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Abstract
Basal Ganglia are evolutionarily conserved brain nuclei involved in several physiologically important behaviors like motor control and reward learning. Striatum, which
is the input nucleus of basal ganglia, integrates inputs from several types of neurons,
like cortical and thalamic projection neurons and local GABAergic neurons. Several
neuromodulators, such as dopamine, accetylcholine and serotonin modulate the functional properties of striatal neurons. Aberrations in the intracellular signaling of these
neurons lead to several debilitating neurodegenerative diseases, like Parkinson’s disease. In order to understand these aberrations we should first identify the role of
different molecular players in the normal physiology.
The long term goal of the research described in this thesis is to understand the
molecular mechanisms responsible for the integration of different neuromodulatory signals by striatal medium spiny neurons (MSN). This signal integration is known to play
an important role in learning and is manifested via changes in the synaptic weights
between different neurons. The group of synapses taken into consideration for the
current work is the corticostriatal one, which are synapses between the cortical projection neurons and MSNs. These synapses are modulated bu dopamine and ACh and
a molecular process of considerable interest is the interaction between dopaminergic
and cholinergic inputs. In this thesis I have investigated the interactions between the
biochemical cascades triggered by dopaminergic, cholinergic (ACh) and glutamatergic inputs to the striatal MSN. The dopamine induced signaling increases the levels
of cAMP in the striatonigral MSNs. The sources of dopamine and acetylcholine are
dopaminergic neurons (DAN) from the midbrain and tonically active cholinergic interneurons (TAN) localized in the striatum, respectively. A sub-second burst activity
in DAN along with a simultaneous pause in TAN is a characteristic effect elicited by a
salient stimulus. This, in turn, leads to a dopamine peak and an acetylcholine (ACh)
dip in striatum.
I have looked into the possibility of sensing this ACh dip and the dopamine peak
at striatonigral MSNs. These neurons express D1 dopamine receptor (D1R) coupled
to Golf and M4 Muscarinic ACh receptor (M4R) coupled to Gi/o . These receptors are
expressed significantly in the dendritic spines of these neurons where the Adenylate
Cyclase 5 (AC5) is a point of convergence for these two signals. Golf stimulates the
production of cAMP by AC5 whereas Gi/o inhibits the Golf mediated cAMP production. I have performed a kinetic-modeling exercise to explore how dopamine and ACh
interact with each other via these receptors and what are the effects on the downstream
signaling events.
The results of the simulations suggest that the striatonigral MSNs are able to sense
the ACh dip via M4R. They integrate the dip with the dopamine peak to activate
AC5 synergistically. I also found that the ACh tone may act as a potential noise filter
against noisy dopamine signals. The small set of possible parameters for the G-protein
GTPase activity indicate towards an important role of GTPase Activating Proteins
(GAPs), like RGS, in the ACh dip sensing process. Besides this we also hypothesize
that M4R may have therapeutic potential.
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Abstract
Basala ganglierna är evolutionärt bevarade hjärnkärnor involverade i flera fysiologiskt viktiga beteenden såsom motorstyrning och belöning vid inlärning (reward
learning). Striatum, den grupp kärnor som tar emot insignaler till basala ganglierna,
integrerar insignaler från flera olika typer av nervceller, såsom kortikala signaler, glutamatsignaler från talamus och lokala GABA signaler. Flera neuromodulatorer, såsom
dopamin, acetylkolin och serotonin påverkar de funktionella egenskaperna hos striatala
nervceller. Avvikelser i den intracellulära signaleringen hos dessa nervceller kan orsaka
flera neurodegenerativa sjukdomar, såsom Parkinsons sjukdom. För att förstå dessa
avvikelser måste vi först identifiera vilken roll olika molekylära signaler spelar i normal
fysiologi.
Det långsiktiga målet med denna forskning är att förstå de molekylära mekanismer som ligger bakom integrationen av olika neuromodulatoriska signaler i medium
spiny neurons (MSN) i striatum. Denna signalintegration är känd för att spela en
viktig roll vid inlärning, och manifesteras genom förändringar i de synaptiska vikterna
mellan olika nervceller. Gruppen av synapser som studerats i detta arbete tillhör
kortikostriatum, vilka är synapser mellan kortikala projektionsnervceller och MSNs.
En molekylär process av stort intresse är samspelet mellan dopamin och acetylkolinsignalerna. I denna avhandling har jag undersökt samspelet mellan de intracellulara
biokemiska signalkaskader hos MSN, som utlöses av dopamin, acetylkolin (ACh) och
glutamat. Dopamin inducerad signalering ökar nivåerna av cAMP i striatala MSNs.
Källorna till dopamin och acetylkolin är dopamina nervceller (DAN) från mitthjärnan
och toniskt aktiva kolina interneuroner (TAN) i striatum. Ett sub-sekund utbrott
(burst) av aktivitet i DAN tillsammans med en samtidig paus i TAN är en karakteristisk effekt som framkallas av ett framträdande (salient) stimulus. Denna aktivitet
leder till en dopamin topp och en acetylkolin (ACh) dipp i striatum.
Jag har undersökt möjligheten för MSN att känna av denna ACh dipp och dopamin
topp. Dessa nervceller uttrycker D1 dopamin receptorer (D1R) kopplade till Golf och
M4 muskarin ACh receptorer (M4R) kopplad till Gi/o . Dessa receptorer uttrycks i
stor utsträckning i dendritutskotten i dessa nervceller där adenylatcyklas 5 (AC5) är
en punkt där dessa två signaler konvergerar. Golf stimulerar produktionen av cAMP
från AC5 medan Gi/o hämmar Golf inducerad cAMP produktion. Jag har genom
kinetisk modellering undersökt hur dopamin och ACh interagerar med varandra via
dessa receptorer och vilka effekterna blir på signaleringen nedströms.
Resultatet av modellsimuleringar talar för att striatala MSN kan känna av ACh
dippar via M4R och integrera dessa dippar med dopamin toppar och på så sätt aktivera
AC5 synergistiskt. Jag fann också att ACh tonen kan verka som ett potentiellt signalfilter vid brusiga dopaminsignaler. En begransad uppsättning av möjliga parametrar
för G-protein GTPs aktivitet pekar mot en viktig roll för GTPase Aktiverings Proteiner (GAPs), såsom RGS, i denna process. Förutom detta framför vi även hypotesen
att M4R kan ha en terapeutisk potential.
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Chapter 1

Introduction
1.1

Scope of the thesis

Activity dependent synaptic plasticity of corticostriatal synapses is important for reinforcement learning and motor control. It corresponds to the change in the strength of synaptic
transmission between cortical and striatal neurons depending on the environmental experiences. These synaptic changes could be either short-term or long term. Long-term
potentiation (LTP) and long-term depression (LTD) are two forms of persistent changes.
LTP results in the strengthening of synapses thereby increasing the synaptic transmission
whereas LTD results in the weakening of synapses leading to a depression in the synaptic
transmission. The direction of the synaptic plasticity, i.e. the decision between LTP or
LTD, depends upon the strength of the incoming input, e.g. a high frequency input may
lead to an increased level of intracellular Ca2+ in the postsynaptic compartment leading
to LTP whereas a low frequency input may lead to LTD [Malenka and Bear (2004)]. It is
getting increasingly acknowledged that the decision point for this bifurcation is significantly
modulated by neuromodulators, like dopamine, acetylcholine (ACh), epinephrine etc [Calabresi et al. (2007); Pisani et al. (2007)]. These neuromodulator interact with each other
to produce complex neuronal responses.
Dopamine and ACh play a critical role in striatal physiology, especially in the process of
reward learning. The sources of dopamine and ACh are the dopaminergic neurons (DAN)
from midbrain and tonically active cholinergic interneurons (TAN) in the striatum, respectively. A sub-second burst activity in DAN along with a simultaneous pause in TAN is
a characteristic effect elicited by a salient stimulus. This leads to a dopamine peak and,
possibly, an ACh dip in striatum [Aosaki et al. (2010)]. We hypothesize that the dendritic
spine compartment of the striatonigral medium spiny neuron (D1+MSN) is a possible locus of interaction between dopamine and ACh. This compartment expresses D1 dopamine
receptors (D1R) and M4 muscarinic ACh receptors (M4R) along with Adenylate cyclase
type 5 (AC5). D1R is coupled to Golf G-proteins and M4R is coupled to Gi/o . Both these
proteins interact with AC5. Golf activates AC5 to increase the production of second messenger cyclic adenosine monophosphate (cAMP) but the Golf stimulated cAMP production
is inhibited by the Gi/o G-protein. The increased level of cAMP leads to diverse cellular
responses, like surface expression of receptors and activation of several transcription factors.
It has been shown that these neurons have a specific ability to respond to brief dopamine
signals leading to the activation of transcription factors [Castro et al. (2013)]. It makes
them extremely sensitive to noisy dopamine transmission. ACh is believed to be tonically
maintained at high extracellular basal level, [Contant et al. (1996)], and we hypothesize
1
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that this ACh tone is a possible mechanism used by these cells to counter the extracellular
dopamine noise. However, this would put an additional constraint on these neurons that
they should be able to sense the brief ACh dip in order to initiate the D1R triggered signaling. There could be two possible schemes of interaction between the Golf activated by D1R,
the Gi/o activated by M4R and AC5, competitive or non-competitive scheme. In a competitive scheme the G-proteins interact with AC5 one at a time whereas in the non-competitive
scheme they could interact simultaneously resulting in the formation of a ternary complex,
Gi/o •AC5•Golf . With this background I would focus on the following questions in this
thesis:
• Can MSNs integrate the ACh dip with dopamine peak via M4R and D1R?
• What are the requirements for sensing the ACh dip?
• What is the difference between the competitive and non-competitive interaction schemes
in terms of the downstream response?
• What is the role of the ACh tone?
• Is the dip-sensing a robust feature against the variability in the downstream parameters?
An updated version of a previously developed biochemical signaling model [GutierrezArenas et al. (2014); Lindskog et al. (2006)] has been used to address these questions.
The individual biochemical reactions are modeled according to mass-action kinetics. They
are assumed to be taking place in a well-mixed compartment. Neither stochasticity nor
spatial heterogeneity has been considered. Even though changes in Ca2+ concentration
may be an important variable we limit ourselves to the extracellular concentration changes
in dopamine and ACh. In the physiological context several receptor-induced pathways may
be contributing to the downstream effector activation but here the receptors of our interest
are only D1R and M4R. The data used to constrain the model are obtained mainly from
brain slices but the receptor and G-protein activation data are obtained from heterologous
expression systems. The parameter values required to fit all the considered experimental
data imply important role of additional protein assemblies in this process. The model
predictions are also correlated well with some behavioral experiments [Jeon et al. (2010)].
It also suggests a therapeutic dimension of these interactions. These points will be further
elaborated on in this thesis.
Apart from the dopamine and ACh interaction I also took part in a review of the
existing striatal signaling models. Ca2+ level is an important determinant in the induction
of striatal synaptic plasticity. The differential regulation of the Ca2+ activated phosphatase
(calcineurin) and kinase (CaMKII) is believed to be an important variable deciding the
direction of the synaptic plasticity, i.e. LTP or LTD [Li et al. (2012)]. In the review, I also
modeled the effect of the calcium levels on the activation of calcineurin and CaMKII as an
illustration.

1.2

Papers included

I: Nair AG*, Gutierrez-Arenas O*, Eriksson O, Kotaleski JH, Can MSNs listen to the
cholinergic pause via M4R?, In manuscript, *equally contributed.
In this paper we developed a reaction kinetic model and constrained it to several experimental measurements. We studied the interaction between D1R and M4R using the developed
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model and the results suggest an ability of MSNs to detect ACh dips.The ACh dip and
dopamine peak produce a synergistic activation of AC5. The ACh tone also acts as a noise
filter for short dopamine pulses which are not accompanied by the ACh dip. It is interesting
to note that a long dopamine pulse could generate significant levels of AC5 activation even
in the absence of a dip. The model also points towards some important requirements and
consequences of the ACh tone and dip sensing. All the conclusions hold true for both the
competitive and non-competitive interaction schemes even though there is a difference in
the strength with which the dip is sensed in these different schemes.
In this study I have constrained the model with experimental data. I ran the simulations
and analyzed the data. I also contributed to the literature survey and motivation of the
basic assumptions underlying the study. I have written the manuscript and produced the
figures.
II: Nair AG, Gutierrez-Arenas O, Eriksson O, Jauhiainen A, Blackwell KT, Kotaleski JH,
Chapter Twelve - Modeling Intracellular Signaling Underlying Striatal Function in Health
and Disease, In: Kim T. Blackwell, Editor(s), Progress in Molecular Biology and Translational Science, Academic Press, 2014, Volume 123, Pages 277-304.
This article is a book chapter reviewing the current state of biochemical models on striatal
MSNs. It also contains a reaction-kinetic modeling example for the differential activation of
calcineurin and CaMKII by calcium. These proteins are involved in LTD and LTP respectively. A low frequency calcium input leads to a higher calcineurin activity whereas a high
frequency calcium input leads to a higher CaMKII activity. I contributed to the manuscript
writing, especially postsynaptic signaling in MSNs, integration of high throughput data into
biochemical modeling and the modeling example. I built the example model and tuned it
to the experimental data. I also ran the simulations and analyzed the results.

Chapter 2

Biological Background

2.1

Basal Ganglia

Basal ganglia are a group of evolutionarily conserved subcortical nuclei. They
are known to be involved in reinforcement
learning and action selection. They receive the majority of cortical and thalamic input through striatum. Striatum is
one of its two input nuclei, the other being subthalamic nuclei (STN) and there
are two output nuclei in basal ganglia,
substantia nigra pars reticulata (SNr) and
globus pallidus interna (GPi) [Smith et al.
(1998)]. These output nuclei project to thalamus and brainstem. These projections are
GABAergic which provide a strong inhibition on these other brain centers. Globus
pallidus externa (GPe) is an intermediate
nucleus which receives afferents from the
input nucleus and projects to the output
nuclei [Smith et al. (1998)]. These nuclei
also receive dopaminergic projection from
substantia nigra pars compacta (SNc) and
ventral tegemental area (VTA) [Bolam et Figure 2.1: A simplified view of various proal. (2000)]. The majority of the projection jections in basal ganglia. The flat arrows
neurons in basal ganglia are GABAergic, represent GABAergic projection, filled arrows
except the ones projecting from STN which represent glutamatergic projections and nonare known to be glutamatergic (Figure 2.1) filled arrow represent dopaminergic projection
[Bolam et al. (2000)]. Due to the physiological importance of basal ganglia any aberration in the circuitry leads to severely debilitating neuropathologies, like Parkinson’s disease.
5
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Striatal Composition

Striatum is the major input nucleus in the basal ganglia. It is further divided in dorsal
(predominantly involved in sensorymotor signal integration) and ventral striatum (involved
in limbic signal integration). It brings the majority of the cortical and thalamic inputs
to the basal ganglia and projects either to the output stages (SNr/GPi) or to GPe. The
projection neurons from striatum are GABAergic medium spiny neurons (MSNs). They
represent the most abundant cell type of this nucleus, representing > 90% of the neural
population. MSNs are further classified into two classes depending upon the neuropeptide
they contain. These two classes also differ from each other on the dopamine receptor type
they express. The first class expresses the neuropeptide substance P and contain dopamine
type 1 receptors (D1R), whereas the second class expresses Enkephalin and dopamine type
2 receptors (D2R). The D1R expressing MSNs (D1+MSNs) predominantly projects to
the output nuclei directly (aka striatonigral projections) while the D2R expressing MSNs
project to the output nuclei via GPe (striatopallidal projections). These MSNs also send
lateral collaterals to neighboring neurons leading to their inhibition. [Kreitzer (2009)].

Apart from MSNs striatum also contains at least three different classes of interneurons. They are Fast spiking interneurons (FS), Low threshold spiking interneurons (LTS) and cholinergic interneurons
(ChIs). FS interneurons represent a small
percentage of striatal interneurons. They
are predominantly present in dorsal striatum indicating their important role in sensorimotor integration. They are believed
to maintain inhibition onto MSNs. LTS
interneurons also represent a small percentage of striatal neurons. They are believed to be involved in striatal LTP. This
class of neurons express nitric oxide synthatase, neuropeptide Y and somatostatin.
Figure 2.2: Striatal circuitry. The flat ar- These neurons are characterized by their
rows represent inhibition, filled arrows repre- low threshold spiking and plateau potential.
The third class of interneurons are ChIs.
sent excitation.
These interneurons represent ≈ 2% of the
striatal population but they significantly influence the striatal physiology. These are
giant aspiny neurons making synapses on
MSNs. They are also known as tonically active neurons (TANs) due to their property to
remain tonically active in a frequency range of 2-10 Hz [Kreitzer (2009)]. One of the very
important features of TANs is the pause in their tonic firing in response a salient sensorimotor signal associated with a reward [Goldberg and Reynolds (2011)]. Apart from these
interneurons striatum also receives dopamine from mid-brain and serotonin from raphe
nuclei (Figure 2.2).

2.3. CORTICOSTRIATAL SYNAPTIC PLASTICITY

2.3
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Corticostriatal synaptic plasticity

Corticostriatal synapses are glutamatergic in nature, i.e. they receive glutamate inputs from
cortical neurons. Depending upon the incoming input and the activity of the postsynaptic
cell the strength of these synapses change. This change in the synaptic weights leading to
either LTP or LTD depends upon several neuromodulators, like dopamine and acetylcholine
(ACh). These neuromodulators are involved in the induction and maintenance of the synaptic plasticity. Motor and reward learning ability of an organism is severely challenged by
an impaired dopamine or ACh system [Pisani et al. (2007); Lee and Tepper (2009)]. These
neuromodulators trigger molecular changes, via intracellular signaling reactions, leading to
LTP or LTD. LTP increases either the surface expression of ionotropic glutamate receptors
or their conductances leading to an increased synaptic weight whereas LTD may lead to
either depression in presynaptic neurotransmission via retrograde signaling or a decrease in
either receptor density or channel conductances [Chao et al. (2002); Lovinger and Mathur
(2012)]. The receptor surface density or the single channel conductances could be regulated
by post-transcriptional modifications, like phosphorylation [Chao et al. (2002); Hallett et
al. (2006)]. This in turn is regulated by the balance between the levels of different enzymes
achieved through their differential activation triggered by various neurotransmitters.
Dopamine modulates the synaptic plasticity by acting on D1R in striatonigral neurons
and D2R in the striatopallidal neurons. Activation of D1R leads to an increased level
of phosphorylated AMPAR (α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid glutamate receptor) and NMDAR (N-methyl-D-aspartate glutamate receptor) subunits [Chao et
al. (2002); Hallett et al. (2006)]. It also leads to an increased ERK and transcription factor
activation [Zanassi et al. (2001)]. These signaling cascades triggered by D1R interact with
the glutamate triggered signaling. Glutamate leads to the activation of NMDAR which in
turn results in an increased intracellular Ca2+ concentration. This increase in Ca2+ level
leads to the activation of several Ca2+ activated proteins, like CaMKII, resulting in LTP.
The D2R activation in striatopallidal neurons in combination with the activation of type
I metabotrobic glutamate receptors (mGluR-1/5) leads to an increased accumulation of
compounds called endocannabinoids which leads to a depression in presynaptic neurotransmission [Lerner and Kreitzer (2012)]. This is one of the known mechanisms involved in the
induction of LTD. A differential activation of Ca2+ dependent phosphatase (PP2B) and
CaMKII is also important for the induction of synaptic plasticity. A high frequency Ca2+
input leads to an increase in the level of CaMKII whereas a low frequency Ca2+ input leads
to elevation in active PP2B levels resulting in LTD [Li et al. (2012)]. ACh also plays an
important role in these signaling process and regulates the striatal physiology. The ACh
acts on these neurons via muscarinic ACh receptors. The activation of M1 and M2 type
muscarinic receptors are known to be involved in regulating the long term synaptic plasticity
of MSNs [Threlfell et al. (2010)]. In this thesis I would only go into the details of D1R and
M4 type muscarinic receptor (M4R). M4R belongs to the class of M2 type muscarinic ACh
receptors. Both D1R and M4R are enriched in the striatonigral MSNs. I have also looked
into the differential activation of PP2B and CaMKII with changing Ca2+ input frequency.

2.4

Upstream Ca2+ signaling

Intracellular calcium regulates several cellular processes via different signaling branches.
These signaling cascades are activated either by the direct binding of Ca2+ to the effector
proteins or through Ca2+ -binding regulatory proteins. A common Ca2+ -binding regulatory
protein, enriched the in brain, is calmodulin (CaM). CaM contains four calcium-binding
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domains and each of them can accommodate one Ca2+ ion [Xia and Storm (2005)]. CaM,
when it is not bound to Ca2+ , stays in a closed conformation and upon Ca2+ binding the
conformation of CaM changes from the closed form to an open form [Weinstein and Mehler
(1994)]. In the open form a hydrophobic patch from the interior of the protein is exposed
to the solvent leading to an increased affinity to its target protein, which provides a complimentary hydrophobic environment to stabilize the open form. Two important Ca2+ -CaM
binding proteins are PP2B and CaMKII. PP2B has a very high affinity to Ca2+ -CaM compared to the CaMKII [Quintana et al. (2005)]. This difference in the affinity regulates how
differently PP2B and CaMKII could be activated by various Ca2+ frequencies. A low frequency Ca2+ input leads to a lower level of Ca2+ which activates PP2B but fails to produce
significant level of active CaMKII. However, a high frequency input could produce significant levels of both active PP2B and active CaMKII. CaMKII is a dodecamer protein and an
activated CaMKII-subunit can phosphorylate a neighboring activated subunit [Rosenberg
et al. (2005)]. This phosphorylation leads to a constitutive activity of CaMKII [Bradshaw
et al. (2003)]. Thus, the CaMKII activation by a high frequency input is significantly longlived compared to the PP2B activation. PP2B and CaMKII affect several downstream
proteins, like the subunits of AMPAR, which affect the synaptic plasticity [Hayashi (2000)].

2.5

D1R and M4R: Mode of action

D1R and M4R are the members of a protein family known as GPCR (G-protein coupled
receptor). GPCRs are transmembrane proteins expressed on the cell membrane. They
contain 7 transmembrane helices and these helices are connected via intracellular and extracellular loops. The ligand of GPCR binds to the ligand-binding pocket which is typically
buried into the transmembrane domain. When a ligand binds to the receptor it causes
conformation change in the transmembrane protein which leads to further conformational
change in the intracellular part of the receptor. This increases the affinity of the receptor to a family of heterotrimeric G-protein. These G-proteins may bind to the inactive
form of the receptor as well. However, the ligand bound form of the receptor activates the
heterotrimeric G-protein. [Kristiansen (2004)].
The heterotrimeric G-protein contains three subunits, α, β and γ subunit. The Gprotein is rendered inactive when it is bound to Guanosine diphosphate (GDP) whereas it
becomes active when it is bound to Guanosine diphosphate (GTP). An exchange between
GDP and GTP from the G-protein is a slow process. It is catalysed by proteins known
as GTP exchange factor (GEF). The intracellular part of the GPCR which binds to the
G-protein acts as a GEF upon ligand binding. This facilitates the GDP:GTP exchange on
the associated G-protein. Upon activation the heterotrimeric G-proteins dissociate into the
GTP containing G-α and G-βγ parts and they regulate the downstream effector activities.
The G-α subunit has a GTPase activity. This means, it catalyzes the hydrolysis of GTP
into GDP. After this the G-protein again becomes inactive and the subunits re-associate
(Figure 2.3). Thus, the GTPase activity of the G-α subunit acts as a timer. The duration
of the active G-protein could be regulated by modulating its GTPase activity. The intrinsic
GTPase activity of the G-protein is 2min-1 . It is enhanced by proteins known as GTPase
activating proteins (GAP). One of the families of GAP for these heterotrimeric G-proteins
is RGS (Regulators of G-protein signaling). Thus, GEF ensures fast G-protein activation
whereas GAP ensures fast inactivation. [Kristiansen (2004); Berman and Gilman (1998)]
The G-proteins coupled with D1R fall into a category of G-proteins, (Gs ), known to
stimulate the activity of AC (Adenylate cyclase). AC catalyzes the conversion of adenosine
triphosphate (ATP) to cyclic adenosine monophosphate (cAMP). cAMP acts as a second
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Figure 2.3: The GPCR and G-protein cycle.R=receptor, L=ligand and G=G-protein. G(a)
is the G-α subunit and G(bg) is the G-βγ subunit. For the purpose of this thesis the Effector
is AC5 and G(a):GTP:Effector is the active form of the effector.

messenger by interacting with several downstream proteins, like PKA (Protein kinase A).
Golf is a close homologue of Gs which is enriched in MSNs. Thus, D1R activation in striatum
leads to the increased level of active Golf -α which in turn activates AC. The isoform of AC
expressed in these neurons is AC5. The Golf stimulated AC5 activity is known to be
inhibited by another class of G-proteins, (Gi/o ). Gi/o couples to M4R and this receptor is
known to be significantly expressed in the dendritic spines of striatonigral MSNs where it
colocalizes with D1R [Ince et al. (1997)]. Thus, in the dendritic spines of these M4R and
D1R expressing neurons dopamine and ACh could interact with each other via AC5. Thus,
in these neurons D1R activation by dopamine leads to higher level of cAMP whereas M4R
activation by ACh decreases the dopamine induced cAMP level. D1R activation increases
the AMPA current in a cAMP dependent fashion. It is also known to be involved in the
potentiation of NMDA current in a cAMP independent manner [Pascoli et al. (2011); Price
et al. (1999)]. This process has been shown to involve the Golf -βγ [Pascoli et al. (2011)].
These downstream process require phosphorylation of the subunits of these channels.

2.6

Phosphorylation/Dephosphorylation cycle

Many enzymes and proteins can have several states. Usually these states differ from each
other by chemical modifications, e.g. a covalent addition to an enzyme may activate it. In
this section, I dealt with one of the most common covalent modifications, known as phosphorylation, found in cell signaling. Phosphorylation is referred to the process of adding a
phosphate group to a molecule. This addition may lead to conformational changes in the
protein which in turn may change its state. The reverse of this reaction is known as dephosphorylation. Kinases are the enzymes responsible for phosphorylation and phosphatases for
dephosphorylation. There are several known classes of kinases and phosphatases. The catalytic mechanisms for these enzymes are evolutionarily conserved which implies their critical
role in cellular physiology.
Phosphorylation is important in the context of D1R triggered signaling cascades as well.
D1R activation increases the cellular cAMP level as mentioned previously. cAMP activates
an important kinase, known as protein kinase A (PKA). PKA is a serine-threonine kinase
which consists of two regulatory and two catalytic subunits. In the holoenzyme form the
catalytic subunits are rendered inactive by the regulatory subunits. The binding of cAMP
to the regulatory subunits of PKA leads to the release of the catalytic subunits. These
free catalytic subunits of PKA are enzymatically active. PKA, for example, phosphorylates
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serine-845 of GluR1 which is an AMPAR subunit increasing its concentration on the postsynaptic membrane [Chao et al. (2002)]. Similarly, the free Golf -βγ subunit, produced after
D1R activation, facilitates another kinase called Fyn to phosphorylate itself on tyrosine-420
residues making it active [Gutierrez-Arenas et al. (2014)]. The active Fyn phosphorylates
the tyrosine-1472 residue on NR2B, which is a subunit of NMDAR [Dunah et al. (2004)].
This phosphorylation increases the density of NMDAR on the postsynaptic site. It also
increases the conductance of these channels. To switch back the states of these proteins to
the non-phosphorylated form phosphatases act on them, e.g. protein phosphatase 1 (PP1)
dephosphorylates the serine-845 of GluR1 and a phosphatase called STEP (striatal enriched
tyrosine phoshpatase) facilitates the dephosphorylation of the tyrosine-1472 of NR2B [Snyder et al. (2003, 2005)]. The activity of these phosphatases are co-regulated by the incoming
signal, e.g. an increase in the level of active PKA, due to dopamine signal, leads to a reduction of active PP1 in MSNs. Thus, the balance between the kinases and phospahatases
is an important variable in the cellular physiology.

2.7

DARPP32

DARPP32 is a phosphoprotein, abundantly expressed in MSNs. It integrates the dopamine
signal with Ca2+ . DARPP32 phosphorylated at threonine-34 is a nanomolar inhibitor of
the phosphatase PP1. It is phosphorylated at this site by PKA. Since PP1 acts against
PKA on several target proteins, DARPP32 increases the effectiveness of D1R-mediated PKA
activation. On the other hand, the Ca2+ entering the cell by the glutamatergic activation of
NMDAR receptors activates the phosphatase PP2B. PP2B dephosphorylates the threonine34. Thus, a D1R stimulation increases the phosphorylation of threonine-34, whereas a
Ca2+ increase decreases the phosphorylation of threonine-34. The phosphorylation state of
threonine-34 is believed to regulate the PKA:PP1 ratio. Threonine-75 is another important
phosphosite of DARPP32. It is phosphorylated by Cdk5 which turns DARPP32 into an
inhibitor of PKA. This site is dephosphorylated by PP2A. PKA phosphorylates a regulatory
subunit of PP2A leading to its activation. Thus, an increase in PKA level elevates the
concentration of active PP2A which results in its disinhibition. This is a positive feedback
loop. PP2A is also activated by an increase in intracellular Ca2+ . Thus, the Ca2+ also
regulates the disinhibition of PKA. [Svenningsson et al. (2004); Nishi et al. (2005); Ahn et
al. (2007)].

Chapter 3

Methods
3.1
3.1.1

Review of reaction kinetics
Rate law for mass action kinetics

One of the most general kinetic model to express the rate of change of a species concentration in a chemical reaction is the mass-action kinetic model. According to mass-action
kinetics the rate of an elementary reaction is directly proportional to the concentration of
the reactants. Let’s consider a chemical reaction xX + yY → zZ. For such a reaction
following would be the rate of the reaction according to the mass-action kinetics
rate = k[X]α [Y ]β
where k is a rate constant and α and β are quantities determined experimentally. In many
cases these quantities are equal to the stoichiometric constants. In terms of rate of change
of individual chemical species the reaction rate is
rate = −

1 d[X]
1 d[Y ]
1 d[Z]
=−
=
= k[X]α [Y ]β
x dt
y dt
z dt

The negative sign in front of the rate of change of reactants specifies that the concentration
of reactants are decreasing with the progress of the reaction. The order of a reaction is
(α + β).
The generally used unit for reaction rate is M s−1 , where M stands for molarity. Rate
of a reaction also depends on the conditions like temperature and pressure. Law of massaction assumes a well-stirred approximation for the distribution of the chemical species in
a volume. Thus, this rate has been explained using the collision theory.
The aforementioned rate law could also be extended for a reversible reaction. Consider a
simple reversible reaction, X *
) Y . In this case, this reversible reaction could be decomposed
into two reactions, X * Y andX ) Y . In such a scenario, the rate of the reaction is:
−

d[X]
d[Y ]
=
= kf [X] − kr [Y ]
dt
dt

where kf and kr are forward and reverse rate respectively. If we start this reaction with an
initial concentration of X and no Y in the system then the forward reaction X * Y starts
to accumulate Y . As the concentration of Y begins to rise the backward reaction X ) Y
starts to gain momentum according to mass-action rate law until the forward rate becomes
equal to the reverse rate (reaction equilibrium).
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3.1.2

Michaelis Menten kinetics

Enzymes are biological macromolecules responsible for the catalysis of large number of
biochemical reactions. They are extremely selective towards their substrates and accelerates
the Substate(S) → P roduct(P ) chemical reaction by several folds. Michaelis-Menten (MM)
kinetics is one of the most used model to describe the enzyme action. The reaction is
modeled as
kf

kcat
−*
E+S )
− ES −−→ E + P
kr

This is a special case of the reaction
kf

kf 2

kr

kr2

−
*
E+S −
)*
− ES −
)
−
−E+P
Thus, the assumption is that the product to substrate conversion is negligible. This assumption could be valid in many cases especially when the ∆GS→P  0. According to MM
]
the rate of the reaction, v = d[P
dt , is related to substrate concentration [S] as the following
v=

Vmax [S]
Km + [S]

where Vmax is the maximum rate of the reaction and Km is known as Michaelis-Menten
constant. The value of Vmax and Km are related to the reaction rate constants as below
Vmax = kcat [E]0 ; Km =

kr + kcat
kf

where [E]0 is the total amount of enzyme. The derivation of this rate equation is based on
the following two assumptions:
1. The substrate is present in greater concentration than enzyme, i.e. [E]0  ([S]0 +Km ).
2. The enzyme substrate complex, ES, rapidly reaches the steady state, i.e. the rate of
formation of ES is equal to the rate of consumption.

3.2
3.2.1

Review of modeling strategies
Deterministic modeling

In a deterministic modeling approach the biochemical reactions are represented as ordinary
differential equations (ODEs). The choice of the rate law depends on the problem in hand
and the choice made by the modeler. An important assumption while modeling a biochemical reaction system with ODEs is that the variables should be continuous. The variables
in the biochemical reaction-system are the concentrations of chemical species. The species
concentration, measured in Molarity, approaches continuity when the number of considered
molecules are high. In such a case, the rate law represents the dynamics of the average
behavior. Thus, the stochasticity of individual molecule is not taken into account. In the
current work deterministic modeling approach has been used without any consideration of
the actual morphology of the system. However, I would briefly review the stochastic modeling and the importance of spatial representation while modeling biochemical pathways.
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Stochastic modeling

The deterministic model assumes that the concentration of the chemical species are continuous and the variability due to stochasticity of individual molecule average out. As the
number of molecules in the chemical system start to decrease the effect of stochasticity
increases. Additionally, the concentration (in molarity) for few molecules in a small volume
does not behave as a continuous function. Thus, the deterministic model does not represent
the chemical system accurately in such a scenario. In such a case, the stochasticity in the
chemical reactions has to be considered while modeling a chemical-system. There may be
several reasons for this stochasticity, like thermal fluctuations or the randomness in the
collision of the reactant and further randomness in the collision to be effective to produce
a chemical change. Hence, the important quantity associated with a reaction, A → B, in a
stochastic model is the propensity function of the reaction a(x) and a(x)dt is the probability that the reaction will take place between the time interval [t, t + dt), given the state of
the system X at time t is x where X(t) = [A(t), B(t)]. Due to the probabilistic nature of
the reaction X(t) cannot be accurately predicted but the chemical master equation (CME)
describes the time evolution of the probability P (x, t|x0 , t0 )
δP (x, t|x0 , t0 )
= a(x − ν)P (x − ν, t|x0 , t0 ) − a(x)P (x, t|x0 , t0 )
δt
where ν is the state change vector which for this reaction is ν = [−1, 1]
The numerical solution using CME is intractable. Hence, instead of solving for P (x, t|x0 , t0 )
the practical strategy used generally is to generate simulated trajectories of X(t). This is
done using another probability function p(τ |x, t). p(τ |x, t)dτ is the probability that this
reaction will occur in the time interval [t + τ, t + τ + dτ ). The algorithm known as stochastic
simulation algorithm (SSA) uses the two uniformly distributed random numbers r1 and r2
to generate the value of τ and to select the next reaction event. [Gillespie (2007)].

3.2.3

Spatial consideration

In a well stirred volume the spatial heterogeneity of the system is not taken into account.
The chemical species are not distributed uniformly in a cell. Intracellular environment are
often compartmentalized to amplify and restrict signal responses [Oliveira et al. (2010)]. It
is true for dendritic processes as well, different proteins are differentially localized into separate regions like spine or shaft compartments, e.g. the ionotropic glutamate receptors are
enriched at the postsynaptic density whereas the cAMP signaling are enriched in the caveolae rich membrane fractions [Ostrom et al. (2002); Grant et al. (2005)]. This difference in
protein localization depends on the chemical nature of these compartments. The interaction
between the compartments depend on the diffusion of the chemical species from one compartment to another. This diffusion itself is not uniform due to molecular crowding in the
intracellular space. Hence, very often it is essential to consider this molecular heterogeneity
between different compartments [Takahashi et al. (2005)]. This could be accomplished in
two different ways, implicit space representation and explicit space representation.
In an implicit space representation the real shape of the cellular compartment is not fully
represented via spatial coordinates. The different cellular compartments are simply treated
as separate reaction volumes and the mass transfer between the compartments are modeled
as a first order process [Bhalla (2011)]. These kinds of multi-compartmental models provide
a better fitting to the experimental data. The fitting to experimental results, for certain
problems, could be further improved by considering the detailed morphology of the system
in question. In this technique the cellular compartments are represented explicitly with
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their spatial coordinates [Oliveira et al. (2010)]. The whole volume is then divided into
sub-volumes. Each sub-volume can have their own concentration for chemical species and
unanchored ones can diffuse between different sub-volumes. This way of building model
gives a finer control to represent the spatial heterogeneity. Each sub-volume in itself is
considered as a well-stirred volume.
For a more detailed account of modeling techniques please refer to Paper II.

3.3
3.3.1

Model building in the current study
Biochemical Network for the interaction between D1R and M4R

The two receptor induced signaling cascades, tiggered by M4R via Gi/o and D1R
via Gi/o , converge at AC5. Downstream
to AC5 I have used an updated version
of signaling module from a previously developed signaling model [Lindskog et al.
(2006); Gutierrez-Arenas et al. (2014)]. The
biochemical network is shown in the Figure 3.1. There are differences between the
parameters values in the current and previous AC5/cAMP/PKA signaling module because these parameters are updated according to recent experimental measurements
[Castro et al. (2013)]. These experiments
were related to the PKA activation kinetics. The kinetics of PKA was measured indirectly via signals from one of its fluorescent substrates called AKAR3. Hence, we
also included it into our model for the purpose of tuning PKA. It is important to note
that the downstream signaling components
have an effect on the dynamics of the up- Figure 3.1: The modeled biochemical netstream reactions. In our case the AKAR3 work.
signal depends on the free active PKA and
active PP1. The levels of these enzymes are
dependent on the phosphorylation state of DARPP-32. Therefore, we have also included
the DARPP-32 related reactions into the model.
The M4R and D1R interact with each other via Gi/o and Golf respectively. These two
G-proteins interact with AC5. There are two possible schemes of interaction between these
three proteins, namely competitive scheme and non-competitive scheme. In a competitive
scheme the G-proteins bind to the AC5 one at a time, thus, leading to the formation
of two protein complexes, Gi/o •AC5 and Golf •AC5. However, in the non-competitive
scheme they can also interact simultaneously leading to one more complex, the ternary
complex comprising the three proteins Gi/o •AC5•Golf . Currently, there is not enough
conclusive evidence to prove which scheme is preferred in cellular conditions. Therefore, in
our model we considered both the schemes in parallel keeping the same parameter values. In
this current model all the reactions are modeled as ordinary differential equations (ODEs)
representing mass-action kinetics. These reactions are contained in a single well-mixed
reaction volume. MATLAB® ode5s solver in the SimBiology toolbox is used to solve the
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system. The basal level for dopamine and ACh are kept at 10 nM and 30 nM, respectively
[Farrar et al. (2011); Heien et al. (2005); Rada et al. (2010)]. The peak level used for
dopamine is 1000 nM [Heien et al. (2005); Kuhr and Wightman (1986)] and the ACh dip
removes almost all the ACh. The default peak and dip durations used in the model are 2
sec.
The model has been constrained with what we refer to as the molecular phenotypes.
These are the experimentally measured values for a marker, like concentration of a phosphorylated state of a protein etc. The molecular markers which we included to constrain
the model are the following and the model should reproduce all of them. They are taken
from the previously published measurements from varied sources, like brain slices, neural
culture and heterologous expression systems.
1. Basal level of the following chemical species
a) cAMP [Bacskai et al. (1993); Mironov et al. (2009)].
b) DARPP-32 phosphorylated at threonine-34 [Gutierrez-Arenas et al. (2014); Nishi
et al. (1997)].
c) DARPP-32 phosphorylated at threonine-75 [Gutierrez-Arenas et al. (2014); Bibb
et al. (1999)].
2. Activation of the receptors [Bunemann et al. (2003); Hein et al. (2005, 2006); Lohse
et al. (2008)]
a) Observed rate of activation of M4R for saturating ACh and corresponding Gprotein activation rate.
b) Observed rate of activation of D1R for saturating dopamine and corresponding
G-protein activation rate.
3. Level of phosphoDARPP-32 after treatment of high concentration dopamine [Bateup
et al. (2008); Nishi et al. (2000); Gutierrez-Arenas et al. (2014)].
4. Time constant for both the increase and decay of AKAR3 signal (AKAR3 is fluorescent
PKA-substrate.) upon addition and removal of D1R agonist [Castro et al. (2013)].
The dissociation constants of D1R and M4R are constrained to the values estimated from
the previously published biochemical experiments on membrane preparations [Quirion et
al. (1989); Cumming (2011)].

3.3.2

Activation of Ca2+ dependent proteins

Paper II illustrates the approach of modeling biochemical pathways with a simple, but
physiologically relevant, example. The model is about the Ca2+ dependent activation of
PP2B and CaMKII. These two proteins are activated by the Ca2+ -CaM. In our model we
assume that only the fully Ca2+ saturated CaM form, i.e. CaM-(Ca2+ )4 , is able to activate
the target proteins even though it has been observed that a partially saturated CaM could
also lead to the activation of some targets [Shifman et al. (2006)]. We also assume that
Ca2+ binds to CaM in a 4 stepped process and each of the intermediate species, (CaM(Ca2+ )1 , CaM-(Ca2+ )2 and CaM-(Ca2+ )3 ), and the apo form of CaM, (CaM-(Ca2+ )0 ),
could bind to the targets, as shown in the Figure 3.2. Ca2+ ion is assumed to bind the
unsaturated CaM already bound to the targets to form CaM-(Ca2+ )4 . Each of the Ca2+
binding step contains a thermodynamic cycle and the parameters have been constrained
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to satisfy the thermodynamic conditions, i.e. ∆G = 0 for each cycle similar to the GPCR
cycle, e.g. ∆G[CaM − (Ca2+ )0 → CaM − (Ca2+ )1 → CaM − (Ca2+ )1 − P P 2B →
CaM − (Ca2+ )0 − P P 2B → CaM − (Ca2+ )0 ] = 0. The path integral of the cycle follows
that ∆G[CaM − (Ca2+ )0 → CaM − (Ca2+ )1 → CaM − (Ca2+ )1 − P P 2B] = ∆G[CaM −
(Ca2+ )0 → CaM −(Ca2+ )0 −P P 2B → CaM −(Ca2+ )1 −P P 2B] This leads to the following
relation between the dissociation constants, Kd , of the aforementioned reactions.
Kd[CaM −(Ca2+ )0 →CaM −(Ca2+ )1 ]
Kd[CaM −(Ca2+ )0 −P P 2B→CaM −(Ca2+ )1 −P P 2B]

=

Kd[CaM −(Ca2+ )0 →CaM −(Ca2+ )0 −P P 2B]
Kd[CaM −(Ca2+ )1 →CaM −(Ca2+ )1 −P P 2B]

The model parameters were constrained to respect all such thermodynamic constraints and
to fit the in vitro experimental measurements for CaM activation by Ca2+ , PP2B activation
by Ca2+ -CaM and CaMKII activation by Ca2+ -CaM [Bradshaw et al. (2003); Martin et al.
(1985); O’Donnell et al. (2011); Quintana et al. (2005); Shifman et al. (2006)]. This is an
ODE based model.

Figure 3.2: The modeled reaction scheme for the Ca2+ dependent activation of PP2B and
CaMKII via CaM.

Chapter 4

Results and Discussions
The model pieces developed are an extension of a previously published signaling model of
striatonigral MSNs. The model is manually constrained to reproduce the experimental data
discussed in the methods section. In the following subsections I would discuss how close
the model reproduces the experiments and what are the major conclusions drawn from the
model simulation. Please refer to the Paper I and II for further details.

4.1
4.1.1

Model versus the Experimental data
CaM, CaMKII, PP2B steady-state fitting

The model for the Ca2+ dependent activation of CaM and the target proteins, PP2B/CaMKII,
were constrained using previously published in vitro measurements. The Ca2+ association
to CaM is modeled as a four step serial reaction and the dissociation constants were estimated using Adair-Klotz model [Klotz (2004)], which is a model for multisite ligand binding.
Figure 4.1(A) shows the experimental vs the simulated steadystate values. The parameters
related to PP2B activation were constrained using previously published steadystate measurements for PP2B activity against Ca2+ . The parameters also reproduced the effect of
changes in CaM concentration on the PP2B activity, Figure 4.1(B) [Martin et al. (1985);
O’Donnell et al. (2011); Quintana et al. (2005)]. Similarly, the CaMKII parameters were
constrained by the effect of changing concentration of CaMKII on the affinity of Ca2+ towards CaM, Figure 4.1(C) [Shifman et al. (2006)]. The constrained model was also able
to closely reproduce the constitutive activity of CaMKII, which depends on the amount
of phosphorylated CaMKII subunits, against changing Ca2+ concentration, Figure 4.1(D)
[Bradshaw et al. (2003)]. The in vivo activation of CaM, PP2B and CaMKII may be significantly different from the in vitro values but building this model helped me to understand
the model constraining process. This model would be put into a bigger context in the future
work along with the D1R and M4R receptor induced signaling model.

4.1.2

GPCR and G-protein activation kinetics

The GPCR and G-protein data used to constrain the model are taken from previously
published experiments. Those experiments were carried out on heterologous expression
system and reported the observed activation rate (kobs ) of both the GPCR and G-proteins
using FRET signals. There were no specific data for D1R and M4R. However, the kobs from
other Gs and Gi/o coupled suggests that the kobs for GPCRs follow a narrow range. Hence,
we assume that the activation rate of D1R and M4R should also lie in this range and we
17
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Figure 4.1: Model fit against experimental measurements for Ca2+ dependent activation of
CaM, PP2B and CaMKII.

compared the D1R and M4R kobs with values in the range. Figure 4.2(A,B,C) shows the
activation timecourse of D1R and M4R along with their comparison with the experimental
values for saturating ligand concentration. We also noted a narrow range of kobs for the
G-protein activation. Figure 4.2(D,E,F) shows the activation timecourse of the G-proteins
(Paper I further elaborates on this point). Neurons are known to have faster GPCR induced
signaling than the heterologous expression system [Nikolaev et al. (2004)]. This may be due
to additional protein-assemblies associated with the Receptor-G-protein system. Thus, our
model represents a lower bound for the GPCR signaling.

4.1.3

Fitting for D1R and M4R downstream effectors

The fast changes in extracellular ligand concentration leads to changes in the activation of
intracellular effectors. Since, our objective is to understand the effect of fast ligand changes
on AC5 and the PKA signaling we constrained the parameters regulating the level of active
PKA with published experimental results which used AKAR3 emission ratio as the reported
of PKA and phosphatase activities [Castro et al. (2013)]. We assumed that the PP1 is the
only phosphatase acting on AKAR3. The parameters have been constrained to reproduce
the experimental readouts. Application of a D1R specific agonist leads to an increased
cAMP. The cAMP level has been estimated to reach around 2.5µM in the experiments.
This increased cAMP level leads to an elevated level of active PKA which in turn leads to
a higher phosphorylation of AKAR3. In the experiments the half-time (t1/2 ) of AKAR3
phosphorylation was measured as 7.9 sec. Upon a 10 sec long D1R agonist application
the AKAR3 phosphorylation reached around 90% level of the steadystate maximum value.
The maximum level of AKAR3 phosphorylation produced by a 10µM dopamine signal
without any ACh dip is considered as the steadystate maximum value. However, after
removal of the stimulus the level of phosphorylated AKAR3 started to decrease due to
the activity of phosphatase. The t1/2 for the decay was measured to be around 340 sec.
DARPP-32, phosphorylated at threonine-34, acts as a potent inhibitor for PP1 and blocking
this interaction leads to higher level of PP1 which leads to a faster dephosphorylation of
AKAR3. This has been confirmed in the experiments and the t1/2 for the decay in the

4.1. MODEL VERSUS THE EXPERIMENTAL DATA

19

Figure 4.2: The activation rate of M4R, D1R, Gi/o and Golf . for saturating concentration
of ligand. (A) The kinetics of association between M4R and Gi/o . M4RG represents the
complex between M4R and Gi/o . (B) The kinetics of association between D1R and Golf .
M4RG represents the complex between D1R and Golf . (C) The kinetics of dissociation
between Gi/o -α and Gi/o -βγ. Gi stands for Gi/o and Gbgi stands for Gi/o -βγ. (D) The
kinetics of dissociation between Golf -α and Golf -βγ. Golf stands for Golf and Gbgolf stands
for Golf -βγ.

DARPP-32T34A (DARPP-32 threonine-34 to alanine mutation) mutant was 120 sec. Our
model closely fits all the aforementioned experimental results for both the schemes. Figure
4.3 shows the fit for the competitive scheme and Figure 4.4 shows the fit for the noncompetitive scheme.

Figure 4.3: Model fit against experimental measurement for AKAR3 phosphorylation for
the competitive scheme.
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Figure 4.4: Model fit against experimental measurement for AKAR3 phosphorylation for
the non-competitive scheme.

The model is also constrained to reproduce the basal levels of cAMP (30-90 µM) and
the basal level of the different phospho-states of DARPP-32. The model has a higher basal
level of DARPP-32p34 for the non-competitive scheme. The higher basal level is due to
the higher basal activation of PKA in non-competitive scheme and because of this the fold
change produced in DARPP-32p34 after a tonic high dopamine is lower than the expected
value. However, the competitive scheme produces an expected fold change for DARPP32p34. In general, the model produces a high quality fit for both the schemes with most
of the simulated parameter showing a less than 20% divergence from their experimental
counterparts, Figure 4.5.

Figure 4.5: Simulated vs. experimental values for both (A) competitive scheme, and (B)
non-competitive scheme. Each point represents a parameter. The red line represents 20%
divergence and the grey line represents 50% divergence.
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Main conclusions
ACh dips could be sensed via M4R

The model has been simulated with the following three combinations of inputs for both the
competitive and non-competitive schemes.
1. dopamine peak with basal ACh tone.
2. dopamine peak with ACh dip.
3. basal dopamine tone with ACh dip.
Here, we test whether the system is able to sense the ACh dip. Detection of an ACh dip
could be reported as the difference between the PKA activation produced by the dopamine
peak alone and the dopamine peak accompanied by an ACh dip. If the system is not able
to sense the dip then there would be no significant difference between the PKA activation
between these two cases. For all the three input combinations the duration of the peak and
the dip were 2 sec. The dopamine peak alone without the ACh dip was not able to produce
significant levels of PKA due to the high basal inhibition on AC5 by M4R. However when
the peak was accompanied by the ACh dip there was a high level of PKA activation, Figure
4.6(A,B). This suggests that the system is able to sense the ACh dip. However, an ACh
dip without a dopamine peak is not sufficient to produce any meaningful PKA activation.
These results are true for both the interaction schemes but in the case of non-competitive
scheme the level of active PKA produced by dopamine peak alone is significantly higher
than the competitive case, Figure 4.6(A,B). This is due to the activity of the ternary
complex, Gi/o •AC5•Golf .
The requirement of the dip for PKA activation suggests that the ACh tone acts as filter
for short dopamine peaks which are not accompanied by a dip. However, a long dopamine
peak is able to produce significant levels of PKA even in the absence of the ACh dip,
Figure 4.6(D). We find that the dopamine peak and the ACh dip interact with each other
synergistically to produce cAMP and activate PKA. The synergy at the level of PKA is
defined as
Synergy =

active P KA produced by the peak and dip together
(active P KA produced by peak) + (active P KA produced by dip)

Figure 4.6(C) shows the synergy values through time for the competitive and the noncompetitive scheme. The competitive scheme produces higher synergy values compared to
the non-competitive scheme. The value of the maximum synergy produced is also dependent
on the signal duration and it shows a switch-like behavior in response to the changes in
the signal duration. Our model did not produce any synergy for a signal with duration less
than 1 sec whereas the maximum synergy value is reached by a 2 sec long signal, Figure
4.6(E). This ensures that any brief dopamine peak produced by a noisy transmission would
not produce high levels of PKA activation even if they are accompanied by the ACh dip.
There is a possibility that even a dopamine noisy signal could be accompanied with an ACh
dip because the dopamine peak and ACh dip and known to co-ordinate with each other via
the D2R expressed on TANs.

4.2.2

Synergy produced by different published PKA models

There are several published models of PKA. All these models have different PKA activation
kinetics. They all are constrained to different sets of experimental data. The PKA activation
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Figure 4.6: PKA activation in response to the three combinations of inputs, for (A) competitive and (B) non-competitive scheme. (C) Longer dopamine signals are able to produce
higher active PKA levels even in the absence of ACh dip. (D) Synergy values for competitive and non-competitive scheme. (E) Switch-like behavior of synergy value in response to
changing signal duration.

Figure 4.7: Synergy produced by different PKA modules for (A) competitive scheme and
(B) non-competitive scheme

kinetics is often measured indirectly using via the phsophorylation level of a PKA-substrate,
like AKAR3 in our case. The use of indirect measurements to constrain the parameters
leads to variability in the parameter values. We incorporated the different PKA activation
modules into our model to look how the synergy behaves in the face of this parameter
variability [Lindskog et al. (2006); Saucerman et al. (2006); Anand et al. (2007); Kim et
al. (2010); Nakano et al. (2010); Oliveira et al. (2010); Gutierrez-Arenas et al. (2014)]. We
found that out of the 7 different published models 5 were able to produce high synergy
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values, Figure 4.7. On a closer inspection we found that these 5 modules (Kim et al. 2010,
Lindskog et al. 2006, Nakano et al. 2010, Oliveira et al. 2012, Gutierrez-Arenas et al.
2014 ) were constrained to study the neuronal behavior whereas the other two (Saucerman
et al. 2006, Anand et al. 2007 ) were constrained for non-neuronal data. This indicates
towards a possibility that the dip sensing feature may be only critical for neurons. The above
mentioned observations were true for both the schemes even though the non-competitive
scheme produced lower synergy than the competitive scheme, Figure 4.7.

4.2.3

GTPase activity is critical to produce synergy

G-proteins, like Golf and Gi/o , have a GTP
hydrolysis domain. The activity of this domain determines the life-time of an activated G-protein. A higher GTPase activity of the G-protein leads to faster hydrolysis of the associated GTP and thus results
in a faster deactivation and, therefore, a
shorter life-time of the activated form of
the protein. The intrinsic GTPase activity of G-protein is around 0.03s-1 [Thomas
et al. (2004)]. With this intrinsic activity the dopamine peak and the ACh dip
were not able to produce synergistic activation of PKA. Only a very narrow range
of parameter values, centered around [1s-1 ,
1s-1 ], were able to produce the synergy, Figure 4.8.This narrow range was observed for
both the competitive and non-competitive
scheme even though the values produced
by the non-competitive scheme were lower Figure 4.8: Synergy values for different comthan that of the competitive one. The Golf bination of GTPase activity of Golf and Gi/o
and Gi/o may be found in two forms, com- for (A) competitive and (B) non-competitive
plexed with AC5 (bound) or not complexed scheme.
with AC5 (free). The GTPase activity for
the free and the bound forms could be different. We found that both the forms may have different activities but they were still
limited to a narrow parameter range. These results indicate towards an important role
played by GAPs (GTPase activating proteins) in the process of dopamine peak and ACh
dip integration.

4.3

Concluding remarks

Further discussions about the different assumptions involved in the study could be found in
Paper I. The study suggests that the interaction between M4R and D1R may be physiologically important. The current study could be continued further to understand the cholinergic
control over striatum. In several neuropathologies D1R signaling is severely affected. In
such cases the M4R control on the D1R could provide therapeutic alternatives, especially
due to the restricted expression of M4R in striatum. Another important mechanism which
should be explored further is the interaction scheme between the G-proteins and AC5. In
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this study we considered both the schemes but there is a high probability that only one
of them is present in the actual cells. The current model would be further expanded to
include additional signaling elements of interest and in such a scenario knowing the actual
interaction scheme may help the model constraining process.

Chapter 5

Future work
The intracellular signaling in striatal neurons are not just limited to D1R and M4R signaling. There are numerous receptors expressed at the postsynaptic site of these neurons.
These receptors interact with each other via downstream signaling. Some receptors which
are of interest are mGluR1/5 (metabotropic glutamate receptors type I) and M1R. They are
GPCR coupled to another class of G-proteins (Gq ). These are known to activate protein
kinase C (PKC) as well as DAG lipase, which is an enzyme responsible for the production of small molecules known as endocannabinoids [Kim et al. (2013)]. Both PKC and
endocannabinoids are involved in long term synaptic plasticity of corticostriatal synapses.
mGluR1/5 also interact with AC5 and NMDAR and modulate their function. It would be
interesting to study the temporal dynamics of these interactions.
The neurotransmitters also exert fine control on the local dendritic translation and activation of transcription factors which lead to changes in the level of expressed proteins.
These changes in protein levels change the morphology of the dendritic spine. My objective
in the future will be to further expand the model to include these additional signaling cascades. The signaling cascades related to dendritic spines are of extreme importance because
in many of the neurodegenrative diseases, like Parkinson’s disease, the spine morphology
is seriously compromised [Villalba and Smith (2010)] and a better understanding of the
dynamics of these process may further help to develop hypotheses which could be tested
experimentally.
The second class of MSNs, striatopallidal MSNs, are also very important to the striatal
physiology. They have comparatively different receptor composition. They express D2R
and A2 adenosine receptor (A2AR) [Bertran-gonzalez et al. (2009)]. D2R is coupled to Gi/o
whereas A2AR to Golf . It is believed that dopamine leads to an effect which is opposite of the
striatonigral neurons [Bertran-Gonzalez et al. (2008)]. This asymmetry in function is very
important for action selection. I also plan to develop a biochemical model of striatopallidal
MSNs to understand their temporal dynamics as well. Comparing the molecular processes
triggered by the same neurotransmitter between these two neuron types will provide a
deeper understanding about the system.
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