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Abstract

Dopamine is a major player in the human brain’s functioning. Loss or lack of
dopamine in its respective sites in the brain may cause disorders such as Parkinson’s
disease. This study aims to integrate existing information regarding dopamine produc-
tion and transmission in the brain. Biochemical Systems Theory is the main tool of
study.
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1 Introduction

This paper presents the initial results of an interdisciplinary collaboration on the production
and transmission of dopamine in the human system. The authors, in particular, are involved
in the mathematical modeling and computational analysis of dopamine pathways.

For this paper’s purposes, principal among the papers studied are those of Qi et al.
(2008) and Lindskog et al. (2006), both having studied dopamine pathways in the brain -
the former in the presynaptic case, and the latter in the postsynaptic case. The authors are
working on an integration and extension of these pathways, and the main methodology of
choice is Biochemical Systems Theory (BST).

2 Significance of the Study

2.1 Interdisciplinary Collaboration

This paper is significant on several counts. In the research sense, it is an interdisciplinary
collaboration and, as such, creates possibilities in each of the disciplines involved: mathe-
matical, computational, biochemical and medical. Mathematically, the aim is to construct
a model of dopamine production and transmission in the human system. Computationally,
numerical methods for analysis will be investigated. Biochemically, the metabolic path-
ways of dopamine may be created, explored and validated at different levels. Medically,
a validated dopamine model in one human system may be studied for adaptability in, or
modification to suit, another human system. Results may have ramifications, e.g., diagnosis,
management, treatment, in the study of dopamine-related diseases.
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2.2 The Neurotransmitter Dopamine

A neurotransmitter is a group of substances released from the axon of a presynaptic neuron
and travels across the synaptic cleft to excite or inhibit a target neuron. Some familiar
neurotransmitters are adrenaline, endorphin, serotonin, and dopamine [3].

Dopamine is both an excitatory and an inhibitory neurotransmitter involved in control-
ling movements. It is also a mood modulator, and, when lacking, causes a person to be less
focused [3]. Abnormal metabolism of dopamine may lead to disorders such as Parkinson’s
disease [4].

Parkinson’s disease is said to be the most common movement disorder, with symptoms
such as trembling of the hands, arms, legs and face; stiffness of the limbs; slowness of
movement; and impaired balance and coordination. It has no known cure and management
is done mostly by increasing dopamine in the brain in order to control the said symptoms
[2].

3 Existing Models

3.1 The Presynaptic Model

In 2008, Qi et al. merged available information and expert knowledge regarding presynaptic
dopamine metabolism into a computational model, in the interest of achieving a deeper
understanding of dopamine dynamics in the pathogenesis and treatment of Parkinson’s
disease.

Below is their simplified pathway diagram of dopamine metabolism, specifically in the
nigrostriatal pathway of the brain.

Following the guidelines of BST, a system of ordinary differential equations was formed
using this pathway. The stable system in steady state consists of 34 equations with 52
variables [4].

3.2 The Postsynaptic Model

In 2006, Lindskog et al. explored intracellular dopamine signaling pathways through a quan-
titative computational model describing the biochemical pathways important in reinforce-
ment learning. Unlike Qi et al., who presented a system of ordinary differential equations,
Lindskog et al. presented a pathway diagram and a set of reaction equations. Still, the
latter were, likewise, able to arrive at a stable model, robust to variation in parameters and
supportive of reinforcement learning theories.

The first few reaction equations are presented below:
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Figure 1: Diagram of the nigrostriatal dopamine pathway.

4 Current Results

4.1 Equations from Lindskog’s Study

Using the reaction equations in the study of Lindskog et al., the authors constructed a
system of 59 ordinary differential equations using Mass Action Kinetics. The construction
of the differential equation for dopamine, in particular, is described briefly.

To set up the differential equation for dopamine, determine first all reaction equations
that involve dopamine.

Reaction Equation kf kb
Da + D1R 
 DaD1R 0.00111 10
Gαβγ + Da 
 DaD1RGαβγ 0.00333 10

where Da represents dopamine, D1R represents D1 receptors, DaD1R represents dopamine
coupled with the D1 receptors, Gαβγ represents G-protein, and DaD1RGαβγ represents the
G-protein attached to the dopamine-coupled D1 receptors.

All fluxes entering and leaving the dopamine component are then combined in a single
differential equation, that is,

d[Da]

dt
= 10[DaD1R] + 10[DaD1RGαβγ ]

−0.00111[Da][D1R] − 0.00333[DaD1RGαβγ ][Da].
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Table 1. Reactions and rate constants of dopamine-PKA pathway.

The equations for other reactants are formulated in a similar manner.

4.2 Integration of the Presynaptic and Postsynaptic Models

With the intent of constructing an initial integrated model using the systems of equations
from the studies of Qi et al. and Lindskog et al., the authors focused on the following:

• In the presynaptic pathway (Qi et al.), the production-transmission model is taken
to begin at the tyrosine component, and terminate upon dopamine transport to the
synaptic cleft; and

• in the postsynaptic pathway (Lindskog et al.), the production-transmission is picked
up at the reaction equation for dopamine reception by the D1 receptors. Further-
more, Gαβγ (G-protein), DaD1RGαβγ (G-protein attached to the dopamine-coupled
D1 receptors) and GαβγD1R (G-protein attached to the D1 receptors) are initially
considered constants.

The following metabolites and their new representations are used in the integrated model:
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Variable Metabolite Initial Concentration
X1 Tyrosine 5000
X2 Tyramine 30
X3 L-DOPA 100
X4 Dopamine (intracellular) 700
X5 Dopamine (vesicular) 53900
X6 Dopamine (extracellular) 400
X7 D1 Receptor 500
X8 Extracellular dopamine bound to D1 receptor 300 *(estimate)
X9 Tyrosine Hydroxylase 100
X10 Tyrosinase 100
X11 AADC 100
X12 G-protein 3000
X13 G-protein bound to dopamine-coupled D1 receptor 3000
X14 G-protein attached to D1 receptor 3000

The integrated system is then given by:

Ẋ1 = 1000 − 12.34409X0.5
1 X−0.3

3 X−0.3
4 X9 − 0.0005656854X0.5

1 X0.5
3 X10

−0.01009356X0.5
1 X−0.3

4 X11

Ẋ2 = 0.01009356X0.5
1 X−0.3

4 X11 − 0.001825742X0.5
2 X0.5

3 X10

Ẋ3 = 12.34409X0.5
1 X−0.3

3 X−0.3
4 X9 + 0.0002828427X0.5

1 X0.5
3 X10

−6.670782X0.5
3 X−0.3

4 X11

Ẋ4 = 6.670782X0.5
3 X−0.3

4 X11 + 0.001825742X0.5
2 X0.5

3 X10 + 4.198429X6

−2.998878X4

Ẋ5 = 2.998878X4 − 0.03894646X5

Ẋ6 = 0.03894646X5 + 10X8 + 10X13 − 4.198429X6 − 0.00111X6X7

−0.00333X6X12

Ẋ7 = 10X8 + 0.0003X14 − 0.00111X6X7 − 0.00006X7X12

Ẋ8 = 0.00111X6X7 + 0.001X13 + 20X13 − 10X8 − 0.0006X8X12.

This initial integrated model runs using the program PLAS (Power Law Analysis and
Simulation). As it is, this initial system is not yet in steady state. It is desirable to determine
the system at steady state (or close to steady state) since most biochemical systems in nature
operate close to a steady state, in which all inputs and outputs are in balance [5].
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4.3 Steady State of the Integrated Model

In order to determine the steady state of the system, the model is run with t0 = 0, tf =
10000 and hr = 1. The dependent variables approach certain values, namely,

X1 = 3773

X2 = 2

X3 = 388

X4 = 6118

X5 = 471052

X6 = 4140

X7 = 57724

X8 = 27563.

This means that at the end of the time interval, X1 (Tyrosine) decreases from 5000 units
and stays at roughly 3773 units, X2 (Tyramine) decreases from 30 to 2, and so on. All
values at the end of the time interval seem to be the minimum or maximum level that a
metabolite reaches over time.

When the model is rerun using the said values as initial concentrations, it is observed
that the system is already in steady state. Moreover, steady state analysis via PLAS shows
that the model is also stable. A biochemical system is said to be stable if the concentrations
can return to their nominal steady states after some perturbations have been applied to the
system [5].

5 Further Actions

In the study of models of a biochemical pathway, after making sure that the model returns
a solution, further actions must still be performed. Some of these actions include:

(i) Verification: With the help of biologists, chemists or other experts, the results must
be verified if they agree with laboratory experiments.

(ii) Sensitivity Analysis: Once the model is verified, logarithmic gain and parameter
sensitivity analysis can also be performed. Logarithmic gain is a measure for the
relative change in a dependent variable in steady state that is triggered by a 1%
change in an independent variable, while parameter sensitivity is a measure for the
relative change in a dependent variable in steady state that is triggered by a 1% change
in a parameter value.

With the successful integration of parts of the pre- and postsynaptic models, the authors
hope that a more complete and realistic model of dopamine metabolism may eventually be
constructed. Once verified, the completed system may be extended to other human systems
that involve dopamine signaling, e.g., the cardiovascular and endocrine systems. �
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