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Astrocytes have many roles in the central nervous system, ranging from homeostatic regula-
tion to information processing in the brain. One function of astrocytes is the uptake of glutamate
from the synaptic cleft using glutamate transporters (excitatory amino acid transporters). The up-
take of glutamate is a critical process, which enables correct neurotransmission and prevents
excitotoxicity and neurodegenerative conditions.

In this work, the goal was to study glutamate transporters in detail using a computational sin-
gle-cell astrocyte model. A six-state cyclic kinetic scheme of the transporter, with reversible reac-
tions and realistic kinetic constants, was incorporated into ASTRO simulation environment. In
addition to the transporter properties, the possible association of a calcium signal with the gluta-
mate transport process was studied by adding a sodium-calcium exchanger model which was
available in ModelDB database.

In the simulations, an increased glutamate concentration in the extracellular space activates
the glutamate transporters. The response of the model is examined in terms of concentration
changes of different ions and current amplitudes and durations. The simulations showed a fast
uptake of extracellular glutamate, which in the case of 0.5 mM extracellular glutamate occurred
in 5 ms. The current generated by the transporter was measured in a voltage clamp simulation of
ASTRO tool, which showed an amplitude of 0.25 nA and a duration of about 50 ms. Regarding
the calcium signal, the sodium-calcium exchanger was found to reverse its function and thus
transport calcium into the cell when glutamate transporters were active, creating a detectable
calcium signal. However, the physiological relevance of this signal is not yet known, and more
studies are needed to address this question.

The response of the model to different extracellular glutamate concentrations was also stud-
ied, and the result was that doubling the glutamate concentration increased the uptake time by
700%. Furthermore, the model was sensitive to different transporter amounts. A 30% reduction
in transporter amount led to glutamate uptake time increasing by 300%. This would be an inter-
esting research question for experimental studies, because transporter trafficking to the mem-
brane could be one mechanism that gets disturbed in brain disorders and diseases, leading to
decreased transporter amounts, and resulting in excess glutamate at the synaptic cleft.

Keywords: astrocyte, excitatory amino acid transporter, calcium signal, computational model,
glutamate transporter, sodium-calcium exchanger
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1.INTRODUCTION

Astrocytes are an important glial cell type of the central nervous system. They make up
a large percentage of the cells found in the central nervous system, with estimations
varying from 20% to above 50% depending on the species (Hasel and Liddelow, 2021).
The functions of astrocytes include for example homeostasis of ions and neurotransmit-
ters, and control of energy metabolism and vascular function (Haim and Rowitch, 2017).
However, astrocytes must be seen as a heterogeneous cell type. A recent study found
that different astrocyte subtypes exist in a layer structure in the cerebral cortex (Bayraktar
et al., 2020). Also, there is evidence of neural circuit-specific astrocytes, which are di-

verse in their physiological and anatomical properties (Chai et al., 2017).

In addition to experimental studies, astrocyte functions can be studied with computational
models. The models can include only astrocytes or astrocytes and neurons, and the
models range from single-cell to network models. Some models also include vascular
elements. Astrocyte contribution to neural dynamics is being recognized, and in neuronal
network models, astrocytes have been added to study for example synchronization of
neural activity (Manninen et al., 2023). Many of the astrocyte models that have been
developed study calcium (Ca?*) dynamics in astrocytes (Manninen et al., 2018). Recent
advancements in astrocyte modelling include recognizing their contribution to higher
cognitive functions, for example incorporating astrocytes to models of short-term plastic-

ity (Becker et al., 2022) and long-term plasticity (Manninen et al., 2020).

In this Master’s thesis, the goal is to study astrocyte physiology with a single-cell astro-
cyte model. The specific interest is the function of glutamate transporters called excita-
tory amino acid transporters (EAATSs). Glutamate transporters move glutamate from the
synaptic cleft into astrocytes. Glutamate is the main excitatory neurotransmitter in the
brain, and glutamate transporters are responsible for clearing the glutamate which is
released from neurons. Thus, the transporters enable neurotransmission to function cor-
rectly. Glutamate transport can be considered as one of the most important functions of
astrocytes. It is also a process, in which the cells invest a lot of energy, and mitochondria
have been found to localize near the transporters to generate the needed energy (Jack-

son et al., 2014). Glutamate transporter dysfunction has been associated with neuronal



excitotoxicity and neurodegeneration, and as an example, in a familial form of Parkin-
son’s disease, transporter dysfunction has been found to be a possible cause of excess

glutamate and neurodegeneration (lovino et al., 2022).

The possible involvement of glutamate transporters in several diseases, including neu-
rodegenerative diseases which are becoming more relevant with aging populations and
increased life expectancy, makes them an interesting research topic. Also, their key role
in healthy brain function causes interest in the exact mechanisms by which they work,

including how fast the process is, and what the physiological consequences are.

Next, Literature Review of the most important physiological functions of astrocytes is
presented to build a comprehensive view of the different functions, in addition to the
modelling studies of astrocyte glutamate transport. Although this study is about gluta-
mate transport, it is important to understand the other cellular processes as well since
the cellular functions are in constant interaction and do not exist in isolation. After Liter-
ature Review, Objectives of the study are presented, followed by Materials and Methods,

Results and Discussion, and ending with Conclusions.



2. LITERATURE REVIEW

2.1 Astrocyte Physiology

2.1.1 Glutamate Uptake

Glutamate transporters (Excitatory Amino Acid Transporters 1-5, EAAT1-5) are mem-
brane proteins that couple the transport of glutamate (Glu’) into the cell to the co-
transport of 3 sodium (Na*)ions and 1 hydrogen (H*)ion and the counter-transport of 1
potassium (K*)ion. Since glutamate is negatively charged, the net charge transferred to
the cell in one transport cycle is +2. The transporter protein also forms an anion channel
for the movement of chloride (CI") ions, but the movement of these ions is independent
of the glutamate transport (Untiet et al., 2017). The main type of transporter expressed
in astrocytes is EAAT2, which is also called Glutamate Transporter 1 (GLT-1). Most glu-
tamate transporters form a homotrimeric complex with a bowl-like structure (Figure 1),
that allows the glutamate to diffuse into the structure and supports efficient transport
(Vandenberg and Ryan, 2013).

Figure 1. Structure of human excitatory amino acid transporter 2. Image from the
RCSB PDB (rcsb.org) of PDB ID 7XR4 (Originally published in Zhang et
al., (2022). Structural basis of ligand binding modes of human EAATZ2. Nat
Commun, 13:3329-3329)



The role of glial glutamate uptake has interested researchers for decades (Schousboe
et al., 1977). Astrocytic glutamate transporters are important in the proper functioning of
the brain. Knock-out of the transporters has been demonstrated to cause fatal epilepsy
(Petr et al., 2015). The transporters clear glutamate from the synaptic cleft and they may
also influence synaptic transmission, in addition to preventing excitotoxicity and provid-
ing glutamate for the glutamine conversion and energy production (Takahashi et al.,
2015). Several mechanisms have been found to inhibit glutamate uptake, including cel-
lular depolarization, increased extracellular K* levels ([K*]o) and adenosine receptor ac-
tivation (Armbruster et al., 2022; Matos et al., 2013; Rimmele et al., 2017).

Previously, it has been thought that the astrocyte membrane potential is quite stable, but
recent evidence indicates that local membrane potential changes can be in the order of
20 mV, and depolarizations inhibit glutamate uptake (Armbruster et al., 2022). The cause
of the depolarizations is the increased [K*]o and the glutamate transporter activity. The
inhibiting effect of increased [K*], on transporter function was reported by Rimmele et al.
(2017), who present a neuromodulatory mechanism involving decreased transporter ac-
tivity and increased presynaptic metabotropic glutamate receptor (mGIuR) activation.
The functioning of glutamate transporters relies on the ion concentration gradients be-
cause it is a secondary active transporter, which uses the gradient produced by primary
active transporters, to transport glutamate. An inhibitory mechanism has been found,
where the activity of the Na*/K*-Adenosine triphosphatase (Na*/K*-ATPase) is de-
creased by activation of adenosine Axa receptors, inhibiting glutamate uptake (Matos et
al., 2013).

The inhibition of the glutamate transporter function is one modulatory mechanism affect-
ing the transporter itself, but in addition we can consider how the normal functioning of
the transporters affects intracellular events in astrocytes. This question is still largely
unanswered, but there have been studies investigating the relationship between gluta-
mate transporters and Ca?* events (Ibafiez et al., 2019; Kirischuk et al., 2007; Oschmann
et al,, 2017; Rojas et al., 2007). The source of Ca?* increase in the cytosol could be the
cell membrane Na*-Ca?* exchanger (NCX). This transporter could respond to the rise in
intracellular Na* concentration caused by the operation of glutamate transporters (Figure
2). The Ca?* signal would then be generated by the reverse operation mode of NCX,
when it removes Na* from the cell while transporting Ca?* into the cell. There is also
evidence that long periods of reverse activity of NCX would result in Ca?* release from

the endoplasmic reticulum (ER), in a process called Ca?*-induced Ca?* release (CICR)



(Rojas et al., 2007). The release of Ca?* from the ER could further activate cell mem-

brane channels called store-operated Ca?* channels (SOCC).

Plasma membrane

Glutamate
transporter +

SOCC

Figure 2. The connection between glutamate transporter and NCX. Glutamate trans-
porter function results in an increase of intracellular Na*. This reverses
NCX function, resulting in Ca*" entry to the cell. Ca* activates ER
receptors, which results in Ca** release from the ER and amplification of
the Ca?* signal. SOCC channels in the plasma membrane are also
activated after the release of Ca?* from the ER. Modlified from Rojas et al.
(2007).

Another intracellular effect of glutamate transporter function is that the movement of mi-
tochondria decreases, and mitochondria place themselves close to the transporters
(Jackson et al., 2014). In the study of Jackson et al. (2014), they also found that when
the reverse operation of NCX was blocked, mitochondria were more mobile than during
the normal neural activity and glutamate transporter function. This links again the func-

tion of glutamate transporter and NCX.

Besides the intracellular mechanisms, it is also of interest to know the effects of gluta-
mate transport on brain networks and brain function in general. The most obvious effect
is on the synapse level, where the transporters directly affect the glutamate concentration

in the synaptic cleft. This concentration defines how different receptors, located both on



neuronal and astrocytic membranes, get activated. Thus, the glutamate transporters fun-
damentally affect synaptic transmission. As an example of the importance of the trans-
porters to the network function and development, it has been observed that in the visual
cortex, in conditions of lowered expression of the transporter, the relationship between
ipsilateral and contralateral inputs of the eye develops abnormally (Sipe et al., 2021).
Restoring astrocyte glutamate uptake is also important when considering the repair of
injured central nervous system. For example, in the development of biomaterials, the
effects of these materials on astrocytes could be assessed by looking at the expression
of glutamate transporters. Zuidema et al. (2014) found that electrospun poly-I-lactic acid

fibers have beneficial effects on glial cells and enhance glutamate uptake.

2.1.2 Potassium Buffering

Potassium is released to the extracellular space during neuronal activity and one of the
functions of astrocytes is to clear and buffer K*. The K* buffering hypothesis was formed
during 1960-1970 (Abbott and Pichon, 1976). The key proteins in this process are in-
wardly rectifying K* (Ki4.1) cell membrane channels. In resting conditions, the cell mem-
brane potential is more positive than the equilibrium potential for K*, meaning that K*
ions tend to move out of the cells. When [K*], increases, the equilibrium potential for K*
increases, which results in depolarization, and the membrane potential increases (Bellot-
Saez et al., 2017). K* influx will happen if the equilibrium potential for K* is greater than
the membrane potential. The special property of astrocytes is that through gap junctions
they can have isopotentiality. This means that local depolarization is small and the mem-
brane potential does not change much, enabling the K* influx to continue as long as the
[K*]o remains elevated. The increases of [K*], can be highly local, and the same is true
for the resulting astrocyte depolarizations, which can be very local (Armbruster et al.,
2022).

In addition to Ki- and gap junction -mediated K* spatial buffering, K* can be actively
transported to the cell via Na*/K*-ATPase (Bellot-Saez et al., 2017). Both spatial buffer-
ing and active transport of K* affect neuronal excitability. To study network activity and
investigate the relationship between neuronal spiking and glial cell responses, Wanke et
al. (2016) used microelectrode array (MEA) recordings and developed a procedure to
separate different events from the MEA signal. The K* currents that were detected, had
different directions (out->in or in->out) depending on whether there were neuronal spikes

present. This is in line with the K* buffering model.



Disruptions in the K* clearing capabilities are observed in various diseases. Abnormali-
ties in the function of Ki4.1 have been found in epilepsy. Downregulation of the protein
has been observed in epilepsy patients and additionally, mutations in the gene KCNJ10
which encodes Ki4.1, are associated with seizure phenotypes (Steinhauser et al., 2012).
If [K*]o levels stay elevated, it will cause the membrane potential of neurons to increase,
thus allowing easier activation of ion channels. The effect can also be seen in astrocytes,
where blockage of Ki4.1 increases perisynaptic astrocyte process depolarization (Arm-
bruster et al., 2022).

2.1.3 lon and Water Homeostasis

The K* buffering discussed in Section 2.1.2 is one type of mechanism for ion homeosta-
sis, and possibly one of the most critical ones, but there are also other homeostasis
mechanisms which control for example extracellular pH and volume. The ion homeosta-
sis is closely linked to the water homeostasis (Olson and Evers, 1992). lons accumulate
in astrocytes following neuronal activity, for example through K* buffering or Na* influx
which is coupled to many transporter functions. This causes astrocyte swelling according
to osmosis rules. To counteract the swelling, a process called regulatory volume de-
crease (RVD) is activated. The ion channels important in RVD are volume-regulated an-
ion channels (VRAC), which allow the efflux of anions (Min and van der Knaap, 2018).
Water movement across the membrane in astrocytes is enabled by aquaporin 4 (AQP4).
Different isoforms of AQP4 exist, and the isoforms AQP4a, AQP4c and AQP4e assemble
into plasma membrane structures called orthogonal arrays of particles (OAPs) (Lisjak et
al., 2017).

Although astrocytes do not generate Na*/K*-based action potentials, the steep gradients
of Na* and K* ions across the membrane also exist in these cells. The key generator of
the gradient is the same, the Na*/K*-ATPase. When Na* gradient is used by transporters,
Na*/K*-ATPase restores the gradient. It is also possible for many transporters to reverse,
and thus transport Na* out of the cell. Na® homeostasis should then be thought of as a
process where Na* fluctuations occur, and different influx and efflux pathways play a role
(Rose and Karus, 2013).

Na* and K* are among the most significant ions, whose concentration is regulated in the
brain, but many different inorganic (e.g., Ca?*) and organic ions exist. For example, glu-

tamate is the anion form of glutamic acid, as discussed in Section 2.1.1. It has been



identified that metal ion homeostasis (zinc, copper) in astrocytes is upregulated in Alz-
heimer’s disease (AD), providing protection for the cells (Smith et al., 2022). However,
the big picture is that astrocytes form networks, also connecting with oligodendrocytes
to form panglial syncytium, and making connections with their endfeet structures for ex-
ample to vasculature. The panglial syncytium is important in maintaining homeostasis
over broad areas of the brain and the endfeet connections allow to exchange ions and

water with non-neuronal elements (Min and van der Knaap, 2018).

2.1.4 Calcium Signalling

Astrocyte Ca?* signalling has been thought of as the main signalling mechanism of as-
trocytes. The central protein in Ca?* signalling, Ca?*-calmodulin dependent protein ki-
nase, was found in astrocytes, though later than in neurons (Babcock-Atkinson et al.,
1989). The possible sources of Ca?* signal are the inositol-trisphosphate (IP3) dependent
release from the ER, release from mitochondria, or Ca?* entry through cell membrane
channels (Figure 3) (Okubo, 2020). The release of Ca?* from the ER can happen via two
different receptors which allow the Ca?* flux. One of them is the ryanodine receptor
(RyR), which works as a Ca?* channel after Ca?* has bound to it, being involved in the
process of CICR. The other ER receptor is the IP3 receptor (IPsR), which also needs to
bind Ca?* to get activated, but in addition it needs to bind IPs. The IP; signal is created
when a G-protein coupled receptor (GPCR) on the cell membrane binds some extracel-
lular ligand, for example glutamate. The other possible sources of Ca?* signals are re-
lease from mitochondria through the mitochondrial permeability transition pore (mPTP)

and Ca?* entry through cell membrane Ca?* channels.
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Figure 3. Different sources of Ca** signal. Ca?* can be released from the ER via two
different receptors: IP3R and RyR. IPsR requires activation of the receptor
by IPs, which is formed after GPCR gets activated on the cell membrane.
Other Ca*' entry pathways include cell membrane Ca®** channels and
release from mitochondria via mPTP. Modified from Okubo (2020).

One also somewhat controversial event resulting from Ca?* signalling in astrocytes is the
release of gliotransmitters, for example glutamate. The release of glutamate from astro-
cytes in response to Ca?* signals has been suggested to contribute to epileptic seizures
and the synchronous neuronal activity observed in epilepsy (Carmignoto and Haydon,
2012). It has been observed that when the network is hyperexcited, astrocytes respond
to that with significant Ca?* increases, which would then result in the release of gluta-
mate, and promote even stronger excitation. But what is the role of Ca?* signalling in
normal conditions? It has been linked to the communication between neurons and astro-
cytes, but a lot is still to be learned. Yu et al. (2018) studied the effect of reducing Ca?*
signalling in an in vivo study conducted in striatum. The study showed that the reduced
signalling affected neuronal activity and resulted in repetitive self-grooming behaviours
in mice. The proposed mechanism behind this was that when Ca?* signalling was re-
duced, GABA transporter (GAT) was too active, which caused the lowering of GABA

concentration in the extracellular space.
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Regarding the regulators of Ca?* signalling in astrocytes, it was recently found that the
protein kinase-D interacting substrate of 220 kDa (Kidins220) is needed for both sponta-
neous and stimulus-induced Ca?* signals in embryonic astrocytes (Jaudon et al., 2020).
The study also showed that with the knock-out of Kidins220 in embryonic astrocytes,
neuronal development was disturbed. Although experimental data of Ca?" signals is
available, to really understand the meaning of these signals, progress in Ca?* imaging

methods and in silico work is needed (Rusakov, 2015; Semyanov et al., 2020).

2.1.5 Energy Metabolism

Energy metabolism includes the vital processes of aerobic and anaerobic respiration that
generate ATP, and fatty acid and amino acid metabolism. The main source of energy in
astrocytes is glucose which astrocytes use in two ways. The usual tricarboxylic acid
(TCA) cycle and oxidative phosphorylation take place in mitochondria, but in addition the
glycolysis pathway in cytoplasm is used to produce lactate even in aerobic conditions
(Chatton et al., 2016). Astrocyte metabolism is linked to the metabolism of neurons. The
concept of astrocyte-neuron metabolic unit is not new, since it has already been used in
earlier studies of energy metabolism in pathologic conditions (Miquel and Haymaker,
1965). There is evidence of an existing astrocyte-neuron lactate shuttle (ANLS), in which
astrocytes release lactate to neurons in response to activity (Beard et al., 2022). How-
ever, the existence of ANLS is still controversial. Astrocyte energy metabolism is acti-
vated by increases in intracellular Na® concentration, which happens when different
transporters use the Na* gradient to transport ions or molecules, such as glutamate,
inside the cell (Chatton et al., 2016). The energy metabolism is closely linked to the neu-
rotransmitter metabolism, since the glutamate that is transported to the cell can either be
converted to glutamine and contribute to the glutamate-glutamine cycle, or it can be fed

into the TCA cycle by converting it to a-Keto-glutarate.

It is of interest to consider the whole brain energy metabolism, which includes the energy
consumption and production by different cell types, namely neurons, glial cells, and en-
dothelial cells. The exact mechanisms of metabolic interaction between these cell types
are still not fully understood, but some concepts have been uncovered. Astrocytes have
been thought to be integral in the coordination of brain energy demands. The reason for
this is that astrocytes are in contact with both the synapses and the vasculature (Byrne

and Roberts, 2004). Thus, they are well equipped to sense changes in energy demands
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and adapt to that (Jolivet et al., 2015; Nortley and Attwell, 2017). As proposed by Chat-
ton, Magistretti and Barros (2016), Na* could be the “energy currency”, which is important
in metabolic signalling. Because astrocytes are connected through gap junctions, Na*

and for example lactate can be spatially distributed.

Astrocyte energy metabolism has relevance in AD and epilepsy. In AD, astrocyte metab-
olism is altered, which can have effects on the glutamate-glutamine cycle. One mecha-
nism could be that when the energy production through glycolysis and oxidative phos-
phorylation is disrupted, the Na*/K*-ATPase does not function properly, meaning that the
glutamate transporter function is also limited (Andersen et al., 2022). In a large proteomic
study of AD, an increase in astrocyte and microglial energy metabolism associated pro-
teins was found and the proteins were among the ones that were most significantly as-
sociated with AD (Johnson et al., 2020). However, Johnson et al. propose a neuropro-
tective role for these proteins, so there are still uncertainties about the impact of the
changes in astrocyte metabolism. In epilepsy, the glutamate concentration in the synap-
ses increases, and when astrocytes transport glutamate into the cell, it triggers glycolysis
and production of lactate, which is then supplied to neurons. Astrocytes thus support the
energy demands of neurons in the epileptic state (Boison and Steinhauser, 2018). Also,
the dysfunction of astrocyte gap junctions has been observed in epilepsy, which on the
one hand restricts energy metabolite movement and could be anti-epileptic, but on the
other hand negatively affects the K* buffering capabilities, which would promote epileptic
states (Mazaud et al., 2021).

2.1.6 Astrocyte-Neuron Interactions

Astrocytes and neurons are physically close to each other and share the same extracel-
lular space. The structural interactions between astrocytes and neurons were observed
earlier, and later the potential functional interactions caught the attention of researchers
(Hertz, 1979). The physiological events that occur in astrocytes can have an impact on
neurons. For example, in the above sections where astrocyte glutamate uptake, K* buff-
ering, ion and water homeostasis, Ca?* signalling and energy metabolism are reviewed,
the effects on neurons are also discussed. In a synapse level the structure is called a
tripartite synapse, in which there is a presynaptic nerve terminal, a postsynaptic dendrite

and an astrocyte process. This concept of a tripartite synapse is bringing more focus to
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the role of astrocytes in the synaptic function than the traditional description of a synapse
that exists between two neurons (Araque et al., 1999). Although the role of astrocytes is
recognized and new results of their contribution to synaptic function is accumulating,

there remains a lot to be understood about the exact molecular mechanisms.

One type of possible interaction between neurons and astrocytes is the activation of as-
trocytic cell membrane receptors, which then results in activation of Ca?* signalling path-
ways in astrocytes. This signalling can be measured as a Ca?* signal and it can induce
the release of gliotransmitters, which then influence neurons. This type of mechanism
has been observed in spike-timing-dependent plasticity (STDP). In the study of Min and
Nevian (2012), astrocytes were found to be essential for the formation of long-term de-
pression (LTD) in the rat barrel cortex layer 4 — layer 2/3 synapse. In this type of LTD,
astrocytes received the signal through endocannabinoid receptors, which resulted in a

Ca?* signalling cascade that eventually resulted in the release of glutamate.

Other examples of astrocyte-neuron interactions have been observed, which are not part
of STDP. In substantia gelatinosa of the spinal cord dorsal horn, astrocytes received a
signal through P2X purinoceptor 7 (P2X7 receptors) and released glutamate (Ficker et
al., 2014). This interaction is thought to occur in pathological conditions, and specifically
in pain processing. In striatum, an interaction between astrocytes and neurons was stud-
ied in the context of alcohol use disorder (Hong et al., 2021). It has been observed that
astrocyte Ca?* signalling affected the neurons in the striatum and even the behaviour of
animals (Yu et al., 2018). These striatal astrocytes might play a role in reward-seeking

behaviour through adenosine signalling (Hong et al., 2021).

In a stem cell model of Down syndrome, a neuron-astrocyte interaction has been found,
where spontaneous Ca?* signals of astrocytes reduced the excitability of neurons (Mi-
zuno et al., 2018). This type of interaction is different compared to the above discussion,
since here the Ca?* signals that affect the neurons are spontaneous, and not caused by
activation of some receptors. The possible cause of the spontaneous Ca?* signalling in
astrocytes was found to be overexpression of a protein S100B (Mizuno et al., 2018).
Another new astrocyte-neuron interaction was studied in normal astrocytes in brain
slices. In this interaction, astrocyte processes depolarized after neuronal activity, which
inhibited glutamate clearance, and thus allowed neurons to get activated (Armbruster et
al., 2022). Astrocyte membrane potential has been thought to be stable, but the results
of Armbruster et al. (2022) revealed that the depolarizations of astrocyte processes can

be significant, and they can have consequences that influence neurons.
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2.1.7 Control of Blood Flow

Blood flow regulation in the brain is necessary, so that oxygen and nutrients can be sup-
plied to the brain region where there is activity and energy is needed. The so-called
neurovascular unit controls the blood flow, and it includes astrocytes, vascular smooth
muscle cells, pericytes and endothelial cells (Kisler et al., 2017). In 1987, Paulson and
Newman wrote an article with a title: “Does the Release of Potassium from Astrocyte
Endfeet Regulate Blood Flow?”. As of today, the mechanisms of blood flow regulation
are still not clear. Two regulatory mechanisms can be separated. One is the vasodilation
that is activity-dependent, and the other is the tonic regulation in resting conditions. The
tonic regulation by astrocytes is dependent on their resting intracellular Ca?* levels and
the release of prostaglandins (Rosenegger et al., 2015). Increase in Ca?* and the release
of prostaglandins were also identified as the mechanisms of astrocytes that cause vas-
odilation in hypoglycemia (Nippert et al., 2022). It has also been shown that astrocytes
have homeostatic roles in the control of blood flow and they respond to low blood pres-

sure by activating circuits that increase the pressure and heart rate (Marina et al., 2020).

However, there are still controversies regarding the role of astrocytes in the control of
blood flow. It seems that one key controversy is about the role of Ca?* signalling in as-
trocytes. There are even opposite results, where some studies found the increase in Ca?*
to be involved in vasoconstriction and others in vasodilation (Kisler et al., 2017). Some
recent studies support the astrocyte contribution to vasodilation. In one study, vasodila-
tion significantly decreased in IPsR type 2 (IPsR2) knockout mice, which provides evi-
dence for the Ca?*-dependence of vasodilation (Nippert et al., 2022). In another study,
Ca?* contributed to vasodilation, and decreasing the resting Ca?* levels in astrocytes
caused vasoconstriction (Rosenegger et al., 2015). One hypothesis is also that the effect
of Ca?* signal depends on the region where the astrocyte is (Figure 4). Astrocyte Ca?*
signalling has also been observed in response to decreased cerebral perfusion pressure,
and if Ca?* signalling was blocked, it prevented the compensatory increase in the pres-
sure (Marina et al., 2020).
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Figure 4. Astrocyte Ca®* signalling can have different effects on the vasculature
depending on the region. Several hypotheses have been presented.
According to one of the hypotheses, increase in astrocytic Ca** causes
vasodilation in the active region, where oxygen is low (Carmignoto and
Gomez-Gonzalo, 2010, Lu et al., 2019). In contrast, an increase in
astrocytic Ca®* can cause vasoconstriction in the surrounding region,
where oxygen levels are unaffected (Carmignoto and Gomez-Gonzalo,
2010; Kim et al., 2015). Modified from Carmignoto and Gémez-Gonzalo
(2010).

One disease where cerebral blood flow is disturbed is AD. There is a so-called two-hit
hypothesis that acts on the vasculature in AD. These two hits are amyloid beta (AB)-
independent and AB-dependent mechanisms, which involve many factors and different
cell types (Kisler et al., 2017). Regarding astrocytes, the activation of these cells and the

resulting inflammation is part of the pathogenesis.

2.1.8 Astrocytes and the Endocrine System

Endocrine glands secrete hormones to control the homeostasis of our bodies. The neu-
roendocrine system involves the hypothalamus and the pituitary gland. Hypothalamus
releases neuropeptides, which target the pituitary gland, and result in the release of hor-
mones from the pituitary gland. These hormones then have different target tissues in the
periphery. In the past, astrocytes were not thought to be important for the neuroendocrine
system, but now there is evidence of their contribution (Chowen et al., 2016). Also, for
example Schipper wrote already in 1991 that Gomori-positive astrocytes could be in-
volved in neuroendocrine disorders (Schipper, 1991). When astrocytes are considered

in the context of the endocrine system, it is possible to examine how they influence the
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neuroendocrine system function and how they are influenced by hormones that are re-
leased in the periphery. There are studies of the interactions between astrocytes and the

metabolic and reproductive hormones (gonadal steroid hormones).

The main gonadal steroid hormones are estradiol, progesterone, and testosterone.
These hormones can cross the blood brain barrier and have effects on astrocytes
through receptors. Astrocytes are even able to produce steroid hormones. For example,
estradiol can activate through the estrogen receptor the production of progesterone in
astrocytes of the hypothalamus (Acaz-Fonseca et al., 2016). An interesting finding is that
insulin, which is a metabolic hormone, is needed to be sensed by astrocytes for the cor-
rect function of the reproductive system, since knocking-out the insulin receptor in astro-
cytes resulted in defects of the reproductive axis and fertility (Manaserh et al., 2019).
Gonadal steroid hormones affect astrocytes in physiological and pathological conditions.
In physiological conditions they regulate glial fibrillary acidic protein (GFAP) expression
and astrocyte morphology (Acaz-Fonseca et al., 2016). GFAP regulation is also relevant
in pathological conditions. In those conditions, gonadal steroid hormones have effects
on astrocyte reactivity by downregulating gliosis and promoting tissue repair (Acaz-Fon-
seca et al., 2016).

Hypothalamus is the key structure in the brain for the control of metabolic homeostasis
in the whole body. It receives nutritional signals (e.g., glucose and fatty acids) and hor-
mones (e.g., leptin and ghrelin) which then affect the hypothalamic response to maintain
homeostasis. Evidence is being accumulated on astrocytes’ role in this response. For
example, astrocytes respond to leptin by changing synaptic activity in the hypothalamus
(Chowen et al., 2016). It was also found that lipoprotein lipase (LPL) in hypothalamic
astrocytes contributes to metabolic regulation (Gao et al., 2017). Mice that lacked LPL
gained more body weight and developed glucose intolerance in high-fat diet conditions.
Other mechanisms that astrocytes have that could affect metabolic control are the re-
lease of signalling molecules such as cytokines, changes in astrocyte coverage of the
neurons and stimulation of the feeling of fullness through apolipoprotein E (Chowen et
al., 2016). Although the role of astrocytes in the hypothalamic control of metabolism is
not well characterized, the fact that astrocytes transport nutrients from the vasculature,
and are able to affect synaptic transmission, makes it possible for them to play a role in

the hypothalamic response.
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2.1.9 Epilepsy

Epilepsy is one neurological disease, where astrocyte contribution is acknowledged. In
the past, it was thought that reactive astrocytes are not able to clear K* which results in
hyperexcitability of neurons (Pollen, 1973). In fact, many of the physiological processes
of astrocytes may be involved, including glutamate transport, K* buffering, Ca?* signalling
and energy metabolism. Vascular mechanisms are also involved, and disruptions in
blood—brain barrier can be seen as the root cause of changes that are observed in epi-
lepsy (Figure 5). The proposed mechanism involves a serum protein, albumin, which can
activate transforming growth factor B (TGF) signalling in astrocytes, resulting in dys-

function of various astrocyte proteins (Heinemann et al., 2012).
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Figure 5. Diagram of the events that could explain astrocyte contribution to
epileptogenesis. The root cause presented here is blood—brain barrier
dysfunction which leads to astrocytic transcriptional responses. These
responses influence neurons and the networks they form, resulting in
neuronal dysfunction and seizures (Purnell et al., 2023). Modified from
Heinemann et al., (2012).
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As can be seen in Figure 5, there is also a potential contribution of astrocyte inflammatory
responses. While microglia are thought to be the main immune cells of the central nerv-
ous system, astrocyte immune responses are observed in different diseases, including
epilepsy. When astrocytes get activated, they can express inflammatory molecules and
also their receptors, for example interleukin-1B (IL-1B) and its receptor ILR1 (Aronica et
al., 2012). This means that astrocytes are both producers and targets of inflammatory
molecules. The cytokines and chemokines produced in astrocytes may have effects on
neuronal excitability (Heinemann et al., 2012). IL-1 can affect both neuronal and astro-
cytic mechanisms. In astrocytes, it can inhibit glutamate uptake and promote glutamate
release, while in neurons, it has been observed to increase N-methyl-D-aspartate
(NMDA) receptor function (Aronica et al., 2012).

The role of astrocyte gap junctions in epilepsy is not clear. The disturbance of gap junc-
tions would affect the K* clearance capabilities negatively and thus promote the excita-
bility of neurons (Steinhauser et al., 2012). But in addition, the movement of energy sub-
strates would also be prevented, which would impair the energy supply for neurons. Nev-
ertheless, the gap junction uncoupling could be a potential mechanism that is relevant
for epilepsy. Interestingly, it has been found that astrocyte alkalization precedes the gap
junction uncoupling, and it can be prevented by blocking the Na*/bicarbonate
(Na*/HCOy') cotransporter (Onodera et al., 2021).

Glutamate transporter dysfunction is also a potential mechanism observed in epilepsy.
The transporter genes (slc1a2 and sic1a3) are downregulated in astrocytes in epilepsy
(Heinemann et al., 2012). It is intuitive that abnormal glutamate transporter function con-
tributes to the disease, since epilepsy is characterised by hyperexcitability, and the trans-
porters have a direct effect on the synaptic glutamate concentration. Deletion of the
transporter in astrocytes results in seizures and increased mortality (Petr et al., 2015).
The opposite effect is achieved by overexpressing the transporter, which decreases the
number of seizures (Peterson et al., 2021). This means that astrocyte glutamate trans-
porters are a potential therapeutic target in epilepsy. Astrocytes might also have an in-
trinsic mechanism to increase their glutamate transporter function in epileptic conditions.
There is evidence from adult mice (between 8 and 14 weeks) that metabotropic gluta-
mate receptor mGIuR5 expression emerges in epilepsy, and the potential function of it
is to enhance glutamate uptake in high-frequency stimulus conditions (Umpierre et al.,
2019).
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2.1.10 Summary

In the above sections, different aspects of astrocyte physiology and underlying mecha-
nisms are presented. There are numerous molecular mechanisms that enable these
physiological processes, but especially relevant are the membrane mechanisms. These
mechanisms include cell membrane proteins, which are channels, transporters, or re-
ceptors. They allow the cells to interact with their surroundings and control the extracel-
lular and intracellular environment. Different channels, transporters and receptors that
have been found in astrocyte membranes are collected in tabular format (Table 1, Table
2 and Table 3). These membrane proteins have been found in astrocytes at various
locations of the central nervous system and in diverse conditions (for example in different
developmental stages, species, and diseased or healthy tissue). Thus, not all of them

are expressed in every astrocyte.

Astrocytes are involved in many physiological processes in the brain, ranging from ion
control and homeostasis mechanisms to signaling mechanisms affecting the neighboring
neurons, energy metabolism, endocrine system, and vascular system function. The con-
tribution of astrocytes to many diseases is also recognized. In addition to epilepsy, many
neuropsychiatric and neurological diseases have an astrocyte contribution to the disease
development. There is also variation in how established a certain function of astrocytes
is. The K* buffering hypothesis goes back to 1960’s (Bellot-Saez et al., 2017), but many
other functions are not as established and the research is still ongoing. The evidence is
also acquired with different research methods, which affects the reliability of the results.
Some results are only from in vitro studies but having studies from slices and in vivo
adds more confidence to the findings. For a single physiological process, many mem-
brane mechanisms and intracellular mechanisms work together to achieve the correct
function. Additionally, the different physiological processes affect each other. Many of
the details of this interplay are still not fully understood, and computational modeling is

one approach to study this.
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Table 1.  lon channels in astrocytes. Physiological process is only given when there is
a direct relation to a process discussed in above sections. The horizontal lines
in the table are only for making the table easier to read.

lon Channel Function Physiological Reference
Process

ATP-sensitive K" | K" channel (Wang et al,

channel (K-ATP) 2022)

Aquaporin (AQP) Water channel Water homeostasis, | (Kettenmann,
epilepsy 2013)

ATP-dependent, Cation channel (Jayakumar et

nonselective cation al., 2014)

channel (NCCa-

ATP)

Ca?"-activated CI" | Anion channel Neuron-astrocyte in- | (Kettenmann,

channel (CAAC) teraction 2013)

Epithelial Na* chan- | Na* channel (Verkhratsky and
nel Nedergaard,
2018)
Hemichannel Two hemichannels | lon homeostasis, | (Olsen et al,
can form a gap junc- | Ca?* signalling, K* | 2015)
tion, but hemichan- | buffering, epilepsy,
nel can also be a | energy metabolism
channel between cy-
tosol and extracellu-
lar space
Inwardly rectifying | K* channel K* buffering, epi- | (Kettenmann,
K* channel (Ki) lepsy 2013)
Large-conductance | K* channel Control of blood flow | (Kettenmann,
Ca?*-activated K* 2013)
channel
(BK/Kcal.1)
Maxi-anion channel | Anion channel (Zhao et al.,
2017)
Nax channel Na* channel (Verkhratsky and
Nedergaard,

2018)



Table 1 (continued).

Olfactory-type cy-

clic nucleotide
gated channel
(CNG)

Ca®* release-acti-
vated Ca?* chan-
nels

Pannexin 1 channel

Cation channel

Ca?* channels

Membrane channel

Ca?* signalling

20

(Podda et al.,

2012)

(Verkhratsky and
Nedergaard,
2018)

(Silverman et al.,
2009)

Piezo1&2 mecha- | Mechanosensitive (Choi et al,
nosensitive ion | cation channel 2015)
channel

Small conductance | K* channel Control of blood flow | (Kettenmann,
Ca?" activated K* 2013)
channel (SK/Kca)

Transient receptor | Cation channel Ca?* signalling, ion | (Kettenmann,
potential  channel homeostasis 2013)

(TRP)

Two-pore domain | K* channel/ cation | K* buffering (Olsen et al.,
K* channel channel 2015)
Voltage-activated K* channel (Kettenmann,
K* channel (K.) 2013)
Voltage-gated an- | ClI channel or ClI/ H* (Kettenmann,
ion channel (CIC) exchanger 2013)
Voltage-gated Ca?* | Ca?* channel Ca?* signalling (Kettenmann,
channel (Ca\) 2013)
Voltage-gated Na* | Na* channel (Kettenmann,
channel (Nay) 2013)
Volume-regulated | Anion channel Water homeostasis | (Kettenmann,
anion channel 2013)
(VRAC)/volume-

sensitive outwardly

rectifying channel

(VSOR)




Table 2.
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Transporters in astrocytes. Physiological process is only given when there is a
direct relation to a process discussed in above sections. The horizontal lines in
the table are only for making the table easier to read.
Transporter Function Physiological Reference
Process

ATP-binding cas- | Transport of cho- (Sato et al., 2007)

sette transporter A1 | lesterol and neutral

(ABCA1) lipids

Carnitine trans- | Organic cation and | Energy metabolism | (Juraszek and

porter (OCTN2) carnitine transport Natecz, 2016)

Cationic amino acid | Transport of small (Verkhratsky and

transporter (Acs-1)

Choline trans-
porter-like protein 1
(CTL1)

Concentrative nu-
cleoside trans-
porter

neutral D- and L-
amino acids

Transport of cho-
line and organic
cations

1 Na* and 1 nucleo-
side into the cell

Nedergaard, 2018)

(Inazu et al., 2005)

(Verkhratsky and
Nedergaard, 2018)

Equilibrative nucle-
oside transporter

GABA
(GAT)

transporter

GLAST/EAAT1

GLT1/EAAT2

GLT1b/EAAT2b

Transport of adeno-
sine

1 GABA, 2 Na* and
1 CI into the cell

1 glutamate, 3 Na*
and 1 H*in, 1 K" out

1 glutamate, 3 Na*
and 1 H"in, 1 K" out

1 glutamate, 3 Na*
and 1 H"in, 1 K* out

Energy  metabol-
ism, epilepsy, neu-
ron-astrocyte inte-
ractions

Glutamate
transport, epilepsy

Glutamate
transport, epilepsy

Glutamate
transport, epilepsy

(Verkhratsky and
Nedergaard, 2018)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)



Table 2 (continued).

Glucose trans-
porter
Glutamine trans-
porter

Transport of glu-
cose

Transport of gluta-
mine out of the cell

Energy metabolism

22

(Verkhratsky and
Nedergaard, 2018)

(Benarroch, 2016)

Glycine transporter | 1 glycine, 2 Na* and (Parpura and Hay-
(GlyT) 1 CI into the cell don, 2009)
H*-peptide trans- | Uptake of peptides (Kettenmann,
porter (PEPT2) 2013)
K*/CI- cotransporter | 1 K* and 1 CI out of (Kettenmann,
(KCC) the cell 2013)
Monocarboxylate Transport of 1 mon- | Energy metabolism | (Kettenmann,
transporter (MCT) | ocarboxylate anion 2013)

and 1 H*
Na*/Ca? ex- | Transport of 1 Ca?* | lon homeostasis, | (Kettenmann,
changer (NCX) and 3 Na* in oppo- | Ca?* signalling 2013)

site directions
Na*/H* exchanger | 1 H" out, 1 Na*in lon homeostasis (Kettenmann,
(NHE) 2013)
Na*/HCOs cotrans- | Transport of 1 Na* | lon homeostasis (Kettenmann,
porter (NBC) and 2 HCOz 2013)
Na*-dependent 2 Na*® and 1 ascor- (Verkhratsky and

ascorbic acid trans-
porter (SVCT2)

bic acid into the cell

Nedergaard, 2018)

Na*-dependent do-
pamine transporter
(DAT1)

Na*/K*-ATPase

1/2 Na*, 1 dopa-
mine and 1 CI into
the cell

3 Na* out, 2 K*in

lon homeostasis,
energy metabolism

(Verkhratsky and
Nedergaard, 2018)

(Kettenmann,
2013)



Table 2 (continued).

Neutral amino acid
transporter (SNAT)

Neutral amino acid
transporter subtype
(ASCT2)

Neutral and basic
amino acid trans-
porter (BO,+)

Na*/K*/Cl- cotrans-
porter (NKCC)

Norepinephrine
transporter (NET)

1 amino acid and 1
Na* out, 1 H" in

1 Na* and 1 D-ser-
ine into the cell

Transport of 1 CI', 1
amino acid and 2
Na*

1 Na*, 1 K* and 2
Clinto the cell

1 norepinephrine, 2
Na® and 1 CI into
the cell

lon homeostasis,
K* buffering

23
(Kettenmann,
2013)
(Verkhratsky and

Nedergaard, 2018)

(Samluk et al.,
2010)
(Kettenmann,
2013)
(Verkhratsky and

Nedergaard, 2018)

Plasma membrane
ATP-driven  Ca?
pump (PMCA)

Serotonin trans-
porter (SERT)

Na*-dependent glu-
cose transporter

Sxc cystine/gluta-
mate antiporter

Zinc
(ZnT)

transporter

Transport of Ca?*
out of the cell

Uptake of serotonin

1 glucose and 2
Na* into the cell

Transport of gluta-
mate out of the cell,
cystine into the cell

Transport of zinc

Epilepsy

(Kettenmann,
2013)

(Malynn et al.,
2013)
(Verkhratsky and

Nedergaard, 2018)

(Verkhratsky and
Nedergaard, 2018)

(Verkhratsky and
Nedergaard, 2018)
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Table 3.  Astrocytic receptors. Physiological process is only given when there is a direct
relation to a process discussed in above sections. The horizontal lines in the
table are only for making the table easier to read.

Receptor Function Physiological Reference
Process

Adenosine (A1, Ao,
As) receptor

Adrenergic
tor (1J1AR,
b1AR, b2AR)

recep-
1J2AR,

AMPA receptor

Angiotensin recep-
tor (AT1, ATz)

Bradykinin receptor

Affects either: 1)
phospholipase C,
IP; and Ca?" re-
lease from the ER

2) synthesis of
cAMP

Affects phospho-
lipase C, IP3 and
Ca?" release from
the ER

Glutamate recep-
tor, Na*/K*/Ca?*
channel

Affects phospho-
lipase C, IP3 and
Ca?" release from
the ER

Affects phospho-

Ca?* signalling

Ca?* signalling

Ca?* signalling

Ca?* signalling

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-

(B4, B2) lipase C, IP3 and don, 2009)
Ca?" release from
the ER
Ca?*-sensing  re- | GPCR Ca?* signalling (Dal Pra et al,
ceptor (CaSR) 2014)
Cannabinoid (CB1) | GPCR Ca?* signalling, as- | (Verkhratsky and

receptor

Cannabinoid-like
(CB-like) receptor

GPCR / unknown
receptors, inhibition
of adenylyl cyclase,
regulation of nitric
oxide production,
closing of gap junc-
tions

trocyte-neuron in-

teractions

Nedergaard, 2018)

(Stella, 2010)



Table 3 (continued).

Chemokine recep-

tor (CXCR2,
CXCR4, CCR1,
CCR2, CCR3,
CCR5, CCR10,

CCR11, CX3CR1)

Class-A scavenger
receptor (SR-A)

Complement 5a-
like receptor (C5L2)

Cysteinyl leukotri-
enes receptor
(CysLT1, CysLT2)

Dopamine receptor
(D1, D2, D3, Da)

GPCR

Involved in AB up-
take by endocytosis

GPCR

GPCR

Synthesis of cAMP

Ca?* signalling

Ca?* signalling
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(Liu et al., 2014)

(Durand et al,
2019)

(Gavrilyuk et al.,
2005)

(Huang et al., 2008)

(Parpura and Hay-
don, 2009),
(O’Connor
2018),
(Montoya et al.,
2019)

et al.,

Endothelin receptor

Prostaglandin E re-
ceptor 3 (EP3)

Increase in Ca?,
opening of K* chan-
nel

Prostaglandin  re-
ceptor, causes a
decrease in cAMP

(Kettenmann,
2013)

(Paniagua-Herranz
et al., 2017)

Ephrin receptor | Receptor tyrosine | Astrocyte-neuron (Murai and Pasqu-
(Eph) kinase interaction ale, 2011)
Epidermal growth | Causes phosphory- (Li et al., 2008)
factor receptor | lation of receptor ty-
(EGFR) rosine kinases,

which leads to in-

tracellular  signal-

ling
Receptor tyrosine- | Receptor tyrosine | Astrocyte-neuron (Prevot et al., 2003)
protein kinase | kinase, neuregulin | interaction
(erbB2, erbB4) receptor
Estrogen receptor a | Nuclear receptor, | Neuroendocrine (Sato et al., 2003)

(ERa)

but has also been
found to localize to
the cell membrane

system




Table 3 (continued).

Fibroblast growth
factor receptor 1
(FGFR1)

G protein-coupled
estrogen receptor
(GPER-/GPR-30)

GPCR GPR37-like
1 (GPR37L1)

GABAA receptor

GABAg receptors

Tyrosine protein ki-
nase

GPCR

GPCR

CI channel, CI ef-
flux

Affects phospho-
lipase C, IP3 and
Ca®* release from
the ER

Neuroendocrine
system

Ca?* signalling
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(Iseki et al., 2002)

(lbrahim et al,

2019)

(Jolly et al., 2018)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

Glucagon-like pep-
tide-1 receptor
(GLP-1R)

Glutamate receptor
(mGIuRs)

Glycine receptor

Histamine receptor
(H1, H2, Ha)

Hydroxycarboxylic
acid receptor 1
(HCAR1)

Increase in cAMP

Affects either: 1)
phospholipase C,
IP; and Ca?*" re-
lease from the ER
2) synthesis of
cAMP

CI- channel, CI ef-
flux

Affects phospho-
lipase C, IP3 and
Ca?* release from
the ER, also cAMP
production

Lactate receptor

Energy metabolism

Ca?* signalling, as-
trocyte-neuron in-
teractions, epilepsy

Energy metabo-
lism, Ca?* signalling

(Reiner et al., 2016)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Mele and Juri¢,
2013)

(Ma et al., 2020)

Insulin receptor (IR)

Insulin-like growth
factor 1 receptor
(IGF-1)

Receptor
kinase

tyrosine

Transmembrane
receptor tyrosine ki-
nase

Energy metabo-
lism, neuroendo-
crine system

(Manaserh et al.,
2019)

(Huang et al., 2020)



Table 3 (continued).

Interferon-y recep-
tor (IFN-y)

Interleukin-1 recep-
tor 1 (ILR1), inter-
leukin-6 receptor

Kainate receptors
(GIluR5-GIuR?,
KA1, KA2)

Leptin
(LepR)

receptor

Lysophosphatidic

Activation of janus
kinases, and signal
transducer and ac-
tivator of transcrip-
tion proteins
(Jak/Stat)
Activation of NF-
kappa-B and MAPK
pathways, signal
transduction
through glycopro-
tein 130

Glutamate recep-
tor, Na*/K* channel

Type | cytokine re-
ceptor

Ca?" signals, acti-

Epilepsy

Energy metabolism

Ca?* signalling
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(Wang and Zhou,
2005)

(Ingiosi and Opp,
2016), (Quintana et
al., 2013)

(Kettenmann,
2013)

(Naranjo et al,

2020)

(Sorensen et al.,

acid receptor (LPA) | vation of MAPK and 2003)
Rho pathways
Muscarinic  choli- | Affects  phospho- | Ca?* signalling (Parpura and Hay-
noreceptor (MChR | lipase C, IP3 and don, 2009)
M1-Ms) Ca?" release from
the ER
Natriuretic peptide | Increase in cGMP (Kettenmann,
receptor 2013)
Neurotensin recep- | GPCR Epilepsy, Ca?* sig- | (Kyriatzis et al,
tor 2 (NTSR2) nalling 2021)
Neurotrophin  re- | Receptor tyrosine (Colombo et al.,
ceptor (TrkB) kinase 2012)
Nicotinic choli- | Na*/K*/Ca?* chan- (Parpura and Hay-
noreceptor nel don, 2009)
NMDA receptors Glutamate recep- | Ca?* signalling (Parpura and Hay-
tor, Na*/K*/Ca?* don, 2009)
channel

Opioid (y, 6, K, M)
receptor

Inhibits cAMP pro-
duction

(Parpura and Hay-
don, 2009)
(Nam et al., 2018)



Table 3 (continued).

Oxytocin and vaso-
pressin receptor

P2X (ATP)
noreceptor

puri-

P2Y (ATP)
purinoreceptor

PACAP
(PAC1)

receptor

Affects phospho-
lipase C, IP3 and
Ca®* release from

the ER
Na*/K*/Ca?* chan-
nel

Affects  phospho-

lipase C, IP3 and
Ca?* release from
the ER

Affects phospho-
lipase C, IP3 and
Ca?" release from
the ER

Ca?* signalling

Ca?* signalling,
astrocyte-neuron
interaction

Ca?* signalling

Ca?* signalling, en-
ergy metabolism
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(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Parpura and Hay-
don, 2009)

(Verkhratsky and
Nedergaard, 2018)

Platelet-derived Receptor tyrosine (Leiss et al., 2020)
growth factor re- | kinase

ceptor a (PDGFRa)

Protease-activated | GPCR Ca?* signalling (Wang et al., 2007)
receptor  (PARS)

PAR-1, PAR-2,

PAR-4

Serotonin receptor | Affects  phospho- | Energy metabo- | (Parpura and Hay-

(5-HT1a, 5-HT2a, 5-
HTzs, 5-HT4, 5-
HTsa, 5-HT7)

Somatostatin
ceptor

re-

Sphingosine-1-
phosphate receptor
(S1P)

Tachykinin receptor

lipase C, IP3 and
Ca®* release from
the ER, also cAMP
production, or trig-
gering RhoA activ-
ity

Inhibition of cAMP

GPCR

Blocking K* and

opening CI* chan-
nels

lism, Ca?* signalling

Ca?* signalling

don, 2009)

(Li et al., 2008)
(Smith et al., 2011)
(Mdller et al., 2021)

(Kettenmann,
2013)

(Mullershausen et
al., 2007)

(Kettenmann,
2013)

Thyrotropic-releas-
ing hormone recep-
tor (TRH1)

Toll-like
(TLR)

receptor

Activates NF-xB

pathway

(Parpura and Hay-
don, 2009)

(Chistyakov et al.,
2015)



Table 3 (continued).

Trace amine-asso-
ciated receptor
type-1 (TAART)

Transferrin
tor 1 (TfR1)

recep-

Transforming
growth factor 3 re-
ceptor (TGF-BR)

Triggering receptor
expressed on mye-
loid cells-2 (TREM-
2)

Urotensin Il recep-
tor

GPCR, activation of
cAMP and protein
kinase A signalling

Involved in iron up-
take by endocytosis

Serine/threonine ki-
nase receptor

Signalling via
DNAX activator
proteins

GPCR, phospho-

lipase C pathway
and Ca®' increase

Epilepsy

Ca?* signalling
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(Dave et al., 2019)

(Du et al., 2011)

(Ivens et al., 2007)

(Rosciszewski et
al., 2018)

(Castel et al., 2006)

Vascular endothe-
lial growth factor re-
ceptor (VEGF)

Vasoactive intesti-

nal polypeptide re-
ceptor (VIPR1, 2, 3)

Activates FAK and
ERK

Affects phospho-
lipase C, IP3 and
Ca?" release from
the ER, also cAMP
production

Energy metabo-
lism, Ca?* signalling

(Koyama et al,
2014)

(Parpura and Hay-
don, 2009)

2.2 Modelling of Astrocyte Functions

2.2.1 Glutamate Uptake

There are a few dozen computational models, which model the effect of glutamate trans-
porters in astrocytes or glial cells in general. These kinds of models have been published
in the last few years, but they are not a completely new modelling approach (Rusakov
and Kullmann, 1998). Examples of recently published studies include the studies of Tyu-
rikova et al. (2022), Flanagan et al. (2021), Kalia et al. (2021), Héja et al. (2021), Engels
et al. (2021), Armbruster et al. (2020), Borjkhani et al. (2018), Savtchenko et al. (2018),
Flanagan et al. (2018), Hubel et al. (2017) and Allam et al. (2012). The study of Tyurikova
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et al. was conducted using simulation tool ASTRO (Savtchenko et al., 2018), which al-
lows the simulation of astroglial glutamate transporters. The membrane potential is cal-
culated in the simulation, and the membrane potential landscape can be mapped on the
astrocyte morphology. In the ASTRO tool, the glutamate transporter is modelled with 6
different states. The kinetics of the transporter is based on the work of Zhang et al.

(2007), and the kinetic constants were adjusted to include voltage-dependency.

The study of Rusakov and Kullmann (1998) was one of the first studies that simulated
the non-neuronal glutamate transporters. They modelled the transporters in the extra-
synaptic space, without specifying the cell type. The theory of glutamate binding and
translocation was presented with equations for glutamate concentration time course.
However, the modelling was done by computing fluxes because the system had no

reachable analytical solution. The simulations showed the rapid clearance of glutamate.

Allam et al. (2012) based their glutamate transporter kinetic scheme on the study of Ber-
gles et al. (2002). A rate equation for glutamate flux was used to calculate the effect of
the transporter. They showed with their simulations how the glial transporters can mod-
ulate synaptic transmission. A different research question was asked in the study of Arm-
bruster et al. (2020). The effect of a glutamate-sensitive fluorescent reporter (iGIuSnFR)
on glutamate dynamics was studied with simulations. It was concluded that the indicator
delays glutamate uptake because it competes with the transporters. A Markov represen-
tation was used to model the transporters. The kinetic scheme was based on the same
study of Bergles et al. (2002) which Allam et al. (2012) also used, but Armbruster et al.
did some simplifying modifications. The model was an extension of a previous model of
Diamond (2005).

The modelling of glutamate transporters and their effects can be done using various ap-
proaches. When modelling the transport cycle, a kinetic scheme can be built, where the
transporter has different states (see Figure 6). As the transporter changes from one state
to another, transport substrates are moved. This corresponds to a cyclic reaction scheme
with reversible reactions. The forward and backward reactions have reaction rate con-
stants, which can be used when modelling the cycle as a Markov process or when cal-
culating reaction rates and changes in concentrations. In biophysically and biochemically
detailed models, the glutamate transporter current (the net current produced by the trans-
porter) or the current of different ionic species (Na*, K*, Glu™ or H*) can be calculated.

Also, the changes in concentrations inside the cell or in the synaptic cleft can be mod-
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eled, and the changes in astrocyte membrane potential can be calculated. In phenome-
nological models (for example Borjkhani et al. 2018), the effect of the glutamate trans-
porter can be controlled with a single parameter, for example by reducing the input of a
network. Although there are some phenomenological models, most of the models that
include glutamate transport into astrocytes, are biophysical models of the synapse, in-
cluding an astrocyte and a neuron or an astrocyte, a presynaptic nerve terminal and a
postsynaptic neuron (the tripartite synapse). Some of these models are called multi-com-
partmental mathematical models considering the 3D geometry (Boucher et al., 2010;
Héja et al., 2021).

k k
12 23
—_— e
State 1 _-— State 2 - State 3
k k
21 32
K 61 k 16 k43 k34
k 65 k 54
—_— E——
State 6 - State 5 - State 4
k k
56 45

Figure 6. Example of a kinetic scheme in the context of transporters. The cycle
represents the conformational changes in one transporter molecule during
the transport process. Reactions can occur in the forward direction
(clockwise) or in the backward direction (counterclockwise). Each reaction
is associated with a reaction rate constant kj and ki The transport
substrates associate and dissociate along the cycle (not depicted).
The number of states varies depending on the transporter and the level of
detail in the modelling.

In computational modelling, the biological realism must always be kept in mind, and ex-
perimental data should be considered when building models and validating results. In
the context of kinetic schemes as in Figure 6, the rate constants of reactions can be
obtained based on experimental data. The glutamate transporter kinetic schemes have
been developed with varying numbers of states, for example 3 (Boucher et al., 2010), 6
(Savtchenko et al., 2018), 14 (Armbruster et al., 2020; Héja et al., 2021) or 15 (Allam et
al., 2012). The different numbers of states correspond to different levels of simplifica-

tions. In terms of concentrations, it is possible to treat some of the concentrations as
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constant, and only model changes in certain concentrations. For example, the proton
concentrations can be constant, or all the other concentrations can be constant except
extracellular glutamate. In the study of Flanagan et al. (2018) only those concentrations
that were low at equilibrium were modeled, and others were constant. In some studies,
the glutamate itself is not of interest, but rather all the other ions that participate in the

transport cycle.

The glutamate in the synaptic cleft can diffuse away or be cleared by astrocytic or neu-
ronal glutamate transporters. In models, the astrocyte glutamate transporters can be the
only mechanism that affects the extracellular glutamate concentration. Estimates can be
made of the duration of a complete transport cycle. The level of detail in the transport
cycle modelling varies and some models take better into account the rapid binding of
extracellular glutamate and the time it takes for the transporter to release it in the intra-
cellular side. When a Michaelis-Menten equation is used in the modelling, the half satu-
ration constants (Ki) are not always known from experiments. The maximum uptake rate
(vmax) can be assumed to depend on surface density of the transporter, surface area and
volume, which can be used to derive the relationship between viax of the neuron and the
astrocyte (Hubel et al., 2017). Usually, the transporter amount is assumed to be constant,
although some changes are expected to occur based on experimental data (Ibafiez et
al., 2019). Assumptions can be made of the basal and peak glutamate concentrations in
the synaptic cleft, for example 0 and 1 mM concentrations can be assumed for basal and

peak values, but there is variation between different models.

2.2.2 Calcium Signalling

Modelling of astrocyte functions has largely focused on the role of Ca?* signaling. Many
of these models focus on the role of IP;-dependent Ca?* release from the endoplasmic
reticulum. An extensive review of these Ca?" models of astrocytes has been made by
Manninen et al. (2018). For example, single astrocyte models are listed in Table 2 of that
review. Interestingly, it was found in the review that many of the models were quite sim-

ilar, originating from a few previous modelling studies.

One possible simulator for biochemical reactions with 3D morphologies of the cells is
STEPS (Stochastic Engine for Pathway Simulation) (Hepburn et al., 2012). It allows the

simulation of reaction-diffusion systems. STEPS was used in the study by Denizot et al.
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(2019), which simulated Ca?* dynamics and the effect of spatial organization of IP;R.
Their simulation results were produced in morphologies mimicking the fine astrocyte pro-
cesses. The results indicated that differences in IPsR localization could be the source of
variation in the observed Ca?* signals. The ASTRO simulation tool (Savtchenko et al.,
2018) can be used to study calcium signalling as well. With ASTRO, it has been shown

how changes in Ca?* buffering can affect the Ca?* waves (Savtchenko et al., 2018).
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3.0BJECTIVES

In this thesis, the objective is to study glutamate transport in astrocytes using a biophys-
ically detailed single-cell computational model which includes detailed descriptions of the
cellular functions of interest. The first aim is to study the kinetics of glutamate transport
which means the temporal behaviour of the transport process and the generated ion
concentrations and ionic currents. The second aim is to study whether a Ca?* signal is
associated with the transport process. The third aim is to study the model behaviour
which means studying how the model handles different initial conditions. In summary,
with these simulations, it is possible to study astrocyte glutamate transporter function

and get validation for existing hypotheses related to these transporters and their physi-

ology.
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4. MATERIALS AND METHODS

4.1 ASTRO Simulation Tool

ASTRO is a simulation tool for studying morphology-based astrocyte physiology. It was
presented in 2018 by Savtchenko et al. The simulation tool utilises MATLAB and NEU-
RON for building the cell morphology and 3D structure, and NEURON for creating the
simulations (see Figure 7). The NEURON simulation environment is presented in Section
4.2. Several astrocyte membrane mechanisms are available for simulation in the ASTRO
tool. The user is also able to add new mechanisms if needed. In the above literature
review, tables of different astrocyte channels, transporters, and receptors were pre-
sented (Table 1, Table 2, Table 3). It is worth noting that only a very small fraction of
these is available in the simulator. Some mechanisms are more universal and expressed
in astrocytes throughout different brain regions, and consequently can be considered as
the most essential ones. However, the computational neuroscience community should
keep in mind the variety of mechanisms that exist and which can possibly contribute to
and explain some phenomena. This will be relevant in the future when more brain-area

specific knowledge is available.

Nano (Geometry) Simulations ca”* dynamics
(cluster)
*« MATLAB and * NEURON « MATLAB and
NEURON NEURON

Figure 7. The modules of ASTRO. The main software that is used in each module
is also shown. The first module is for building the morphology, the second
is for biophysical simulations and the third is for Ca* simulations that
require a computer cluster.

The mechanisms that are available in ASTRO are mostly well-known and accepted
mechanisms of astrocytes. Passive mechanisms (named pas in ASTRO) include the
channels that set up the membrane potential of astrocytes and do not need any activation
to be open for current flow. Other channel mechanisms include the inwardly rectifying K*

channel, which is available in two forms (Kir4 and Kir). The delayed rectifier K* channel
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is also implemented (kdrglia). Gap junction mechanisms exist in three forms (gap junc-
tion, gapCa, gapCasSt) and Ca?* channel is also available (L-type Ca?* channel). Gap
junction describes generally a current through gap junctions, while gapCa and gapCaSt
describe Ca?* current through gap junctions. Two cell membrane pumps (kpump and
Ca?" pump) and one transporter (GluTrans) can be used. The K* pump (kpump) is im-
plemented to only pump K*, but assumably the biological counterpart is the Na*/K*-

ATPase, and Na* is not modelled.

Some mechanisms are developed by Savtchenko et al. (2018) themselves, and some
they have taken for example from ModelDB, a database for neuronal models (McDougal
et al. 2017, https://senselab.med.yale.edu/ModelDB/). The mechanisms described here
are only the cell membrane mechanisms, but additional mechanisms are available in
ASTRO, most importantly the ER Ca?* dynamics. The users must pay attention to un-
derstanding which mechanisms are in use when they do simulations. It is also important
to understand how the mechanisms interact. For example, if one mechanism affects con-

centrations of ions, do the other mechanisms see this change or not.

There are different simulations available to be performed on the specified morphology.
One of them is a fluorescence recovery after photobleaching (FRAP) simulation, which
assesses the diffusion and connectivity properties. The electrophysiological properties
can be simulated for example by looking at the voltage responses to current injections.
Regarding physiological processes, simulations for Ca?* dynamics, glutamate trans-

porter function and K* dynamics can be done.

4.2 NEURON Simulation Environment

NEURON simulator is built to enable the study of biophysical models of single neurons
and networks of neurons (Carnevale, 2006). It is widely used in computational neurosci-
ence field. The benefits of using a simulator instead of a custom code are the compara-
bility of models, intuitive syntax, and available support. For example, NEURON forum is
a place for discussion and the developers provide answers for questions that the users
may have (NEURON, 2020). During the model setup, user specifies the neuron morphol-
ogy and biophysical properties. Graphical user interface tools are available for building
the model, but the mechanisms can also be described using NMODL model description

language. Users can share their NMODL code files for example in ModelDB.
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The fundamental equation in NEURON is the discrete form of the cable equation. This
equation describes the conservation of charge. It states that the capacitive current plus
the membrane current that leaves a compartment must equal the current that enters from

adjacent compartments (Carnevale, 2006):

AV . .
Cm?"’ lion = Xig (1)

where Cy, is the membrane capacitance, Vi, is the membrane potential, ¢ is time, ijon is
the current flowing through the membrane and i, is the axial current from neighbouring
compartments. It is important to recognize the sign conventions of different currents. The
current that is generated by positive ions moving from the inside to the outside of the cell
has a positive sign, and the same is true for the current that is coming into a compartment
from adjacent regions. In NEURON, the morphology is built from sections that are con-
nected to each other. Section is a piece of cable which is unbranched. A parameter called
nseg determines how many points are included in one section. These are the points
where Equation 1, the discrete cable equation, is integrated to get the value of membrane

potential.

4.3 Adding Mechanisms to ASTRO/NEURON

New mechanisms for the NEURON simulation environment can be written with NMODL
model description language. NMODL is a high-level language, which aims to provide
clear syntax for specifying models. The statements get translated to C language. The
code file is divided into predetermined blocks, and the usage of each block is explained
in the user manual. The mechanism of interest is described with equations (differential
and algebraic). Alternatively, chemical reactions can also be intuitively written by using

a kinetic block.

In this work the goal was to simulate glutamate transporter function in a biophysical as-
trocyte model. Additionally, the link between glutamate transporter function and Ca?* sig-
nal is of interest. The ASTRO simulator has an existing glutamate transporter model
which can be used to simulate the response when glutamate is applied to a certain area
of the cell. The response is monitored by looking at extracellular glutamate concentration
and the current injected into the cell in a voltage clamp configuration. However, the ex-
isting simulation was not suitable for the purpose of this work, because the simulation

was intended to only study the transporter current. In this work, the purpose was to study



38

the glutamate uptake kinetics in a way that would utilize chemical reaction kinetics to get
the concentrations of different ions. A custom glutamate transporter simulation was built
to study the research questions of interest. The complete code for this is presented in
Appendix. To study the Ca?" signal generated by NCX in response to glutamate
transport, an already available model code was used (Hay et al. 2011, Zylbertal et al.
2017, available in ModelDB under accession number 230326). This NCX code was kept
unchanged except for two slight modifications: 1) the mechanism also affects Na* cur-

rent, and 2) the Ca?* current is -1x rate instead of -2x rate.

The kinetic scheme of glutamate transporter function is based on the work of Zhang et
al. (2007). Some of the modelling choices were kept similar as in the built-in glutamate
transporter simulation, for example the amount of transporters (in mol/cm?), initial ion
concentrations and the total charge transported in one cycle. The main equations are

explained below:

Statel + [Glutamate], < State2 (kiyu(Vy,, —0.1), kyqu(Vpy,, 0.1)) (2)
State2 + [Na*], © State3 (ky3u(Vy, 0.5), k3u(V;y,, —0.5)) (3)
State3 « State4 (kzau(Vy,,0.4), kysu(Vy,, —0.4)) 4)
State4 < State5 + [Glutamate]; (kys, ks4) (5)
State5 o State6 + [Na™]; (ksgu(Vy, 0.6), kgsu(Vy,, —0.6)) (6)
State6 + [KT]; © Statel + [K*], (kg1u(Viy, 0.6), k1gu(V;y, —0.6)), (7)

where state is the conformational state of the transporter, kj and k; are the rate constants
for forward and backward reactions and u(Vm, z) is a voltage-dependence equation for
the rate constants. The voltage-dependence equation is the following (Reynolds et al.,
1985):

—zZFVm

u(Vy,,z) = ezrr ), (8)

where V, is voltage, z is the number of charges moved in the reaction under considera-

tion, F is the Faraday constant, R is the gas constant and T is the temperature.

The transporter has 6 conformations in this kinetic scheme, and based on Equations 2-
7, the differential equations representing the change in transporter conformations are the

following:

d [Statel] _

” —ky,[Statel][Glu] ,u(V;,, —0.1) + ko [State2] u(V,,, 0.1) —

kig[Statel][K],u(V,,, —0.6) + k¢, [State6][K];u(V;,, 0.6) (9)



39

% = —ky3[State2][Na],u(V;,, 0.5) + k3, [State3|u(V;,, —0.5) —

ko [State2]u(V;,, 0.1) + kq,[Statel][Glu],u(V;,, —0.1) (10)

LS - g, [State3]uVyy, 0.4) + kys[Statedlu(Vy, —0.4) —

ks, [State3]u(Vy,, —0.5) + ky3[State2][Na],u(V,,, 0.5) (11)

d [Sf;“"” = —kys[Stated] + ks, [State5][Glul; — kqs[Statedlu(V,, —0.4) +

ks4[State3]u(Vy,, 0.4) (12)

L] = —ksolStateSTu(Vy, 0.6) + kes[State6][Nalu(Vy, —0.6) —
ks4[State5][Glu); + kys[Stated] (13)

LS —kea [State6][K]u(V, 0.6) + kyg[State1][K]ou(Vy, — 0.6) —

kes[State6][Na];u(V;,, —0.6) + ksg[State5]u(V;,, 0.6). (14)

Based on the kinetic scheme that is written to the kinetic block of the model code file,
NEURON automatically assigns values to variables f_flux and b_flux (forward and back-
ward flux) during the simulation. To calculate the current that is generated by different
ions, the net flux value (forward flux minus backward flux) must be then multiplied by
Faraday’s constant. The transporter moves 3 Na* ions and 1 glutamate molecule into the
cell, and 1 K* ion out of the cell. Because in this scheme there are three different ions
moving, both inside and outside of the cell, the sign convention must be considered when
calculating the current values. This means marking positive ions moving out of the cell
as positive current, and positive ions moving into the cell as negative current. Also, in
the case of Na*, the current must be multiplied by three, because in the scheme only one

Na* ion is moving while the true number is three, meaning that the actual current for Na

is three times the one that is resulting from the scheme.

In addition to the above-described glutamate transporter model, a few alternative models
were implemented and tested. One of them is based on the work of Bergles et al. (2002)
and it is compared in this study with the final model that is based on the work of Zhang

et al. (2007). The equations that describe the alternative model are:

Statel + [Na*], < State2 (ki; u(V;,,0.46), ky,u(V;,, —0.46)) (15)
State2 + [Na*], « State3 (kyf, kyp) (16)
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State3 + [H*], & State4 (k3f, k3p) (17)
State4 + [Glu], < State5 (kyf, kap) (18)
State5 + [Na*], < State6 (kspu(Vy,, 0.55), ks,u(V;,, —0.55)) (19)
State6 < State7 (kes, kep) (20)
State7 < State8 + [Na™]; (kyru(Vy,, 0.04), kypu(V;,, —0.36)) (21)
State8 « State9 + [H™]; (kgf,kgp) (22)
State9  Statel0+ [Glu]; (kof, kop) (23)
Statel0 < Statell + [Na*]; (kiof, k1op) (24)
Statell < Statel2+ [Na™]; (kyir, k11p) (25)
Statel2 + [K*]; < Statel3 (kiaf,ki2p) (26)
Statel3 o Statel4 (kq3pu(Vpy, 0.531), kqy3pu(V,, —0.059)) (27)
Statel4 < Statel + [K*], (kyaf, K1ap), (28)

where state is the conformational state of the transporter, krand k; are the rate constants
for forward and backward reactions and u(Vn, z) is a voltage-dependence equation for

the rate constants (Equation 8).

The outcomes of these simulations will be concentration values, current density values
and whole-cell currents in voltage clamp configuration. Current density is the current
divided by area (mA/cm?). The voltage clamp simulation simulates an experiment where
the membrane potential of the cell is kept constant by injecting current to the soma, and

this makes it possible to infer the currents that are flowing through the membrane.

4.4 Modelling Passive Properties

The modelling of astrocyte passive properties can be done similarly as is done for neu-
rons. The resting membrane potential, the potential difference between inside and out-
side of the cell, is formed by so-called leak ion channels. The leak ion channels are ion
channels which have linear current-voltage relationships (so-called I-V relationships),
and they allow the current flow without the need for channel activation. This is contrary
to voltage-gated ion channels, which have non-linear |-V characteristics and are acti-

vated by changes in membrane potential.

The cell membrane and ion channels are typically considered as an equivalent electrical

circuit in computational neuroscience. The electrochemical gradient corresponds to a
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battery, ion channels to resistors, and the cell membrane to a capacitor. The charge
stored on a capacitor is:

q =CU, (29)
where C is the capacitance and U is the voltage (Koch, 1999). The electrochemical gra-
dient is the driving force for the movement of ions. Equilibrium potential is the potential
difference when no net movement of a given ion is occurring. This means that when the
membrane potential is not the same as the equilibrium potential for an ion, the ion moves
in the direction which drives the membrane potential closer to the equilibrium potential

for that ion. Equilibrium potentials can be calculated using the Nernst equation:

E = By Liomdin (30)

zF " [ion]our ’
where R is the gas constant, T is the temperature in kelvins, z is the valency of the ion,
F is Faraday’s constant and [ion]i» and [ion]o.: are the intracellular and extracellular con-

centrations of the ion (Sterratt et al., 2011).

The ionic currents are often described using the Ohm’s law (Koch, 1999):
U

I=—, (31)
where U is the voltage and R is the resistance. In the context of ion channels, the current
is written as:

I =gV, —E), (32)

where g is the conductance (1/R), Vinis the membrane potential and E is the equilibrium
potential. This describes the current that is flowing through a particular ion channel type.

The currents affect the membrane potential, and this is described as:

AV _ 1
2 = C (33)

where | is the current and C is the capacitance. Equation 33 results from Equation 29.

In a passive compartmental model, in addition to the leak current through ion channels,
it is possible to consider the current that flows passively from neighbouring regions. For

this purpose, the following expression can be considered:

d 0%,
= iR ot (34)

where d is the diameter, R; is the axial resistivity, Vi, is the membrane potential and x is
the distance. The resulting equation for membrane potential in a passive model thus
includes the currents that result from the leak channels and the spread of current be-

tween different regions of the cell:

WV _  — d 9%V,
m ot - gL(Vm EL) +4Ra 9x2 )

(35)
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where Cnis the specific membrane capacitance, tis time, g is leak current conductance

and E, is the equilibrium potential for the leak current (Sterratt et al., 2011).
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5.RESULTS AND DISCUSSION

5.1 Comparing Two Glutamate Transporter Models

This thesis work first involved review and qualitative analysis of glutamate transporter
models available in the literature (manuscript in preparation). A few alternative, biophys-
ically detailed glutamate transporter models were then selected and tested to find the
most suitable ones. In this section, the final selected model (Model 1) is compared to
one other alternative (Model 2) to justify why Model 1 was chosen. The modelling prin-
ciple was the same in these two models, and the main difference was the number of
states that described the transport cycle and the values of kinetic constants. Model 1 is
based on the kinetic scheme of Zhang et al. (2007) and has 6 states. Model 2 is based
on the kinetic scheme of Bergles et al. (2002) and has 14 states. In the following simu-

lations, different ion concentrations and currents are simulated.

The models were tested in a situation, where the transporter is in steady state, and ion
concentrations are at physiological, resting levels. The extracellular glutamate concen-
tration was then raised to 0.5 mM and the response was simulated in one process of the
astrocyte morphology. The responses of the models regarding concentration changes
can be seen in Figures 8-11.

Model 1: Extracellular glutamate concentration Model 2: Extracellular glutamate concentration

05
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Figure 8. Extracellular glutamate concentration in response to glutamate
transporter function in two different models.
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Model 1: Intracellular glutamate concentration Model 2: Intracellular glutamate concentration
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Figure 9. Intracellular glutamate concentration in response to glutamate transporter
function in two different models. Note the different x-axis scale.

Model 1: Intracellular sodium concentration Model 2: Intracellular sodium concentration
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Figure 10. Intracellular Na* concentration in response to glutamate transporter
function in two different models. Note the different x-axis scale.

Model 1: Extracellular potassium concentration Model 2: Extracellular potassium concentration
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Figure 11. Extracellular K* concentration in response to glutamate transporter
function in two different models. Note the different x-axis scale.

As can be seen in Figures 8-11, there are some clear differences in the model behav-
iours, although the concentration curves of glutamate, K* and Na* resemble each other
in shape. The most obvious difference is that Model 2 operates on a much slower time

scale. The simulations were stopped by 1100 ms at the latest, and Model 2 did not reach
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the steady-state values in that time in most cases. Contrary to Model 2, Model 1 operates
on a relatively fast time scale, and reaches final values in tens of milliseconds. Both
models produce outputs which resemble logarithmic functions, where changes happen
more quickly in the beginning and then slow down. An interesting finding is that both
models also clear the extracellular glutamate very quickly, in less than 10 ms, although
in the case of Model 2, the concentration does not go exactly to zero. The rapid clearance
of extracellular glutamate is a good indication, because the transporter is thought to bind
the extracellular glutamate very fast, after which the translocation steps to the cytosol
would take a little bit more time (Grewer et al., 2000). This behaviour is seen in both

models, but with a large difference in the translocation time between the two models.

The time scale of Model 1 is more in line with previous studies (Diamond, 2005). It may
be speculated that the 14-state Model 2, with those kinetic constants, is too slow. In the
1100 ms time, Model 2 does not reach as high concentration values of intracellular glu-
tamate and extracellular K* as Model 1, but the intracellular Na* concentration is higher
than in Model 1. This is probably because Model 2 has more accurate representation of
the transport cycle regarding Na* and incorporates the binding of 3 Na* ions in separate
reactions. In Model 1, only one Na* binding reaction is incorporated, which is one down-
side of the model. It may be assumed that the intracellular Na* concentration that results

from Model 1 is slightly too low.

In addition to the concentration responses, the currents produced by the transporter
function were compared between the two models. Two different measures were exam-
ined: the current density in one astrocyte process (Figure 12) and the whole cell current

measured in voltage clamp configuration at the soma (Figure 13).

Model 1: Current generated by the transporter Model 2: Current generated by the transporter
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Figure 12. Current density of glutamate transporters in two different models. Note
the different x- and y-axis scales.
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Model 1: Current at soma in voltage clamp Model 2: Current at soma in voltage clamp
8 g
_ o =
< -
E o £ o
5 e g %]
3 g 3 3|
o S
' T T T T ' T T T T T T
0 50 100 150 0 50 100 150 200 250
Time (ms) Time (ms)

Figure 13. Voltage clamp at soma in response to glutamate transporter function in
two different models. Note the different x- and y-axis scales.

As can be seen in Figures 12 and 13, Model 1 produces a larger current, with an ampli-
tude close to 0.25 nA in voltage clamp. The current of Model 1 goes back to zero, while
the current in Model 2 stays below zero for a longer period. The shape of the curve in
Model 1 seems to be closer to experimental findings than the shape produced by Model
2 (Diamond, 2005). Glutamate transporter currents have been studied previously both
experimentally and computationally. These studies have produced varying results, but
based on them, the current responses of the two models seem to be in the correct scale
regarding the amplitude. Previous studies include those of Diamond et al. (1998), Dia-
mond (2005), Zhang et al. (2009), Unichenko et al. (2012), Afzalov et al. (2013), Camp-
bell et al. (2014) and Wanke et al. (2016). For example, in the study of Diamond (2005),
the amplitude of the transporter current was close to 0.15 nA and the response lasted
around 40 ms as estimated from Figure 1 of that study. These values are relatively close
to those produced by Model 1. Factors that influence these current values include gluta-
mate transporter density and the stimulus magnitude (extracellular glutamate concentra-
tion). Based on the results presented above, Model 1 was selected as the most promising

model, and it was used in further analyses.

5.2 Studying the Effect of Glutamate Transporters on NCX

The interesting research question to be tested was whether glutamate transporter func-
tion can induce a Ca?* signal. There is some evidence showing that NCX can generate
Ca?* signals in response to the uptake of glutamate (Ibafiez et al., 2019; Kirischuk et al.,
2007; Oschmann et al., 2017; Rojas et al., 2007). The hypothesis behind this is that the
Na* accumulation in the close vicinity of the intracellular side of the cell membrane re-

verses NCX function. This would result in Na* being transported out of the cell, and Ca?*
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being transported into the cell by NCX. The interplay between glutamate transporters
and NCX was tested with Model 1, in response to 0.5 mM extracellular glutamate con-
centration. The Na* and Ca?" currents of NCX are shown when there are no glutamate
transporters (Figure 14) and when the transporters are present (Figure 15), to see the

effect of the transporters.

Sodium current of NCX, without GluT Calcium current of NCX, without GIuT
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Figure 14. Na* and Ca®* currents of NCX when there are no glutamate transporters
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Figure 15. Na* and Ca?* currents of NCX when the glutamate transporters (GluT)
are functional.

The results show that glutamate transporters reverse the NCX function. Without trans-
porters (Figure 14), the Na* current is negative (current into the cell) and Ca?* current is
positive (current out of the cell). When the transporters are added to the model (Figure
15), both Na* and Ca?* currents reverse their sign and direction, indicating that Ca?*
enters the cell, creating a Ca?* signal. The currents seem to be relatively small, and it
would be interesting to know whether they are relevant to the cell function. In one study,
long reverse operation of NCX (>20 s) was needed to activate the CICR mechanism of

the cell, which amplifies the Ca?* signal (Rojas et al., 2007). It could be hypothesized
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that these types of longer periods of reverse operation of NCX could happen in prolonged
neuronal activation when glutamate is released repeatedly to the synaptic cleft. Whether
the shorter period of NCX activity and the resulting smaller Ca?* signal has a physiolog-
ical consequence remains unknown. Overall, these results support the hypothesis that a

Ca?" signal is generated in response to glutamate transporter function, although more
research on this subject is needed.

5.3 Additional Testing of the Glutamate Transporter Model

The glutamate transporter model was additionally tested to see the model behaviour in
various conditions. First, it was tested how the model behaves when the input (extracel-
lular glutamate concentration) is significantly higher (1 mM) or lower (0.1 mM) than in the
previous tests (0.5 mM). The results can be seen in Figure 16.

Extracellular glutamate concentration 1mM Extracellular glutamate concentration 0.1mM
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Figure 16. Extracellular glutamate concentration changes due to transporter
function, with different starting concentrations (1mM, left, and 0.1 mM,
right). Note the different x- and y-axis scales.

The results show that clearing 1 mM of glutamate takes slightly longer and clearing 0.1
mM of glutamate takes slightly less time than the original model with 0.5 mM starting
concentration, as expected. However, the difference between the original 0.5 mM con-
centration and the 1 mM concentration was rather significant. The concentration of 0.5
mM was cleared in about 5 ms, whereas it took almost 40 ms to clear 1 mM glutamate
concentration. This indicates that with certain extracellular glutamate concentration
range, at least from 0.1 mM to 0.5 mM based on these results, the uptake is very fast
and happens in milliseconds. Higher values will quite significantly slow down the uptake
process in this model. If the glutamate uptake slows down, the prolonged high extracel-

lular glutamate concentration could contribute to neurotoxicity.
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The second test was to see whether moderate changes of other ion concentrations affect
the uptake capacity of the model. Intracellular Na* concentration was raised from 15 mM
to 20 mM (Figure 17).

Extracellular glutamate concentration, [Nai]J=20mM
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Figure 17. Extracellular glutamate concentration when intracellular Na*
concentration is raised to 20 mM.

It seems that moderate changes in ion concentrations do not have any effect on the
uptake capacity of glutamate. This would indicate that the system is not easily affected
by concentration changes, and it maintains the ability to quickly uptake glutamate. It
would be expected that larger changes influence the uptake capacity, because the up-
take relies on the concentration gradient of ions.

The last experiment was to test different transporter amounts. The original concentration
of 1.66 x 102 mol/cm? was modified to be either one tenth (10%) of original or 70% of
original, to see how either a large or a small reduction affects the function. The results
can be seen in Figure 18.
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Extracellular glutamate concentration, condition 1 Extracellular glutamate concentration, condition 2
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Figure 18. Extracellular glutamate concentration when transporter amount is 10% of
original (condition 1) and 70% of original (condition 2).

From these results, it can be concluded that the transporter amount is a key parameter,
which affects the results. With 10% of original transporter amount (condition 1), the
transport process takes around 250-300 ms. When the transporter concentration was
70% of original (condition 2), the glutamate uptake time increased from about 5 ms to
about 20 ms. This indicates that fluctuations in transporter amount, which can happen
through transporter internalization and re-positioning to the membrane, are relevant for
the uptake time of glutamate. If this is the case, it would be interesting to study transporter
amount and the factors influencing it in more detail. This could be further analysed in
experimental studies. The simulations presented in this study are an example of the use-
fulness of computational modelling — they provide ideas and hypotheses to be tested
experimentally. Additionally, because there is not a lot of experimental data on the glu-
tamate uptake details available, computational modelling is an important approach which
provides new information. In the future experimental studies, these dynamic interactions

between different mechanisms can be studied in more detail.



51

6. CONCLUSIONS

Astrocytes have many functions in the central nervous system. They control homeostasis
of ions and neurotransmitters, energy metabolism and vascular function, and they seem
to participate in information processing in the brain as well (Haim and Rowitch, 2017). In
this thesis the specific interest was to study astrocyte glutamate transport which is a
fundamental process that enables normal neurotransmission by controlling the synaptic
glutamate concentration. Disruptions in glutamate transport have consequences which

may lead to various diseases.

To study glutamate transporters with a computational model, ASTRO was chosen as the
simulation tool because it is specifically made for studying biophysical properties of as-
trocytes and provides some important features making the modelling easier when eve-
rything does not need to be made from the scratch. One type of glutamate transport
simulation already existed in the simulator, but a custom model was implemented for the

purpose of this work, to enable studying the specific research questions of interest.

Multiple previously published models were first qualitatively analysed and their imple-
mentations were tested for the glutamate transporter simulations. At the end, two of
them, the models by Zhang et al. (2007) and Bergles et al. (2002), were selected for final
comparison and simulations in this work. Both had some promising features, but the
model by Zhang et al. (2007) was chosen for further analysis because it operated con-
siderably faster than the other one, which was a desired property. Importantly, the gluta-
mate uptake time was closer to the experimental findings. The model by Zhang et al.
(2007) cleared extracellular glutamate of 0.5 mM concentration very quickly, in about 5
ms. The current amplitude in voltage clamp configuration was about 0.25 nA, which
seemed to be in the correct range based on previous studies (Diamond, 2005). The
shape of the current curve was also similar to what was expected, and the current lasted

for about 50 ms.

One central question that was tested with the model by Zhang et al. (2007) was whether
a Ca?* signal is generated in astrocytes in response to glutamate transporter function.
For this purpose, NCX was added to the simulations, because it is hypothesised that this
exchanger could generate a Ca?* signal after the activation of glutamate transporters.
The NCX function was simulated both when there were no glutamate transporters pre-

sent and when they were present. It was found that NCX reverses its operation in the
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presence of glutamate transport, meaning that a Ca?* signal is generated. This is one
indication for the association of glutamate transport function and Ca?* signal, but the
possible consequences of the signal remain to be studied. Furthermore, it is not known
whether a small Ca?* signal is relevant, or if a longer period of NCX reverse operation is
required to generate a response in the cell. The predictions given by the model could be

used as a starting point to design new experiments.

Further analyses of the glutamate transporter model revealed that while the model is fast
in clearing 0.5 mM glutamate, it takes significantly longer to clear the extracellular gluta-
mate which is twice as high (1 mM). The uptake time rose from about 5 ms to almost 40
ms. Moderate changes in concentrations of other ions relevant for the transport did not
affect the uptake capacity. The transporter amount is a key parameter defining the time
course of glutamate uptake. When the transporter amount was 70% of original, the up-
take time increased from 5 ms to about 20 ms with 0.5 mM glutamate concentration.
Because transporter amount in the cell membrane is known to vary, these results predict
that the synaptic glutamate concentration may be significantly different depending on

how many transporters are currently internalized or inserted to the membrane.

In this work, glutamate transporters and Na*-Ca?* exchangers were modelled in the AS-
TRO simulator. Insights of the transporter function regarding time scales, concentration
changes and currents are provided, in addition to test results for different conditions in-
cluding initial glutamate concentration in the synaptic cleft and transporter concentration.
The computational model provided validation to the Ca?* signal hypothesis that has been
seen in some experiments. On the other hand, the model also produced some results
that could inspire some experimental work. Ideally, computational models and experi-

mental work benefit from each other, advancing developments in neuroscience.
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APPENDIX: GLUTAMATE TRANSPORTER CODE
FOR NEURON SIMULATOR
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46

48

NEURON {

SUFFIX GluT

RANGE iglu_trans, ina_trans, ik_trans, itotal_trans
RANGE nain, naout, kin, kout, gluin, gluout

RANGE total_current

USEION na READ ina WRITE nai, ina, nao

USEION k READ ik WRITE ki, ik, ko

USEION glu READ iglu WRITE glui, iglu, gluo VALENCE -1

}
UNITS {
(1) = (liter)
(mV) = (millivolt)
(mA) = (milliamp)
(mol) = (1)
(mmol) = (millimol)
(mM) = (mmol/1)
F = (faraday) (kilocoulombs)
PI = (pi) (1)
(um) = (micron)
(uA) = (microamp)
R = (k-mole) (joule/degC)
}

PARAMETER {

: Rates

nasrcrate = @ (/ms)
ksrcrate = @ (/ms)
glusrcrate = @ (/ms)

k12 = 20 (1/mmol-ms)

k21 = 9.1 (/ms)

k23 = 90.015 (1/mmol-ms)
k32 = ©.5 (/ms)

k34 = 9.2 (/ms)

k43 = 0.6 (/ms)

ka5 = 4 (/ms)

k54 = 10 (1/mmol-ms)

k56 = 1 (/ms)

ké5 = 9.1 (1/mmol-ms)
kl6 = ©0.0016 (1/mmol-ms)
k6l = 2e-4 (1/mmol-ms)

TotalTrans = 1.66e-12 (mol/cm2)

nain = 15 (mmol/1)
naout = 150 (mmol/1)
kin = 120 (mmol/1)
kout = 3 (mmol/l)



50

52

54

56

58

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

100

102

gluin = 0.3 (mmol/l)
gluout = 20e-6 (mmol/1)

iter = 1
}
ASSIGNED {
v (mV)
iglu_trans (mA/cm2)
ina_trans (mA/cm2)
ik_trans (mA/cm2)
itotal_trans (mA/cm2)
iglu_trans_last (mA/cm2)
ina_trans_last (mA/cm2)
ik_trans_last (mA/cm2)
ina (mA/cm2)
ik (mA/cm2)
iglu (mA/cm2)
diam (um)
total_current (uA/cm2)
}
STATE {
glutrans (mol/cm2)
glutransGlu (mol/cm2)
glutransGluNal (mol/cm2)
glutransGluNa2 (mol/cm2)
glutransNa (mol/cm2)
glutransin (mol/cm2)
nai (mM)
ki (mM)
glui (mM)
nao (mM)
ko (mM)
gluo (mM)
}

LOCAL volin, volout, surf

BREAKPOINT {
SOLVE schemel METHOD sparse

iglu_trans_last = iglu_trans

ina_trans_last = ina_trans

ik_trans_last = ik_trans

iglu_trans = total_current*(le-3)

ina_trans = -3*total _current*(1le-3)

ik _trans = total current*(le-3)

itotal_trans = iglu_trans + ina_trans + ik_trans
iglu = iglu trans

ina = ina_trans

ik = ik_trans
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INITIAL {

}

LOCAL al, a2, a3, a4, a5
volin = PI*diam*diam/4
volout = volin*e@.2

surf = PI*diam

iglu = ©

iglu_trans = ©
iglu_trans_last = ©
ina = ©

ina_trans = 0
ina_trans_last = 0
ik = @

ik_trans = 0
ik_trans_last = 0

nai nain
nao = naout
ki = kin

ko = kout
glui = gluin
gluo = gluout

al = nasrcrate a2=ksrcrate a3=glusrcrate
nasrcrate=1e9 ksrcrate = 1e9 glusrcrate = 1e9

FROM i=1 TO iter {
SOLVE schemel STEADYSTATE sparse

}

gluo = 0.5
nasrcrate = al ksrcrate = a2 glusrcrate=a3

KINETIC schemel {

LOCAL x
X = F/surf

COMPARTMENT volin {nai ki glui}

COMPARTMENT surf*(1el10) {glutrans glutransGlu
glutransGluNal glutransGluNa2 glutransNa glutransin}
COMPARTMENT volout {gluo nao ko}

~ glutrans + gluo <-> glutransGlu (k12*u(v,
-0.1)*surf*(leld), k2l*surf*(lel@)*u(v,0.1))

~ glutransGlu + nao <-> glutransGluNal (k23*u(v,
.5)*surf*(1el0),k32*surf*(1e10)*u(v,-0.5))
glutransGluNal <-> glutransGluNa2 (k34*u(v,
.A4)*surf*(1el0),k43*surf*(1leld)*u(v, -0.4))
glutransGluNa2 <-> glutransNa + glui (k45*surf*(1lel0),
k54*surf*(1e10))

~ glutransNa <-> glutransin + nai (k56*u(v,
0.6)*surf*(1e10),k65*surf*(1el@)*u(v,-0.6))

~ glutransin + ki <-> glutrans + ko (k6l*surf*(1el0)

(W]

4

(]

2
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160
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172

174

176

178

180

182

184

}

*u(v,0.6), kl6*u(v,-0.6)*surf*(1el0))
total current = (f_flux - b_flux)*x*(100)

CONSERVE glutrans + glutransGlu + glutransGluNal
+ glutransGluNa2 + glutransNa + glutransin =
TotalTrans*surf*(1el0)

COMPARTMENT volin {nain kin gluin}

~nain <-> nai (nasrcrate*volin, nasrcrate*volin)
~kin <-> ki (ksrcrate*volin, ksrcrate*volin)

~gluin <-> glui (glusrcrate*volin, glusrcrate*volin)
~nai << (-(ina-ina_trans_last)/x*(10))

~glui << (-(iglu-iglu_trans_last)/x*(10))

~ki << (-(ik-ik_trans_last)/x*(10))

COMPARTMENT volout {naout gluout kout}

~naout <-> nao (nasrcrate*volout, nasrcrate*volout)
~kout <-> ko (ksrcrate*volout, ksrcrate*volout)

~gluout <-> gluo (glusrcrate*volout, glusrcrate*volout)
~nao << ((ina-ina_trans_last)/x*(10))

~gluo << ((iglu-iglu_trans_last)/x*(10))

~ko << ((ik-ik_trans_last)/x*(10))

FUNCTION u(x(mv), th) {

}

u = exp((-1)*th*x/(2*(26.7 (mV))))

73



