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Homeostasis is the tendency to maintain a relatively constant internal environment. The
concept of homeostasis is essential when it comes to understanding organisms and their
ability to adapt when faced with external changes. Integral control can be implemented
by three conditions. These are zero-order, first-order and second-order kinetics. Time-
dependent perturbations are rapidly increased to study whether the controlled variable
can be kept at a set-point. The ideal behavior of a controller would be that step-wise
perturbations drive the controller back to its theoretical set-point. The results presents
how integral control and negative feedback are key features when determining the per-
formance of a controller. In this thesis we study the performance of negative feedback
controllers. Dopamine (DA) plays a significant role in homeostatically regulating Lev-
odopa (L-DOPA /DOPA) through these negative feedback mechanisms. The importance
of this regulation is highlighted in the thesis because small dysregulations of DOPA has
seemingly proven to be the source of several neurological disorders. The controllers are
able to deal with different time-dependent perturbations. However, when facing concen-
tration values in either a too high or too low degree, the controller has a disadvantage
of breaking down. The implementation of compensatory values were included to test

whether the reaction could return to set-point.
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Chapter 1

Introduction

1.1 About homeostasis

Homeostasis is the term for regulation of the physical and chemical state in organisms.
The article “Fysiologiske reguleringsmekanismer” states this concept as “keeping some-
thing approximately constant” [3]. The main purpose is to keep individuals adapted to
external environment changes. An example of this is regulation of different physiologi-
cal aspects in the human body. These aspects include temperature, blood sugar, blood
pressure, respiration, fluid balance and pH balance. The components stated cooperate

in maintaining a constant internal environment.

There are three key regulator components of homeostasis [4]. First of all, we have sensors
that detects different stimuli. The stimuli then affect a control center, which generates
a certain output. At last, a response is triggered. The response is mostly a physiological
activity that helps the environment return to a desired value. An example of this is when
the temperature decreases in a heating system at home. A temperature monitored by
a sensor drop would act as a stimulus and activate the thermostat. In this situation
the control center will increase the heat until the desired temperature is reached. The

response is produced by the heater.

1.2 The story behind the concept

The regulation mechanisms of internal environment were first described by the French
physiologist Claude Bernard in 1849 [5]. His studies were based on experiments which
led him to discover the pancreas” influence on the metabolism. Glycogen, a source of

energy in animals, seemed to play an important role in the overall regulation. The



discovery of this carbohydrate along with its way of assembling and self-destruction
in the cells, also known as glycogen metabolism, proved that the body itself produced
chemical compounds. Later, Bernard also discovered how certain nerves regulated the
blood blow in the organs. He reported that the heat increased as he cut sympathetic
fibers joining the sympathetic ganglia, followed by a more active circulation of the blood
in the arteries [5]. This phenomenon was an example of how the body quickly adapted

to maintain a constant internal environment.

Walter Bradford Cannon improved and narrowed down Bernard s studies about regu-
lation of the internal environment, also known as “le milieu interieur”. He introduced
the term “homeostasis” in 1926. Cannon presented four propositions to describe the
general features of homeostasis [6]. These included the fact that (1) mechanisms adjust
to maintain stability, (2) factors resist change when it happens, (3) mechanisms can act

together and that (4) mechanisms are mostly organized, and do not occur by chance.

In later studies of homeostasis, it has become more usual to describe the regulation
mechanisms through certain mathematical models used in computational biology [3].
These models are the foundation of how scientist today carry out research in the hopes
of discovering how homeostasis plays an important role in development of disease and

the understanding of physiological regulation.

1.3 Feedback mechanisms and integral control

Communication among cells is necessary to maintain internal stability. Feedback mech-
anisms are key controllers of the homeostatic processes in the body. Their main goal
is to influence the function of one final component by reading conditions of an initial
component. These mechanisms participate in the communicative systems of the body
like the nervous and endocrine system. Components such as chemical messengers and
hormones travel through the extracellular fluid while carrying information that trigger
responses in target cells [7]. The results of the feedback mechanisms have either an

increasing or decreasing effect on the system.

We distinguish between negative and positive feedback mechanisms. Negative feed-
back systems uphold stability and equilibrium by inhibiting certain changes. Inhibition
controls prevents excessive responses to the stimulus. The difference between positive
and negative feedback is that a positive feedback system enhances the response when

stimulated [7].

In living organisms, robustness is provided by homeostatic mechanisms in order to sur-

vive and reproduce. Robustness of a system is defined as ”the ability of tolerating



perturbations that might affect the system’s functional body” [8]. When facing exter-
nal variations, robustness is achieved by maintaining homeostasis. Integral feedback is
a control-engineering concept that plays an important role in adapting and achieving a
robust environment [9]. The perks of an integral control system is that it can keep a

system at a given set-point, even when exposed to uncontrollable perturbations.

a perturbation

A

N I E > process A >
integral
controller

FIGURE 1.1: Scheme that illustrates integral control. A, the controlled variable, is

regulated to set-point (Ase:). This happens even though A is exposed to uncontrolled

perturbations. The calculation and integration of e regulates A into reaching A.;-value.
E is integrated in E.

The rate equations of Figure 1.1 are:

ks-K;

A=k —koA—FkyA 1.1
ki — ko a YK+ B (1.1)
: Vinas E
B = ks A mar = 1.2
s Ky +E (1.2)

where ko-A describes the perturbation and K;+FE represents the compensatory flux.

The steady state value in A (Ay) is described by the set-point (setting E=0 and A=0,
thereby solving for Agg):

Vma.’lf
ks

By solving with respect to E(=0) we get the expression:

Vmax
5

E = —ks( —A) (1.4)

By replacing Vy,a./ks with Ager we get an equation which signifies that FE is proportional
to the error and that F is integrated in E:



€ = Aset —A (15)

Aser represents the set-point and A is the controlled variable. The negative feedback

loop regulates the integral controller. e defines the error between A and A,g;.

1.4 Dopamine homeostasis

Regulation of Dopamine homeostasis is controlled by mentioned feedback systems. Dopamine

plays several important roles in the brain and body [10]. It functions as a neurotrans-
mitter, a chemical released by neurons. The chemicals travel through several distinct
Dopamine pathways throughout the body. Reward-motivated behavior is a result of

increased level of Dopamine in the brain.
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FIGURE 1.2: Overview scheme of how Dopamine is regulated in the cell. First, Pheny-

lalanine is converted into Tyrosine. Second, Tyrosine is converted to DOPA by Tyrosine

Hydroxylase (TH). Finally, aromatic amino acid decarboxylase (DDC) coverts DOPA
to Dopamine.

Homeostasis of Dopamine is achieved through a series of compounds working together.
The precursors Tyrosine and DOPA work together with the enzymes Tyrosine Hydroxy-
lase (TH), DOPA Decarboxylase (DDC) and vesicular monoamine transporter 2 (VAT2)

in a reaction pathway to maintain Dopamine homeostasis.

Small dysregulations in the dopamine homeostatic pathway can result in severe damage
to the human body. An example of a disorder linked to this phenomenon are Dopamine
dysregulation syndrome, which often occurs in people who have Parkinson’s disease.

This disease affects the motor system, resulting in cognitive and behavioral problems



presented in the symptoms of tremor, rigidity, slowness of movement and difficulty with
walking [11].

1.5 Goal of this work

The goal of this thesis was to discover how far the concentrations in the cell could be
altered in order to maintain or break homeostasis. Experiments on Dopamine were
executed on programming models assisted by computational methods. Concentration
constants were altered in the purpose of gaining insight on how Tyrosine (Tyr), Levodopa
(DOPA) and Dopamine (DA) were affected in the different cases. The computational
experiments were compared to earlier scientific studies in the purpose of discovering how
and why Dopamine functions as a homeostatic regulator of DOPA. The results were
further integrated in the discussion section, which elaborated on how a dysregulated
system could contribute to neurological disorders. At last, simulations were performed
to theoretically determine whether DOPA could serve as a treatment option for these

disorders.



Chapter 2

Materials and Methods

Scientific programming tools were the main source of presented calculations and simu-
lations. Data was extracted using Perl (v. 5.28.2) as the main programming language.
Graphs were constructed in gnuplot (www.gnuplot.info) and edited using Adobe Illustra-
tor program v2021 (www.adobe.com). Scientific computing was carried out by Absoft “s
Pro Fortran compiler with subroutine LSODE [12]. The Fortran programs are named
"THT7”, ”TH8”, ”TH9” and ”TH10”, but are here referred to as "Model 17, ”Model 27,
"Model 3” and "Model 4” in the ”Results and Discussion” section. MATLAB (math-
works.com) was an additional tool which was used as a confirmation method of some of

the Fortran calculations.

The rate constants used in the experiments (Results and Discussion) are presented in

Figure 2.1:



TABLE 2.1: Rate constants used in the calculations.

Rate constants | Experimental value Function Reference
k1 5 uM Vinasz (flux) [13]
ko 20 uM Vinaz (TH) [14]
ks 74.4 M K, (TH) [15]
k4 45 pM Inhibition constant (Viaz) [16]
ks 3.1 uM Vinaz (DDC) [17]
ke 28 uM K,, (DDC) [18]
kv 1.5 uM Vinaz (VAT2) [19]
ks 0.00029 pM K,, (VAT2) [19]
ko 2.86 uM Vinaz (Tyrosinase) [20]
k10 0.025 uM Vinaz (flux) [13]
k11 1 uM Vimae (flux, DA) [19]
k12 50 uM Inhibition constant (Vs ) [21]
k13 22 uM K,, (Tyrosinase) [22]
k14 0 uM Vinaz (ROS) [23]
k15 2.3 uM Vinaz (TH) [20]
k16 50 uM K,, (TH) [24]
k17 0.01 uM Vinas (flux) [19]
k1g 100 000 pM Vinaz (MAO) [25]
k19 100 pM K,, (MAO) [25]
k20 0.1 uM Inhibition constant (V4 ) [19]
ko1 0.0001 puM K, (flux) [19]
ka2 0 uM Vinae (flux) [26]




Chapter 3

Results and Discussion

3.1 Experimental scheme of Model 1
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FIGURE 3.1: Reaction scheme for Model 1.

Figure 3.1 shows two different reaction pathways leading to melanin production. The
first path is through Tyrosinase with the inclusion of V4, and K, values for this en-
zyme. The other is guided via reactive oxygen species (ROS). Both pathways synthesize
the precursor Dopaquinone, which forms melanin when oxidized. The depicted ”j” s are

fluxes.

The simulations on Dopamine homeostasis showed interesting results. In almost all
cases, homeostasis was preserved even though the constants were changed drastically.
Exceptions occurred when constants k7 and ki1 were altered in Model 1. Homeostasis
was clearly broken in these simulations. k4 revealed some interesting results, which

enlightened how negative feedback had an overall large impact on the Dopamine reaction

8



pathway. The results of the constant changes are further discussed in the following
subsections. Main focus will be upon the three mentioned constants; the inhibition

constant (ky), the Vy,q.-value of enzyme VAT2 (k7) and lastly the ji;-flux (k7).

The rate equations of the Tyrosine, DOPA and Dopamine are:

d(Tyr) ko-Tyr k1o
= . — k10T 3.1
dt ks(1 + D/Tf) +Tyr ko +Tyr 104 yr (3.1)
d(DOPA) kg-Tyr klg ngOPA k5DOPA
- DA . - - — k‘14DOPA
dt ks(1+ H) +Tyr kio+Tyr  kiz+ DOPA k¢+ DOPA
(3.2)
d(DA ks-DOPA kr-DA
(DA) 5-DO 7 (3.3)

dt  ke+ DOPA ks+ DA

The expression of set-point is:

ke- (k7 — k11)

DOPA; =
O et = G o — s

(3.4)

3.1.1 Experimentally determined values and graphical outputs

Figure 3.2 and Figure 3.3 represent the experimentally determined values of Model 1,
and is used as a reference model. These illustrate how a cell normally behaves when
the constant values are the same for all three phases. Their original values are used for
further comparison in the subsections to show how the cell changes when the constants
are altered in phases 2 and 3. Phase 1 remains unchanged throughout all examples in the
purpose of implementing a contrast between start-concentration and end-concentration.
All concentrations are in M. The graphs (Figure 3.3(a), 3.3(b) and 3.3(c)) was illus-

trated by Gnuplot when the experimental values were compiled in Terminal.
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FIGURE 3.2: The experimental determined concentration values of constants ki-ki4

presented in input file for Model 1 (left). The label "TH7-01” refers to the models

run-id. The concentrations of each constant are the same for all three phases. These

are changed later on. Summary of the compilation is presented in the column to the
right.
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F1cURE 3.3: Graphic results when Model 1 was compiled. All constant values are the

same for all three phases, as this model is used as a reference model. Phase 1, 2 and

3 are color coded with arrows. (a) kg values remains constant at around 5.00 M. (b)

DA (blue) is unchanged at 292.00 pM, and DOPA (red) around value 5.39 uM (c)
Tyrosine is also unchanged around 157.50 puM.

3.1.2 Regulation of Tyr, DOPA and DA by altering k;

k1 represents the flux (j;) that is directly connected to Tyrosine in the reaction scheme.

a Model 1 b Model 1 c Model 1
4000 s A M 300 T . e 10
3500
3000 |- 1 zzg s
S 2500 | =
= 2000 3 150 ;? T
> 1500 -3
= a Q
1000 [ E 100 a
500 E 50
0 bl VT TN TN o P L e
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
kq (uM/min) kq (UM/min) kq (UM/min)

FIGURE 3.4: Results when ki was altered in Model 1. (a) Tyrosine levels (yellow)

showed a steady, linear increase as higher ki values was applied. (b) Dopamine (blue)

experienced a rapid increase, peaking at value 300 uM, before decreasing at a high

rate until k; equaled 20 pM /min. (c) Steady-state value of DOPA (black) was reached
until k1=20 pM/min. DOPA set values (red) is here used as a constant.

Figure 3.4 presented an increasing concentration of Tyrosine as k; was increased. The
flux is directly connected to the production of this Dopamine precursor, and would

therefore with no doubt affect the concentration likewise.

However, the Dopamine and DOPA concentrations exhibited an interesting relationship.
After upholding a constant and unchanging rate, the steady-state value of DOPA sud-
denly started dropping. Meanwhile, Dopamine concentrations encountered heightened
levels, lowering at the approximately same rate before entering a constant concentration.

Both graphs experienced a shift in concentration around k1=20 pM /min. The change
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in DOPA steady-state graph indicated that homeostasis was not maintained after this
point. This phenomenon proved that overloading the inflow controller with excessive
concentration values could not be accomplished without consequences. The cost of this

action involved dysregulations in the internal stability.

3.1.3 Negative feedback mechanisms leads to accumulated levels of

Dopamine

The enzyme Tyrosine Hydroxylase (TH) receives negative feedback signals from Dopamine
(DA) through constant k4 and from Tyrosine through constant k15 (Figure 3.1). De-
picted feedback mechanism involving k4 is also known as competitive inhibition. The
inhibition term by Dopamine acts here directly on k3, the Kj;-value of TH. A general
representation of competitive inhibition is illustrated in Figure 3.5. No product is formed

from EI as a consequence of the constructed enzyme-inhibitor complex (EI).

E+S ES E+P

i

EI

FIGURE 3.5: Competitive inhibition scheme [1]. The enzyme and substrate either
forms the traditional enzyme-substrate complex (ES) or enzyme-inhibitor complex (EI).
Latter reaction is reversible.

K represents the inhibition constant in given example. It is also known as an equilibrium
constant. K; can be expressed as a function of the inhibitor concentration, free enzyme
concentration, and enzyme-inhibitor complex. The rapid equilibrium is presented in the

equation:

K; =28 (3.5)

The competitive inhibition scheme in Figure [1] introduces the following equation:

[Eliotal = [Efree + [ES] + [E] (3.6)

Which in turn can be expressed through the Michaelis-Menten equation:
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Ky=—=— (3.7)
After some readjustment of Equation 3.5 and Equation 3.7, we get an expression of v:

Vinaz [S]

Kyl + 8] +15] (38)

v =

Equation 3.8 illustrates how the velocity is determined and its relationship with Vj,4.
and Kj;. A common feature of competitive inhibition is that the velocity is not af-
fected because this type of inhibition can be completely overcome by high substrate

concentrations [27].

a Model 1 b Model 1
1400 ‘ : 10
1200 |
< 1000 | :E:;
<5- 800 - g
Q600 - Q
400
200 L Lo b bovv b Lo Lo v Laway 0 P T T Y TS T S Y | . L1
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
k4 (UM/min) k4 (UM/min)

FIGURE 3.6: Results when k4 (inhibition constant) was altered in Model 1. (a)

Dopamine experienced a steady, linear increase, reaching values as far as 1300 yM when

k4=200 pM/min. (b) Steady-state values of DOPA remained unchanged throughout
the reaction, implying preserved homeostasis.

Figure 3.6(a) showed that the implementation of higher constant values expressing neg-
ative feedback resulted in accumulated concentrations of Dopamine in the cell. DOPA 4.
value (Figure 3.6(b)) remained unchanged and therefore homeostatically regulated. In
conclusion, the k4 constant played a significant role in maintaining homeostasis by in-
creasing the DA concentration. This act of increase seemed to alter DOPA into achieving
steady-state. It was clear that this feedback mechanism was an important contributor

to the final outcome of Dopamine in the cell and thereby the regulation of DOPA.
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FIGURE 3.7: Results when ki5 (inhibition constant) was altered in Model 1. (a)

Dopamine experienced a steady, slightly curved increase as higher constant values was

applied. (b) Steady-state values of DOPA (black) fluctuated in an increasing manner,

suggesting struggles of upholding a homeostatic environment. Meanwhile, DOPA set-
point (red) remained constant at concentration 5.38 uM.

Figure 3.7 suggested that kj5 was dominated by another inhibition type called substrate
inhibition. Tyrosine was the substrate of TH in this case and acted as an inhibitor. A
common feature of this inhibition type is that the velocity curve of a reaction rises to a
maximum as substrate concentration increases and then descends either to zero or to a

non-zero asymptote [2], as illustrated in Figure 3.7(a).

kcat
F+S =—>=ES » E+P
K, +
S
K,

ES,

FIGURE 3.8: Substrate inhibition scheme [2]. The enzyme has in this case catalytic
activity when one substrate is bound, but no activity if two are bound.

The following equation illustrates how substrate inhibition works with respect to Figure

3.8:

[E]O = [E]free + [ES] + [ESQ] (39)

The Michaelis-Menten term for this equation is the following:

Ky = 251 (3.10)
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The inhibition reaction gives us:

K; = =22 (3.11)

By readjusting Equation 3.10 and Equation 3.11, we get an equation that features the

velocity:

v — kQ'EO o Vmax[s]
1+ 5+ B Ky 48]+ B2

(3.12)

The simulations on constants k4 and k1o resulted in increased Dopamine levels. The fre-
quently wavering DOPA steady-state concentration (black) in Figure 3.7(b) suggested
that homeostasis was not quite achieved. This event occurred even though Dopamine
exhibited a heightened concentration outcome. In conclusion, DA was not able to home-

ostatically regulate DOPA for k15 as it did for k4.

Dopamine deficiency is seen as a consequence of aging as it is commonly found in elderly
people [28]. The reason behind this is that aging is accompanied by profound changes
in the brain’s Dopamine system, and therefore highly affects cognitive function [29].
Deficiency results in loss of Dopamine production as well as loss of nerves to respond
to DA release. Symptoms include muscle cramps, aches, stiffness in the muscles, loss
of balance and mood swings. A Dopamine deficiency may be related to certain medi-
cal conditions such as depression and Parkinson “s disease (PD). Dopamine production
decreases gradually with age, which may be one reason why PD mainly occurs in older
adults [30].

Oxidative stress is highly related to PD due to the fact that it plays an important role in
the degeneration of dopaminergic neurons [31]. The phenomenon is activated by elevated
levels of Reactive Oxygen Species (ROS) [32]. Inhibition of ROS accumulation in the
cell could be accomplished by the regulation of DOPA. k4 has so far proven itself as
an effective agent on this matter, as it seemingly altered DOPA levels into homeostasis
by increasing DA concentration (Figure 3.6). DOPA regulation is a source of reducing
expression of oxidative stress [33]. k4 can therefore serve its purpose as a treatment
option for oxidative stress, which further reduces the risk of Dopamine deficiency and
PD. The alteration of this constant can therefore through careful research potentially

become a medical source for treating patients with Dopamine deficiency.
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3.1.4 Broken homeostasis by the alteration of V,,,, of VAT2

The k7-constant represents the V4, value of the enzyme vesicular monoamine trans-
porter 2 (VAT2). VAT2 is an integral membrane protein that carries out the trans-
port of the monoamines, which in in this case constitutes Dopamine [34]. Dopamine is
translocated from cytosol across the vesicle membrane into the vesicle lumen following

neurotransmitter biosynthesis.
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FIGURE 3.9: Results when the kr-constant was decreased by 50% (k7=0.75 uM) in

Model 1. DOPA levels were heavily decreased in phase 2. Meanwhile, Dopamine

concentration were increased to an extreme extent, peaking at 7000 uM. The graphs

of all compounds had slow incline/decline in phase 3 as time went by. This slow uptake
before reaching steady-state revealed that homeostasis was broken.

k7 presented, as mentioned, an interesting outcome. Here, the homeostasis was broken
when the constant value was reduced by 10% or more. Already at 25% reduction value,
DOPA-levels started to decrease drastically in phase 2. However, DOPA-concentration
had a slower increase per time unit in the 3rd phase unlike the other results. This
exception became more prominent when k7 was decreased even further by 50%, as seen
in Figure 3.9. It had unusually difficulty in reaching steady-state. The results indicated

that homeostasis was not preserved when the constant was altered to a certain extent.

Dopamine concentrations were severely increased compared to the other simulations.
It “s highest value peaked at 7000 pM when the k7-constant was decreased by 50%
(Figure 3.9). Like the case of DOPA, the simulation showed slow increase per time

unit in 3rd phase before reaching steady-state. This also happened when k-value was
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decreased by 25% or more. In contrast, Dopamine levels started to drop when constant

was increased by 10% or to a further point.

Tyrosine levels showed signs of delayed homeostasis regulation when exposed to a de-
creased k-value of 50% (Figure 3.9). The reaction needed abnormally long time (50
000 min) before the increased Tyrosine concentrations in the 3rd phase showed signs of

adjusting back to normal values.

Decreasing the k7-constant would in this case equal decreasing V., value of VAT2.
The resulting reduction of DOPA-concentration could be explained by the fact that the
upcoming vesicle loading process needed a longer time response to stabilize the accumu-
lated levels of DA. As a consequence, large amounts of Dopamine were trapped inside
the cell. The elevated concentrations of DA was a feedback response with the purpose of
regulating DOPA back to steady-state. However, homeostasis was not achieved, which
revealed that the cell was relatively fragile when exposed to altered k7-concentrations.

DA was not able to regulate DOPA in this case.

k7 is part of the DOPA set-point Equation 3.13, which explains why the constant played

a significant role in regulating homeostasis.

ke- (k7 — k11)

DOPA..; =
© "7 ks + kiy — kr

(3.13)

By inserting the constant values for ks, kg and k1 (Figure 3.9), we get a function (f(x))

expressing change/increase in DOP A, as a function of kr7:

_28(x—1)

flz) = @i (3.14)

The exponential increase in DOPA set-point is further presented in Figure 3.10:
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FIGURE 3.10: Exponential increase in DOPA set-point (Equation 3.14) as a function
of k7. Values k5=3.1 uM, k=28.0 uM and k11=1.0 uM are inserted.

Figure 3.10 illustrates why homeostasis was broken when k7;=0.75 pM was applied in
phase 2 (Figure 3.9). At this point, set-point of DOPA reached 0 M.

Further experiments on the k7-constant were carried out to test whether or not the cell
could adapt when two extreme constant-values were put together. A hypothesis was

constructed on this matter:

Hypothesis 1. Unregulated levels of DOPA, Dopamine and Tyrosine in the cell due to
increased /decreased constant value in phase 2 can be readjusted to homeostasis. This

is completed by the application of the contrary increased/decreased constant value in

phase 3.
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FIGURE 3.11: Results when k7=0.75 pM in phase 2 and k7=2.25 uM in phase 3. This
ended in a quicker response time in contrast to when k7=0.75 uM only in phase 2.

The results of this experiment, presented in Figure 3.11, confirmed the stated hypothesis
(Hypothesis 1). A low constant-value in phase 2 put together with a high constant-value
in phase 3 gave, as mentioned, a quicker response time. Another prominent trait was
how the values of DOPA, DA and Tyr became stabilized in the third phase. This
stabilization was initiated by the changes in set-point (Figure 3.10).

Vesicular monoamine transporters are responsible for the packaging of neurotransmitters
into synaptic vesicles [35]. The neurotransmitters include Dopamine, Norepinephrine,
Epinephrine and Serotonin. The primary function is to segregate neurotransmitters
within vesicles, but they can also translocate toxicants away from cytosolic sites of ac-
tion. These roles of the enzyme are important in preventing oxidative stress. Metham-
phetamine is a highly addictive drug which is neurotoxic to Dopamine [35]. It destroys
axon terminals by interfering with vesicular segregation and increasing Dopamine pro-
duction. As aresult, the amount of DA in cytosol is accumulated and the cell experiences
oxidative stress. Vesicular transport keeps this reaction in check by sequestering exces-

sive Dopamine. This action marks the importance of the VAT2 enzyme.

With this information at hand, we can safely confirm that k7 (V4. of VAT2) plays
an important role in the Dopamine pathway. It maintains homeostasis by regulating

set-point of DOPA. DA is heavily increased in this regulation process.
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3.1.5 Set-point changes results in preserved homeostasis

k11 denotes the re-entry of Dopamine into the cell. Changing this constant played a

significant role on homeostasis preservation.
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FIGURE 3.12: Results when the kj;-constant was increased by 50% (k11=1.5 uM).

DOPA levels became highly decreased in phase 2. Meanwhile, Dopamine concentra-

tions experienced a towering high level around the same time interval. Tyrosine levels

increased in the same phase, followed by a slow decline in phase 3. The time-slowness
in phase 3 revealed that homeostasis was not maintained.

Struggles of upholding DOPA homeostasis became graphically visible in early stages
when the constant concentrations was percentwise increased. Most prominent was the
result of increase by 50%, shown in Figure 3.12. Here, DOPA in the 3rd phase required

significant longer time (around 40 000 min) in reaching steady-state.

Extremely high concentration levels of Dopamine were a compelling result of this simu-
lation, reaching as far as 3000 M when k11 was increased by 50% (Figure 3.12). The
same compilation also featured a longer time response in the 3rd phase. Steady-state of

DOPA was not achieved until around 40 000 min.

Tyrosine concentrations also experienced difficulty in achieving homeostasis when ki
was percentwise increased. The higher the constant concentration, the longer it took for

the reaction to reach steady-state in the phase 3.

k11 is, like k7, part of the DOPA set-point Equation 3.15. The equation was once again

the source of DOPA regulation and homeostatic control. Constant values from Figure



21

3.12 were inserted into Equation 3.15. F(x) expresses the changes in in DOPAge; as a

function of ki1:

_ ke(kr — k11)
DOP Ay = 15—~ (3.15)
_ 28.(1.5 — )
flz) = a1 16) (3.16)

The decrease in DOPA set-point is further presented in Figure 3.13:

30

25 -

20
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FIGURE 3.13: Decrease in DOPA set-point (Equation 3.16) as a function of k11. Values
ks=3.1 uM, kg=28.0 uM and k7=1.5 uM are inserted.

Figure 3.13 illustrated an explanation to why we experienced broken homeostasis at
k11=1.5 uM. Set-point of DOPA had reached value 0 puM at this point. Homeostasis

was not preserved as steady-state of DOPA could not be obtained.

The kjp-value is directly connected to cytosolic DA (Figure 3.1), which explains why
the cell experiences higher concentrations of Dopamine when the constant is increased.
Earlier simulations on constant k7 (Figure 3.9) had similar results. DOPA homeostasis

became unbalanced as a result of set-point changes.

It seemed convenient to test whether the earlier stated hypothesis (Hypothesis 1) could
be strengthened in this case study. The same method was enforced using the con-

centration k11=1.5 uM in the second phase. This was the increased value that broke
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homeostasis in the first place (Figure 3.12). k11 was set to 0.5 pM in the third phase.
By doing this, it was assumed that DOPA would become homeostatically regulated.
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FIGURE 3.14: Results when Hypothesis 1 was applied in the goal of testing whether

two contrast constant values would make the cell adjust itself into a more homeostatic

environment. ki; was set to 1.5 uM in phase 2 and 0.5 pM in phase 3. DOPA,
Dopamine and Tyrosine revealed a shorter time response in phase 3.

The results were as expected. The cell adjusted to homeostatic conditions in a quicker
time response interval. This transpired around approximately 35 000 min. Hypothesis 1
was once again confirmed. Earlier simulation shown in Figure 3.12 required a bit more
effort in achieving the same results (around 50 000 min). DA had a more rapid decrease
in phase 3 in Figure 3.14 compared to Figure 3.12, which indicated that the Dopamine
concentration had to be lowered as fast as possible in order for DOPA to achieve desired
steady-state. However, for this to happen, the cell required heightened DA levels in
phase 2. DOPA was once more regulated by increased values of DA. In conclusion, k11
had an important influence upon DOPA levels because of its appearance in the set-point

equation (Equation 3.15).
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3.2 Tyrosine Hydroxylase and its two catalyzation func-

tions
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FIGURE 3.15: Scheme of Model 2. TH catalyzes the turnover of both Tyrosine and
DOPA.

The enzyme Tyrosine Hydroxylase (TH) was inhibited through constant k4 in the scheme
of Model 1 (Figure 3.1), where it received negative feedback from Dopamine (DA). How-
ever, Model 2 suggests an additional characteristic of this enzyme. The scheme in Figure
3.15 introduces an additional pathway where TH in addition catalyzes the formation of
Dopaquinone. Constants k15 and kg expresses this catalyzation reaction. Simulations
on Model 2 were carried out to check whether the enzyme catalyzing the turnover of
DOPA and Tyr had any influence over the final DOPA and DA concentrations.

In this section, constants k7 and ki; are studied in depth. Both constants exhibited
broken homeostasis due to set-point changes when exposed to altered parameter values
in Model 1. It seemed interesting to test whether TH in the new scheme changed this
matter. kg and k4 are also included as they individually play key roles in TH expression.
It will also be discussed on how Dopamine deficiency in relation to TH can lead to

potential diseases like Parkinson “s Disease.

The rate equations of the Tyrosine, DOPA and Dopamine are listed below. All cases
include when the compounds represents the binding substrate in a competitive inhibition

reaction. Equation 3.18, 3.19 and 3.20 represent the reaction regarding DOPA.

d(Tyr) ko Tyr k1o
=k — ( ) — kwoTyr (3.17)
dt k3(1+Dk—f)-(1+Dgl§A+Tyr) k12 + Tyr
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d(DOPA) kQ-TyT k‘lg
= (— +Tyr) (3.18)
dt ka(1+ B4)-(1 4 2224) 4 Tyr ko
kg-DOPA ks-DOPA
2 5 — k14DOPA (3.19)

" ki3 + DOPA k¢ + DOPA

- ki5-DOPA (3.20)
ki6(1 + 52) + DOPA
d(DA)  ks:DOPA  k;-DA (3.21)

dt  k¢+ DOPA kg+ DA
3.2.1 Parkinson’s Disease is highly connected to TH regulation

Tyrosine Hydroxylase exists in all dopaminergic cells as it catalyzes the formation of
DOPA. The enzyme is a highly specific, non-heme iron, tetrahydrobiopterindependent
protein. It catalyzes the conversion of Tyrosine to DOPA. TH is found in the neuro-

endocrine system, mainly in brain and chromaffin cells of adrenal medulla [36].

Parkinson “s disease (PD) is known to be the most common neurodegenerative disorder.
It affects more than 1% of the worldwide population over the age of 65 [37]. The
loss of Dopamine in the striatum is a common feature seen in patients with PD. The
neurotransmitter plays a significant role in brain function, and reduced levels are the
main contributor to motor symptoms in PD. Causes of deficiency lies in the Dopamine
signaling pathway, which includes synthesis, storage, release and recycling of Dopamine
in the presynaptic terminal. It also includes the activation of pre- and post-synaptic
receptors and downstream signaling cascades. Symptoms of PD include tremor, slowed
movement, rigid muscles, impaired posture and speech changes. Deficiency in TH is a

main contributor of PD, as it leads to deregulated Dopamine levels [37].

Restoration of Dopamine is seen upon as the main treatment option of preventing PD.
This includes methods such as treatment with DOPA, DA agonists, inhibitors of DA

metabolism or brain grafts with cells expressing a high level of TH.

3.2.2 Tyrosine Hydroxylase and its effect on maximum velocity

Noticeable changes were observed when ko was altered. The constant expresses V4. of

the enzyme Tyrosine Hydroxylase (TH).
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FIGURE 3.16: Results when V4. /k2 had initial value of ka=20 pM. The constant was

changed to k3=40 pM in phase 2. DOPA levels had an slight increase in phase 2 before

it became stabilized in phase 3. Both Dopamine and Tyrosine seemed to experience
difficulties in achieving homeostasis in the third phase.

Tyrosine presented interesting results regarding the changes on ko. At first, the concen-
tration decreased to 125 puM in the second phase. However, a surprising concentration
increase was spotted in the third phase. This happened shortly after Tyrosine levels had

reached start concentration in the second phase.

Dopamine levels were significantly affected by the increased constant values in Figure
3.16. The immediate increase of the neurotransmitter seen in phase 2 followed by the
slow decrease in phase 3 indicated that homeostasis was broken. The cell clearly encoun-
tered struggles in regulating the concentration changes. This suggests that V,4,-value

of the js-flux plays an important role in regulating this outcome.

3.2.3 DA regulates TH through competitive inhibition

Model 1 illustrated how competitive inhibition by TH (k4) was a key factor in DOPA
regulation. Tyrosine Hydroxylase is known to be the rate-limiting enzyme in the biosyn-
thesis of Dopamine [38]. The mechanism enables DOPA to receive negative feedback
from DA in order to achieve homeostasis. Simulations on Model 2 was completed in
order to check how the addition of TH in the melanin pathway affected the outcome of
DOPA and DA when k4 was altered.
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FiGURE 3.17: Comparison of Model 1 and Model 2 when k4 was altered. The figure
illustrates how TH-expression in the scheme of Model 2 overall affected the outcome of
Tyr, DA and DOPA. (a) Model 1 showed a linear increase in DA and reached values
up to 1400 puM at a relatively high rate. Meanwhile Model 2 had steady and low
concentration values throughout the simulation (0.00073 uM). (b) DOPA steady-state
and set-point value was maintained at a constant level for both Model 1 and Model 2.

Model 2 had an interesting result compared to Model 1 with respect to k4. For instance,
the proportional increase in DA in Model 1 (Bottom in Figure 3.17(a)) was now replaced
by steady and constant values in Model 2. The inclusion of TH through constants k5
and kie altered DA levels into a constant value. Steady-state values of DOPA (black)
in Model 1 (Figure 3.17(b)) was achieved at a lower concentration compared to Model
2. DOPA was homeostatically regulated in both simulations as its levels remained

unchanged throughout the reaction.

The increase of k4 seemed to have very low impact on DA when TH was expressed in
the neuromelanin pathway as well (Model 2). An explanation of this could be that the
reaction probably favoured one turnover reaction over another. The first alternative
route is the catalyzation of Tyr and the second path is the catalyzation of DOPA into
Dopaquinone. The unchanged DA levels in Figure 3.17(a) could serve as a confirmation
that the reaction favoured the turnover of DOPA in the melanin pathway. Nevertheless,
since the simulation does not reflect the outcome of melanin, we can not present this as

a reliable hypothesis.
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DA has earlier proven to bind to TH with high affinity. Previous work revealed that
TH contains a single high-affinity Dopamine-binding site. Studies obtained from an
article published in 2008 stated that there existed two distinct Dopamine-binding sites
in TH [39]. It was further proven that they represented a high-affinity binding site and
a low-affinity binding site.

The low-affinity site seemed to play a major role in regulation of TH. When cytosolic
Dopamine levels increase, Dopamine react by binding itself to the low-affinity site to
inhibit TH activity. This response works as a prevention mechanism to reduce further
accumulation of DA in the cytosol. Accumulation of cytosolic catecholamines has been
hypothesised to contribute to the pathogenesis of Parkinson s disease [11]. Therefore,
we can expect that the low-affinity Dopamine-binding site has a potential protective
function. Its modulation of TH activity prevents cytosolic accumulation and possible

neurological diseases.

The two affinity regulated binding-sites of TH can be an explanation to why DA levels
were unaffected in Model 2 (Figure 3.17(a)). The presence of TH in two places could
influence DA into binding to the low-affinity site of TH (k4). Further formation of DA
is either lowered or inhibited as a result. Figure 3.17(b) also proved that DOPA reached
steady-state at a lower concentration in Model 2 than Model 1. The lowered steady-state
values of DOPA seemed to be a cause of regulated DA levels, which once again confirms

that DA is a homeostatic regulator of DOPA.

A research article from 1998 confirmed that Dopamine covalently modifies and inacti-
vates TH through negative feedback [40]. This process happens in the presence of the
melanin biosynthetic enzyme Tyrosinase. Dopamine can be oxidized to form Dopamine
quinone, a reactive version that are able to modify cellular macromolecules including
protein and DNA. Studies presented that the formation of Dopamine quinone was en-
hanced by the activity of Tyrosinase, which in turn covalently modified and inactivated

TH. DOPA also contributed to inactivation of TH under these conditions.

The results in Figure 3.17 confirms this study, and also provides the suggestion that

Tyrosinase could serve as a key regulator in TH expression.

3.2.4 TH alters V,,,, of VAT2 into achieving homeostatic control

Earlier studies on k7 (Figure 3.9) showed that both Tyrosine and Dopamine had a
drastic increase in concentration when lower kr-values were applied. It was further
proven that the simulations on this constant presented reactions that performed poorly

in maintaining homeostasis. However, simulations on Model 2 showed different results.
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FIGURE 3.18: Comparison of Model 2 and Model 1 when k; (V4. of VAT2) was

altered. (a) DA decreased in both simulations. However, Model 2 required application

of way higher krz-concentrations to experience even a slight decrease in DA outcome. (b)

DOPA had earlier expressed unregulated homeostasis as a result of changed steady-state

values in Model 1. Model 2 showed results that now was homeostatically regulated now

that a new behaviour of TH was introduced. DOPA concentration remained stabilized
and unchanged.

The simulations on Model 1 and Model 2 in Figure 3.18 made it clear that DOPA
was regulated by DA. Model 1 revealed this pattern by illustrating that the DOPA
values (Bottom of Figure 3.18(b)) were returning to a steady-state around k7=3.5 puM.
Meanwhile, DA (Bottom of Figure 3.18(b)) exhibited a drastic decrease in values that
eventually aligned its stabilization to constant levels at the same point as DOPA. Model
2 illustrated unchanged and constant values of DOPA, which expressed that steady-
state was immediately reached. This pattern revealed that homeostasis was maintained
in the presence of TH turnover of DOPA and Tyr. The same response was featured

when Model 1 and Model 2 were compared on their influence on k4 (Figure 3.17).

TH-expression proved once more to have a large impact upon final concentrations of
mainly DOPA and DA. DOPA was again homeostatically regulated in Model 2 as a
result of lower amounts of DA in the cell. The lower range of DA values in Model 2 (0
uM -0.0008 pM) suggested that VAT2 did not favour DOPA formation by the presence
of TH-turnover of both Tyrosine and DOPA. Nevertheless, homeostasis was maintained

even though the cell expressed extremely low values of DA.
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A study evaluating effects of pedunculopontine nucleus (PPN) in TH, VAT2 and dopamine
transporter (DAT) revealed that higher TH levels could stimulate Dopamine synthesis
[41]. Dopamine is known as a highly reactive molecule and has a high tendency to
form reactive oxygen species (ROS). This happens through its metabolism in the cy-
tosol. The enzyme VAT2 contributes to vesicular packaging of Dopamine, which in turn
prevents the harmful oxidation process. The article further discussed how decrease of
VAT?2 provided major issues for a dopaminergic cell. Lowered amounts of VAT2 mRNA
expression led to alterations in Dopamine vesicular storage, which could be potentially
toxic to the cell. VAT?2 levels proved to be very important for dopaminergic functioning.
It was concluded through this study that a possible oxidative stress environment favored
the alteration in mRNA expression of several proteins (TH, VAT2, DAT) responsible for

dopaminergic homeostasis.

The simulations in this subsection (Figure 3.18) signified that TH-expression regulated
VAT2 in a way that resulted in DOPA becoming homeostaticially controlled. This hap-
pened accordingly to Dopamine levels becoming severely reduced. The study presented
in the paragraph above provided the suggestion that TH and VAT2 could be activated
as a response to oxidative stress. The doubled turnover of TH suppressed the oxidative
stress by lowering the DA concentration. VAT2 contributed as well by assisting DOPA

into an instant steady-state to preserve homeostasis.

3.2.5 DOPA is not homeostatically regulated by the presence of TH

when k;; is altered

Earlier simulations on Model 1 revealed that the constant experienced difficulties in
upholding homeostasis when exposed to increased values of k11. The constant represents
the inflow of Dopamine from the synaptic cleft back into the cell. It seemed fit to test

whether the new turnover function of TH presented in Model 2 gave a different result.



30

TH8-11 (19-Apr-21,12:42:36)

Ko (uM/min)

2103 4103 6103 8103
time (min)

TH8-11 (19-Apr-21,12:42:36)

- T 1.1-10%
4 1.0103
7 9.0102
- 8.0102
7.010%
6.0102
5.0102

DOPA (M)

4.0102
4 3.0102
1.5 2.0102
010° 210° 410 610° 810°
time (min)

TH8-11 (19-Apr-21,12:42:36)

160 i
155 f—u
150 Bt

010° 2103 410% 610° 8103

Line: 59:4 Plain.. ¢ TabSize: 4v ©F time (min)

FIGURE 3.19: Results on Model 2 when k;; was increased by 50% like in Figure 3.12

(Model 1). The concentration value was set to k11=1.5 M in phase 2. Dopamine and

Tyrosine were both heavily increased in the second phase and decreased in phase 3.
DOPA levels sunk in phase 2 followed by a shift in phase 3.

Figure 3.19 showed that DOPA, Dopamine and Tyrosine had problems in readjusting to
homeostasis. This was illustrated by the slow uptake in concentration in the third phase.
The simulation on Model 1 (Figure 3.9) did not reach steady-state until 5000 minutes had
passed. Far more time had gone by (8000 min) in in experiments done on Model 2 (Figure
3.19) before the reaction even showed signs on returning to such conditions. The highest
concentrations of DOPA, Dopamine and Tyrosine in last mentioned simulation were 950
uM, 1000 pM and 185 puM. These values were way lower than the concentrations
presented in Model 1 (6500 pM, 7000 pM and 195 pM).

So far we know that the inclusion of constants k15 and k1, also known as the expression
of TH turnover of DOPA, impacted the reaction by slowing down the reaction time. The
overall concentration of DOPA, DA and Tyr had decreased as well. This occurred when
Model 2 was compared to the results of Model 1 (Figure 3.9). A possible explanation
of this phenomenon could be that presence of TH in two situations favours one TH-
turnover over another. In this case, the turnover of DOPA (melanin pathway) seemed

to be the preferred reaction path.

The Dopamine transporter (DAT) is a transmembrane-spanning protein. It is responsi-
ble for transporting DA out of the synaptic cleft of dopaminergic neurons. DAT expres-
sion declines in substantia nigra neurons due to aging [42]. kj; represents the function
of DAT in Model 2 (Figure 3.15).
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The Dopamine transporter regulates Dopamine levels in the cell. Dysfunction of DAT
has proven to be a hallmark of Parkinson’s Disease (PD), suggesting that Dopamine
systems are deregulated in PD [43]. The transporter is also often the main target
of antidepressants and drugs used for attention-deficit hyperactivity disorder therapies.

This is because dysregulated DAT activity is often associated with neurological disorders.

In conclusion, the simulations on the ki1-constant representing the re-entry of DA proved
that DAT was an important regulator in the dopaminergic cell. in this case, another
function of TH illuminated a weak spot of the cell rather than a strengthen the regulation
of DOPA. The two turnover functions of TH seemed to alter the DAT in a way that
delayed homeostatic regulation even further than when TH only catalyzed the turnover
of Tyr (k4). These results marked the importance of how re-entry of Dopamine into the
cell affected the cells ability to maintain homeostasis. A case of deregulation in DAT

could involve consequences like symptoms of PD.

3.3 An overview scheme

This section presents an extended reaction scheme of Dopamine formation in vesicle
pool, its path through the nerve impulse and lastly its release in synaptic cleft. The
negative feedback reaction via auto-receptors is included. This reaction is carried from
Dopamine in the synaptic cleft and affects Tyrosine Hydroxylase. New changes include
the addition of the constants ki7-ko1 (Figure 2.1) and the flux ji;, which is dependable
on the concentration of DA in the synaptic cleft. DA is now homeostatically regulat-
ing DOPA both inside the cell through competitive inhibition (k4) and outside in the
synaptic cleft via Do autoreceptors (ko). In this section we will take a closer look upon
the negative feedback mechanisms in a broader view of the scheme. We will also shortly
review what happens to Dopamine levels in the vesicle and synaptic cleft on constants
k7 and k11.
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F1GURE 3.20: Model 3 presents a broader view of the Dopamine reaction pathway.

An overview of how the nerve impulse is carried and released into the synaptic cleft

is shown. The reaction is also extended to depict how Dopamine receives negative

feedback from auto-receptors. At last it is shown how Dopamine re-enters the cells
internal environment.

The j11 flux is described by Equation 3.22, where DA, represents the Dopamine con-

centration in the synaptic cleft:

kll'DAsc

= .22
k21 + DAsc (3 )

Ji1
Dopamine are released from the vesicle in a first-order process with respect to DA.

3.3.1 Negative feedback mechanisms focuses mainly on DOPA regula-

tion

This subsection presents how negative feedback by competitive inhibition behaves by
the alteration of k4 in the scheme of Model 3. It is also studied how inhibition via Do

autoreceptors affected the reaction when edited in the same manner.
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FIGURE 3.21: Results on Model 3 when k4 was increased to 90 uM in phase 2. A drastic

increase of DOPA occurred in phase 2 as DA levels slightly shifted to higher values in the

same time interval. Both DOPA and DA in the cytosol encountered slightly difficulties

in becoming stabilized, unlike external DA (DA.;:) and DA in the vesicle (DA esicle)

who both eventually reached steady-state in phase 3. Tyrosine concentration decreased
in phase 2, but its levels quickly accumulated in the last phase.

The results presented in Figure 3.21 showed that increase of k4 had the most impact
upon DOPA expression in the broader reaction presented in Model 3. Dopamine in the
synaptic cleft (DA¢,;) shifted slightly into phase 3, but became stabilized quickly. The
vesicular DA dropped a lot. However, it was clear that the inhibition constant mainly

focused on its negative feedback towards TH in the purpose of regulating DOPA.

The D2-autoreceptors play an essential role in regulating the activity of Dopamine neu-
rons. They also control the synthesis, release and uptake of DA [44]. The autoreceptors
are found at somatodendritic and axonal sites. Their main function is regulating the
firing patterns of Dopamine neurons. The amount and timing of DA released are strictly
controlled by the receptors. Alterations in the expression of autoreceptors are in many
cases looked upon as a contributor to Parkinson’s, schizophrenia, drug addiction and
attention deficit hyperactivity disorder (ADHD). This section mainly focuses on how

terminal D2-receptors change DA transmission through the inhibition of TH.
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FIGURE 3.22: This figure illustrated what happened when kyy was changed to 0.2 uM

in phase 2. Interestingly, DOPA concentrations were decreased throughout all three

phases at the same time as the amount of DA in cytosol expressed almost unchanged

values. DOPA values were almost completely aligned with set-values (DOPA,.¢) in the

third phase, implying that homeostasis was maintained. Meanwhile, Tyrosine levels
had an increase in phase 3.

The increase of kyg resulted mainly in heavily declined levels of DA in the vesicle. This
phenomenon is scientifically proven in a study from 2014 on TH and its relation to
D2-receptors [44]. Down-regulation of TH was claimed to be followed by prolonged
auto-receptor activation, which in turn lead to reductions of Dopamine in the vesicle
filling process. In addition it supposedly altered the distribution and expression of

VAT2, which will be further investigated in the next section.

The D2-receptors are easily altered by drugs. Prolonged activation of these may occur
by either low frequency electrical stimulation or by exogenous application of DA [44].
These processes drives long-term depression at somatodendritic Dopamine synapses. As
a result, there is a high chance of firing processes taking place in Dopamine neurons.
High exposure to drugs will in conclusion alter the cells ability to regulate the activity of

DA. A single exposure of cocaine can dynamically regulate the somatodendritic synapses.

DA receptor agonists are also regarded as a medical treatment option. These receptors
are used as combination therapy together with DOPA to retard the development of
motor complications in advanced stages of PD [45]. They appear to direct stimulation of
both presynaptic and postsynaptic receptors. However, the side effects of this treatment
option are not studied enough, and may therefore be slightly less potent medicine than

DOPA. 1t is also predicted that they can be poorly tolerated by older PD patients.



35

The D2 autoreceptors (kop) seemed to mainly influence DOPA expression. This phe-
nomenon was also seen in the case of inhibition by k4 (Figure 3.21). However, homeosta-
sis was not maintained in this simulation as DOPA levels did not reach steady-state. The
results regarding ko indicated that the cell was able to withstand elevated expression

of negative feedback via the D2 autoreceptors.

3.3.2 VAT2 has a heavy impact upon DA in the vesicle pool

A simulation was created to check how the alteration of V. of the enzyme VAT2

impacted the external DA and Dopamine in the vesicle loading process.
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F1GURE 3.23: The alteration of V4, of VAT2. k7=0.75 uM was applied in the second

phase. The DA-levels in the vesicle (DAyesicie) and in the synaptic cleft (DA.,:) was

instantly decreased throughout this phase and encountered struggles in returning to
set-point in the third phase.

Earlier simulations regarding Model 1 presented that DOPA and DA had trouble up-
holding homeostasis when accompanied with decreased k7-values (Figure 3.9). The same
was illustrated in Figure 3.23. The graph comparing DOPA with DA in cytosol showed
once again that DOPA encountered struggles in upholding homeostasis, as the levels
kept decreasing in the third phase in an uncertain prospect of reaching steady-state.
Likewise, DOPA .;-value was adjusted very slowly in the last phase when aligned with
DOPA outcome. DA in the vesicle and synaptic cleft were both heavily decreased in
phase 2. They did not manage to become stabilized in the third phase as well. Dereg-

ulation of enzyme VAT2 did not favour homeostasis as the process resulted in heavily
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decreased levels of DA in the vesicle and external environment. Meanwhile, amounts of

DA were accumulated in the cytosol.

3.3.3 A broader view of the inflow of DA

k11 has so far been the constant representing the inflow of DA. However, Model 3 (Figure
3.20) shows a inflow that is now replaced by the jii-flux. ki1 and ko; are at the same
time depicted as Ve and K,,, and regulates the inflow of DA from the Dopamine in
the synaptic cleft. A simulation on Model 3 was presented to show how this restructure
affected the overall reaction.
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FIGURE 3.24: Results when kq; was changed from 1.0 pM to 2.0 uM in Model 3. The
increase of inflow resulted in wavering levels of DOPA,.; throughout phase 1 and 2,
followed by a slow regulation into steady-state in phase 3. DOPA concentration was
decreased during phase 2 and encountered struggles in stabilizing in phase 3. External
DA shifted to lowered values in phase 2, but stabilized in phase 3. Tyrosine levels
accumulated throughout the same time period, especially in phase 2.

Earlier simulations on Model 1 and 2 exemplified how ki1 played an important role
in DOPA regulation. The cell revealed to be rather fragile when exposed to increased
values of this constant as it was not able to maintain homeostasis. In the overall scheme
represented by Model 3, the alteration of k11 did not seem to have a heavy impact upon
DA in the synaptic cleft. Vesicular DA experienced its characteristic drop in phase 3,
which also happened in Figure 3.22 and Figure 3.21.

Figure 3.24 suggested that DOPA ;.;-point was altered by other parameters. Rheostasis

is the term that elaborates this phenomenon pointing to the fact that the set-points
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of homeostatic controllers may not be static, but instead change with environmental

conditions [46].

3.4 DOPA as a treatment method

Treatment of Parkinson’s Disease can be accomplished by L-DOPA medication [26].
Model 4 presents a new and external source of DOPA. The phenomenon is expressed by
constant koo and functions as a continuous DOPA medication. The constant values are
the same as for the other models (Figure 2.1), with the additional value of k22=0.0 pM,

which is altered consequently in the subsections.
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FIGURE 3.25: Reaction scheme for Model 4. Rate constant kog represents an additional
inflow of DOPA from an external source (green).

Rate equation of DOPA is presented in Equation 3.23:

i kQ'TyT' klg B ngOPA _ k5DOPA
dt k3(1+ B4) + Tyr kio +Tyr kis+ DOPA ks + DOPA

(3.23)

3.4.1 DA restores DOPA homeostasis

A simulation on Model 4 was completed in order to check how the external inflow of

DOPA through k9o could influence the cells regulation of homeostasis.

—k14-DOPA
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FIGURE 3.26: Results on Model 4 when koo was changed to 2 pM in phase 2, expressing

a continuous flow of DOPA into the reaction. Dopamine levels were increased in phase

2 as a result, which enabled DOPA to become homeostatically regulated. This event
occurred in phase 3, and is confirmed by the steady values of DOPAg.;.

Figure 3.26 presented results that illustrated how DOPA homeostasis was restored by
the increase of DA values. Tyrosine decreased during phase 2 as a result of the increased
compensatory flux jo in the purpose of opposing the perturbation. This outcome con-
firms that DOPA medication is a theoretically reliable source of treatment, as it inhibits
deficiency of Dopamine and also regulate DOPA into steady-state to preserve a stable

internal environment.

3.4.2 DOPA regulates oxidative stress

Parkinson s Disease is found to be a result of increased oxidative stress [31]. Accumula-
tion of Reactive Oxygen Species in the cell is the main contributor to this phenomenon
[32]. DOPA regulation is seen upon as a treatment method as a way of decreasing ox-
idative stress. This subsection presents a simulation where the ROS-constant (k14) is

increased and accompanied by the influence of a high external DOPA-flux (kg2).
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FIGURE 3.27: Results on Model 4 when koo=12 puM and k14=0.15 pM in phase 2.
Dopamine levels were increased, which in turn restored DOPA homeostasis.

The external DOPA treatment method proved once more to be a successful tool in the
aim of achieving internal DOPA homeostasis. This was yet again performed as a result

of accumulated Dopamine levels.

3.5 MATLAB calculations

Values from Model 3 was in this section inserted into MATLAB. The intention was to
confirm the results already illustrated by the Fortran model. The same constant values
were applied in the MATLAB calculations, only these results presented the change in
phase 2 of the model made in Fortran. The simulations altering constants k4 and k7

were used as models for comparison:



40

Tyr TH9-04
140 T T T T T T T 3
Tyr |
5
3
< 180 - 4
&
120 I . . L . I I L
100 120 140 160 180 200 220 240 260 280 300
time, au
DOPA, TH9-04
Lof ]
3
£
o8 1
a
.1 . I | : . . \
100 120 140 160 180 200 220 240 260 280 300
time, au
DA, THo-04
170 - T T T T T T T T =
DA
3160 4
<
S 150 B
140 . . . . . . . .
100 120 140 160 180 200 220 240 260 280 300

time, au

Fortran

DOFA (uM)

N ®  ©
PR

-

o

DA (M)

102

=
3

300

time {min)

FiGURE 3.28: Comparison of MATLAB and Fortran results on k4 with time interval

t=[100,300] (phase 2 in Fortran). Tyrosine decreased during this time period. DOPA

was first heavily increased, and experienced a slow decline in concentration levels after
120 min. DA increased linearly.
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F1cUre 3.29: Comparison of MATLAB and Fortran results on k7 with time interval
t=[200,400] (phase 2 in Fortran). Tyrosine increased throughout the reaction. DOPA
experienced a decrease. Lastly, DA levels were increased linearly.

In conclusion, MATLAB provided results that were reassuring compared to the Fortran

simulations.

3.6 Conclusion

The simulations carried out on models 1-4 signified the importance of DOPA regulation.

Negative feedback mechanisms in the form of competitive inhibition, substrate inhi-

bition and inhibition by autoreceptors proved to be important methods that ensured
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that homeostasis was maintained. Disturbances in homeostasis occurred when constant
values were increased/decreased to certain extent where DOPA struggled in reaching
steady-state. Among these were the regulation of V;,,4,-value of VAT2 and the flux (k1)
in Model 1. However, these results could be altered to achieve homeostasis by the ap-
plication of compensatory values in the third phase. DOPA reached steady-state much

quicker as a result of these set-point changes.

Another way of ensuring steady-state values of DOPA was the inclusion of Tyrosine
Hydroxylase (TH) in the melanin pathway, now assuring that Tyrosine catalyzed both
DOPA and Tyrosine. An exception was when the flux k17 was treated in this manner,
which did not favour homeostasis, suggesting that TH had an inhibitory effect on the
dopamine transporter (DAT). Loss of Dopamine is highly related to several neurodegen-
erative disorders such as Parkinson ‘s Disease, and is also seen to be a result of aging.
Restoration of Dopamine by DOPA medication is seen upon as a main treatment of
these disorders. Dopamine regulation of DOPA proved through the simulations in the
thesis to be an effective regulation tool of preserving homeostasis. Dopamine are in
these cases restored to its desired levels and oxidative stress is inhibited. Evidence of
successful DOPA treatment by continuous medication was presented through simula-
tions on Model 4. The only remaining way of confirming these treatment methods is by

managing them in a practical, medicinal environment.
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