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ABSTRACT
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Tampere University

Master’s Programme in Biotechnology and Biomedical Engineering

November 2022

The two most abundant cell types in the brain are neuronal cells and non-neuronal glial cells.
Both cell types can form extensive networks of their own, but they also interact with each other.
Recently in the field of neuroscience, glial cells have been recognized to have significantly larger
roles in the central nervous system, compared to the previously thought roles in homeostasis and
as supporting cells. As an example, glial cells have been shown to participate in sensory infor-
mation processing and higher brain functions. One specialized subtype of glial cells is astrocytes.
Astrocytes have been shown to be closely associated with neuronal synapses and to participate
in the regulation of synaptic functions and plasticity. The interactions between neurons and astro-
cytes in the brain are driven by many complex cellular mechanisms. Such mechanisms include,
for example, exocytosis and uptake of transmitters and other molecules.

One important form of interaction between neurons and astrocytes at the synaptic level is
glutamate uptake. Glutamate is an excitatory neurotransmitter, released into the synaptic cleft by
neurons. Excess glutamate in the synaptic cleft can lead to neurotoxic reaction, such as epileptic
seizures, so the glutamate concentration must be carefully modulated. It has been shown that
most of the glutamate uptake is carried out by astrocytes. Astrocytes actively control the glutamate
dynamics in the synaptic cleft by taking up glutamate through specific glutamate transporters, and
releasing it to the extrasynaptic space.

In this thesis work, a previously published and validated synapse model was further developed
to incorporate a direct pathway for astrocytic glutamate uptake from the synaptic cleft. The previ-
ous model described dynamics in a specific synapse in somatosensory cortex, where evidence of
astrocytes modulating synaptic plasticity has previously been found. The new model component
for astrocytic glutamate uptake dynamics was developed based on a comprehensive survey and
literature search of astrocytic glutamate transporter models. Due to the level of complexity and the
biophysical nature of the original synapse model, it was of interest to reconcile whether it is even
possible to integrate this mechanism.

The simulation results obtained with the new implementation of the model were promising,
since the new model was reasonably fitted to produce results close to those of the original model.
The successful integration of the glutamate uptake component made it possible to perform further
simulations to study the behavior of the new model. The dynamics and results of the new model
are related to the ability of the synapse to learn and modulate sensory information, making the
model a viable tool for further research on the role of astrocytic glutamate uptake. It was of
importance to introduce a fully replicable model code, thus all new and modified mathematical
expressions and implementation details are presented.
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TIVISTELMA
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Aivojen kaksi ensisijaista solutyyppid ovat hermosolut ja gliasolut. Molemmat solutyypit voivat
muodostaa laajoja solutyypin sisdisia verkostoja, mutta ne vaikuttavat myés keskendan yli so-
lutyyppirajojen. Viime aikoina neurotieteen alalla gliasoluilla on tunnistettu olevan huomattavasti
suurempi rooli keskushermostossa, aiemmin tunnistettuihin homeostaattisiin ja tukirooleihin ver-
rattuna. Nykytiedon mukaan gliasolut osallistuvat sensorisen informaation kasittelyyn seka kor-
keampiin aivotoimintoihin. Yksi erikoistunut gliasolujen alatyyppi ovat astrosyytit. Astrosyyttien on
osoitettu sijaitsevan lahella hermosolujen synapseja, ja osallistuvan synapsin toiminnan saatelyyn
sekd@ synaptiseen muovautuvuuteen. Hermosolujen ja astrosyyttien tiedetddn vuorovaikuttavan
keskendaan monella eri kompleksisella tavalla, hyédyntden muun muassa valittdjaaineiden seka
muiden molekyylien eksosytoosia sekd sisdanottoa.

Glutamaatin sisdanotto on yksi tarked hermosolujen ja astrosyyttien valisen vuorovaikutuk-
sen muoto synapsitasolla. Glutamaatti on eksitatorinen hermovalittajaaine, jota neuronit vapaut-
tavat synapsirakoon. Ylim&arainen glutamaatti synapsiraossa voi johtaa neurotoksiseen tilaan, jo-
ten sopivaa glutamaattipitoisuutta tulee yllapitaa tarkasti. Astrosyyttien on osoitettu huolehtivan
suurimmasta osasta glutamaatin sisdénotosta synapsiraossa. Astrosyytit kontrolloivat aktiivisesti
synapsin glutamaattidynamiikkaa ottamalla glutamaattia sisdén erikoistuneiden glutamaattitrans-
porttereiden avulla ja vapauttamalla sita solunulkoiseen tilaan.

Tassa opinndytetydssa jatkokehitettiin aiemmin julkaistua ja validoitua synapsimallia, tarkoituk-
sena luoda malliin uusi komponentti kuvaamaan glutamaatin sisd&nottoa astrosyyttiin. Kyseinen,
aiemmin julkaistu malli kuvaa spesifistd synapsia somatosensorisella korteksilla, jossa on aiem-
min havaittu todisteita astrosyyttien roolista synaptisessa muovautuvuudessa. Kyseinen kompo-
nentti astrosyytin glutamaatin sisdénotolle luotiin kattavan tutkimuksen perusteella, jossa analy-
soitiin julkaistuja, astrosyyttien glutamaattitransporttereita hyédyntavia malleja. Alkuperaisen sy-
napsimallin monimuotoisen biofysikaalisen ja -kemiallisen luonteen johdosta ty6n ensisijainen ta-
voite oli selvittdd, mikali kyseinen mekanismi on edes mahdollista implementoida alkuperaiseen
malliin.

Uutta, jatkokehitettyd mallia simuloimalla saatiin lupaavia tuloksia, silld uuden mallin toiminta
voitiin realistisesti sovittaa tuottamaan alkuperaistd mallia vastaavia tuloksia. Glutamaatin sisédan-
ottokomponentin onnistunut integroiminen mahdollisti my6s sen, ettad kehitetyn mallin toiminnan
tutkimiseen voitiin syventyd hieman lisédd. Kehitetylld mallilla saadut tulokset kuvaavat synapsin
kykya oppia sekd muokata sensorista informaatiota. Naiden tulosten perusteella mallia voidaan
hyédyntaa tyékaluna myds mydhemmissa astrosyytin glutamaatin sisdanottoa koskevissa tutki-
muksissa.

Avainsanat: astrosyytti, glutamaattitransportteri, hermosolu, mallintaminen, synapsi

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

The two primary cell types in the central nervous system (CNS) are considered to be
neurons and glia [1], although it is still a debate which cell type is more abundant. Cur-
rently, the glia/neuron ratio is known to vary between different brain regions, developmen-
tal stages and animals. Generally, the bigger the brain, the bigger the neurons, resulting
in smaller density of neuronal cells and thus higher glia/neuron ratio [2]. Some exper-
imental studies have presented ratios varying from 0.3 in rodents to 1.5 in humans [3,
4]. However, these are still estimates, and we are yet to be able to make any definite
conclusions about the ratio [5].

For many years glial cells were thought to be merely supporting cells for neurons, like
"brain glue" [6]. The wide range of glial functions have since been recognized, and glial re-
search has drawn more interest in recent years. One subtype of glial cells, the astrocytes,
has attracted particular attention. Several important functions for astrocytes have been
found outside previously noted homeostatic and supporting roles. Also, more controver-
sial roles of astrocytes have been suggested, particularly related to synaptic transmission
and plasticity as well as memory and learning [7, 8]. To study the diverse functions of
astrocytes in the brain, it is of interest to study their interaction with neurons. One way to
study these interactions is to develop mathematical models and tools for computational
neuroscience.

Computational neuroscience is a field under neuroscience, which uses mathematical
tools and expressions to study and understand the nervous system in health and disease
[1, 9]. Computational neuroscience is closely considering experimental neuroscientific
data, which is of great importance for constructing and validating the dynamical behav-
ior of mathematical models. Computational modeling of astrocytes has not yet reached
the level of modeling neurons. Astrocytes do not fire action potentials, so gathering ex-
perimental data for astrocytes, for example for validating the models, is more challenging
compared to neuronal data. Despite the challenges, it is of interest to create more precise
and efficient models incorporating also astrocytic components, following the increased
knowledge on the importance of astrocytes in normal brain functions. By mathematically
describing the experimental findings, computational modeling could help to tackle the
challenges in the astrocyte research.



One important function of astrocytes to incorporate into the models is the uptake of the
most abundant excitatory neurotransmitter in the central nervous system, the glutamate.
Glutamate uptake is a cellular process which controls regional concentrations of gluta-
mate. Astrocytic glutamate uptake is known to have a crucial role in maintaining the
normal brain functions. Excessive concentrations of glutamate in extracellular space and
synaptic clefts can lead to neurotoxic reactions, causing, for example, epileptic seizures
[10]. Glutamate is taken up by specific glutamate transporters of which the ones mostly
responsible for the uptake process are located in astrocytes. Currently, these transporters
are rarely modeled and their reproducibility and replicability can be inconvenient since,
based on the research of this work, there are very few simulation codes publicly available.

The purpose of this Master of Science thesis work is to extend the previously published
neuron-astrocyte synapse model [11] by incorporating additional biological mechanisms.
This neuron-astrocyte synapse model describes the phenomenon of synaptic transmis-
sion and plasticity, to which astrocytes have been suggested to take part in. The role of
astrocytic mechanisms in this phenomenon is still partly controversial, and requires more
studies, which is why it is of interest to continue working with such a synapse model.

The original synapse model is already biophysically and -chemically advanced, setting
up a good basis for further development of the model. To reach the purpose of this the-
sis work, the first aim is to develop a new, biologically realistic component for astrocytic
glutamate uptake pathway from the synaptic cleft to the astrocyte. The second aim is to
examine whether it is possible to integrate the developed glutamate uptake component
into the complex synapse model and simultaneously maintain appropriate model dynam-
ics to ensure that the dynamics of the new synapse model comply with the dynamics
of the original model. The third aim is to evaluate the dynamics of the new developed
model against the original synapse model dynamics. Lastly, the fourth aim is to perform
evaluations also against different conditions, where parameters affecting the rate of the
new glutamate uptake component are modified. The first two aims are the most important
ones to reach the purpose of this work. In addition, it is of importance to introduce not
only the mathematical expressions, but also other implementation details needed to fully
reproduce the model.

The neuroscientific background for understanding the basics of neuronal cells and as-
troglia is presented in Chapter 2. In Chapter 3, the description of the original synapse
model, and other materials and methods used to develop and implement the astrocytic
glutamate uptake component, are presented. The new glutamate uptake component and
the dynamics of the new developed synapse model are introduced in Chapter 4, after
which the obtained results are discussed and analysed in more detail in Chapter 5. Chap-
ter 6 concludes this thesis work and its most important results.



2. NEUROSCIENTIFIC AND THEORETICAL
BACKGROUND

Computational modeling of neuron-astrocyte interactions and astrocytic glutamate up-
take employs a wide range of knowledge from the neuroscience field. In Chapter 2,
the basics of neuronal and astrocytes,as well as synapses are presented. The neuro-
biological focus is on explaining the functionality of cells and synapses and how they
contribute to excitability, information processing, synaptic transmission, and formation of
synaptic plasticity in the brain. In addition, the neuron-astrocyte interactions, particularly
the mechanisms related to glutamate uptake from synaptic cleft to astrocytes, are intro-
duced. Computational modeling of these phenomena is explained, and the most used
models for describing neuronal sodium-based excitability and astrocytic calcium-based
signaling are presented.

2.1  Neuronal cells

Neurons are one of the most abundant cells in the CNS. Different brain areas contain dif-
ferent neuron types varying in size, shape and morphology, and in physiological properties
and functions [1, 12]. However, there are a couple features that are generally detected in
all neuronal cells. One is their general structure, consisting of the cell body alias soma,
and the neurites [12]. The neurites include dendrites that are the receiving part, and an
axon that is the sending part of the neuron [1]. Figure 2.1 presents typical morphologies
of a rodent and human pyramidal neurons. A lot of progress has been made in recent
years to understand the structure and morphology of neuronal cells in both rodent and
human cells in vivo. As can be seen from Figure 2.1, the size and morphology of neurons
vary between rodents and humans. Since a lot of studies are performed with rodent cells,
it is of importance to aim to understand how largely their neuronal function differ from
humans [13].

Another feature common for neuronal cells is electrical excitability, characterized as the
ability to respond to external stimuli by firing brief voltage pulses called action potentials
[17]. The excitability of neurons is covered next.



Figure 2.1. Typical morphology of a cortical pyramidal neuron of A) a human and B) a
mouse. The morphologies are from NeuroMorpho.org [14], and originally published in
[15] (A) and [16] (B).

2.1.1 Excitability and neurotransmission

Generally, there are both excitatory and inhibitory neurons [12]. Excitatory neurons re-
lease excitatory neurotransmitters, for example glutamate [18]. They fire action poten-
tials to induce an increase in the cell membrane potential of adjacent neurons [1], thus
increasing the probability of action potential propagation. Inhibitory neurons release in-
hibitory neurotransmitters, for example gamma-aminobutyric acid (GABA) [19], and aim
to drive the membrane potential of adjacent neurons towards their resting states [1]. In
other words, they decrease the possibility of propagation of the action potential. The prop-
agation of action potentials and release of excitatory neurotransmitters have a key role
in information transfer from one neuron to another. Thus, in this work, mainly excitatory
neurons are covered.

Neurons can connect to each other via synapses to form large neuronal networks. In to-
tal, each neuron can form up to 15 000 synaptic connections [20]. Neurons also express
special electrophysiological and chemical properties, making them specialized in signal
transmission and processing at synapses [1]. Neuron are, for example, able to alter their
intrinsic resting membrane potential. The intrinsic resting membrane potential, settling
between —40mV and —70mV depending on the neuron type [12], is due to the difference
between intracellular and extracellular electric potentials, formed by concentrations of var-
ious ions, like potassium (K™) and sodium (Na™) ions [1, 21]. The excitability of neurons
is characterized by this ability to alter the membrane potential, leading to formation and
propagation of action potentials.

Alongside the bioelectrical properties of neurons, release of specific signaling molecules,
called neurotransmitters, have a key role in mediating the membrane potential changes
[12]. Neurotransmitters released from one neuron bind to the specific receptors ex-



pressed on the membrane of the adjacent, receiving neuron, which then releases its
own set of neurotransmitters [22]. The binding of neurotransmitters affects the state of
the ligand-gated ion channels in the adjacent neuronal cell membrane. Opening of these
ligand-gated ion channels, through which the ions are transported, causes variation in the
membrane potential due to the change in extracellular and intracellular ionic concentra-
tions. This variation in the membrane potential is crucial for the excitability and thus for
the signaling capabilities of neurons, enabling propagation of action potentials by creating
a potential change in the adjacent neurons. The formed interaction of information transfer
mediated by transmitter molecules is called neurotransmission, or synaptic transmission
(see Section 2.3.1)

2.1.2 Computational modeling of neurons

Thousands of computational models have been developed for neurons. These can vary
from models for individual neurons to models for neuronal networks. Although these
models vary by composition, they often exploit some of the standardized ways to model
neuronal processes, often emphasized on modeling the membrane potential and signal
transmission in the synapses. Neuronal processes are typically first expressed by means
of mathematical equations and functions, like ordinary differential equations (ODEs), and
then implemented with programming languages like Python and MATLAB®. There are
also simulation environments for different purposes, such as NEURON simulator [23]
for simulating biophysical neurons and neuronal networks, and NEST simulator [24] for
simulating spiking neural networks.

One of the first, and perhaps most known, mathematical description of neuronal proper-
ties is the Hodgkin-Huxley model (HH-model) for excitability of neurons, describing the
propagation of action potentials. The model was presented by Hodgkin and Huxley in
1952 [21, 25]. The data for action potential propagation was obtained from an axon of
a giant squid, which was then fitted to the mathematical model. The development of
the mathematical model is based on the equivalent electrical circuit of cell membrane,
illustrated in Figure 2.2.

The description of electrical equivalent circuit presented below is adapted from [21] and
[17]. In Figure 2.2, C),, describes the membrane capacitance, arising mainly due to the
dielectric properties of the lipid bilayer. Functionally, the lipid bilayer can be thought as
an equivalent to a capacitor. The incoming current (/,,,) is divided into capacitive current
(I.), which charges the membrane capacitance, currents for K™ (Ix) and Na™ ions (Iy.),
and the leak current (/1) passing through the ion channels. The leak current is mainly
comprised of the flow of chloride (CI™) ions.

Each ion channel has its own resistance, here described as its inverse, conductance.
Conductance describes how well the current can flow through its path, here through the
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Figure 2.2. Electrical equivalent circuit of the cell membrane for Hodgkin-Huxley model.
Adapted from [21]

ion channel. The conductances for Kt and Na™ channels, and for the leak channel are
JK, gna and gz, respectively. The K and Na™ conductances are independent from
each other, but are voltage-dependent, meaning that they are affected by the membrane
potential. The leak conductance has a smaller magnitude and is not dependent on the
voltage. In this mathematical framework it is assumed to be constant. Ex, En, and Ey,
are the equilibrium potentials for K™, Na™ and leakage, acting as batteries in the circuit.
The difference of each equilibrium potential to the membrane voltage V,,, comprises the
driving force for each ionic current.

The HH-model is comprised of several basic assumptions and different activation and
inactivation states. It is dependent on the currents I,, Ix and ;. Each current can be
presented with respect to their conductances and driving forces:

]Na - gNa(Vm - ENa)a (21)

IK = gK(Vm - EK)7 (2-2)

I =9, Vi, — Ep), (2.3)



where gnq, gx and g, are the Na™, K™ and leak conductances, respectively. The overline
expression denotes the maximum value. The term V,, — E; describes the driving force.

The electrical equivalent of the total membrane current can be presented as

av,

[—I+1—c,%m
+ dt

+1; (2.4)
where . is the capacitive current that charges or recharges the membrane capacitance,
and I; is the sum of ionic currents In,, Ix and I;. The complete model for all currents
that flow across an axonal membrane is presented as

AV,  _
GVm WV, — Eng)—
Cm=3t Gnam 7 (Vi = Ena) (2.5)

Gxn* (Vi — Ex) — G, (Vi — E) + 1.

The term g,m>h describes the maximum conductance of Na™, multiplied by specific,
numerical values for activation gating variable m and inactivation gating variable A to
describe the actual maximum conductance open. Similarly, the term g,n* describes the
maximum conductance of K™, multiplied by a numerical value for activation gating variable
n. Particles m, h, and n are dimensionless numbers between 0 and 1. [ is the local circuit
current, or injected current. The whole derivation of Equations 2.5 from Equations (2.1),
(2.2), (2.3) and (2.4), completed with specific gating variables, can be reviewed from [17]
and [21].

The HH-model formalism can be used to describe propagation of action potentials in
single-compartment neuron models, but also in multi-compartmental modeling, where
the neuron is divided into compartments. In addition to this, a network of neurons can be
described by employing multiple neurons [21], each described with the HH-model. Such
single-cell and network models have been developed for various types of nerve cells [26].
The HH-model formalism is utilized in the neuronal components of the synapse model
[11] that is presented later in this thesis work.

2.2 Glial cells

Another quantitatively and functionally significant cell type in the CNS are non-neuronal
glial cells. Glial cells have different specialized subtypes, one of them being astrocytes.
Previously astrocytes have been believed to mainly provide structural support for neurons,
and act as a “brain glue” [6]. Now, astrocytes are known to have even more fundamental
roles in brain functions in health and disease [27]. Astrocytes are, among other roles,
known to control the overall homeostasis in the CNS [28]. The homeostasis in the CNS



is a sum of many factors. Homeostatic functions of astrocytes include, for example, con-
trolling over the blood-brain barrier [29], providing metabolic support [6] and participating
in synaptic formation and elimination [30]. Astrocytes have also been shown to respond
to neural activity and modulating neuronal activity [28, 31]. Recent studies also suggest
additional roles for astrocytes, such as involvement in regulation of synaptic transmission
[27], neuronal plasticity and learning [6], and memory [32]. However, these roles are still
partially controversial, and more experimental studies are needed to show these func-
tions. Even though a great variety of astrocytic functions are known to exist, it is still not
fully understood how astrocytes perform these functions.

Figure 2.3 demonstrates a typical protoplasmic astrocyte morphology of a mouse and a
human. Typical structural features of astrocytes are soma, and perisynaptic and perivas-
cular processes [33]. The perisynaptic and perivascular processes can be seen in the Fig-
ure 2.3 as the branching features, sent out to perform the astrocytic functions. Through
the perivascular processes astrocytes can connect to, for example, blood vessels [34].
The perisynaptic processes can also reach up to the neurons at synapses. According to

very recent findings, an average astrocyte of a rodent can connect to 12 000 to 120 000
synapses, and an astrocyte of a human up to 2 000 000 [35]. These numbers are rather
significant compared to the synaptic connections of neurons.

Figure 2.3. Typical protoplasmic astrocyte morphology from a mouse A) and human B).
The figure is taken and modified from [35]. Copyright © 2009 Society for Neuroscience.

Astrocytes typically have a more negative resting membrane potential compared to the
neuronal counterparts, with some exceptions due to the potential ranging from —25mV to
—90mV, depending on the brain region [36—38]. The hyperpolarized resting membrane
potential is thought to have a critical role for providing the base for the homeostatic func-
tions of astrocytes [39]. Unlike neurons, astrocytes are not able to alter their membrane



potential in the extent required for firing an action potential. Astrocytes do express ion
channels for Na™ ions, which is one key ion for the excitability of neurons. However,
astrocytic Na* channels have been shown to have a different role than in neurons, and
might not be expressed enough in relation to what is required for the formation of action
potentials [40]. However, based on current knowledge, astrocytes are not electrically pas-
sive cells either, and fluctuations of astrocytic membrane potential have been detected in
response to stimuli [41].

Even though astrocytes do not form action potentials, many of their functions are shown
to be mediated by intracellular calcium (Ca?*) signaling [42—44], and the changes in the
intracellular (Ca*) concentration can be used to study astrocyte properties. Next, Ca®*
excitability in astrocytes, as well as the modeling of Ca®* excitability, are discussed.

2.2.1 Calcium excitability

Studies have revealed that as a response to neuronal activity, astrocytes display in-
creased cytosolic Ca%" oscillation (also called Ca®" spikes, signals, or transients, de-
pending on the literature) [42, 45, 46]. The elevated Ca** concentration may also prop-
agate as a wave to other adjacent astrocytes [45, 47]. Initially these kinds of findings
raised speculation of possible roles of astrocytes in neuronal information processing and
transfer. Bazargani and Attwell [42] presented three waves of research evidence in astro-
cytic Ca?* signaling in their review. The first wave was characterized by the new findings
that astrocytes might take part in information processing through Ca** signaling. In vitro
studies showed, for example, that increased glutamate concentration led to propagation
of intracellular Ca?* signals in the astrocytes, possibly influencing the Ca?* concentra-
tion or other mechanism in the adjacent neurons [43, 48]. During the second wave of
research, various experimental studies revealed challenges in trying to prove the pre-
vious findings of the significance of astrocytic Ca®* signaling. These challenges were
partly due to used experimental protocols and animals and due to the lack of suitable
pharmacological tools [49]. Lastly, the third wave of research consisted of studies aiming
to explain the contradiction between the findings of the first and second waves. It was
suggested that astrocytes should also be thought as compartmental structures, express-
ing different Ca®" transients. To study the possible role of astrocytic Ca** signaling in
synaptic transmission, the Ca?* transients near synapses should be addressed.

The formation of astrocytic Ca?* signaling is also affected by many Ca?*-dependent
mechanismes, like activation of inositol triphosphate (IP3) receptors and mechanisms re-
lated to astrocytic glutamate dynamics. Increased intracellular astrocytic glutamate con-
centrations can also potentially link to increased intracellular Ca®* concentrations of as-
trocytes [43]. By controlling over the synaptic glutamate concentration, astrocytes can
modulate neuronal activity and homeostasis, and it is of future interest to study how the
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underlying mechanisms are linked.

Glutamate has an important role in the CNS, but excessive synaptic concentrations of
such excitatory neurotransmitter can be inconvenient, as further explained in Sections
2.4.1 and 2.4.3. Even though it is not yet clear if astrocytic glutamate uptake itself is
Ca’*-dependent, intracellular Ca** have been indicated to participate in mediating the
glutamate release from astrocytes into the extrasynaptic space [44, 50]. Extrasynaptic
glutamate can activate presynaptic neuronal receptors, which then modulates the presy-
naptic vesicle release probability. Extrasynaptic glutamate can also activate postsynaptic
receptors, which may lead to induction of slow inward currents [51]. However, in this
thesis work, the extrasynaptic glutamate is only considered to activate presynaptic recep-
tors. The functions of extrasynaptic glutamate observed so far suggest that astrocytic
Ca?" signaling could have an effect in synaptic transmission and plasticity [50-52)].

2.2.2 Computational modeling of astrocytes

There are currently hundreds of published mathematical models for astrocytes [53]. This
number falls significantly behind the amount of neuronal models. As mentioned earlier,
astrocytes do not fire action potentials. This is one of the reasons why it has been diffi-
cult to gather data for constructing and validating biophysical astrocyte models [54]. For
example, imaging of astrocytes can be rather tedious with current imaging methods and
might results in poor contrast images. Fortunately, better tools are continuously being
developed [54] to catch up with the astrocyte knowledge, and the pace of model releases
seems to be rapidly increasing [53]. Fairly many of the astrocyte models still lack more
detailed biological properties and are usually very generic, meaning they do not describe
the astrocyte functions in some particular brain region or synapse [53].

Like neuronal models, also astrocytic functions are first expressed with mathematical
equations and functions, and then implemented with, for example, Python or MATLAB®.
The mathematical expressions of astrocytic functions have not yet reached as well-
established state as the ones describing neurons (see 2.1.2 and HH-model). However,
often some generally known methods are used, such as ODEs, stochastic differential
equations (SDEs), and reaction-diffusion modeling. Usually, such implementations con-
tain one or two neurons in addition to the astrocyte and emphasize the neuron-astrocyte
interactions. There is also a recently developed tool called ASTRO [55], which can be
used to study morphological and functional features of astrocytes.

The modeled entity in astrocyte models is typically astrocytic Ca®* concentration, since
Ca?* has a key role in intracellular signaling in many astrocytic functions such as glu-
tamate release [44]. In 1994, Li and Rinzel [56] introduced a model describing Ca**
signaling in cells. Their model has since been widely utilized in astrocyte studies [53].
The model by Li and Rinzel can be applied to model the IP;-dependent cytosolic Ca?*
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signaling in the astrocyte as follows

d[Ca*" |y — (reron( UPs]eye 5, [Ca*]ep
dt IPs)eye +di” M [Ca?tey + ds
<([Ca**]free — (L4 c1)[Ca®]ey)  (26)
([Ca®Teye)?
Jeyt)? + (Ksproa)?

)3h3 + TrLEAK)

—VsEerca ([Ca?*

The terms rcjcr and 7. pax describe the Ca?* induced Ca’* release from the endo-
plasmic reticulum (ER) to the astrocytic cytosol, and the leak flux from the ER to the
cytosol, respectively. [I Ps].,. is the astrocytic cytosolic IP3 concentration and [C'a*"] 7.
is the concentration of free Ca®* in the astrocyte. The Ca?' is pumped from the cy-
tosol to the ER with a sarco/ER Ca®"-ATPase pump (SERCA), and this pump flux is
described with SERCA-related parameters Vsgrca and Ksgrcoa. ATPase is an enzyme
that hydrolyzes adenosine triphosphate (ATP) compound. Understanding of the detailed
function of SERCA pump is not necessary in this thesis work. Visual representation of
these basic components of astrocytic Ca?* signaling can be viewed from Figure 3.1.

Li and Rinzel [56] also described the fraction of active IP3 receptors, located in the ER of
astrocytes as follows

dh _ hoo —h (2.7)
dt n Th ’ '
where
Q2
hoy = , 8
Q2 + [Ca2+]cyt ( )
! (2.9)
T = , .
" az(Q2 + [Cag;_t])
and
Qs = dy A Dol t (2.10)

I Ps)oye + ds”

The concentration of the intracellular astrocytic IP5 and the fraction of active IP5 receptors
determine the concentration of cytosolic Ca®* in astrocytes. The parameters as, di, d,
ds, ds and c; in the Equations (2.6)—(2.10) are obtained from the literature [56] and are
not presented in more detail here. The astrocyte component of the synapse model [11],
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presented later in this work (Section 3.1.1), employs the modeling of IPs-dependent Ca?*
signaling introduced by Li and Rinzel [56].

Adding expressions to model the glutamate transporters is relatively new. A few published
models incorporating glutamate transporters are used as preliminary material for this work
and are presented in Section 3.2 in Table 3.1. All of these models included some level of
description for the function of astrocytic glutamate transporter.

2.3 Synapses

There are both chemical and electrical synapses, from which chemical synapses have
been presumed to be the main mediator of targeted communication in the brain [21]. To
simplify, a chemical synapse is a structure that enables a neuron to send information as
chemical signal to another neuron or target cell, forming a chain reaction of information
propagation. Electrical synapses, also known as gap junctions, are junctions formed by
channel proteins, typically connecting dendrite to dendrite or axon to axon [21, 57].

Each neuron can send and receive information. When observing one synaptic connection
between two neurons, we can identify a sending, or presynaptic, neuron connecting to
a receiving, or postsynaptic, neuron via the synapse, also referred to as the synaptic
cleft [1]. Chemical synapses can be thought as a complex signal transduction device,
mediated by neurotransmitters [21, 22]. The postsynaptic response generated through a
chemical synapse is due to binding of presynaptically released neurotransmitters (Section
2.1.1).

Gap junctions are called electrical synapses since the presence of such junctions en-
able electrical coupling and thus electrical pathways between neurons [19]. The informa-
tion propagates through the channels due to their permeability to ions and other small
molecules [57]. These electrical pathways are characterized by low resistance, which
helps to prevent loss caused by leakage. Thus, the postsynaptic response is accumu-
lated with only a little attenuation. Astrocytes have also been shown to have gap junc-
tions, which they can in some situations and developmental stages use to form their own
networks [6, 58].

Therefore, synapses are special sites that allow cells to connect to each other chemically
or electrically. Studying the synaptic level functions reveals information about significant
mechanisms occurring in the brain, for example synaptic transmission and plasticity.

2.3.1 Synaptic transmission and plasticity

As learned in Section 2.1.1, synaptic transmission, also called neurotransmission, is char-
acterized by the propagation of neurotransmitter-mediated action potentials. To empha-
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size the mechanism in the synaptic level between networks of neurons, the term synaptic
transmission is used.

When the presynaptically released neurotransmitters diffuse to the synaptic cleft, they
can bind to the receptors on the membrane of postsynaptic neuron [22]. Here, the neu-
rotransmitter of interest is glutamate (Section 2.4.1). Different types of glutamate re-
ceptors have been identified in the brain: ionotropic and metabotropic receptors [28,
59]. lonotropic receptors include N-methyl-D-aspartate receptors (NMDAR), a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPAR), and kainate recep-
tors. These are ligand-gated ion channel proteins integrate into the cell membrane.
Metabotropic glutamate receptors (mGluRs) are a family of G-protein coupled receptors,
whose activation provokes different intracellular G-protein signaling cascades. AMPARs
and NMDARs are especially important elements of synaptic transmission and the func-
tioning of neuronal networks.

Neurons play a significant role in synaptic plasticity through synaptic transmission at
chemical synapses. Synaptic plasticity means activity-dependent changes in synaptic
efficacy and strength [60]. These changes can strengthen or weaken the synapse and
last from milliseconds to minutes as short-term plasticity, or from tens of minutes to
hours, or even a lifetime, as long-term plasticity [61]. This thesis work concentrates on
the latter.

There are two types of long-term plasticity: long-term depression (LTD) and long-term
potentiation (LTP). LTD is characterized as a decrease in synaptic strength, mostly occur-
ring in synapses where glutamate is the primary neurotransmitter [52]. LTP is the opposite
process, where the synaptic strength is increased [21]. Decreases and increases in the
synaptic strength affect, for example, memory and learning by mediating the synaptic
transmission. When the synaptic strength in decreased, the postsynaptic potentials are
weakened, descending also the magnitude of neuronal processes, like glutamate release.
The effect is opposite when the synaptic strength is increased.

The timing of action potentials (or spikes) is one key function behind the synaptic
plasticity. The dependence between action potential timing and synaptic plasticity is
called spike-timing-dependent plasticity (STDP) [11]. STDP is an extremely complex
phenomenon, which cannot be covered to the full extent in this thesis work. For more
comprehensive review of the phenomenon, see [62]. The direction and magnitude of
STDP is determined by the order and temporal difference of pre- and postsynaptic action
potentials [63, 64]. When the timing of the postsynaptic action potential is before the
presynaptic action potential, the temporal difference in negative. Other way around the
temporal difference is positive. In some brain areas, the negative temporal difference
results in spike-timing-dependent LTD (t-LTD), and the positive temporal difference in
spike-timing-dependent LTP (t-LTP). This is demonstrated in Figure 2.4. In this study, the
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emphasis is on LTD, and especially on t-LTD.
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Figure 2.4. The direction of the spike-timing-dependent plasticity depends on the order
and temporal difference of the pre- and postsynaptic action potentials. If the postsynaptic
action potential occurs before presynaptic one, the time difference is negative and results
int-LTD in some brain areas. If the presynaptic action potential occurs before postsynaptic
one, the time difference is positive and results in t-LTP in some brain areas. In this work,
only t-LTD was studied. Courtesy of Prof. Ausra Saudargiene.

Astrocytes, too, express mechanisms to interact with neurotransmitters like glutamate.
Astrocytes have a yet controversial, but suggested role in the synaptic transmission and
plasticity. In order to study the role of astrocytic functions, and especially the role of
astrocytic glutamate dynamics, it is of interest to better understand the neuron-astrocyte
interactions in synaptic plasticity.

2.3.2 Neuron-astrocyte interactions

As learned, neurons and astrocyte express different signaling mechanisms. Neurons are
characterized by the ability to fire action potentials, whereas astrocyte signaling is based
on the fluctuations in intracellular Ca®" concentrations [17, 42]. Despite the differences
in signaling, neurons and astrocytes have been shown to interact with each other bidi-
rectionally in normal brain functions but also in disease. Astrocytes can, for example,
send their processes to reach the synapses and may then help to shape the functions of
neural networks [58]. Neuron-astrocyte interactions are a complex topic and depend on
the cell type, brain area, and developmental stage [65], from which only a small fraction is
covered in this work. An example of neuron-astrocyte interactions, characterized by exo-
cytosis and uptake of transmitters and other signaling molecules, during t-LTD induction
is given in Materials and Methods (Chapter 3). This interaction is also briefly explained
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next.

Neurons can also take up Ca?* ions through ion channels. This influx of Ca** can lead
to multiple different signaling cascades, depending on the phenomenon. Thus, Ca’* is
believed to be an important entity in mediating the neuron-astrocyte interactions. For ex-
ample, combined with the activation of mGluRs, AMPARs and NMDARs, neuronal Ca"
influx can lead to the production of a specific endocannabinoid, 2-arachadonylglycerol
(2-AG) in the neuron [7]. Neurons can then release the endocannabinoid 2-AG into the
extracellular space, where it can activate cannabinoid receptors on the astrocyte mem-
brane. The binding of endocannabinoids can induce production of another important
signaling molecule, IPs, inside the astrocyte. The increased IP5 concentration can further
affect the astrocytic Ca®* signaling [7], and thus the release of molecules and transmit-
ters, like glutamate, from the astrocyte.

2.3.3 Modeling synapses and neuron-astrocyte interactions

There are a few different general ways to model the information processing at the synaptic
level. The simplest way to describe this neuronal connection and synaptic transmission
is to consider it as a two-compartmental structure, including the presynaptic and postsy-
naptic neurons. These neuron models aim mainly to describe propagation of information
between neurons, from an action potential at the presynaptic terminal to the response
in the postsynaptic terminal. To include also the neuron-astrocyte interaction in synaptic
functions, the synapse should be modeled as a tripartite structure [48, 66], consisting of
pre- and postsynaptic neurons, and also an astrocyte. The models can be generic, mean-
ing that it does not describe a certain synapse in the brain. For more accurate results, the
mathematical expressions can be fitted to describe the functions in a specific, predefined
synapse.

There are a range of published models that describe the functions between neurons at
synaptic level [67, 68], most of which describe the mechanisms leading to short-term
plasticity rather than long-term plasticity. One widely used synapse model is the model
introduced by Tsodyks and Markram in 1997 [69, 70]. Their model illustrates the phe-
nomenon of short-term synaptic depression.

In this work, the synapse model by Manninen et al. [11] is utilized. The model is a bio-
physically detailed synapse model, modified from the model by Tsodyks and Markram,
where Ca®*- and IP;-dependent astrocyte regulates the synaptic functions at the layer
4 to layer 2/3 cortical synapse. The model describes the mechanisms leading to long-
term depression, t-LTD. This model seems to hold the place for most biophysical synapse
models describing t-LTD for this specific synaptic connection. To participate in the devel-
opment of non-generic models, it was of interest to continue working on this particular
model.
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2.4 Glutamate uptake

Glutamate uptake is a process where excess neurotransmitter glutamate is taken up
from the synaptic cleft and extrasynaptic space. The mechanism relies on cellular up-
take through specific glutamate transporters. Glutamate uptake supports the recycling of
glutamate for neurotransmitter release, but it can also be metabolized for other cellular
functions.

2.4.1 Neurotransmitter glutamate

Glutamate is a free amino acid and also a major excitatory neurotransmitter in the CNS
[18], responsible for a large part of excitatory synaptic transmission [65]. Depending on
the brain area, there is approximately 5-15 mmol of glutamate per kilogram on wet weight
[18]. Typically, the blood-brain-barrier is impermeable to glutamate [9], so the glutamate
required for brain functions must be metabolized and recycled in the brain itself.

After a presynaptic neuron receives a stimulus, it can release neurotransmitter glutamate
into the synaptic cleft from specific structures called presynaptic vesicles. From the cleft,
glutamate can bind to glutamate receptors in neurons and glial cells to carry out its role
in normal brain functions. The normal synaptic glutamate concentration lies in the scales
of uM to nM [71, 72]. The measured value depends partly on the brain area and also on
the practical measurement system.

Glutamate is a vital signaling molecule, yet excessive concentration of such excitatory
neurotransmitter in the synaptic cleft may cause over-stimulation of neuronal glutamate
receptors [73]. Excess activation of glutamate receptors in neurons is potentially neuro-
toxic [74, 75] and can cause for example epileptic seizures [10], and possible neuronal
cell death [76].

There has not been detected any significant level of extracellular enzymatic glutamate
degradation, so the residual glutamate must be cleared from the synaptic cleft cellularly,
through specific glutamate transporters, [18] by a process called glutamate uptake. When
looking at the pathway of glutamate released from the presynaptic neuron, astrocytic
glutamate uptake is a mechanism under a regulatory pathway called glutamate-glutamine
cycle (Section 2.4.3).

2.4.2 Glutamate transporters

Astrocytes and neurons express different types of glutamate transporters, through which
glutamate is taken up into the cell. Here we discuss about the high-affinity glutamate
transporters called excitatory amino acid transporters, or EAATs [59] [77]. In this trans-
porter family, there are five EAAT proteins named EAAT1 (GLAST), EAAT2 (GLT-1),
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EAAT3 (EAAC1), EAAT4 (EAAT4) and EAATS (EAATS) [78, 79]. The names in the paren-
theses are the corresponding transporter names in rodents.

EAAT3, EAAT4 and EAATS5 are only expressed in neurons [80—82], whereas astrocytes
express glutamate transporters EAAT1 and EAAT2 [59, 83]. However, it has been ob-
served that 5-10% of the EAAT2 protein is also found in neurons [18].

Studies have revealed that the roles of EAAT4 and EAATS5 in glutamate uptake is insignif-
icant, and their function is concentrated in other tasks [18]. In addition, Holmseth et al.
[80] suggested that EAAT3 is 100-fold less abundant than EAAT2 in young adult rat hip-
pocampus and is less involved in neurotransmission. Current knowledge does suggest
that EAATs in astrocytes (EAAT1 and EAAT2) would be responsible of about 80-90% of
glutamate uptake in the whole brain [22, 75], suggesting that neurons are significantly
less active in clearing the extracellular and synaptic glutamate.

Holmseth et al. [80] also suggested that about 95% of glutamate uptake in hippocampus
is through EAAT2, probably due to a higher transport activity. Based on this, EAAT2
can be speculated to be the main transporter responsible of the uptake of synaptically-
released glutamate [75, 77], albeit similar data from other brain areas is still needed.
This, however, supports the finding that most of the glutamate transporter models have
incorporated a component specifically for EAAT2.

Glutamate transport through EAATSs is coupled to intake of three Na™ ions and one hydro-
gen (H*) ion, and outward of one K™ ion [78, 84]. Glutamate uptake also consumes 1 ATP
molecule per glutamate molecule, making it highly energy-consuming process. ATP and
the ion transport are used as the driving force and energy source to transport glutamate.
[73].

2.4.3 Cellular uptake of glutamate

There is no biological mechanism to convert or metabolize glutamate extracellularly, so
in order to maintain healthy glutamate concentration, the brain must have high and rapid
activity of glutamate uptake [59, 75]. Glutamate uptake by the cells provides long-term
maintenance of extracellular glutamate levels. Since astrocytes are believed to be the pri-
mary cells responsible for glutamate uptake, this work mainly concentrates on explaining
glutamate uptake by astrocytes.

Glutamate receptors are found widely in the brain, for example in astrocytes, dendrites,
nerve terminals, and neuronal cell bodies [59]. This means, that the process of glutamate
uptake must remove glutamate not only form synaptic cleft but also extrasynaptically,
meaning outside the synapse. In this work, the main emphasis is on the glutamate uptake
from synaptic cleft, albeit extrasynaptic glutamate uptake is also covered in the model. In
homeostasis extracellular glutamate concentration ranges in the nM—uM scale, whereas
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intracellular astrocytic glutamate concentration lies in mM range [75, 85]. Thus, glutamate
is taken up into the cell against its concentration gradient: this explains the high demand
of energy needed for glutamate transport [75].
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Figure 2.5. Simplified illustration of glutamate-glutamine cycle between the neurons and
astrocyte. The astrocytic glutamate uptake pathway is highlighted in red. Figure is modi-
fied from [86].

Glutamate is released into the synaptic cleft from the presynaptic neurons. This increases
the temporal glutamate concentration at the synapse, provoking cellular glutamate up-
take. As explained earlier, glutamate can bind to the receptors on the membrane of
adjacent postsynaptic neurons. It can, however, also diffuse back from the synaptic cleft
and activate also the receptors of the presynaptic neurons and thus affect its own release.
This can be called the spillover of glutamate [87]. Even with the spillover of glutamate, the
amount of released glutamate exceeds the concentration needed for activating the post-
synaptic receptors. Astrocytes actively observe the glutamate dynamics in the synapse
and control the glutamate levels by taking excess glutamate into the cell through EAATs
(see Section 2.4.2). Inside the astrocyte, glutamate can be converted into glutamine
which does not possess such excitatory properties as glutamate [59, 88]. Glutamine is
safe to be released from the astrocyte and to be transported back to the presynaptic neu-
ron. Once inside the presynaptic neuron, glutamine can be converted back to glutamate.
However, not all transmitter glutamate in astrocytes is converted into glutamine, and it
can be used, for example, for metabolic purposes [59], or be released in the form on
glutamate from the astrocyte to the extrasynaptic space. Transmitter glutamate in the ex-
trasynaptic space can activate presynaptic receptors, for example, NMDARs. Activation
of presynaptic NMDARs can provoke, for example, activation of a specific protein phos-
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phatase called calcineurin (CaN), which participates in the release probability of the next
set of presynaptically released glutamate [11].

The whole recycling process — from release of glutamate from presynaptic neuron, uptake
of glutamate into astrocytes, metabolizing glutamate to glutamine, and then transporting
it back to presynaptic neurons to be re-used as glutamate neurotransmitter — is called
glutamate-glutamine cycle [59, 86]. In this thesis work, the glutamate uptake from the
synaptic cleft into astrocyte is emphasized. The illustration of the glutamate-glutamine
cycle is presented in Figure 2.5, in which the astrocytic glutamate uptake pathway is
highlighted in red.

The regulation of astrocyte-mediated glutamate concentration seems to have a crucial
role in the bigger picture. Thus, it has been suggested that astrocytes may indeed affect
some neuronal functions, like synaptic transmission and plasticity [27, 32], especially in
some brain areas, for example somatosensory cortex [7].

2.4.4 Computational modeling of glutamate uptake

Modeling glutamate transporters is a relatively novel topic in the field of neuroscience.
More data is needed to reach a more biophysical way for modeling these transporters. In
this work, a detailed survey of glutamate transporters models was performed to form a
comprehensive overview of the current situation of modeling glutamate transporters.

As presented earlier, out of all high-affinity glutamate transporters, EAAT2 is thought to
have the biggest role in glutamate uptake to astrocytes. Even though quite a few different
modeling approaches were found as a result of the survey, they mostly relied on this
piece of knowledge, and described the transporter as EAAT2. As the goal of this work
was to develop a new glutamate transporter model, more information about modeling
these transporters is presented in Chapter 3.
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3. MATERIALS AND METHODS

In this chapter, the materials and methods used to perform the model development are
introduced. The presented materials were reviewed carefully over several months, in
order to gather understanding of a suitable level of complexity and the best model for the
astrocytic glutamate uptake pathway.

In general, there are two different levels of modeling: biophysical and phenomenological.
In more biophysical models, there are also some extent of biologically complex features
and mechanisms included. On the other hand, phenomenological models leave out the
complex biological features. There are, certainly, also models that lay in between these
two levels. The aim of this work is to integrate a new component, describing the astrocytic
glutamate uptake pathway from the synaptic cleft, into a previously published model of a
synapse [11]. To meet the aims of the work, it was not necessary to use the most complex
biophysical glutamate transporter model. A simpler, intermediately phenomenological
approach was chosen also due to computational limitations.

3.1 Computational synapse model

Manninen et al. [11] presented a new somatosensory cortical layer 4 to layer 2/3 neuron-
astrocyte synapse model, describing the synapse as a tripartite structure, containing an
axonal compartment of a presynaptic neuron, dendritic and somatic compartments of a
postsynaptic neuron, and a nearby fine astrocyte process. From now on the model is
referred to as the synapse model.

The aim of the synapse model is to increase understanding on how astrocytes affect t-
LTD, and how this astrocyte-mediated t-LTD affects synaptic properties in the developing
somatosensory cortex [11]. Since glutamate dynamics affect the astrocytic processes, it
is of interest to study how the variation in the astrocytic glutamate pathway affects t-LTD.
The original synapse model, however, did not model the effects of glutamate uptake from
synaptic cleft to the astrocyte.

The aim of this thesis work is to create a new component to the model, describing the
glutamate uptake pathway from synaptic cleft into the astrocyte. This allows studying the
effects of possible impairments in the astrocytic glutamate dynamics. In this section, the
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synapse model is explained in such extent that the reader is able to understand its equa-
tions and components that were modified to implement the new properties of glutamate
uptake.

3.1.1 Model description

As mentioned earlier, the synapse model is comprised of three distinct components (pre-
and postsynaptic neurons and an astrocyte). The function of each component is con-
structed with mathematical equations, and were then carefully validated against exper-
imental data. The visual composition of the model, including all the mechanisms and
signaling molecules that were originally modeled, is shown in the illustration in Figure 3.1.
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Figure 3.1. Graphical illustration of the tripartite neuron-astrocyte synapse model, origi-
nally published in [11].

In the initial work [11], the pre- and postsynaptic channels and ionic currents are de-
scribed according to previously published neuronal formalism, such as the HH-model
(see Chapter 2.1.2 for the description of HH-model). Pre- and postsynaptic neurons carry
neurotransmission by firing action potentials and responding to the released neurotrans-
mitter glutamate and other signaling molecules, thus are responsible for the propagation
of information. The astrocyte component is Ca*- and IP3;-dependent, and is based on
previous models, such as the model by Li and Rinzel [56]. In practise, the release of glu-
tamate from the astrocyte occurs only when the astrocytic Ca™ concentration exceeds a
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threshold level of 0.3 uM. Together with Ca®*, IP5 regulates intracellular astrocyte events
in the synapse model.

Even though the synapse model does not include a direct pathway for astrocytic gluta-
mate uptake from synaptic cleft, the model included all the key mechanisms that were
required to computationally describe synaptic t-LTD in developing somatosensory cor-
tex. The correct glutamate concentrations in different compartments are controlled with
computational and mathematical simplifications to produce biologically realistic outcome.
The original glutamate and other signaling dynamics can be view from the illustration in
Figure 3.1. The glutamate cycle begins with vesicular glutamate release from the presy-
naptic neuron to synaptic cleft due to an action potential (1). The glutamate released to
the synaptic cleft activates presynaptic NMDARs, and postsynaptic mGluRs, NMDARs
and AMPARs (2), but due to absence of glutamate transporters, it does not directly acti-
vate astrocytic processes. The activation of postsynaptic mGluRs and NMDARs together
with an influx of Ca?* then activates a G-protein coupled signaling cascade which even-
tually leads to a production of endocannabinoid 2-AG (3). 2-AG is then released from
the postsynaptic neuron, after which it can bind to the nearby astrocyte (4). The binding
of this endocannabinoid triggers Ca?" signaling in the astrocyte, leading to an increase
in the astrocytic Ca* concentration. This triggers the exocytosis of glutamate from the
astrocyte to the extrasynaptic space (5). The released glutamate is then again able to
activate presynaptic NMDARs (6) in order to provoke activation of CaN and modify the
release probability of a new release cycle of presynaptic glutamate (7).

The direction and magnitude of long-term plasticity in the CNS is dependent on the tem-
poral difference of the occurance of pre- and postsynaptic action potentials. In order to
simulate the t-LTD, negative temporal differences (AT) between —10 ms and —200 ms,
with step size of 10 ms, were used [11]. The negative sign means that the postsynaptic
stimulus occurred before the presynaptic stimulus. The whole t-LTD stimulation protocols
consisted of the t-LTD induction protocol itself, and also protocols before and after t-LTD
induction. The stimulation protocols are demonstrated with two pulses in Figure 3.2. The
protocol before t-LTD induction (A) is performed as five presynaptic pulses at 0.2 Hz, from
which Figure 3.2A presents the first two. The t-LTD induction (B) included 100 post-pre
pairings at the same frequency of 0.2 Hz, of which Figure 3.2B presents two pairings.
The post-pre pairings describe the situation where the postsynaptic neuron is stimulated
before presynaptic neuron, and they were performed for each temporal difference (from
—10 ms to —200 ms). Similarly to the protocol before, also the protocol after t-LTD induc-
tion (C) is performed with 5 presynaptic pulses at frequency of 0.2 Hz, of which two are
presented in Figure 3.2C.

The published article [11] and this thesis work graphically demonstrate only specific tem-
poral differences of AT = —10 ms, AT = =50 ms, AT = —100 ms, AT = —150 ms and
AT = —200 ms. The reason for this decision is to be able to describe as large as possible
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A Protocol before t-LTD induction B  t-LTD induction protocol o4 Protocol after t-LTD induction
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Figure 3.2. The t-LTD induction stimulation protocol, adapted from [11]. The protocol
consisted of before t-LTD induction as five presynaptic pulses at 0.2 Hz (A); t-LTD induc-
tion as 100 post-pre pairings at 0.2 Hz (B); and after t-LTD induction as five presynaptic
pulses at 0.2 Hz (C).

range of the temporal differences within the limit of computational power. This decision
does not affect the obtained results.

Manninen et al. [11] were able to show the following experimental findings with their
synapse model. Firstly, they showed the dependence of t-LTD on the temporal difference
between pre- and postsynaptic action potentials, by confirming that different temporal val-
ues produced different magnitudes of t-LTD. The results also show that astrocytes take
part in inducing and maintaining t-LTD through Ca?* signaling and glutamate exocytosis.
Ca?* signaling was found to be affected by postsynaptic 2-AG release. Lastly, the presy-
naptic neuron detected the glutamate released from astrocyte. This was shown to affect
the presynaptic vesicular release probability, and thus affecting t-LTD.

3.1.2 Model equations

Here, the original equations relevant for understanding this thesis work are presented.
All the equations and parameter values are from the model by [11]. The original
model codes are available in ModelDB [26]. The model consist of five separate
python files: preneuron.py, postneuron.py, astrocyte.py, run_pairings.py and
run_before_and_after_pairings.py. The first three files contain the equations and
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parameters needed to describe the function of the pre- and postsynaptic neurons and the
astrocyte. The two latter files contain the protocols for simulating the t-LTD induction.

When the presynaptic neuron is stimulated, it releases glutamate to the synaptic cleft.
The synapse model presents a 10 % spillover of glutamate, meaning the fraction of the
synaptically released glutamate that binds to the presynaptic NMDARSs. Thus, technically,
90 % of the presynaptically released glutamate diffuses to the synaptic cleft and is free
to bind on the postsynaptic receptors or to be taken up by transporters. As mentioned,
no such transporters are modeled yet. However, in the initial synapse model, there is a
consumption of glutamate, imitating the amount of glutamate taken up from the synaptic
cleft due to postsynaptic neuronal glutamate uptake. This glutamate consumption was
included to realistically describe the glutamate dynamics in the synaptic cleft, even though
it did affect the intracellular state of the postsynaptic neuron. The reaction rate for this
glutamate consumption is described as

VGlu, f,post = kGlu,f,post ' (]- - fGlu,pre) ' [Glu]syncleft (31)

where £ gy post (%) is the rate constant for the glutamate consumption, faiy pre is the
fraction of spillover going to the presynaptic NMDAR and [Glu}symleﬁ (M) is the current

concentration of glutamate in the synaptic cleft.

The synaptically released glutamate can also bind and unbind to the postsynaptic
mGiluRs, and activate a current through postsynaptic NMDARs and AMPARs. The ex-
pressions for the function of the two latter receptors were not modified for this imple-
mentation, and thus are not presented here. The reaction rate for glutamate binding to
postsynaptic mGluR is described as

UmGIuR, fpost = kaluR,f,post : (1 - fGlu,pre) : [Glu}syncleft : [mGZUR]post (32)

where kp,Giur, fpost (ﬁ) is the rate constant for glutamate binding to mGIuR, and
[mGluR] st (11M) is the concentration of postsynaptic mGIuR. After glutamate has bound
to the mGIuR, they form a complex called [Glu_mGIluR)]post-

Some of the glutamate can also unbind and be released back to the synaptic cleft. Reac-
tion rate of glutamate unbinding to mGIuR is then described as follows

UmGluR,b,post = kaluR,b,post . [Glu_mGZUR]post (33)

where  KnGiur b post (%) is the rate constant of glutamate unbinding, and
[Glu_mGluR],.s (11M) is concentration of postynaptic glutamate-mGIuR complex formed
after binding of glutamate.
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As a result of the presynaptic glutamate release, and the glutamate binding and unbinding
to postsynaptic mGluR, the concentration in the synaptic cleft changes as follows

d{Glu] syncleft
dt

= VGlu, fpost — UmGIuR,f,post + UmGIluR,b,post

+ Z GpreNprePrel,preRrel,pre 5(t . 7_‘)
§ kGlu,preNA%yncleft !

The term > i kaGZPPPN;\I}TjZ;fT(S (t — t;) describes the presynaptic glutamate release
dynamics and the actual amount of glutamate released to the synaptic cleft during time
points depending on action potentials and Ca?* concentration; Gpre is the number of
glutamate per presynaptic vesicles; N,,. is the number of readily releasable presynaptic
vesicles; Pr.; e is the release probability of presynaptic glutamate vesicle; R,¢; e is
the fraction of releasable presynaptic glutamate vesicles; kg, pre iS @ scaling factor to
convert concentration from M to uM; N4 is Avogadro’s constant; Viynee ¢ (1) is the volume
of synaptic cleft and ¢ = 7; describes the time point when glutamate release occurs. The

(Dirac’s) delta function, described as 4, has unit of %

The synapse model also presents the expression of glutamate dynamics in the extrasy-
naptic space between the astrocyte and presynaptic neuron. The glutamate concentration
in the extrasynaptic space is dependent on the astrocytic glutamate uptake and release,
as following

d[Glu]eztsyn
dt
+ Z rvesext,astroGastroNastroPrel,astroRrel,astro(5<t - Ti>~

7

= —Tastro [Glu] extsyn

In Equation (3.5) 74str0[ Gl eatsyn describes the astrocytic glutamate uptake from the ex-
trasynaptic space, r.siro being the clearance rate of glutamate. The summation term
> Tveseat.astroGastroNastroPretastro Rrel astrod (t—7;) presents the astrocytic glutamate re-
lease dynamics, and the actual concentration of glutamate released to the extrasynaptic
SPAaCe; Tyeseat,astro 1S the ratio between volumes of astrocytic vesicle pool and extrasynap-
tic space; Gstro is the glutamate concentration per one pool of astrocytic vesicles; Nygiro
is the number of readily releasable astrocytic pools; P, .stro is the release probability of
the glutamate; R, qs:r0 iS the fraction of releasable astrocytic vesicle pools.
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3.2 Computational glutamate transporter models

A comprehensive search was performed to create understanding of the level and methods
for describing glutamate uptake by glutamate transporters. Both computational and the-
oretical models including glutamate uptake were found, preferring the ones implemented
in astrocytes. A total of 43 models were found, from which 42 were computational and
one was a purely theoretical implementation. Furthermore, 40 of these models presented
glutamate uptake in astrocyte, and two with glutamate transporter located in other cells.

Each of the 43 models were studied separately, paying attention particularly to how the
glutamate transporter was modeled. Several months were reserved for this part of the the-
sis work, since thorough familiarization with glutamate transporter models increased the
significance of this thesis work for future modeling perspectives. To assess which models
would pass this preliminary evaluation, they were evaluated against the perceived capa-
bility of integrating the modeling approach of glutamate transporter to the synapse model.
Thus, if the function of glutamate transporter was dependent on a variety of model-specific
functions, it most likely could not be used in this work. Also, if the astrocytic glutamate
uptake was merely a side note, the model was not included in further evaluations. Most
of the reviewed models were discovered not suitable for the frame of this work.

Out from the 42 computational models, simulation codes were available for only 7 models,
which bolsters the need for improving the reproducibility and replicability of the astrocytic
modeling field. Fortunately, the bulk of the publications presented the underlying gluta-
mate uptake equations clearly enough to be referred and evaluated. However, without
detailed information of the implemented simulation codes, the simulation results of the
models probably could not be reproduced identically.

Not all of the 43 models are referenced in this thesis, but the few models estimated suit-
able for further examination in the scope of this work are presented in Table 3.1. All the
described models represent different ways to model astrocytic glutamate uptake, which
suggests that there is not yet one general way to describe the process. Most of these
models either directly stated that they employ the transporter EAAT2, or referred to its
characteristics even though not stating directly the type of the glutamate transporter they
modeled. When studying these models, the main emphasis was in the following criteria:

1. How is the astrocytic glutamate uptake modeled?
2. What is the level of complexity in the model?
3. What is the aim of the study?

4. What are the main results of the study and was the work successful?

The idea was to choose models where the astrocytic glutamate uptake component could
be separated and re-implemented into a completely different model. Thus, it could not



27

be too biophysical and complex to begin with, which then connects to the criteria number
2. There were a few credible models, and to decide between these, also the aims and
the main results were sieved through. In optimal situation, the aim of the study would
also be related to STDP or similar phenomena. Lastly, the results were reviewed to check
whether the study was reliable and successful.

After a thorough study of the models, presented in Table 3.1, it was concluded that the
best outcome would be obtained not by implementing one already existing glutamate
uptake model but to take parts of one or more models and using them as a base to
create a component for glutamate dynamics that fits the synapse model. In this work, the
glutamate uptake models from Tewari and Majumdar [90] and Blanchard et al. [93] were
used as an inspiration.

The model by Tewari and Majumdar [90] was selected due to its mechanism for describing
glutamate dynamics in the synaptic cleft: the implementation was rather independent and
also quite simple. The approach has some resemblance to the ones used in the synapse
model. In addition, the model was used to study LTP in hippocampus, so the approach
could be assumed to be suitable for studying STDP in the CNS. The results from [90]
address the success of the study, and the equation presented for synaptic glutamate
dynamics was detected to be used also in later studies.

In [90], astrocytic glutamate uptake was described by a simple uptake rate. The astrocytic
glutamate uptake was dependent on the glutamate concentration in the synaptic cleft. The
rate of the uptake then affected the glutamate dynamics in the synaptic cleft as follows

dg
_— = ) . ) . —_ C. 5 36
Y E—g.-g (3.6)

where g is the glutamate concentration in the synaptic cleft, n,, is the number of docked
vesicles, g, is the glutamate concentration in synaptic vesicles, £ is the effective fraction
of vesicles in the synaptic cleft, and g. (%) is the uptake rate of glutamate from the

synaptic cleft into the astrocyte. Thus, the effect of astrocytic glutamate uptake affected
the glutamate dynamics in the synaptic cleft as a clearance rate.

The model by Blanchard et al. [93] was selected due to the rather incomplicated mech-
anism to model intracellular glutamate concentration in the astrocyte. It was also found
to be easily adapted to fit the synapse model. The intracellular astrocytic glutamate con-
centration was described as follows

dG’luA
dt

= Gluga(t) = Vyme- (3.7)

In the Equation (3.7), Glug_, 4(t) denotes the transport of glutamate from extracellular
space to the astrocyte with respect to time, and V,,,,. denotes the astrocytic glutamate
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consumption. Astrocytic glutamate consumption can include different intracellular mech-
anisms, for example metabolizing or release of glutamate. In the original synapse model
and this thesis work, the astrocytic glutamate consumption, (3.7), is described only as the
release of glutamate from the astrocyte. Thus, the intracellular glutamate concentration
is dependent of all the in-taken glutamate from extrasynaptic space, and of the glutamate
being released from the astrocyte.

3.3 Developing the new model

The model development was performed by combining the approaches from the original
synapse model, explained in Section 3.1, and the model equations and approaches de-
scribed in Section 3.2. The new implementation required also some new parameters,
which were then fitted against the model performance. The resulting implementation is
presented in the results, in Section 4.1.

The model development was performed keeping in mind the biological aspect of the work.
The new implementation and variables were to be realistic and justified with previous
knowledge. Due to the complexity of the original synapse model, this phase of the thesis
work required extensive understanding of many signaling cascades of the model, and
thus the function of all five code files.

3.4 Simulations

This section describes the simulation plans for testing the robustness of the new imple-
mentation and for studying the role of glutamate uptake. The model implementation was
performed in Python, and the data analysis was executed with MATLAB.

Each simulation was performed by executing the two Python files, run_pairings.py and
run_before_and_after_pairings.py in terminal. The total time spend for each simu-
lation varied from 1.5 hours to 6 hours, depending on the number of temporal differences
included. The computer used for these simulations had 32 GB installed RAM and Intel(R)
Core(TM) i7-8650C processor.

3.4.1 Evaluating the new model implementation

The main goal of the work was to develop a new implementation for the synapse model,
where the direct pathway for astrocytic glutamate uptake would be considered. After the
required modifications were made, extensive simulations for testing the functionality of
the implementation were performed.

When the new implementation was proven to be working without errors, the output of the
model was needed to be optimized. The goal was to achieve similar dynamics as with
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the original model, as this would indicate that the modifications did not interfere with the
fundamental properties of the model. Various simulations were performed in order to fit
one parameter at the time, and to stay alert whether the performed modification caused
unwanted output on other parts of the model.

In this phase, the equations, ratios and parameters were to be considered and tested
carefully. Modification were done one-by-one with minimal changes at a time. This was
necessary, because even small changes led to rather large-scale effects in the reac-
tion rates and dynamics in such biophysically detailed model. This phase was evaluated
graphically, by plotting the model outputs for both the original and the new implementation.

3.4.2 Evaluating the functionality of the new model dynamics

After conforming appropriate level of dynamics of the new implementation, further test-
ing was performed. The functionality of the implementation was tested by simulating
three different conditions that could be biologically realistic in impaired brain functions:
(1) astrocytic glutamate uptake rate is increased, (2) astrocytic glutamate uptake rate is
decreased, and (3) astrocytic glutamate uptake is completely blocked.

These additional test simulations changed the set-up of the original model, by empha-
sizing the effect of changes in the astrocytic glutamate uptake. The tests also helped
to further study and analyze the model, enabling to evaluate whether its dynamics were
realistic or justifiable after changing the optimized expression. Simulating these three
conditions allowed also tentatively study the effect of the rate of the astrocytic glutamate
uptake to t-LTD, however more experimental data is required to comprehensively validate
the model.
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4. RESULTS

The main result of this thesis work is the description of the new, developed computational
model for astrocytic glutamate uptake pathway from synaptic cleft. The equations, pa-
rameters and variables to create and integrate the new component are presented in this
chapter. Also, a qualitative comparison between the new extended synapse model and
the original synapse model is presented by graphically showing the dynamical behavior
of these models.

4.1 Development of the equations for the astrocytic glutamate
uptake

The component of glutamate uptake pathway is composed of four new or modified math-
ematical equations, describing the glutamate dynamics in different locations during its
pathway from the synaptic cleft into the astrocyte, and from the astrocyte into the ex-
trasynaptic space. These equations, in addition to other implementation details required
for integrating the glutamate uptake component into the original synapse model, are pre-
sented below.

4.1.1 Synaptic glutamate dynamics

In this thesis work, 10 % spillover (fi.re) Of presynaptically released glutamate from
the synaptic cleft back to the presynaptic NMDARs is kept as in the original synapse
model presented in [11]. The rest of the glutamate in the synaptic cleft diffuses towards
the postsynaptic neuron and astrocyte, both of which can sense the increased glutamate
concentration. To be able to describe the faster astrocytic glutamate uptake, compared
to the rate of uptake by postsynaptic neuron, the rate constants of glutamate uptake are
fitted so that 80-90 % of the glutamate can be seen to go to the astrocyte, and 10-20 %
by the postsynaptic neuron.

The dynamics of the synaptic cleft are described in the postneuron.py file, so the as-
trocytic glutamate uptake rate is also described there. Leaning to the finding that EAAT2
is responsible for most of the glutamate uptake [80], only this type of transporter, hav-
ing a rather high uptake activity, is added to the model in this study. Consequently, the
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glutamate uptake (—]‘f) into astrocyte is described by

I
m

VGlu,uptake,astro — kGlu,uptake,astro(l - fGlu,p're) [Glu] syncleft (41 )

where kg uptake,astro (%) is the rate constant for astrocytic glutamate uptake, thus de-
termining the speed of the uptake. In this approach, kciu uptake.astro COrresponds to the
term g. and Vg, uptake,astro 10 the term g. - g in Equation (3.6). The way of expressing
VGlu,uptake,astro 1S cOMpliant with the way for modeling the postsynaptic glutamate con-

sumption also in the original synapse model [11].

Glutamate uptake by postsynaptic neuron is described by utilizing the already existing
Equation (3.1) for neuronal glutamate consumption from the synaptic cleft. In the equa-
tion, the rate constant kcyu, f.post () determines the speed of neuronal uptake. Neuronal
glutamate uptake pathway is not covered in detail in this thesis work, thus there was no
need of changing this approach. kgiy, uptake,astro Was determined so that vgiu, uptake,astro
covers 90 % of the glutamate uptake from the synaptic cleft. The parameter values are
listed in Table 4.2 in Section 4.2.

The added astrocytic glutamate uptake now consumes the reservoir of glutamate from
the synaptic cleft. To acknowledge this, the Equation (3.4) for glutamate concentration in
the synaptic cleft was modified as follows

d[Glu]syncleft -

dt = —VGlu, f,post — UmGIuR,f post + UmGluR,b,post

GpTeNpreprel,preRrel,pre 5(1,: B t) (42)
).

—VUGlu,uptake,astro + E N
J kGlu,pre A‘/:eyncleft

This change created a need to adapt a few other uptake-related parameters to ensure
appropriate fraction of glutamate consumption from the synaptic cleft, as discussed later
in Chapter 5.

4.1.2 Astrocytic glutamate dynamics

In the astrocyte model file of the new model, the intracellular glutamate concentration
is initialized to zero. As explained earlier, some of the uptaken glutamate is converted
into glutamine. However, for simplicity, glutamate and glutamine are treated here as the
same molecule. This intracellular glutamate concentration then changes with respect to
glutamate uptake from the synaptic cleft and extrasynaptic space, and the amount of
glutamate that is released into extrasynaptic space. The intracellular astrocytic glutamate
dynamics is described as
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d[Glu]astro . 1 G
— rastro[ lU] extsyn + Tcleft,astroVGlu,uptake,astro
dt Tvesext,astro (43)

- Z(GluastroPrel,astroRrehastro)6(t - Ti)-

1
Tvesext,astro

space. It corresponds to the term Glug_, 4(t) in Equation (3.7). The term 7,4, is the

The term Tastro|GlU]extsyn describes the glutamate uptake from extrasynaptic
clearance rate of glutamate from the extrasynaptic space, and [Glu]c,1s,, is the glutamate
concentration in the extrasynaptic space. The variable 7. qstr0 1S the ratio between
volume of the synaptic cleft and volume of the astrocyte, which scales the concentration
value to the correct volume. The summation term describes the amount of glutamate that
is released from the astrocyte, and it corresponds to the term V,,,,. in Equation (3.7).

The original model presented the glutamate dynamics in the extrasynaptic space be-
tween the astrocyte and the presynaptic neuron, according to the Equation (3.5). The
glutamate concentration in the extrasynaptic space depends on the concentration of as-
trocytic glutamate. Thus, the released glutamate is now mediated by the new variable
[Glu]4siro instead of G0 (Equation (3.5)). In addition, G4, described one astrocytic
vesicle pool, which was in the original synapse model multiplied with number of releasable
vesicle pools, N, In the new synapse model, [Glul,s.-, describes the glutamate con-
centration in the whole astrocyte, covering the whole term Gstr0 + Nastro- Thus, in the
new implementation, the extrasynaptic glutamate dynamics is presented as

d[Glu]e:Btsyn
dt
+ Z Tvesext,astro [Glu]astroprel,astroRrel,astroé(t - Ti)-

)

= —Tastro [Glu] extsyn

All modified and developed mathematical expressions are expressed as code in Table 4.1.
The Table 4.1 includes also all other modifications to the original code that are crucial for
the reproduction of the new synapse model implementation.
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4.2 Glutamate uptake parameters

To incorporate the new glutamate uptake function to the original implementation of the
synapse model, some parameters needed to be modified but also some new parameters
and initial values were to be added. These parameters and initial values are presented
and used in the Equations (4.1)—(4.4), and summarized in Table 4.2.

Table 4.2. Modified and added parameters and initial values required for the new imple-
mentation. Their locations in the code files are also presented. The values are either
based on previous experimental data or the behavior of the original synapse model.

File and line Parameter Value Description

postneuron.py | kciu uptake,astro  0.18 % Rate constant for astrocytic gluta-

line 167 mate uptake by glutamate trans-
porter. Based on transporter dy-
namics between neurons and astro-
cyte, and the model behavior.

postneuron.py | k¢ gy, post 0.02 % Rate constant for neuronal gluta-

line 166 mate consumption. Modified from
[11] and [98].

postneuron.py | vgiuuptake,astro 0 mL]‘f Initial value for astrocytic glutamate

line 206 uptake

astrocyte.py [Gluastro 0 uM Initial value for astrocytic glutamate

line 18 concentration

astrocyte.py Tcleft,astro 15 Ratio between volume of the synap-

line 47 tic cleft and volume of the astro-
cyte, developed to scale the uptake
rate of astrocytic glutamate based
on the model behavior.

Some of these parameter values are based on, or adapted from, theoretical or exper-
imental data. However, due to the lack of experimental data for astrocytic glutamate
transporters, some values were based on the original model behavior.

4.3 Evaluation of the new synapse model

The new synapse model was closely optimized to reproduce the dynamics of the original
synapse model implemented by Manninen et al. [11]. After integrating the completely
new astrocytic glutamate uptake component to the original model, it was not possible to
completely mimic the initial model dynamics. Some compromises were done to fit the
output of the new implementation to a level that was considered to be accurate enough
for this thesis work.
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The variation of the two new variables, astrocytic glutamate uptake (Equation (4.1)) and
concentration for intracellular astrocytic glutamate (Equation (4.3)), at temporal difference
of AT = —10ms during t-LTD induction, are presented in Figure 4.1. The performance
between the original and the new synapse model can be compared by viewing the Figures
4.2,43,4.4and 4.5.
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Figure 4.1. Astrocytic glutamate uptake and intracellular glutamate concentration during
t-LTD induction at temporal difference of AT = —10 ms. This data is used as a baseline
for astrocytic glutamate uptake and concentration in this thesis work.

The glutamate concentration and uptake rate in Figure 4.1 present the level of astrocytic
glutamate dynamics that are considered as normal for this work. These values may not
yet be biological, and they would require more validation against experimental data. How-
ever, the results in Figure 4.1 can be used as a baseline for evaluating the function of this
model. The peak value for astrocytic glutamate uptake rate in the normal dynamics of this
model reaches almost 80 % and decreases with time, responding to the t-LTD induc-
tion. The t-LTD induction decreases the strength and efficiency of the synapse, causing
the postsynaptic potential to decrease. This leads also to smaller release probability of
the presynaptic glutamate, which explains the descending uptake activity. The presy-
naptic glutamate release probability has been shown to decrease during t-LTD induction
[7], leading to less glutamate in the synaptic cleft, and thus lower activity required for
glutamate uptake. Astrocytic glutamate concentration in Figure 4.1 seems to increase
even though the uptake activity decreases, despite that the pulses of glutamate release
increase relatively.

Figures 4.2 and 4.3 show the responses of the pre- and postsynaptic neurons to the t-LTD
stimulation protocol, performed with the original synapse model and the new implemen-
tation, respectively. The explanation of the stimulation protocol can be reviewed from
Section 3.1.1 and Figure 3.2. The results in Figures 4.2 and 4.3 present six key model
variables during the three different phases of the stimulation protocol: (1) Subfigures B—G
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Figure 4.2. Responses of the pre- and postsynaptic neurons in the original synapse

model to the t-LTD stimulation protocol. The stimulation protocol is presented in Figure
3.2. The simulation results present five key pre- and postsynaptic variables and one vari-
able describing the glutamate concentration in the synaptic cleft. Subfigures B-G on the
left column present the responses before t-LTD induction during the first two pulses of
the protocol before t-LTD induction; I-N present the responses with five different temporal
differences during one post-pre pairing of the t-LTD induction; and P-U present the re-
sponses after t-LTD induction. Note the different scale of the x-axis in U, compared to the
ones in P-T.

in the left column present the responses during the first two stimulus pulses of the stim-
ulation protocol before t-LTD induction; (2) Subfigures I-N in the middle column present
the responses during one post-pre pairing, with the chosen five different AT values (Sec-
tion 3.1.1), at approximately halfway of the 100 post-pre pairings of the t-LTD induction;
(3) Subfigures P-U in the right column present the responses after t-LTD induction, for a
single stimulus pulse. Note the different scale of the x-axis in U compared to P—T.
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Figure 4.3. Responses of the pre- and postsynaptic neurons to the t-LTD stimulation

protocol in the new synapse model. When compared to the original responses presented
in Figure 4.2, the results can be perceived to be rather identical.

In Figures 4.2 and 4.3, V.. presents the presynaptic membrane potential, V4 post IS the
postsynaptic membrane potential, [Ca“]CaNHV Apre 1S the presynaptic Ca’T concentra-
tion mediated by Can iy 4 channels, P, . is the release probability of presynaptic gluta-
mate vesicles, R, . is the fraction of releasable presynaptic vesicles, and [Glu]syncie ft
is the glutamate concentration in the synaptic cleft. Some of the variables presented here,
for example [C’a“]chHVA,pT@ (for more details, see [11]), are included in this presenta-
tion for the purpose of comparison, and it is not of importance to understand variables
that have not been introduced in the theoretical part of this work. In the evaluation of
the new synapse model, it is important to compare all key variables that were originally
used to describe the dynamics of the original model. This helps to ensure that the new
model behaves similarly compared to the original model in terms of the most important
presynaptic, postsynaptic and astrocytic variables.
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Regarding the results presented in Figure 4.3, the new implementation performs almost
identically compared to the original synapse model. For example, in both implementa-
tions, the t-LTD induction with AT = —10ms results in the lowest release probability of
presynaptic glutamate (Figures 4.3L and S), and thus the lowest synaptic glutamate con-
centration (Figures 4.3N and U). The most critical variable to compare from this first set
of results is the glutamate concentration in the synaptic cleft, due to the addition of a new
component of consuming glutamate outwards the cleft.
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Figure 4.4. Postsynaptically released endocannabinoid 2-AG activates astrocytic Ca**

signaling, which is followed by astrocytic glutamate release. Astrocytically released gluta-
mate activates presynaptic (NMDARs) which leads to activation of presynaptic Ca** and
CaN. These results are obtained with the original implementation of the synapse model,
during the t-LTD induction stimulation protocol with five different temporal differences.
The right column (A-G) presents the modeled variables during the first 200s of the t-LTD
induction. The left column (H-N) presents the same variables in a narrower time window
occurring approximately in the middle of the protocol.
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Figures 4.4 and 4.5 show the presynaptic, postsynaptic and astrocytic variables important
for the signaling cascade originating from the postsynaptic endocannabinoid production,
all the way to the release of glutamate from the astrocyte to the extrasynaptic space during
the t-LTD induction. Figure 4.4 is the output of the original synapse model, and Figure 4.5
is the output of the new model. All variables presented in Figures 4.4 and 4.5 are affected
by the modified expressions in the new synapse model. Thus, this set of neuronal and
astrocytic responses is the most sensitive to any deviations of the model dynamics.
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Figure 4.5. The new synapse model performed in a slightly different way compared to
the corresponding results in Figure 4.4, obtained with the original model. The difference
in the dynamical behaviour can be seen from Subfigures E, F, G, L, M and N. The pulse-
like increases in the glutamate concentrations of the extrasynaptic space increases with
time, which also affects the presynaptic Ca*>* and CaN concentrations. An additional
increase in extrasynaptic glutamate concentration occurs at 250s for temporal difference
of —150ms, causing corresponding increases in the concentrations of presynaptic Ca**
and CaN. Note the different y-axes of Subfigures E and L between Figures 4.4 and 4.5.
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In Figures 4.4 and 4.5, Ca?"-GaGTP-PLC describes a complex that is formed follow-
ing the activation of the postsynaptic mGluR-mediated signaling cascade. This signaling
cascade leads to the formation of postsynaptic 2-AG. [I Ps],sro i the astrocytic IP3 con-
centration, [C'a*" | xarpar e describes the Ca®* concentration mediated by activation of
presynaptic NMDARs, and [C'aN|,,. is the presynaptic CaN concentration. The concen-
tration of CaN depends on the presynaptic Ca?*, and it affects the next cycle of vesicular
glutamate release from the presynaptic neuron.

Thus, Figures 4.4 and 4.5 describe the dynamics where postsynaptically released endo-
cannabinoid 2-AG activates astrocytic Ca®* signaling, followed by astrocytic glutamate
release. The Ca" signaling has slower dynamics than the release of glutamate, which
can be seen especially from subfigures K and L in Figures 4.4 and 4.5. The astrocyti-
cally released glutamate activates presynaptic NMDARs, which leads to an increase in
the concentrations of presynaptic Ca?* and CaN. The results are obtained during the
t-LTD induction stimulation protocol with five different temporal differences. The left col-
umn (A-G) presents the modeled variables during the first 200s of the t-LTD induction.
The right column (H-N) presents the same variables in a narrower time window occurring
approximately in the middle of the t-LTD induction protocol.

In practise, Figures 4.4 and 4.5 demonstrate the increase of astrocytic Ca?* signaling due
to postsynaptic 2-AG release. When the astrocytic Ca* exceeds the threshold value of
0.3 uM, a pulse-like glutamate release from astrocyte is induced, leading to an increase in
the extrasynaptic glutamate concentration. These results show some variations between
the function of the original and the new model, mainly as a more dynamical nature of the
response and a higher maximum value of the extrasynaptic glutamate concentration in
the new model. This affects slightly also the responses of presynaptic Ca®* and CaN
concentrations. Also, an additional increase in the extrasynaptic glutamate occurs at AT
= —150ms, leading to corresponding increases in the activation of presynaptic NMDARs
and thus in the concentrations of presynaptic Ca®* and CaN.

The signaling cycle of this neuron-astrocyte interaction, supporting the understanding of
the relation of these variables presented in Figures 4.2—4.5, can be reviewed from the
synapse model illustration from Figure 3.1. The two synapse models behave identically
enough for the new model to be further tested. However, the results presented in the
Sections 4.1-4.3 are considered the main results of this work.

4.4 Relationship between astrocytic glutamate uptake and the new
model dynamics

To study in more detail the function of the new implementation, the relationship of astro-
cytic glutamate uptake to the new model dynamics is briefly examined. At the same time,
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the results are used to obtain preliminary computational data on how the stimulation of
the t-LTD induction protocol reacted to the modifications of the glutamate uptake.

The further testing is performed with three different conditions: (1) astrocytic glutamate
uptake rate is increased while neuronal uptake rate remained the same (Figures 4.6 and
4.7), (2) astrocytic glutamate uptake rate is decreased, similarly keeping the neuronal
uptake rate as the same (Figures 4.8 and 4.9), and (3) astrocytic glutamate uptake is
completely blocked (Figures 4.10 and 4.11). The same set of model variables used in
Figures 4.4 and 4.5 are used to present the results also in Figures 4.7, 4.9 and 4.11.
Note the different y-axes between the figures.

The values for the increased astrocytic glutamate uptake rate and intracellular astrocytic
glutamate concentration are presented in Figure 4.6. The applied reaction rate constant
for astrocytic glutamate uptake is set as kqiu, vptake, astro = 0.3 % with what the uptake
rate reaches a maximum of approximately 130 % The increased value for the reaction
rate constant for astrocytic glutamate uptake is an estimate for evaluation purposes and
is not based on previous experimental studies.
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Figure 4.6. Increased astrocytic glutamate uptake and intracellular glutamate concentra-
tion during t-LTD induction at temporal difference of AT = —10 ms.

Results in Figure 4.7 show that, as expected, the increased astrocytic glutamate uptake
leads to glutamate being consumed too fast from the synaptic cleft. This leads to a situa-
tion where there is not enough glutamate in the synaptic cleft to activate the postsynaptic
receptors as required. This causes lower magnitude of the intracellular postsynaptic sig-
naling cascade leading to production of 2-AG, and eventually leads to a decreased astro-
cytic Ca?* signaling. The concentration of astrocytic Ca®* rarely reaches the threshold
value of 0.3 uM at longer temporal differences, leading to less frequent release of gluta-
mate from the astrocyte at AT = —150 ms (Figure 4.7L). This is shown in less frequent
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activation of presynaptic NMDARs, and thus less frequent increases in the presynaptic
Ca?* (Figure 4.7M), and presynaptic CaN concentrations (Figure 4.7N) at AT = — 150
ms. The timing of signaling at other temporal differences is also affected.
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Figure 4.7. Responses of six key presynaptic, postsynaptic and astrocytic variables dur-
ing the t-LTD induction in the new synapse model, when astrocytic glutamate uptake is
increased. Note the different y-axis in L compared to Figure 4.5.

Figures 4.8 and 4.9 present the condition of decreased astrocytic glutamate uptake. The
rate of astrocytic glutamate uptake and intracellular astrocytic glutamate concentration

are
M
ms

presented in Figure 4.8. The decreased uptake rate reaches approximately 43
at maximum. To describe a decrease in astrocytic glutamate uptake rate, value of

kGuu,uptake, Astro = 0.1 % is used. This value is also not based on experimental data.
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Figure 4.8. Decreased astrocytic glutamate uptake and intracellular glutamate concen-
tration during t-LTD induction at temporal difference of AT = —10 ms.
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Figure 4.9. Responses of six key presynaptic, postsynaptic and astrocytic variables dur-
ing t-LTD induction in the new synapse model, when astrocytic glutamate uptake is de-
creased. Note the different y-axes in A—E and H compared to the Figure 4.5.
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Results in Figure 4.9 show the opposite situation compared to Figure 4.7. The astrocytic
glutamate uptake rate is decreased, leading to excess activation of postsynaptic recep-
tors. As presumed, the concentration of intracellular postsynaptic 2-AG is increased,
eventually leading to an increase in astrocytic Ca’* signaling with all temporal differ-
ences. Furthermore, this leads to more frequent increases in the extrasynaptic glutamate
(Figure 4.9L). Higher extrasynaptic concentration leads to higher activation of presynap-
tic NMDARs and thus higher concentrations of presynaptic Ca?* (Figure 4.9M) and CaN
(Figure 4.9N) at AT = —100ms and AT = —150ms. The signaling during other tempo-
ral differences is also affected. Note the different y-axes compared to the Figure 4.5,
especially for the responses of postsynaptic 2-AG, astrocytic IP; and astrocytic Ca* in
Figures 4.9A, B and C, respectively.

Lastly, Figures 4.10 and 4.11 present the condition where astrocytic glutamate uptake is
completely blocked. This is described by setting the kg, vptake, astro @S 0 % The corre-
sponding astrocytic glutamate uptake rate and intracellular astrocytic glutamate concen-
tration are shown in Figure 4.10. The small increase in the intracellular glutamate, seen
from Figure 4.10, is due to the uptake from the extrasynaptic space, described with the
term L stro| Gl catsyn in Equation (4.3).

Tvesext,astro

When astrocytic glutamate uptake is completely blocked, it leaves the postsynaptic
neuron responsible for all the glutamate clearance, even though the neuronal glutamate
consumption is not increased.
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Figure 4.10. Astrocytic glutamate uptake and intracellular concentration when the uptake
rate was blocked. The small increase in the intracellular glutamate concentration is due
to uptake from extrasynaptic space.

This has, as expected, similar but magnified effect on the responses of the model vari-
ables than in the previous condition where the uptake rate was decreased. Thus, the
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postsynaptic reactions in Figure 4.11A—C and H—J follow similar trends as in Figure 4.9,
however with larger magnitude.
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Figure 4.11. Responses of six key presynaptic, postsynaptic and astrocyte related vari-
ables during t-LTD induction in the new synapse model, when astrocytic glutamate uptake
is blocked. Note the different y-axes in A-D and H-I compared to the Figure 4.5.

When astrocytic glutamate is blocked, there is not enough glutamate to be released.
Thus, the extrasynaptic glutamate concentration stays close to 0, leading to significantly
decreased concentration of presynaptic Ca?>* and CaN at all temporal differences (Fig-
ures 4.11E—F and L-N). Note the different y-axes in A-D and H-I compared to the results
in Figure 4.5. When the glutamate uptake was blocked, the increases in the first pulses
of postsynaptic 2-AG, astrocytic IP5 and astrocytic Ca®* concentrations were even more
notable.
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5. DISCUSSION

In this thesis work, a novel implementation of astrocytic glutamate uptake pathway from
synaptic cleft was developed into a previously published synapse model by Manninen et
al. [11]. The developed component connects the pathway for glutamate from presynaptic
neuron to the synaptic cleft, from the synaptic cleft to the astrocyte, and finally from the
astrocyte to the extrasynaptic space where it activates the glutamate receptors on the
presynaptic neuron.

A few assumptions and simplifications were made to accomplish the functionality of the
developed implementation of the astrocytic glutamate uptake from synaptic cleft. All the
glutamate taken up by the astrocyte was assumed to be available for recycling in the so-
called glutamate-glutamine cycle. In other words, all the intracellular astrocytic glutamate
was taken into account when determining the amount of glutamate released from the as-
trocyte. In reality, there are also other ways to recycle or re-use glutamate: some of the
astrocytic glutamate is metabolized and used in other intracellular processes in the as-
trocyte [59]. Also, before being released from the astrocyte, glutamate can be converted
into glutamine. In the model, glutamate and glutamine were treated as the same molecule
and this conversion was ignored. This did not, however, have any significant effect on the
model, and is a commonly utilized simplification also in previously published models [99].

The astrocytic glutamate uptake, vgiy, uptake,astro, Presented in Equation (4.1) was created
to demonstrate the glutamate uptake by astrocytic glutamate transporter. The transporter
dynamics, in this case the uptake rate, was adapted from the properties of EAAT2. The
similarity of the expressions for vy, uptake,astro aNd postsynaptic glutamate consumption
Vaiu, f,post (Presented in Equation (3.1)) made it possible to control their relative ratio rather
easily. This was done by fitting the rate constants, kqiu uptake,astro @A k¢ Gru post, 10 rep-
resent the share of the astrocytic glutamate uptake as 90 % and the neuronal glutamate
uptake as 10 %.

Also other aspects of the model implementation were to be considered when fitting the
ratio of the reaction rate constants. The glutamate dynamics in the synaptic cleft are
dependent partly on the glutamate uptake, according to the Equation (4.2). Thus, the
rate constants were not only fitted with respect to each other, but also against the synap-
tic glutamate concentration. Experimental data shows that the glutamate in the synaptic
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cleft can reach 1 mM following the presynaptic release [71]. In the synapse model, the
maximum concentration of glutamate in the synaptic cleft reached 500 uM at best, which
allows the concentration of presynaptically released glutamate to be doubled. However,
due to numerical limitations restricting the glutamate concentration in the synaptic cleft,
the maximum value of presynaptically released glutamate could not be increased without
overflow error in Python. The possibility of increasing the maximum value could be ad-
dressed in the future, if needed, but it would require more extensive optimization between
the new and original expressions of the dynamics in the synaptic cleft.

This current restriction of the glutamate concentration in the synaptic cleft strongly deter-
mined the maximum values for astrocytic and neuronal uptakes because the activation
of postsynaptic receptors, and thus postsynaptic intracellular signaling cascades, are de-
pendent on the glutamate concentration in the synaptic cleft. In the original synapse
model, the value of k¢ g1y post Was 10 times higher (0.2 %) compared to the value cho-
sen for the implementation of the new synapse model (0.02 %). In practice, this meant
that the neuronal consumption was originally 20 % of the synaptic glutamate, and 80 %
was available to be used to activate the receptors. To preserve the correct activation rate
of postsynaptic receptors, the astrocyte and neuronal glutamate uptakes were allowed
to consume this 20 % in total. To follow the correct ratio between these two glutamate
pathways and still reach realistic signaling cascades with the model, the optimized rate
constants were set as 0.18 - for kgyu,uptake,astro @nd 0.02 —= for k Gru post- Thus, also
in the new synapse model, the same fraction of glutamate (80 %) is left into the synaptic
cleft.

The amount of glutamate released into the synaptic cleft is generally assumed to exceed
the need for receptor activation. Thus, the 80 % of the glutamate concentration that was
left to activate the receptors was more than enough, and not all of it was used for activat-
ing the receptors in the model. However, given the limited time, keeping the share of total
consumption of glutamate the same as in the original synapse model was the most ratio-
nal way to optimize the glutamate dynamics in the synaptic cleft. This approach required
minimal changes in the original and already validated values describing the glutamate
dynamics in the synaptic cleft. With more time, the values could be changed if new ex-
perimental data will become available, and re-validation of the values can be performed.

The new variable Glu,4.,, (Figure 4.1) describes the intracellular glutamate concentration
in the astrocyte. When comparing the variation in this concentration value to the pulse-like
responses of neuronal model variables (for example in Figures 4.3L—N and 4.5L—N), the
trend of the signaling seems to be slower. This follows the general understanding that the
Ca?* signaling-mediated astrocytic mechanisms are slower compared to, for example,
neuronal glutamate release. In the new model, Glu,4., is dependent on the astrocytic
glutamate uptake rates from the synaptic cleft and extrasynaptic space, but also on the
amount of glutamate released from the astrocyte. As seen from Figure 4.1, the astrocytic
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glutamate concentration increased with time and did not reach 0 M after the simula-
tion started. The only mechanism for glutamate consumption described in the astrocytic
component of the new model was the release of glutamate. The remaining glutamate
concentration in the astrocyte could therefore be considered to describe the glutamate
that is used in other intracellular processes in the brain.

In the original synapse model, the released glutamate from astrocyte, and thus also the
variable [Glu).tsyn (according to the Equation (3.5)), is dependent on a constant param-
eter G- TO reproduce similar glutamate release rate, the variation of [Glu],s, had to
be fitted to reach similar scales than the value of G4, This was challenging, because
the uptake rate vy uptake,asiro Was also restricted by the glutamate concentration in the
synaptic cleft and did not at first reach the required level. This was solved with a scaling
factor (reeft.astro IN Equation (4.3)) describing the ratio between the volume of synaptic
cleft and the volume of astrocyte. This value was fitted purely to produce the required
uptake level, and it is not based on previous studies or experimental data on the ratio
between those volumes. When continuing the development of glutamate dynamics in the
synaptic cleft, also this scaling factor could be improved to realistically describe the ratio
of the volumes of synaptic cleft and astrocyte.

As seen from the resulting equations, the scheme of describing the glutamate dynamics
in the models by Tewari and Majumdar [90] and Blanchard et al. [93] was very compat-
ible with the scheme of the original synapse model, allowing the implementation to be
very consistent with their way of modeling it. This was beneficial for the success of the
development process during a limited period of time. The new model was mainly evalu-
ated by comparing the representations of the model dynamics qualitatively using visual
inspection between the new and original models. In the time frame used for this work,
this was the most efficient way to do so. The original model and its components were
carefully evaluated against previous experimental data, and since the main aim of this
work was to develop a functioning component for astrocytic glutamate uptake, this level
of comparison was justifiable. In addition, most of the developed equations were based
on previous studies that have been published. The new model can be validated when
more experimental data for astrocytic glutamate uptake and related parameters become
available.

Comparison of Figures 4.2, 4.3, 4.4 and 4.5 shows that the new model performed al-
most similarly compared to the original synapse model. However, in the new model, the
intracellular astrocytic glutamate concentration was described as a differential equation,
making its response dynamical. This also affected the concentration of the glutamate
released from the astrocyte. In the original synapse model (Figure 4.4), the increases in
the extrasynaptic concentrations were of constant magnitude. In the new synapse model
(Figure 4.5), the release of glutamate to the extrasynaptic space increased with time, re-
sponding to the increasing trend of the astrocytic glutamate concentration (Figure 4.1).
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However, even the smaller increases of extrasynaptic glutamate concentration, together
with the spillover of glutamate from the synaptic cleft, were enough to activate the presy-
naptic Ca’* and CaN concentrations almost identically compared to the responses of the
original synapse model.

Furthermore, additional increases of glutamate concentration in the extrasynaptic space
were observed with the temporal difference of AT=—150ms (Figure 4.5L). This led also
to additional pulses in the activation of the presynaptic Ca** (Figure 4.5M) and CaN con-
centration (Figure 4.5N). When observing the developed component for glutamate uptake
pathway and the modification required to implement it, the most likely explanation for this
is that the astrocytic Ca?* signaling reaches its threshold value more frequently. The
signaling cascades affecting the astrocytic Ca®* signaling, including the activation of the
postsynaptic endocannabinoid production as well as the astrocytic glutamate concentra-
tion, was fitted to the corresponding original levels as closely as possible. Even small
deviations in the endocannabinoid concentration, hardly seen from the graphical presen-
tations, can lead to an additional Ca®" signaling pulses to exceed the threshold value.
In the new model, the astrocytic glutamate concentration [Glu],s, was described with
a differential equation that depended on other parameters and variables, whereas in the
original synapse model it was presented with a constant parameter G-, Due to the
dynamically increasing nature of the variable [Glu],4..., it was not possible to reach ex-
actly the value of G,4..,. Based on the analysis performed during this thesis work, this
dynamical change did not significantly affect the work.

The new model performed well when considering the complexity of the original model, and
the inevitable differences in dynamics due to replacing constant values with differential
equations. The main aim of this work was to create the astrocytic glutamate uptake
component and achieve appropriate level of function. The aim was reached, which also
showed that additional components can be added to the original synapse model. From
now on, the model development can be continued with more certainty.

The evaluation of the new synapse model continued with simulations of three different
conditions: (1) astrocytic glutamate uptake rate was increased, (2) astrocytic glutamate
uptake rate was decreased, and (3) astrocytic glutamate uptake was blocked. It was of
interest to see whether the function of the new implementation was logical even when
deviating from the optimized performance, where the dynamics was fitted to the original
model. Further evaluation could also give some initial views of how this new component
of astrocytic glutamate uptake could be used to study the neuron-astrocyte interactions
at the synapse.

When the rate of astrocytic glutamate uptake was increased (Figure 4.7), the glutamate
clearance from the synaptic cleft into the astrocyte was faster. This led to a situation
where there was not enough glutamate to be used for activating the postsynaptic recep-
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tors, further leading to a decrease in the activation of postsynaptic intracellular signaling
cascades leading to the release of 2-AG. Finally, this caused decreased activation of
astrocytic Ca* which affected the glutamate release. An increase in the astrocytic gluta-
mate uptake rate and intracellular concentration, compared to the baseline of this model
implementation, can be seen when comparing Figures 4.1 and 4.6.

The opposite condition was when the rate of astrocytic glutamate uptake was decreased
(Figure 4.9). This led to slower clearance of glutamate uptake, during which the post-
synaptic receptors were excessively activated. Excess activation of receptors led to an
increase in the postsynaptic intracellular signaling cascades, increasing the amount of
released 2-AG. This then increased the astrocytic Ca®* oscillations. The astrocytic Ca**
and IP3 responses to the increases in the postsynaptic 2-AG seemed to perform unreal-
istically during the first pulse. The decrease in the astrocytic glutamate uptake rate and
intracellular concentration, compared to the baseline of this model implementation, can
be seen when comparing Figures 4.1 and 4.8.

When the astrocytic glutamate uptake was completely blocked (Figure 4.11), the model
performance changed completely. There was a significant deviation with each tempo-
ral difference due to the lack of glutamate taken into the astrocyte. The glutamate uptake
from the extrasynaptic space is small, as seen from Figure 4.10. This uptake from extrasy-
naptic space does not provide enough astrocytic glutamate to carry out the mechanism
of astrocytic glutamate release. For this reason, the presynaptic neuron was not acti-
vated as much as in the previous conditions when the glutamate uptake from the synaptic
cleft to the astrocyte existed. In addition, the first pulse-like responses of the variables
presenting postsynaptic 2-AG, and astrocytic Ca®>* and IP3 concentrations seemed to be-
have rather uncontrollably. Even so, the trend itself seemed plausible, since the excessive
activation of postsynaptic signaling cascades caused significant increase in the astrocytic
Ca’" signaling. However, to study whether the effect is fully biologically realistic would
require more evaluation.

Despite some of the first pulse-like responses seemed to behave uncontrollably, the
overall performance of the new implementation in the three presented conditions (1-3)
seemed to follow the expected trends. The model predicted such consequences for the
increase, decrease and blocking of astrocytic glutamate uptake that could be also biolog-
ically realistic. However, without suitable experimental data, the accuracy of the magni-
tude and timing of the signaling cannot be addressed. This does, however, give important
preliminary information about the possible range of tests that can be performed with this
specific model. These three conditions could also represent possible impairments of as-
trocytic glutamate uptake in disease.

The model development process concentrated on creating the component for glutamate
uptake pathway from the synaptic cleft to the astrocyte. After comprehensive validation of
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the model, some details should be addressed in the future. It is of interest to evaluate, for
example, how much the increased or decreased astrocytic glutamate uptake rates directly
affect the astrocytic Ca>* signaling. In the new model, the intracellular glutamate concen-
tration of astrocyte did not affect its own Ca?* concentrations, and thus the changes in
the uptake rate only had an indirect effect through affecting the postsynaptic 2-AG produc-
tion. Currently, it is not known how the model would perform if the intracellular astrocytic
signaling cascades were connected in more detail.

Another suggestion is to continue the model development and study the role of glutamate
dynamics in neuron-astrocyte interactions by implementing an uptake pathway also into
the presynaptic neuron. In the current version of the model, the receptors in the presy-
naptic neuron are activated by the extrasynaptic glutamate concentration, but it does not
affect the glutamate concentration inside the presynaptic neuron. By adding expression
also for the presynaptic glutamate uptake, the recycling of glutamate could be completed,
making the synapse model even more inclusive.
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6. CONCLUSIONS

This thesis work presented a new developed component for astrocytic glutamate uptake
from the synaptic cleft to the astrocyte. The component was integrated into the previously
published neuron-astrocyte synapse model describing the phenomenon leading to spike-
timing-dependent long-term depression. The original synapse model did not incorporate
a direct astrocytic glutamate uptake pathway from the synaptic cleft, and the related as-
trocytic intracellular glutamate dynamics were controlled with a constant concentration
parameter. The aim of this thesis work was to integrate the new glutamate uptake com-
ponent into the original model, while reproducing the original model dynamics as closely
as possible. This goal was reached, and it enabled also further testing of the new synapse
model. The model behavior could be examined with computationally simulating different
impaired conditions, where the rate of the astrocytic glutamate uptake was modified by
increasing, decreasing and blocking it. The new developed model performed as expected
in these different conditions, supporting the robustness of the new implementation. In the
future, other, similar conditions could be stimulated to employ the new synapse model to
study the role of astrocytic glutamate uptake in health and disease.

In addition to the original synapse model, the materials and methods for this thesis work
included a comprehensive survey of currently available glutamate transporter models.
This survey resulted in over 40 models incorporating glutamate uptake component, how-
ever revealing a significant gap in the replicability of these models. The simulation codes
were available for only one sixth of the models. Even though most of the model equa-
tions were presented, the important implementation details were missing. In addition
to presenting the modified and developed equations for the new synapse model, also
the implementation details required to replicate the model were presented in this thesis
work. Currently, there are not such established mathematical expressions for describing
astrocyte dynamics, like glutamate uptake, compared to neuronal modeling. To create
an optimal base to advance the modeling of astrocytes, more completely accessible and
available models are required.

Even though this thesis work presented a successful component for astrocytic glutamate
uptake for a neuron-astrocyte synapse model, a completely validated model most likely
requires years of work and research. However, the presented results showed that such a
component for astrocytic glutamate uptake could be integrated afterwards without need-
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ing to recreate the whole synapse model, leaving optimistic view for the model develop-
ment process to advance the original synapse model. The next step forward could be,
for example, implementing a direct pathway for presynaptic glutamate transport, and thus
completing the modeling of the glutamate-glutamine cycle.
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