K does not monitor the glutamate in the cleft.

The volume of the neuron and astrocyte increases in both models, although the
volume in model H increases slower. Cell swelling is dependent on water perme-
ability and chloride and sodium concentrations. Since chloride concentrations
change little in model H, we would also suspect cell swelling to occur slower.

4.1.2 Exchange with potassium bath

The exchange of potassium with its surroundings in model H influences the
recovery after an OGD of a neuron. Figure 6 shows that potassium exchange
enables recovery of the neuron after a long OGD. During the OGD, neuronal
potassium concentrations drop while extracellular concentrations rise. Without
potassium exchange with a bath, the gates cannot transport ions fast enough
to recover the neuron to its resting state. Exchange with a potassium bath
removes excessive extracellular potassium ions and enables recovery. Before
potassium concentrations in the neuron rise, they first decrease slightly, presum-
ably because of diffusion with the ECS that now contains low concentrations of
potassium. The potassium dip causes an increase in membrane potential, and
therefore a peak in glutamate release occurs at this moment.

5 Methods

5.1 Modelling
This research simulates different situations using the model by Kalia et al. [18].
The general equations can be found in appendix A. The equations that are
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(a) Model H (b) Model K

Figure 5: Shown is the reaction of OGD on the membrane potential and ion
concentrations as modelled by Hubel et al. (left) and by Kalia et al. (right).
Blue represents the intracellular space, green is the extracellular space, orange
is the glia, and pink is the cleft. In model K we choose parameters alphae0=0.2,
tstart=10, tend=25, and perc=0. Results are described in section 4.1.1

(a) Exchange with
potassium bath

(b) No exchange with
potassium bath

Figure 6: Shown is the effect of OGD with and without potassium exchange
with a potassium bath in model H. We show glutamate concentrations in the
extracellular space(green) and in the cleft (pink), potassium concentrations in
the neuron (blue) and ECS (green), and the membrane potential of the neu-
ron. The grey area represents the duration of a 100% OGD. Exchange with a
potassium bath (left) causes a peak of released glutamate during the OGD. The
exchange with the potassium bath enables full recovery of the neuron after an
OGD to resting states.

modified in some simulations will be described in this section. All modelling
choices are also explained in this section.
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5.1.1 Model implementation

We will solve the differential equations of the model by Kalia et al. [18] in
Matlab, using ode15s with a relative tolerance of 1e-10, absolute tolerance of
1e-10, initial step size of 1e-12 and max step size of 1e-4.

5.1.2 Applied current

In several experiments, we will apply a current in the form of a sodium injection
to the system. This sodium injection depends on the timestep and is calculated
as

Iapplied = (1− 1

1 + eβ·(t−t0)
+

1

1 + e−β·(t−tT )
)
A

2F
(1− square(

2π(t+ 2.1)(1− duty)
λ/60

,duty),

(1)

where t is the time (min), t0 is the onset of the applied current (min), tT is
the offset of the applied current (min), β is the steepness of the applied current
onset and offset, A is the amperage of the applied current (pA), F is Faraday’s
constant, and λ is the wavelength. Square(τ , duty) is the function for a square
wave with period 2π for the elements of the time array t. It is similar to the sine
function but creates a square wave with values of –1 and 1, where duty represents
the percentage of the signal period in which the square wave is positive.
At the end of each timestep, the sodium is injected into the neuron by setting

Nn
Na = Nn

Na + Iapplied, (2)

where N i
Na is the molar amount of Na+ in compartment i, where n represents the

neuron. The molar amount of Na+ in the extracellular space will be determined
as

N e
Na = Na+tot −Nn

Na −Na
Na (3)

to assure the conservation of ions in the system. Here, e represents the extracel-
lular space, and a represents the astrocyte. Na+tot is the total amount of Na+
in the system.

5.1.3 Energy deprivation

When a shortage of ATP is available in the tripartite synapse, we speak of
energy deprivation (ED). We simulate energy deprivation by temporarily block-
ing and subsequently restoring the NKA current in the neuronal and astrocyte
compartment. The NKA current is given by

InNKA(t) =

(
Imax
NKA(t)

100

)
P scale

NKA Pn
NKAgNKA

[Na+]1.5n

[Na+]1.5n + (αn
NKA)

1.5

[K+]e
[K+]e + (βn

NKA)
,

(4)
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details about this current can be found in section A.2.2. The function Imax
NKA is

used to simulate energy deprivation for some time and is defined as

Imax
NKA = Pmin + (1− Pmin)Iblock) (5)

(6)

where

Iblock(t) = (1 + exp(β(t− t1)))
−1 + (1 + exp(−β(t− t2)))

−1. (7)

The start and end time tstart and tend of the ED can be chosen freely and
determines the values of t1 and t2 by

t1 = tstart −
1

β
log(1/Pmin − 1), (8)

t2 = tend +
1

β
log(1/Pmin − 1). (9)

The parameter β represents the steepness, and Pmin is the minimum available
energy when the ED is induced.

5.1.4 Varying neuronal glutamate transition rates

In section 6.2 we vary the neuronal glutamate transition rates. We adapt the
reaction rates one by one to see their influence on the simulations. When we
change these rates, we make sure to not change the leak currents to investigate
only the influence of the reaction rates.

5.1.5 Calcium injection

We model a calcium injection similarly to the sodium injection in section 5.1.2.
The amount of injected calcium on time t is calculated as

Ca2+applied = (1− 1

1 + eβ·(t−t0)
+

1

1 + e−β·(t−tT )
)
A

2F
(1− square(

2π(t+ 2.1)(1− duty)
λ/60

, duty),

(10)

where t is the time (min), t0 is the start time of the calcium injection (min), tT
is the end time of the calcium injection (min), β is the steepness of the onset
and offset, A is the intensity of the calcium injection, F is Faraday’s constant,
and λ is the wavelength. Square(τ , duty) is the function for a square wave with
period 2π for the elements of the time array t, with duty cycle duty.
For a neuronal calcium injection, we update the molar amount of neuronal
calcium to

Nn
Ca = Nn

Ca + Iapplied. (11)
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For an astrocytic calcium injection, we update the astrocytic molar amount of
calcium to

Na
Ca = Na

Ca + Iapplied. (12)

The molar amount of Ca2+ in the extracellular space will be determined as

N e
Ca = Ca2+tot −Nn

Ca −Na
Ca (13)

to assure the conservation of ions in the system. Here, N e
Ca represents the molar

amount of Ca2+in the extracellular space, and Ca2+tot is the total amount of
Ca2+ in the system.

5.1.6 Channel block

The flux through normal functioning channels is described in appendix A.2 and
A.3. In several simulations, we block the neuronal EAAT current, the astrocytic
EAAT current, and the NKA current. These channel blocks all function in a
similar method, where we multiply the normal flux through the channel by the
functionality of the channel:

Jblocked channel = Jfunctioning channel · channel functionality. (14)

Here, Jblocked channel is the flux through the channel during the block, and
Jfunctioning channel is the flux through an unblocked channel, for which equations
can be found in appendix A.2 and A.3. The channel functionality is calculated
as

channel functionality = µ+ (1− µ) ·
(

1

(1 + eβ1)·(t−t0)
· 1

(1 + eβ2)·(t−tT )

)
,

(15)

where µ is the minimum functionality of the channel as a number between 0
and 1. t0 and tT denote the beginning and end time of the channel block (min).
β1 and β2 represent the steepness of the onset and offset of the channel block.

5.2 Motivation of simulations
We will perform several simulations to investigate which stimuli and which types
of stress can trigger plume-like glutamate release.

We first simulate glutamate release due to an applied current, to observe if glu-
tamate release in our model functions properly. Since glutamate plumes have
a similar amplitude as glutamate release induced by an action potential, this
simulation also gives us insight into the amplitude a glutamate plume in our
model should have.
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We also stimulate glutamate release after energy deprivation. Experiments of
Ziebarth and Reiner [49] show that glutamate plumes become more frequent
and have a longer duration when chemical ischemia is induced. The simulation
can show what happens to glutamate concentrations during energy deprivation
and may give insight into why plumes become more pronounced. Furthermore,
changes in ion concentrations and glutamate clearance can give insight into
which processes are relevant for glutamate plumes, and which are not.

Since glutamate plumes are probably induced by neuronal calcium-dependent
vesicular release, we also investigate the impact of neuronal glutamate transition
rates on glutamate release. The model contains an extensive glutamate cycle
in the presynaptic terminal, including neuronal calcium-dependent glutamate
release. We expect that altering the transition rates influences the glutamate
release after an applied current or during energy deprivation. such a change
may give insight into the mechanisms behind glutamate plumes.

Furthermore, we want to simulate the neuronal calcium-dependent vesicular re-
lease under similar circumstances as Parker et al. [28] and Ziebarth et al. [49].
To mimic the tripartite synapse of an FHM2 mouse, we use a 50% functional
astrocytic EAAT and a 50% functional NKA. We hope that a calcium injection
in the neuron under these circumstances can generate action-potential indepen-
dent plume-like glutamate release. Furthermore, we also inject calcium in the
astrocyte, to see if the astrocyte would be able to release glutamate similar to
the neuron. To ensure that glutamate release is action-potential independent,
we block the voltage-gated sodium channel in the simulation.

Glutamate plumes occur due to a breakdown of glutamate clearance. Therefore
we simulate a long-term and a short-term astrocytic EAAT block. We hope the
glutamate release during this block gives insight into the glutamate plumes.

To conclude, we conduct experiments on the functionality of our model. We
have observed a flaw in our model, which results in an extracellular glutamate
dip where one would expect a rise in extracellular glutamate levels. Since this
flaw prevents the comparison of characteristics of glutamate release in our model
to the characteristics of glutamate plumes, we advise solving this flaw in further
research. We show glutamate concentrations in all different stages, and we
experiment with EAAT strength, to find the cause of this glutamate dip.

6 Results

6.1 Glutamate release due to an applied current and en-
ergy deprivation

Research [18, 42] shows that both an applied current and an energy deprivation
can be responsible for neuronal glutamate release. Fig 7 shows the impact of an
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applied current and energy deprivation on ion concentrations and glutamate re-
lease in our model. An applied current in the form of a neuronal Na+ injection
induces neuronal action potentials and depolarizes the astrocyte. The depo-
larization opens the voltage-gated calcium channels, shortly increasing calcium
conductance and causing a large increase in neuronal calcium. The neuronal
calcium increase triggers the docking of synaptic vesicles, resulting in neuronal
glutamate release. The amplitude of released glutamate is 4.6 · 10−5 mM/L.
When stimulation stops, the membrane potential and ion concentrations return
to baseline. During energy deprivation, the NKA is dysfunctional, allowing
Na+ ions to accumulate in the neuron and astrocyte and retaining K+ ions in
the extracellular space. The change in charges depolarizes the neuron and as-
trocyte, allowing Ca2+ to enter both cells via voltage-gated calcium channels
and enabling neuronal glutamate release. The shifted Na+ and K+ balance
decreases both neuronal and astrocytic EAAT functionality, which slows down
the re-uptake of glutamate by the neuron and astrocyte. During the energy
deprivation, a total of 3.3 · 10−3 mM/L glutamate is released into the cleft.
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Figure 7: Time courses of the membrane potential and sodium, potassium,
calcium, and glutamate concentrations in response to a current pulse (20 pA,
5 min, black trace) and in response to an energy deprivation (50% energy, 5
min, gray area). The stimulus causes action potentials, which trigger Ca2+
inflow into the neuron. The neuronal Ca2+enables glutamate release into the
cleft. Astrocytic and neuronal EAAT proteins remove the glutamate from the
cleft. Due to ED, the neuron depolarizes leading to a wave of action potentials.
The depolarization enables Ca2+ influx into the neuron, triggering neuronal
glutamate release.

We simulate a short energy deprivation of one second, both with and without
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a blocked gated Na+ current, to investigate the influence of glutamate release
through action potentials (Figure 8). With a normal functioning voltage-gated
Na+ current, energy deprivation results in a wave of action potentials, and each
action potential is responsible for a new burst of incoming Ca2+, resulting in
a burst of glutamate release. A short dip in extracellular glutamate precedes
every increase in extracellular glutamate, which is expected to be a shortcoming
of the model, explained in section 6.5. When the voltage-gated Na+ is blocked,
the neuron depolarizes but does not show a burst of action potentials. The depo-
larization still allows the inflow of Ca2+into the neuron, and calcium-dependent
glutamate release is observed. The two simulations show comparable amounts
of released glutamate, indicating that glutamate release due to energy depri-
vation is mostly independent of action potentials. The duration of glutamate
increase is approximately 1 second, and recovery takes approximately 1 minute
(not shown in figures), while in-vitro plumes have an onset of approximately
170 ms and decay of 530 ms.
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Figure 8: Energy deprivation during 1 second indirectly results in calcium-
dependent glutamate release. Under normal circumstances, glutamate is re-
leased after action potentials (left), but suppression of action potentials by a
voltage-gated Na+ block (right) barely affects the total amount of glutamate
released. The duration of the glutamate peak is significantly longer than that
of glutamate plumes, while the amplitude of extracellular glutamate is lower.
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6.2 Impact of neuronal glutamate transition rates on glu-
tamate release

Parker et al. have shown that glutamate plumes are probably induced through
neuronal calcium-dependent glutamate release. Our model has an extensive
glutamate cycle in the presynaptic terminal, including the neuronal calcium-
dependent glutamate release. Figure 9 shows the different glutamate states and
possible transitions between the states. We expect that altering the transition
rates can influence the dynamics of glutamate release, and may give insight into
the mechanisms behind glutamate plumes. Therefore we will apply a sensitivity
analysis to the glutamate cycle in the tripartite synapse. A sensitivity analysis
generally determines how target variables are affected based on changes in in-
put variables. In our case, we investigate how glutamate release is affected by
changes in transition rates. We adapt the reaction rates one by one to see their
influence on the simulations.

Figure 9: Glutamate recycling scheme in the presynaptic terminal described by
Kalia et al. [18]. (Left) schematic view of the different glutamate states and ion
dynamics at the presynaptic terminal. (Right) the various transitions between
the different glutamate states.

The rate at which glutamate in a vesicle depot transforms to a non-releasable
pool is represented by k1. It is a function of the maximum forward rate k1,max

and the Ca2+ half-saturation concentration rate KM :

k1 = k1,max
[Ca2+]n

[Ca2+]n +KM
. (16)

We vary k1 by changing the parameter KM . We predict that low values of k1
cause fewer vesicles to be filled with glutamate, and so less glutamate can be
released. Therefore more glutamate remains in the neuron and less glutamate
will be found in the synaptic cleft. However, for values of KM varying between
0.001 and 0.01, we did not see any notable differences in the simulation results
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during an applied current or energy deprivation. A similar simulation is con-
ducted as in Figure 7

The transitions from the non-releasable pool to the readily releasable pool and
back are represented by k2 and k−2. These rates are functions of a forward
rates k20 and k−20 respectively and of the Ca2+half-saturation concentration
rate KDV :

k2(Ca2+) = k20 + g(Ca2+)k2cat (17)

k−2(Ca2+) = k−20 + g(Ca2+)k−2cat (18)

g(Ca2+) =
[Ca2+]n

[Ca2+]n +KDV
(19)

We have adapted the parameter kDV to analyse the effect of different calcium
requirements for vesicles to become releasable. The experiments show that
changing KDV does not affect the results. A possible explanation for the un-
changed results is a lack of noteworthy change in the net flow (k2 - k−2). To
analyse the effect of changing the ratio between k2 and k−2 we vary k−20. We
expect that a value of k−20 that is higher than k20 cause fewer vesicles to be
readily releasable, such that glutamate release is very low. However, simulations
with k−20 varying between 1e-5 and 4e-5 did not show notable differences.

The rate at which vesicles bind to the cell membrane is described by the param-
eter k3. Changing the value of k3 between 1 and 10 did not have any effect on
the results of the simulations. Varying the rate k4 at which vesicles fuse with
the cell membrane between 0.5 and 5 did not influence the glutamate release in
our simulations.

6.3 Calcium induced glutamate release
Experiments by Parker et al. indicate that plumes are induced by calcium-
dependent vesicular release. Since both neurons and astrocytes allow vesicular
glutamate release, they have manipulated an astrocyte to see if an astrocyte
could induce glutamate plumes. An increase in astrocytic Ca2+ was observed,
but no plumes arose. Therefore, they hypothesize that neuronal processes induce
plumes. We investigate the influence of a calcium injection in the neuron and
the astrocyte and observe if such an injection can lead to glutamate plumes. We
mimic the experiment settings from [28] and [49]. The experiments by Parker
et al. [28] focus on the effect of the FHM2 mutation in mice in comparison to
wild-type mice. They show that plumes do not occur in wild-type mice but arise
in FHM2 mice with a mutation that reduces EAAT2 and NKA functionality by
50%. We mimic the in-vivo circumstances using a small extracellular space
(α = 0.2). To model the FHM2 mutation, we use a 50% functional astrocytic
EAAT and a 50% functional NKA. We use a calcium injection of 2.5 seconds
since Parker et al. measured a calcium increase before the glutamate plumes
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lasting 2.5-3 seconds. The results can be seen in Figure 10a and 10b. The ex-
periments from Ziebarth and Reiner [49] are conducted in an in-vitro situation.
Glutamate plumes occurred under baseline conditions, but a blockade of the
EAAT current by TBF-TOA increased plume frequency. We mimic the in-vitro
situation using a large ECS (α = 0.8) and simulate the effect of TBF-TOA by
setting the EAAT current at 50% functionality. In addition, we use an NKA
current with 50% functionality for comparability with the in-vivo experiments.
Again, we use a calcium injection of 2.5 seconds. These simulations are shown
in Figures 10c and 10d. Both Parker and Ziebarth have shown that plumes are
not affected by a blockade of Na+-gates by TTX and are thus not induced by
neuron action potentials. We block the gated Na+-current in all experiments
to ensure that the glutamate increase is not induced by action potentials but
solely by a calcium increase.

The different circumstances all result in different baselines. The EAAT cur-
rents in the FHM2 simulations are functioning at 50% of their capacitance, so
we expect the EAAT current in the FHM2 simulation to be lower than the
EAAT currents in the wild-type simulations. This hypothesis is correct for the
astrocytic EAAT current, but the neuronal EAAT current in the FHM2 sim-
ulation is higher than that of the simulation corresponding to wild-type mice.
We hypothesize that the low-functioning astrocytic EAAT current causes lower
extracellular K+ concentrations and higher extracellular Na+ and glutamate
concentrations, which amplifies the neuronal EAAT current. The in-vivo and
in-vitro simulations also have different baselines. The total Na+ concentration
in-vitro is higher than the total amount of Na+ in-vivo since the extracellular
space is bigger in-vitro. The neuronal EAAT current is higher in-vitro than
in-vivo.

In all simulations, we apply a current to the neuron in the form of a Na+ injection
around t = 5. By conservation laws, extracellular Na+ concentrations decrease,
which slightly depolarizes the neuronal membrane. The K+ gates open, and
the rising extracellular K+ concentrations inhibit the EAAT currents. Usually,
the depolarization would augment the gated Na+ current, but this current is
blocked in the simulation. Therefore the membrane potential cannot depolar-
ize further, and the neuron does not fire action potentials. The depolarization
opens the neuronal Ca2+ gates and the rising Ca2+concentrations trigger neu-
ronal glutamate release. The weaker EAAT and NKA currents in the FHM2
simulation cause a higher glutamate peak than the wild-type situation, presum-
ably because of the slower uptake of glutamate. The larger ECS of the in-vitro
simulations causes a lower increase in glutamate concentration.

Around t = 20, we inject a Ca2+ current into the neuron, and around t = 37
we inject Ca2+ into the astrocyte. The injected Ca2+ enables glutamate release
in both cases, but excessive amounts of Ca2+ are needed to induce a glutamate
peak as high as the peak during the applied current: An injection of 1 mM Ca2+
enables a glutamate peak that is smaller than the peak after a Ca2+ increase
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of 3 · 10−5 after an applied current. To investigate why so much calcium is
needed to generate glutamate release, we simulated normal calcium injections
of ±3 · 10−5 mM Ca2+ in Figure 11. For these small Ca2+ injections, glutamate
concentrations barely rise. During the applied current, the neuronal and as-
trocytic EAAT currents are weaker because of the decreasing extracellular Na+
concentrations. This gives glutamate a chance to rise. Both the neuronal and
astrocytic Ca2+ injection barely influence the Na+ concentrations, so the neu-
ronal and astrocytic EAAT currents remain at their normal strength. Therefore,
all released glutamate is immediately taken up by the EAAT proteins and does
not accumulate in the cleft.

All simulations show a glutamate decrease in the ECS before a glutamate in-
crease occurs. This decrease is a modelling flaw: the neuron and astrocyte do not
contain a glutamate buffer in the model, so the cell needs to contract glutamate
out of the ECS before glutamate can be released. If we ignore this glutamate
decrease, we see that the amount of glutamate released in wild-type is conse-
quently lower than the glutamate released in FHM2 (see table 1). In vitro, this
difference suggests that a calcium injection induces glutamate plumes in FHM2
mutations more often than in the wild-type. A higher plume frequency in FHM2
mice is in line with the increased plume frequency during TBOA experiments
by Ziebarth and Reiner [49]. The difference in glutamate increase between wild
type and FHM2 in-vivo is too small to make any conclusions. Furthermore,
a calcium injection in the neuron results in a lower glutamate peak than an
injection in the astrocyte in an in-vivo situation, while the reverse is true in an
in-vitro situation.

Table 1: Glutamate increase after applied current and after neuronal or as-
trocytic Ca2+ injection in different situations, measured as the difference in
maximal and minimal glutamate

Wild-type FHM2
Applied current in-vivo 7.4 · 10−6 mM/L 9.8 · 10−6 mM/L
Applied current in vitro 5.8 · 10−6 mM/L 7.8 · 10−6 mM/L
Neuron injection in-vivo 1.0 · 10−5 mM/L 1.3 · 10−5 mM/L
Neuron injection in-vitro 6.2 · 10−6 mM/L 8.3 · 10−6 mM/L

Astrocytic injection in-vivo 1.5 · 10−5 mM/L 1.7 · 10−5 mM/L
Astrocytic injection in-vitro 4.4 · 10−6 mM/L 6.0 · 10−6 mM/L
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(a) (b)

(c) (d)

Figure 10: The effect of a calcium injection on the neuronal and astrocytic
dynamics. around t = 5 we inject a current of 20 mV for 1 second. Around
t = 20 we inject Ca2+ into the neuron for 2.5 seconds and around t = 37 we
inject Ca2+ into the astrocyte. The upper figures use a small ECS (α = 0.2) to
imitate an in-vivo situation, while the lower figures use a big ECS (α = 0.8) to
match an in-vitro situation. The left figures show the simulation of wild-type
(i.e. functional EAAT and NKA) and the right figures show a simulation of an
FHM2 mutation (i.e. 50% functional astrocytic EAAT and NKA protein). All
simulations have a blocked gated Na+ current to prevent glutamate release due
to action potentials.
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Figure 11: At t=5, an applied current causes a neuronal calcium increase, which
enables glutamate release. At t=20, a neuronal calcium injection does not
trigger a glutamate release. At t=37, an astrocytic calcium injection also does
not enable a glutamate release. The simulation uses an extracellular space of
0.2 and the gated Na+ current is blocked.

6.4 Glutamate release due to temporal impairment of glu-
tamate clearance

Glutamate is cleared from the cleft by both neuronal and glial EAAT proteins.
This section analyses the effect of blocking these EAAT currents. In-vitro ex-
periments show that an astrocytic EAAT block with TBOA results in more
glutamate plumes. We imitate this situation in a simulation with an astrocytic
EAAT block. Since incomplete glutamate clearance is a hypothetical cause for
glutamate plumes, we also simulate a neuronal EAAT block and a block of both
neuronal and astrocytic EAAT.

The astrocytic EAAT protein is responsible for transporting glutamate, Na+,
and H+ into the astrocyte in exchange for K+. When the astrocytic EAAT block
is initiated (Figure 12), this exchange is disrupted, causing an increase in extra-
cellular glutamate and Na+ concentrations, and a decrease in extracellular K+.
This changes the neuronal Nernst potentials of Na+, K+, and glutamate, caus-
ing an increase in the neuronal EAAT current. The neuronal EAAT transports
Na+ and glutamate into the neuron in exchange for K+, increasing neuronal
Na+ and glutamate concentrations, and decreasing neuronal K+.

33



0 2 4 6 8 10 12 14 16 18 20

5

10

15

150

155

[Na+] (Mm)
0 2 4 6 8 10 12 14 16 18 20

0

5

0

5

10-4[Glu] (Mm)

0 2 4 6 8 10 12 14 16 18 20
0

2

10-4

1.7998

1.7999

1.8

[Ca2+] (Mm)

0 2 4 6 8 10 12 14 16 18 20

99
99.5
100

Volume increase (%)

0 2 4 6 8 10 12 14 16 18 20
-100

-50

0
Mem. Potential (mV)

0 2 4 6 8 10 12 14 16 18 20
t (min)

0

5

0

20

40
Forward EAAT current (pA)

Neuron
Astrocyte
ECS
Astrocytal EAAT block

Excitation
ic

Figure 12: Simulation with current pulse at 20 mA at t=1 and t=14.7, and at
100 mA at t=11. The astrocytic EAAT is blocked at t ∈ [3, 3.2] and t ∈ [4, 12].

The change in the neuronal Nernst potential of K+ influences the KCC current,
which co-transports K+ and Cl−ions out of the neuron. During the decrease in
extracellular K+, the KCC current increases, resulting in a decrease of neuronal
Cl−concentrations and an increase of extracellular Cl− concentrations. The
later decrease in neuronal K+ reduces the KCC current, resulting in Cl− accu-
mulation in the neuron. The change in osmotic pressure gradient through Na+
and K+ approximately cancel each other out, while the Cl− decrease reduces
the osmotic pressure gradient in both the neuron and astrocyte, leading to a
decrease in their volumes.

Under normal circumstances, an increase of neuronal Na+ depolarizes the mem-
brane potential and triggers an action potential. The depolarization also opens
voltage-dependent Ca2+ gates, resulting in increased neuronal Ca2+ concentra-
tions and enabling neuronal glutamate release. However, the onset of the astro-
cytic EAAT block only causes a slight depolarization of the neuronal membrane.
This depolarization seems sufficient to trigger a significant inflow of Ca2+ and
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initiate a neuronal glutamate release.

To further investigate the absence of an action potential during Na+increase
during an astrocytic EAAT block, we applied a current to the neuron during
the astrocytic EAAT block. The simulation shows that the depolarization due
to the applied current is too small to initiate an action potential. This is caused
by a shift in the Nernst equilibria of the different ions.

Typically, the increased membrane potential opens voltage-dependent Ca2+
gates to increase neuronal Ca2+ concentrations and enable neuronal glutamate
release. In absence of action potentials, the small depolarization of the mem-
brane potential after an applied current during an astrocytic EAAT block ap-
pears to be sufficient for such Ca2+ uptake. Only a small part of this calcium
influx is facilitated by the gated calcium current (3 · 10−6) and by the Ca2+leak
current (3 · 10−5), the calcium increase is mainly caused by the NCX current
(1.6 · 10−4). The Ca2+ increase is responsible for neuronal glutamate release.

The simulations with an astrocytic EAAT block show an increase of glutamate
in the cleft due to insufficient clearance, while the glutamate peak is not induced
by action potentials. The glutamate increase, therefore, shows relevant similari-
ties to the observed glutamate plumes in [49, 28]. Biological experiments of [28]
show that plumes have an average duration and standard deviation of 0.7± 0.6
seconds. The experiments in [49] show an average duration and standard de-
viation of 0.3± 0.2 seconds with an amplitude in the same order of magnitude
as glutamate plumes that are induced by action potentials under normal cir-
cumstances. We try to create plume-like events with these characteristics by
partially blocking the astrocytic EAAT current in different ways (Figure 13).

The first simulation in Figure 13 shows three successive astrocytic EAAT blocks
of one second where the functionality of EAAT gradually decreases. The EAAT
works at 0%, 10% and 50% per cent consecutively. The glutamate peaks that
arise last one second. The amplitude of the peak at 0% functionality is in the
same order of magnitude as glutamate peaks arising after an applied current.
When EAAT has more functionality, the glutamate peaks become lower. The
duration and amplitude of the glutamate peak during a 0% functional astro-
cytic EAAT block match the observed glutamate plumes of [28], but glutamate
plumes arise very fast and resolve slowly, while the simulation shows a gradual
rise and decrease of glutamate concentrations.

Our second simulation uses a more abrupt astrocytic EAAT block to account
for the fast extracellular glutamate increase. This generates a glutamate peak
that lasts 0.05 seconds. The onset time is fast, as expected, but the recovery
phase is equally fast. Therefore these peaks do not resemble the observed glu-
tamate plumes. Extracellular glutamate concentrations reach a concentration
of 0.002 mM/L by a full block, 0.0003 mM/L when EAAT functionality is 10%
and they barely increase for EAAT functionality of 50%. This means the full
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EAAT block and the 50% functional EAAT block do not resemble the amplitude
of glutamate plumes, but a 10% functional EAAT current results in an ampli-
tude comparable to glutamate plumes. The duration of the glutamate peak is
shorter than that observed in glutamate plumes. Another inconsistency with
the glutamate plumes is that the extracellular glutamate concentration remains
above the resting level until the EAAT block is lifted.

The third simulation uses a combination of a fast onset of the EAAT block,
with a slow recovery of the EAAT current. The plumes in [49] have an average
rising time of 166 milliseconds and an average recovery time of 536 milliseconds.
We try to reproduce this result with our simulation by using an EAAt block
of 700 milliseconds that reaches a full block after 166 milliseconds and recovers
slowly in the next 534 milliseconds. We now see the same fast rise time and slow
decay time as the data of the plumes in the paper of Ziebarth and Reiner [49].
The amplitude of the glutamate peak during a 0% functional EAAT resembles
the amplitude of the glutamate plumes. Therefore, an abrupt EAAT block in
the astrocyte with a slow recovery is a possible explanation for the glutamate
plumes.

In the literature, we mainly found occurrences of EAAT2 blockades when looking
for glutamate uptake impairment (see section 3.4). Furthermore, experiments
by Ziebarth and Reiner [49] show that EAAT2 functionality influences plume
frequency. We will also consider a combination of neuronal and astrocytic EAAT
block in this research because EAAT2 can also be found on neurons. The
simulation with both neuronal and astrocytic EAAT blocked shows higher and
more abrupt peaks than a simulation with working neuronal EAAT proteins. A
full block of all EAAT currents cannot be responsible for the glutamate plumes,
since the peak is a lot higher than the glutamate peak after excitation. However,
a block of 50 % of all EAAT currents can cause a peak with similar amplitude
and duration as the observed glutamate plumes and can therefore be a plausible
cause of the plumes.

6.5 Cause of glutamate dip preceding glutamate peak
All experiments with glutamate release show a dip in extracellular glutamate
that precedes the extracellular glutamate increase. We cannot find a logical rea-
son for glutamate to decrease before a glutamate plume occurs. Furthermore,
in vitro and in vivo experiments do not show this glutamate dip. This suggests
that the dip is caused by a shortcoming of the model, which can either be solved
by parameter tuning or by adapting the equations of the model.

It is generally assumed that a healthy neuron contains a glutamate depot with
sufficient glutamate [43]. Newly absorbed glutamate is stored in the depot.
When a neuron needs to release glutamate, it utilizes the glutamate from the
depot. Our model contains such a depot, but we hypothesize that the depot in
our model is too small. Therefore, not all required glutamate can be extracted
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Figure 13: The extracellular glutamate concentration during different types of
EAAT blocks. In each simulation, the first block fully blocks the EAAT chan-
nels. The EAAT channels can still function at 10 % of their normal capacitance
during the second block and 50% during the third block.
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from the depot, and glutamate needs to be extracted from the cleft before glu-
tamate release is possible.

To test our hypothesis, we look at the amount of glutamate in different stages
prior to glutamate release. We use a neuronal calcium injection together with a
block of voltage-gated Na+ channels to generate glutamate release. We use this
particular induction of glutamate release because the simulations in Figure 10c
with neuronal calcium injections show relatively high glutamate dips. Figure
14 shows the concentrations of glutamate in different stages. After a neuronal
calcium injection, glutamate is transported from the cleft into the neuron, caus-
ing the glutamate dip in the cleft. Glutamate is released from the neuron into
the cleft, causing the glutamate peak. In this process, the glutamate depot is
almost empty and does not function. We expect that the glutamate dip would
not occur if the glutamate depot contained a larger glutamate buffer at rest.
Furthermore, if the glutamate uptake decreases, we expect the glutamate dip
to be lower.
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Figure 14: Glutamate dynamics after a neuronal calcium injection, where we
differentiate between astrocytic glutamate, glutamate in the cleft (stage F),
glutamate in the neuron before entering the depot (stage I), glutamate in the
depot (stage D), and glutamate in releasable states (stages N, R, R1, R2 and R3).
The simulation shows that a neuronal calcium injection initiates a glutamate dip
in the cleft prior to the glutamate peak. This glutamate is first transported into
the neuron, and later released back into the cleft. At rest, the depot contains
1.8 · 10−21 mol glutamate, which is far too little to enable glutamate peaks.
Therefore the buffer does not function properly in our current model.

We, therefore, experiment with different strengths of the EAAT currents. We
differ the neuronal and the astrocytic EAAT permeability and measure the size
of the glutamate dip. Figure 15 shows that weaker neuronal EAAT currents
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result in smaller glutamate dips, while weaker astrocytic EAAT currents increase
the glutamate dip. A low neuronal EAAT current means that the neuron can
withdraw less glutamate from the ECS at a similar time, resulting in a smaller
glutamate dip. On the other hand, a high astrocytic EAAT current results in a
higher baseline of glutamate in the neuron in an unknown manner. The neuron
can release this extra glutamate into the cleft and therefore needs to withdraw
less glutamate from the ECS.
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Figure 15: Glutamate dynamics after neuronal Ca2+ injection for different
strengths of neuronal and astrocytic EAAT currents.
A: In red, we show the intensity of the glutamate dip, measured as the molar
difference between baseline glutamate and minimum glutamate. In red we show
the intensity of the glutamate peak (the molar difference between maximum
and minimum glutamate). A weaker neuronal EAAT current can reduce the
size of the glutamate dip, while a lower astrocytic EAAT permeability results in
higher glutamate dips and higher glutamate peaks. The permeability of EAAT
currents barely influences the amount of glutamate stored in the depot. B: We
show the glutamate dynamics over time for the four situations in the corners
of Figure A. A combination of low neuronal and high astrocytic EAAT per-
meability prevents the glutamate dip, but glutamate increase is slow and lasts
50 seconds after which glutamate concentrations return to baseline. All other
simulations show similar dynamics, with a glutamate dip and a glutamate peak.
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7 Discussion
In this research, we have conducted experiments with various types of stress and
various ion injections to find possible causes for glutamate plumes. The results
of all experiments are discussed below.

7.1 Glutamate release due to applied current and ED
An applied current can induce glutamate release through the onset of action
potentials. Since experiments with TTX have shown that glutamate plumes do
not depend on neuronal action potentials, an applied current is probably not
responsible for glutamate plumes. Parker et al. [28] and Ziebarth and Reiner
[49] showed that the amount of glutamate released during plumes is in the same
order of magnitude as the amount of glutamate released during an action po-
tential, indicating that we need glutamate release with an amplitude around
4.6 · 10−5 mM/L to mimic glutamate plumes in our model.

Energy deprivation can cause neuronal action potentials that facilitate Ca2+influx
through voltage-gated Ca2+channels. The released Ca2+enables glutamate re-
lease into the cleft, causing a glutamate increase. Our simulation of energy
deprivation during a blockade of the voltage-gated Na+ current shows a sim-
ilar amount of released glutamate, which indicates that the glutamate release
during energy deprivation is mostly independent of neuronal action potentials.
The glutamate release seems to be generated through neuronal Ca2+-dependent
synaptic glutamate release, similar as assumed for the glutamate plumes. How-
ever, glutamate release during energy deprivation of one second is significantly
lower than that during a plume, while the onset time and recovery time are
significantly longer. Although the glutamate release mechanism during energy
deprivation shows similarities to the mechanisms leading to glutamate plumes,
the duration, and intensity of glutamate release differ to the extent that we
disqualify energy deprivation as a cause of the glutamate plumes.

7.2 Impact of neuronal glutamate transition rates
Our simulations indicate that glutamate transition rates do not influence gluta-
mate release dynamics. The lack of change is unexpected since we expect that
higher transition rates result in more glutamate release. The empty glutamate
buffer could be responsible for the lack of change since it results in the absence
of extra glutamate available for release.

7.3 Calcium induced glutamate release
Both neuronal and calcium injections can generate a glutamate peak with a
duration similar to the duration of glutamate plumes. The calcium injection
needs to be in the order of 1 mM to create these glutamate peaks, while the
same amount of glutamate is released after an applied current where calcium
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concentrations only increase by 3 · 10−5. Simulations suggest that large Ca2+
injections are necessary to generate extracellular glutamate increase because the
EAAT current is barely affected by a small calcium injection. We, therefore,
hypothesize that a combination of increased cellular Ca2+ concentrations and
decreased EAAT functionality are needed to generate glutamate plumes.

Furthermore, results indicate that glutamate peaks are more easily generated
when astrocytic EAAT and NKA work at 50% than when these channels work at
100%. This is in line with the experiments of Ziebarth and Reiner [49] that show
that the breakdown of glutamate clearance increases plume frequency, but does
not directly indicate that plumes are induced by the breakdown of glutamate
clearance.

7.4 Glutamate release due to temporal impairment of glu-
tamate clearance

A temporal astrocytic EAAT block of 0.7 seconds with a fast onset and a slow
recovery produces glutamate dynamics that are comparable to the glutamate
plumes. This indicates that a temporal astrocytic EAAT block may be respon-
sible for the glutamate plumes. A temporal block of 50% of both neuronal and
astrocytic EAAT currents can also generate a glutamate peak with duration
and amplitude similar to that of glutamate plumes. Therefore a temporal low
functionality of both neuronal and astrocytic EAAT currents could also be re-
sponsible for glutamate plumes. We could not find any natural occurrences of
temporal EAAT blocks in the literature. Therefore we suggest investigating
temporal dysfunctioning EAAT protein in further research.

7.5 Cause of glutamate dip preceding glutamate peak
A shortcoming of the model causes a dip in glutamate concentrations before
glutamate can be released. This problem is most likely caused by the lack of
glutamate in the glutamate depot. Furthermore, we expect that the glutamate
clearance rates are too high, and an adaption in EAAT permeability is necessary
to solve this problem.

8 Limitations and further research

8.1 Limitations
As described in section 6.5, a dysfunctional glutamate buffer causes an unwanted
dip in extracellular glutamate concentrations. To be able to simulate glutamate
plumes, these dips should be resolved by adapting the EAAT permeability. Fur-
thermore, The forward rate of glutamate going from the non-releasable pool to
the depot should be adapted. This forward rate now depends on the concentra-
tion of glutamate in the depot, but the idea of a depot is that glutamate can
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be stored there independent of the glutamate already present in the depot.

Another limitation of our model is the calcium response to depolarization.
Blocking the voltage-gated sodium channel in our model represses action po-
tentials during depolarization, but influences the calcium response only slightly.
Jonas et al. [16] have shown that blocking the voltage-gated sodium chan-
nel with TTX in DRG somata reduces the electrically-evoked peak calcium
response. Since our model does not reproduce this effect of TTX on the calcium
response, we expect that the influence of the membrane potential on the per-
meability of the voltage-gated calcium channel is too small. We advise looking
into the tuning of this permeability in further research.

8.2 Further research
We have several pieces of advice for further research, that can improve this re-
search or that can give new insights into the mechanisms underlying glutamate
plumes. This advice includes ideas for new simulations, researching the biolog-
ical relevance of our results, and improving the used model.

First of all, we advise simulating a cell of an FHM2 mouse with various inputs.
In our research, most experiments are done under baseline conditions. These
experiments give insight into the effects of certain injections or stress factors,
but Parker et al. [28] discovered that plumes are unlikely to arise under these
baseline conditions. To simulate a cell of an FHM2 mouse, one should use a
50% functional EAAT and 50% functional NKA. The inputs should include in-
jections with KCl and spreading depressions, since Parker et al. [28] hypothesize
that stimuli that depolarize neuronal membrane potentials like a KCl injection
and a spreading depression are sufficient to induce plumes.

Furthermore, we advise looking into the non-canonical opening of the voltage-
gated calcium channels and non-canonical glutamate release. Research shows
that calcium gates can open spontaneously in a stochastic manner [35], and
that synaptic vesicle can spontaneously fuse and release a single packet of neu-
rotransmitter [1]. Our results in section 6.3 suggest that the spontaneous inflow
of calcium probably is not the trigger for glutamate plumes, but the spon-
taneous glutamate release, possibly in combination with spontaneous calcium
inflow, may be responsible for glutamate plumes.

We also suggest looking into occurrences of spontaneous temporal dysfunction
of EAAT proteins. Our simulations suggest that a temporal dysfunctioning of
neuronal and astrocytic EAAT could be responsible for glutamate plumes, but
we have not found literature on the natural occurrence of temporal EAAT mal-
functioning.
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To further improve the modelling of glutamate plumes, we also propose some al-
terations to the model. First, the glutamate dip described in section 6.5 should
be solved by adapting EAAT permeability and the functioning of the glutamate
buffer. Furthermore, we propose to include a calcium buffer in the astrocyte
and/or neuron, a calcium-dependent glutamate cycle in the astrocyte, and re-
ceptors for extracellular glutamate that influence neuronal calcium availability.
These extra mechanisms enable calcium-induced calcium release shown by de
Pitta et al. [6]. The resulting neuronal calcium inflow may lead to glutamate
plumes. A set-up for this addition is given in section C. Finally, we advise in-
cluding diffusion in the model, either with surrounding cells or with a bath. The
diffusion helps to clear glutamate from the cleft and may be responsible for the
slow recovery of glutamate plumes.

9 Conclusion
Previous research suggests that glutamate plumes are a consequence of impaired
astrocyte clearance in combination with synaptic calcium-dependent glutamate
release [28]. Our results show that increased neuronal calcium on itself is unlikely
to cause noteworthy glutamate release, but calcium increase during a temporal
astrocytic EAAT block can result in plume-like glutamate release. Furthermore,
we propose that stochastic temporal astrocytic EAAT malfunctioning can lead
to glutamate plumes. We have further shown that energy deprivation does not
result in plume-like glutamate release.
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A Model formulation
The used model is described by Kalia et al. [18]. Below, we describe all differ-
ential equations present in the model.

A.1 Overview of the model notations
The model describes the dynamics of molar amounts of the ions Na+, K+, Cl−,
Ca2+ and glutamate. The model contains six compartments: the neuron (n),
presynaptic terminal (ps), astrocyte (a), extracellular space (e) and cleft (c).
The molar amount of ion X in compartment i is defined as N i

X , and the volume
of compartment i is given by Wi. The concentration of ion X in compartment
i is defined as [X]i. To describe the dynamics, we use currents and fluxes IX,i

Y ,
the current of ion X in compartment I through the channel Y. We take the leak
and gated currents into account, and the EAAT-, NCX-, NKA-, KCl-, NKCC1-
and Kir- currents.

A summary of the notations is given in table 2.

Notation Description
N i

X Molar amount of ion X in compartment i.
[X]i Concentration of ion X in compartment i.
Wi Volume of compartment i.
IX,i
Y Current/flux contribution of ion channel/transporter

Y with respect to ion X in compartment i.
Vi Membrane potential with respect to compartment i.
zX Valence of ion X.
PX,i
Y Permeability/strength/conductance of ion chan-

nel/transporter Y with respect to ion X in compart-
ment i.
Choices for i,X, Y

i n (neuronal soma), a (astrocyte soma), e (extracel-
lular space), ps (presynaptic terminal, pap (perisy-
naptic astrocyte process) or c (cleft).

X Na+, K+, Cl−, Ca2+, or Glu (glutamate).
Y EAAT, NCX, NKA, KCl, NKCC1, Kir, G (gated) or

L (Leak).

Table 2: Notation used in the model equations

Ion concentrations and membrane potentials
The model determines ion concentrations in different compartments. We assume
that Na+, K+, and Cl−concentrations are the same in the somatic and synaptic
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compartments, which gives us

[X]n = [X]ps, (20)
[X]a = [X]pap, (21)

[X]e = [X]c, X ∈ (Na+, K+, Cl−) (22)

We assume that the volumes Wps, Wc, and Wpap are constant, and we assume
that all glutamate is contained in the synaptic compartments so

[X]n = [X]ps, (23)
[X]a = [X]pap, (24)

[X]e = [X]c, X ∈ (Ca2+, Glu) (25)

When we know the molar amounts of the ions and glutamate, we can calculate
the membrane potential as

Vi =
F

Ci

∑
X

zXN i
X , (26)

where i = {n, a}. Here, F is Faraday’s constant, C is the membrane capacitance,
and zX is the valance of ion X.

A.2 Neuronal dynamics
We use the following currents and fluxes to describe neuronal somatic dynamics:

1. voltage-gated Na+, K+, Cl− and Ca2+ channels

2. leak currents

3. Na+/K+-ATPase (NKA),

4. K+-Cl−-cotransporter (KCC)

5. Na+/Ca2+-exchanger (NCX)

6. Excitatory Amino Acid Transporter (EAAT)

A.2.1 Voltage gated currents and leak currents

We use the Goldman-Hodgkin-Katz (GHK) currents to describe the voltage-
gated and leak currents. The voltage gated currents are described as

INa+,n
G = PNa+,n

G m3hGHK(Vn, [Na+]n, [Na+]e) (27)

IK+,n
G = PK+,n

G m4GHK(Vn, [K+]n, [K+]e) (28)

ICa2+,n
G = 4PCa2+,n

G m2hGHK(Vn, [Ca2+]n, [Ca2+]e) (29)

ICl−,n
G =

PCl−,n
G

1 + exp(−(Vn + 10)/10)
GHK(Vn, [Cl−]n, [Cl−]e). (30)
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The neuronal leak current for ion X is dependent on the membrane potential
and the intracellular and extracellular concentration of X as

IX,n
L = PX,n

L GHK(Vn, [X]n, [X]e). (31)

The function GHK(Vy, [X]y, [X]e) is defined as

GHK(Vy, [X]y, [X]e) =
z2XF 2Vy

RT

[X]y − [X]eexp
(

−FVyzX
RT

)
1− exp

(
−FVyzX

RT

) . (32)

The values m, h, and n represent the opening and closing of the gates and are
given by

d

dt
q = αq(1− q)− βqq (33)

for q ∈ (m,h, n). αq and βq are voltage-dependent functions given by

αm =
0.32(V + 52)

1− exp(−(V + 52)/4)
, βm =

0.28(V + 25)

exp((V + 25)/5)− 1
, (34)

αh = 0.128 exp(−(V + 53)/18), βh =
4

1 + exp(−(V + 30)/5)
, (35)

αn =
0.016(V + 35)

1− exp(−(V + 35)/5)
, βn = 0.25 exp(−(V + 50)/40). (36)

A.2.2 Active transport across neuronal membrane: NKA current

The NKA is located on the neuron’s cell membrane and transports three Na+
out of the cell in exchange for two K+by using one molecule of adenosine triphos-
phate (ATP). The currents of Na+ and K+ are modelled as

INa+,n
NKA = 3InNKA(t) (37)

IK+,n
NKA = −2InNKA(t) (38)

where

InNKA(t) =

(
Imax
NKA(t)

100

)
P scale

NKA Pn
NKAgNKA

[Na+]1.5n

[Na+]1.5n + (αn
NKA)

1.5

[K+]e
[K+]e + (βn

NKA)
.

(39)

and where Imax
NKA is used to simulate energy deprivation for some time period

as described in 5.1.3. The pump normal pump strength is given by Pn
NKA and

can be adapted by changing P scale
NKA . gNKA is given by the voltage-dependent

function

gNKA = 1 + 0.1245 exp(−0.1
FVn

RT
) + 0.0365σ exp(−FVn

RT
) (40)

with

σ =
1

7

(
exp

(
[Na+]e
67.3

)
− 1

)
. (41)
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A.2.3 Secondary active transport across neuronal membrane: KCC

The K+-Cl−-cotransporter allows one Cl−and one K+to leave the neuron. The
Cl−ions flow against their gradient and therefore this transporter provides a
counter-current to the gated Cl− channel. The flux is caused by an electro-
chemical gradient and is therefore modeled as the difference in Nernst potential
between Cl− and K+ as

JKCl =
RT

F
ln
(
[K+]e[Cl−]e
[K+]n[Cl−]n

)
. (42)

The corresponding currents can be determined by multiplying the flux with
Faraday’s constant

IK+,n
KCl = FJKCl (43)

ICl−,n
KCl = FJKCl. (44)

A.2.4 Secondary active transport: NCX

The Na+/Ca2+-exchanger uses the electrochemical gradient to transport one
Ca2+ from the synapse into the cleft in exchange for three Na+. The NCX
current reverses when [Na+]n increases above a threshold. We describe the
NCX current by

IiNCX = P i
NCX

(
[Na]3e

α3
Na+ + [Na+]3e

)(
[Cl−]c

αCa2+ + [Ca2+]c

)
× (45)

[Na+]3i
[Na+]3e

exp(ηFVi

RT )− [Cl−]i
[Cl−]c

exp( (1−η)FVi

RT )

1 + kNCXexp
(

(η−1)FVi

RT

) , (46)

and the corresponding Na+ and Ca2+ currents as

INa+,i
NCX = 3IiNCX, (47)

ICa2+,i
NCX = −IiNCX. (48)

A.2.5 Secondary active transport: EAAT

The Excitatory Amino Acid Transporter (EAAT) is responsible for the re-uptake
of released glutamate. EAAT transports one glutamate, three Na+, and one ˝
into the cell in exchange for one K+. The flux through EAAT can be calculated
as the difference in Nernst potentials by

J i
EAAT = P i

EAAT
RT

F
ln
(
[Na+]3e[K+]i[H+]c[Glu]c
[Na+]3i [K

+]e[H+]iGlu]i

)
. (49)
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The corresponding ion currents are

INa+,i
EAAT = −3FJ i

EAAT (50)

IK+,i
EAAT = FJ i

EAAT (51)

IGlu,i
EAAT = FJ i

EAAT, (52)

and the ratio [H+]c
[H+]i

is kept constant.

A.3 Astrocytic dynamics
This section describes the incorporated channels and cotransporters that regu-
late astrocyte dynamics. We use the five different channels

1. Kir4.1 channel,

2. Na+/K+-ATPase (NKA),

3. Na+-K+-2Cl−-cotransporter (NKCC1),

4. Na+/Ca2+-exchanger (NCX),

5. Excitatory Amino Acid Transporter (EAAT).

6. Leak currents

we will describe the Kir4.1 channel and the NKCC1 cotransporter below. The
NKA current is already described for the neuron in section A.2.2 and can easily
be adapted to the astrocyte by replacing every n in the equation by an a.
Similarly the neuronal NCX current in section A.2.4, the neuronal EAAT current
in section A.2.5, and the neuronal leak currents in section A.2.1 can be adapted
to astrocytic currents by replacing the sub- en supersripts i by a.

A.3.1 Kir4.1 channel

The Kir4.1‘channel on the astrocyte membrane transports K+from the extra-
cellular space into the astrocyte, which helps to maintain the resting membrane
potential. The current is given by

IK+,a
Kir = PKirm∞

[K+]e
[K+]e + 13

(Va − Ea
K), (53)

where

m∞ =

(
2 + exp

(
1.62

F

RT
(Va − Ea

K)

))−1

. (54)

The reversal potential op potassium Ea
K is given by

Ea
K =

RT

F
log

[K+]e
[K+]a

. (55)
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A.3.2 Secondary active transport: NKCC1

The Na+-K+-2Cl−-cotransporter (NKCC1) is located on the astrocyte mem-
brane and transports one Na+, one K+ and two Cl− into the astrocyte. It
is activated when extracellular K+levels are high. The astrocyte Cl− regula-
tion depends highly on NKCC1, and indirectly the NKCC1 plays a major role
in astrocyte swelling. The flux through the NKCC1 channel is defined by the
difference in Nernst potentials and is given by

Ja
NKCC1 = P a

NKCC1
RT

F
log
(
[Na+]e[K+]e[Cl−]2e
[Na+]a[K+]a[Cl−]2a

)
. (56)

The Corresponding Na+, K+, and Cl− currents are given by

INa+,a
NKCC1 = −FJa

NKCC1, (57)

IK+,a
NKCC1 = −FJa

NKCC1, (58)

ICl−,a
NKCC1 = 2FJa

NKCC1. (59)

A.4 Glutamate cycle
The dynamics of glutamte in the model are more elaborate than other dynamics.
We include the neuronal glutamate concentrations in specific stages. The stages
are

• Nn: Non-releasable pool,

• Rn: Readily releasable pool,

• R1n Vesicle bound 1Ca2+,

• R2n Vesicle bound 2Ca2+,

• R3n Vesicle bound 3Ca2+,

• Fn: Fused vesicle state,

• In: Inactive vesicle state,

• Dn: Vesicle depot.
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The glutamate dynamics between these stages can be mathematically approxi-
mated by

d

dt
NDn

=
1

τrec, n
NInNDn

− k1NDn
+ k−1NNn

,

d

dt
NNn

= k1NDn
− (k−1 + k2)NNn

+ k−2NRn
,

d

dt
NRn = k2NNn − (k−2 + 3k3[Ca2+]n)NRn + k−3NR1n

d

dt
NR1n

= 3k3[Ca2+]nNRn
− (k−3 + 2k3[Ca2+]n)NR1n

+ 2k−3NR2n

d

dt
NR2n

= 2k3[Ca2+]nNR1n
− (2k−3 + k3[Ca2+]n)NR2n

+ 3k−3NR3n

d

dt
NR3n

= k3[Ca2+]nNR2n
− (3k−3 + k4)NR3n

d

dt
NIn = − 1

τrec
NInNDn +

1

F
(IGlu,n

EAAT + IGlu,n
L )

(60)

The coefficients k1, k2 and k−2 are given by

k1 = k1,max
[Ca2+]n

[Ca2+]n +KM

k2 = k20 + g(Ca2+)k2cat
k−2 = k−20 + g(Ca2+)k−2cat

with

g(Ca2+) =
[Ca2+]

[Ca2+] +KDV
. (61)

The glutamate concentrations in the neuron and in the cleft are defined as

[Glu]n = [Glu]ps =
1

WPreSyn
Nn

Glu =
1

WPreSyn
NIn (62)

[Glu]c =
1

Wc
N c

Glu =
1

Wc
NFn. (63)

The parameters for the glutamate dynamics are given in table 6. NFn is ob-
tained from conservation laws to prevent numerical errors.

A.5 Volume dynamics
The model assumes that water movement between neuron, astrocyte and ex-
tracellular space depends linearly on the osmotic pressure gradient across the
membrane. The volume of department i ∈ {n, a} changes over time as

d

dt
Wi = Li

H2O∆πi (64)
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where Li
H2O is the membrane water permeability and ∆πi is the osmotic pressure

gradient in department i given by

∆πi = RT
∑
X

([X]i − [X]e), (65)

for X ∈ {Na+,K+,Cl−}.

A.6 Channel block
Apart from the NKA current, we can also block all modeled neuronal and astro-
cytic currents. When the current Y without a block is given by IY , we simulate
a block of current Y by redefining

IY = IY · blockY (66)

with

blockY =
1

1 + exp(100(t− tstartY ))
+

1

1 + exp(−100(t− tendY ))
. (67)

The parameters tstartY and tendY are the start and endtime of the block of
current Y.

A.7 Model dynamics
Now that all individual currents are described, we can assemble all currents to
obtain the set of differential equations
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d

dt
Nn

Na+ = − 1

F

(
INa+,n
G + INa+,n

NKA + INa+,n
EAAT + INa+,n

NCX + INa+,n
L

)
+

1

F
Istim(t),

d

dt
Nn

K+ = − 1

F

(
IK+,n
G + IK+,n

NKA + IK+,n
EAAT + IK+,n

KCl + IK+,n
L

)
,

d

dt
Nn

Cl− =
1

F

(
ICl−,n
G + ICl−,n

KCl + ICl−,n
L

)
,

d

dt
Nn

Ca2+ = − 1

2F

(
ICa2+,n
G + ICa2+,n

NCX + ICa2+,n
L

)
,

d

dt
Nn

Glu =
1

F

(
IGlu,n
EAAT + IGlu,n

L

)
,

d

dt
Na

Na+ = − 1

F

(
INa+,a
NKCC1 + INa+,a

NKA + INa+,a
EAAT + INa+,a

NCX + INa+,a
L

)
,

d

dt
Na

K+ = − 1

F

(
IK+,a
NKCC1 + IK+,a

NKA + IK+,a
EAAT + IK+,a

Kir + IK+,a
L

)
,

d

dt
Na

Cl− =
1

F

(
ICl−,a
NKCC1 + ICl−,a

L

)
,

d

dt
Na

Ca2+ = − 1

2F

(
ICa2+,a
NCX + ICa2+,a

L

)
,

d

dt
Na

Glu =
1

F

(
IGlu,a
EAAT + IGlu,a

L

)
,

(68)
Together with the equations for volume dynamics (equation (64)) and glutamate
dynamics (equation (64)), this gives the basic model given by Kalia et al. [18].

A.8 Model constants and parameters
The tables 3 to 8 show the constants and parameters used in our model. All
values are copied from Kalia et al [18].

Table 3: Model constants

Constant Value Description
Cn, Ca 20 pF Membrane capacitance
F 96485.333 C/mol Faraday’s constant
R 8314.4598 C/(mol K) universal gas constant
T 310K Temperature
Wps 10−3 [1000µ m3] Fixed presynaptic terminal volume
Wc 10−3 [1000µ m3] Fixed synaptic cleft volume
Wpap 10−3 [1000µ m3] Fixed perisynaptic astrocyte process volume
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Table 4: Model parameters for the neuronal compartment

Constant Value Description
PNa+,n
G 8 · 10−4 [1000µm3/ms] Voltage-gated Na+channel permeabil-

ity
PK+,n
G 4 · 10−4 [1000µm3/ms] Voltage-gated K+channel permeability

PCl−,n
G 1.95 · 10−5 [1000µm3/ms] Voltage-gated Cl−channel permeability

PCa2+,n
G 1.5 · 10−9 [1000µm3/ms] Voltage-gated Ca2+channel permeabil-

ity
Pn
NKA 86.4 [pA] Maximal NKA current

αNa+

NKA 13 [mM] NKA half-saturation concentration for
intracellular Na+

αK+

NKA 0.2 [mM] NKA half-saturation concentration for
extracellular K+

Pn
KCl 1.3 · 10−6 [fmol/(ms mV)] KCl cotransporter strength

Pn
NCX 10.8 [pA] NCX exchanger scaling factor

αNa+

NCX 87.5 [mM] NCX exchanger half-saturation concen-
tration for Na+

αCa2+

NCX 1.38 [mM] NCX exchanger half-saturation concen-
tration for Ca2+

µNCX 0.35 [dimensionless] NCX exchanger position of the en-
ergy barrier that controls voltage de-
pendence of NCX current

kNCX 0.1 [dimensionless] NCX exchanger saturation factor at
very negative potentials

Pn
EAAT 10−6 [fmol/(ms mV)] Neuronal EAAT cotransporter strength

αn
H+ 0.66 [dimensionless] Ratio of extracellular to intracellular

proton concentration
Ln
H2O

2 · 10−14 [1000µm3 /(mPa ms)] Neuronal membrane water permeability
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Table 5: Model parameters for the astrocyte compartment

Constant Value Description
P a
Kir 0.286102 [nS] Kir4.1 conductance

P a
NKCC1 7.3215 · 10−7 [fmol/(ms mV)] NKCC1 cotransporter strength

P a
EAAT 2 · 10−5 [fmol/(ms mV)] Astrocyte EAAT cotransporter

strength
P a
NKA 86.4 [pA] Maximal NKA current

αNa+

NKA 13 [mM] NKA half-saturation concentration for
intracellular Na+

αK+

NKA 0.2 [mM] NKA half-saturation concentration for
extracellular K+

P a
NCX 5.7 [pA] NCX exchanger scaling factor

αNa+

NCX 87.5 [mM] NCX exchanger half-saturation concen-
tration for Na+

αCa2+

NCX 1.38 [mM] NCX exchanger half-saturation concen-
tration for Ca2+

µNCX 0.35 [dimensionless] NCX exchanger position of the en-
ergy barrier that controls voltage de-
pendence of NCX current

kNCX 0.1 [dimensionless] NCX exchanger saturation factor at
very negative potentials

αa
H+ 0.66 [dimensionless] Ratio of extracellular to intracellular

proton concentration
La
H2O

2 · 10−14 [1000µm3 /(mPa ms)] Astrocyte membrane water permeabil-
ity
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Table 6: Model parameters for glutamate recycling

Constant Value Description
kmax
1 1 [1/ms] Maximum forward reaction rate

KM 2.3 · 10−3 [mM] Ca2+half-saturation concentration for
forward reaction rate (Depot to Non-
Releasable pool)

KDv
1 · 10−4 [mM] Half saturation concentration for for-

ward reaction rate (Non-releasable pool
to readily releasable pool)

k20 2.1 · 10−5 [1/ms] Uncatalysed forward reaction rate
k2cat

2 · 10−2 [1/ms] Catalysed forward reaction rate
k−20 1.7 · 10−5 [1/ms] Uncatalysed backward reaction rate
k−1 5 · 10−5 [1/ms] backward reaction rate
k3 4.4 [1/(mM ms)] Forward reaction rate
k−3 5.6 · 10−2 [1/ms] Backward reaction rate
k4 1.45 [1/ms] Fusion rate
τrec 30 [ms/fmol] Vesicle fusion factor
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Table 7: Initial values for ion concentrations, gating variables, glutamate states,
and volumes

Constant Value Description
V 0
i −65.5 [mV] Ititial neuronal membrane potential

V 0
g −80 [mV] Initial astrocyte membrane potential

[Na+]0n 13 [mM] Initial neuronal sodium
[K+]0n 145 [mM] Initial neuronal potassium
[Cl−]0n 7 [mM] Initial neuronal chloride
[Ca2+]0n 10−4 [mM] Initial neuronal calcium
[Glu]0n 2.2385 [mM] Initial neuronal glutamate
[Na+]0a 13 [mM] Initial astrocyte sodium
[K+]0a 80 [mM] Initial astrocyte potassium
[Cl−]0a 35 [mM] Initial astrocyte chloride
[Ca2+]0a 10−4 [mM] Initial astrocyte calcium
[Glu]0a 2 [mM] Initial astrocyte glutamate
m0 1.33135 · 10−2 Na+activation gating variable
h0 0.987298 Na+inactivation gating variable
n0 2.96946 · 10−3 K+activation gating variable
N0

l 2.238 · 10−3 [fmol] Initial molar amount of free glutamate
in presynaptic terminal

N0
D 4.04605 · 10−7 [fmol] Initial molar amount of glutamate in

the depot
N0

N 3.36567 · 10−4 [fmol] Initial molar amount of non releasable
vesicular glutamate

N0
R 4.14849 · 10−4 [fmol] Initial molar amount of readily re-

leasable vesicular glutamate (not yet
binded to Ca2+)

N0
R1

9.778061 · 10−6 [fmol] Initial molar amount of readily re-
leasable vesicular glutamate (binded to
one Ca2+ion)

N0
R2

7.655809 · 10−8 [fmol] Initial molar amount of readily re-
leasable vesicular glutamate (binded to
two Ca2+ions)

N0
R3

2.08192593 · 10−11 [fmol] Initial molar amount of readily re-
leasable vesicular glutamate (binded to
three Ca2+ions)

W 0
n 2 [1000µm3] Initial neuronal soma volume

W 0
a 2 [1000µm3] Initial astrocyte soma volume
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Table 8: Leak channel permeabilities, volumes and ion concentrations at α = 0.2

Constant Value Description
PNa+,n
L 1.706 · 10−6 [1000µm3/ms] Neuronal Na+leak channel permeabil-

ity
PK+,n
L 1.771 · 10−5 [1000µm3/ms] Neuronal K+leak channel permeability

PCl−,n
L 2.494 · 10−6 [1000µm3/ms] Neuronal Cl−leak channel permeability

PCa2+,n
L 1.649 · 10−11 [1000µm3/ms] Neuronal Ca2+leak channel permeabil-

ity
PGlu,n
L 1.706 · 10−6 [1000µm3/ms] Neuronal Glutamate leak channel per-

meability
PNa+,a
L 1.054 · 10−7 [1000µm3/ms] Astrocytic Na+leak channel permeabil-

ity
PK+,a
L 7.877 · 10−5 [1000µm3/ms] Astrocytic K+leak channel permeabil-

ity
PCl−,a
L 4.38 · 10−7 [1000µm3/ms] Astrocytic Cl−leak channel permeabil-

ity
PCa2+,a
L 3.022 · 10−10 [1000µm3/ms] Astrocytic Ca2+leak channel perme-

ability
PGlu,a
L 2.891 · 10−5 [1000µm3/ms] Astrocytic glutamate leak channel per-

meability
W 0

e 0.925 [1000µm3] Initial extracellular volume
Nn

A− 302.0105 [fmol] Total amount of impermeant anions in
the neuronal soma

Ne
B+ 2.790 [fmol] Total amount of cations in the extracel-

lular space
Ne

A− 21.264 [fmol] Total amount of impermeant anions in
the extracellular space

Na
B+ 110.497 [fmol] Total amount of cations in the astro-

cytic soma
Na

A− 209.111 [fmol] Total amount of impermeant anions in
the astrocytic soma

CNa+ 188.7 [fmol] Total amount of Na+ ions in the system
CK+ 428.775 [fmol] Total amount of K+ ions in the system
CCl− 198.375 [fmol] Total amount of Cl− ions in the system
CCa2+ 1.8 · 10−3 [fmol] Total amount of Ca2+ ions in the sys-

tem
CGlu 5 · 10−3 [fmol] Total amount of Glu ions in the system
Wtot 2.925 [1000µm3] Total volume of the system
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B Adaptations to the model and the code from
Kalia et al.

The original code from Kalia et al. can be found at https://github.com/
mkalia94/TripartiteSynapse. The model formulations can be found in the
paper written by Kalia et al. [18]

B.1 Calcium current in the code
We have found a mistake in the python code of Kalia et al. in the formula for
the neuronal voltage-gated calcium current . The current was given by

ICa2+,n
G =

PCa2+

G m2h4FV

RT

(CaCi− CaCc)e−2FV/RT

1− e−2FV/RT
(69)

instead of

ICa2+,n
G =

PCa2+

G m2h4F 2V

RT

(CaCi− CaCc)e−2FV/RT

1− e−2FV/RT
. (70)

Note that the difference is the square above the constant F . We have adjusted
the calcium permeability PCa2+

G to 1.5 · 10−9 to make sure the gated calcium
current remains in the same order of magnitude. We also adjust the strength of
leak currents such that all dynamical equations are 0 in rest conditions:

d

dt
Nn

Ca2+ = − 1

2F
(ICa2+,n

G + ICa2+,n
NCX + ICa2+,n

L ) = 0. (71)

We set the permeability of the calcium leak current PCa2+,n
L such that this

equation holds.

B.2 Formula for GHK current
The GHK current in the paper of Kalia et al. is given by,

GHK(Vy, [X]y, [X]e) =
F 2Vy

RTz2X

[X]y − [X]eexp
(

−FVy

RTzX

)
1− exp

(
−FVy

RTzX

) (72)

(see equation (32)) but should be adapted to

GHK(Vy, [X]y, [X]e) =
z2XF 2Vy

RT

[X]y − [X]eexp
(

−FVyzX
RT

)
1− exp

(
−FVyzX

RT

) . (73)

This new formula is in line with the GHK current in literature [11, 32]. The
GHK current was correctly implemented in python according to equation (73).
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C Proposal of additional glutamate cycle in the
astrocyte

The glutamate cycle described by Kalia et al. [18] covers the glutamate dynam-
ics in the presynaptic terminal, but does not include glutamate dynamics in the
postsynaptic astrocyte process. We expect that glutamate and calcium dynam-
ics in the astrocyte have some influences on the dynamics in the presynaptic
terminal. A numerical simulation by De Pitta et al. [6] shows that glutamate re-
lease by the astrocyte can either depress or facilitate synaptic neurotransmitter
release. Furthermore, oscillations of Ca2+ in astrocytes can regulate presynap-
tic short-term depression or short-term facilitation (See Figure 2 by de Pitta
et al. [6]). Additionally, experiments with TTX from Ziebarth and Reiner [49]
show that the glutamate plumes are not induced by action potentials, which
made us think about calcium-induced calcium release as the cause. We will add
the glutamate dynamics in the postsynaptic astrocyte process to the model of
Kalia et al. by relying heavily on the described processes by de Pitta [6], but
also consulting other research. We will also include calcium dynamics and the
influence of glutamate on these calcium dynamics.

C.0.1 Specification of processes

The model of Kalia et al. [18] has described various stages of glutamate in the
neuron:

• Dn: Vesicle Depot in the presynaptic terminal

• Nn: Non-releasable pool in the presynaptic terminal

• Rn: Readily releasable pool in the presynaptic terminal

• R1n: Vesicle binds to membrane using 1 Ca2+ in the presynaptic terminal
(docking)

• R2n: Vesicle binds to membrane using 2 Ca2+ in the presynaptic terminal
(priming)

• R3n: Vesicle binds to membrane using 3 Ca2+ in the presynaptic terminal
(fusion-pore opening)

• In: Inactive vesicle state in the presynaptic terminal.

We assume that glutamate can have similar states in the astrocyte and therefore
add the same states in the astrocyte. The transition between states is somewhat
different, especially the fusion of the vesicle with the astrocytic cell membrane:

• Da: Vesicle Depot in the perisynaptic astrocyte process

• Na: Non-releasable pool in the perisynaptic astrocyte process
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• Ra: Readily releasable pool in the perisynaptic astrocyte process

• R1a: First step of vesicle binding to membrane in the perisynaptic astro-
cyte process (docking)

• R2a: Second step of vesicle binding to membrane in the perisynaptic as-
trocyte process (priming)

• R3a: Third step of vesicle binding to membrane in the perisynaptic astro-
cyte process (fusion-pore opening)

• Ia: Inactive vesicle state in the perisynaptic astrocyte process

When glutamate is released from the neuron, the glutamate enters the synaptic
cleft. De Pitta et al.[6] describes that the astrocyte releases glutamate into
an extra synaptic cleft. Therefore we add these two states to the states of
glutamate.

• ESC (Extra synaptic cleft): Vesicle is fused with the perisynaptic astrocyte
process membrane, and glutamate is in the extra synaptic cleft.

• SC (Synaptic cleft): Vesicle is fused with the presynaptic terminal mem-
brane and glutamate is in the synaptic cleft.

Figure 16 shows an overview of the transition between these states. The relation
between neuronal glutamate states is similar as described by Kalia et al. [18].
Astrocytic states have similar transitions as the neuron, with an adaptation on
the calcium dependence and different reaction rates. The relations with the
synaptic cleft and the extra-synaptic cleft are taken from Figure 1 of the paper
by de Pitta et al. [6].

The binding of a vesicle to a membrane usually happens in four steps: docking,
priming, fusion-pore opening, and full fusion [25]. In the neuron, the four steps
all require calcium. In the astrocyte, the docking and priming do not require
calcium ions, but the opening of the fusion pore requires calcium ions, similar
to the neuron. The full fusion in the astrocyte is an ATP-dependent process.
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Figure 16: Glutamate cycle in both the neuron and the astrocyte. Glutamate
in the presynaptic terminal is stored in Non releasable vesicles (Nn). These
vesicles move closer to the cell membrane and fuse together with the cell mem-
brane through four calcium dependent processes (Rn, Rn1, Rn2, Rn3). When
the vesicle is fully fused (Fn), the glutamate from this vesicle is released into the
synaptic cleft [18, 41, 43, 39]. Here it can bind to postsynaptic receptors and
astrocyte receptors. It is important that the free glutamate molecules are taken
up in fast processes, since excessive activation of postsynaptic receptors may
excite nerve cells to death in a process called excitotoxicity [48, 3]. This uptake
is partially done by EAATs and leak channels on the membrane of the presy-
naptic terminal (In)[18], after which glutamate is taken up from vesicles from
the depot (D) to again form non releasable vesicles (Nn)[39]. The astrocyte also
takes up glutamate from the synaptic cleft through EAAT/GLAST (IA) [6, 38].
Vesicles from a depot in the astrocyte (DA) take up the glutamate and form
non releasable vesicles in the astrocyte. The vesicles in the astrocyte travel to
the cell membrane [21], and merge with the cell membrane under influence of
calcium. This happens through 4 stages: Ra, Ra1, Ra2, Ra3. The step from
Ra2,to Ra3 is the only calcium dependent step in this process [25]. Once the
vesicle is fused with the cell membrane (FA), glutamate is released into an extra
synaptic space [6], where it can bind to presynaptic receptors.

The relations between states can be described by a set of differential equations.
The neuronal differential equations are obtained from [41, 43], and have already
been combined in [18].
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d
dtNDn

= 1
τrec,n

NInNDn
− k1NDn

+ k−1NNn
,

d
dtNNn

= k1NDn
− (k−1 + k2)NNn

+ k−2NRn
,

d
dtNRn

= k2NNn
− (k−2 + 3k3[Ca2+]n)NRn

+ k−3NR1n
,

d
dtNR1n = 3k3[Ca2+]nNRn − (k−3 + 2k3[Ca2+]n)NR1n + 2k−3NR2n ,
d
dtNR2n = 2k3[Ca2+]nNR1n − (2k−3 + k3[Ca2+]n)NR2n + 3k−3NR3n ,
d
dtNR3n

= k3[Ca2+]nNR2n
− (3k−3 + k4)NR3n

,
d
dtNIn = − 1

τrec
NInNDn

+ 1
F (IGlu,n

EAAT + IGlu,n
L ).

(74)

The equations in the astrocyte have slightly different processes, but the overall
cycle is similar. The main difference is that the steps from Ra to R1 and from
R1 to R2 are not calcium-dependent. The transition between the states can be
described by the differential equations:



d
dtNDa

= 1
τrec,a

NIaNDa
− k1NDa

,
d
dtNNa

= k5NDa
− k6NNa

+ k−6NRa
,

d
dtNRa

= k6NNa
− (k−6 + k7)NRa

+ k−7NR1a
,

d
dtNR1a

= k7NRa
− (k−7 + k8)NR1a

+ k−8NR2a
,

d
dtNR2a

= 2k8NR1a
− (k−8 + f([Ca2+]a))NR2a

+ k−9NR3a
,

d
dtNR3a = f([Ca2+]a)NR2a − (k−9 + k10)NR3a ,
d
dtNESC = k10NR3a − 1

F (IGlu,a
Glast + IGlu,a

L ) + IGlu
diffusion),

d
dtNIa = − 1

τreca
NIaNDa

+ 1
F (IGlu,a

GLAST + IGlu,n
GLAST + IGlu,a

L ),

(75)

The expression for NESC is derived from conservation laws. The equations for
the currents through the different gates will be calculated similarly as the cur-
rent through the EAAT described in appendix A.2.5.

The glutamate in the extrasynaptic cleft will activate presynaptic receptors
mGluRs and NMDAR [6]). These will modulate(de Pittas picture shows inhi-
bition, but there are more processes according to the caption) the amount of
calcium available for the calcium dependent fusion processes in the presynaptic
terminal. Glutamate in the synaptic cleft can activate postsynaptic receptors,
which trigger Ca2+ release from astrocytic endoplasmic reticulum. A recent
paper by Thapaliya et al. [40] can be used to obtain formulas for the calcium
dynamics.
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