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Abstract

v

Major depressive disorder (MDD) affects about
16% of the general population and is a leading
cause of death in the United States and around
the world. Aggravating the situation is the fact
that “drug use disorders” are highly comorbid in
MDD patients, and vice versa. Drug use and MDD
share a common component, the dopamine sys-
tem, which is critical in many motivation and
reward processes, as well as in the regulation of
stress responses in MDD. A potentiating mecha-
nism in drug use disorders appears to be synap-
tic plasticity, which is regulated by dopamine
transmission. In this article, we describe a com-
putational model of the synaptic plasticity of
GABAergic medium spiny neurons in the nucleus
accumbens, which is critical in the reward sys-
tem. The model accounts for effects of both
dopamine and glutamate transmission. Model
simulations show that GABAergic medium spiny
neurons tend to respond to dopamine stimuli
with synaptic potentiation and to glutamate

signals with synaptic depression. Concurrent
dopamine and glutamate signals cause various
types of synaptic plasticity, depending on input
scenarios. Interestingly, the model shows that a
single 0.5 mg/kg dose of amphetamine can cause
synaptic potentiation for over 2 h, a phenomenon
that makes synaptic plasticity of medium spiny
neurons behave quasi as a bistable system. The
model also identifies mechanisms that could
potentially be critical to correcting modifica-
tions of synaptic plasticity caused by drugs in
MDD patients. An example is the feedback loop
between protein kinase A, phosphodiesterase,
and the second messenger cAMP in the post-
synapse. Since reward mechanisms activated by
psychostimulants could be crucial in establishing
addiction comorbidity in patients with MDD, this
model might become an aid for identifying and
targeting specific modules within the reward
system and lead to a better understanding and
potential treatment of comorbid drug use disor-
ders in MDD.

Introduction

v

Mood disorder is mainly characterized by a dis-
turbance in a patient’s mental well-being and
includes major depressive disorder (MDD) and
bipolar disorder. MDD is regarded as a leading
cause of death world-wide with an estimated
prevalence of 16% in the United States [26,39].
Neuropsychiatry already has identified several
macroanatomic brain structures and circuits by
imaging studies and deep brain stimulation that
are involved in the clinical phenomenology of
mood disorders [3,13,35-38,47]: the prefrontal
cortex that is responsible for impaired cognitive
operations, the nucleus accumbens that is related
to loss of hedonic states, the hippocampus with
its memory dysfunctions, the striatal complex
that is involved in reduced psychomotor action,

the orbitofrontal cortex that exhibits reduced
behavioral inhibition, and the amygdala that is
related to elevated impulsive behavior (¢ Fig. 1a).
In addition, pharmacological studies have shown
that several transmitter systems are involved in
the symptomatology of depressive disorders.
Deficits in norepinephrinergic, serotonergic and
dopaminergic neurotransmission are well known
[65], a hyperfunction of the cholinergic system
was proposed [24], and lately also a GABA hypo-
function hypothesis and a glutamate hyperfunc-
tion hypothesis were discussed [30,32,60].
Although the etiology of MDD is not well under-
stood, it has been suggested from a biochemical
point of view that monoamines and the hypotha-
lamic-pituitary-adrenal (HPA) axis in human
brain are important contributors [33,53]. Briefly,
the HPA axis responds to stress with the release
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Fig. 1a Macroanatomic brain circuitry related to symptoms of depres-
sion as a local malfunctioning of certain brain regions. The diagram shows
the main focus of the computational modeling study, namely the nucleus
accumbens and its associated projections from the ventral tegmental
area and the prefrontal cortex (highlighted in blue). Dashed arrows:
dopamine projections. Anterior cingulum =anterior cingulated cortex,
ventral tegmentum =ventral tegmental area.

of pro-inflammatory cytokines. The stress response is regulated
by the monoamine system, and disturbed monoamine transmis-
sion therefore impairs the regulation of stress responses. Thus,
functional disorders of monoamine transmission, the HPA axis,
and stress together contribute to MDD [51].

Two types of monoamines, norepinephrine and serotonin, have
been the primary subject of investigation in the context of MDD.
In comparison, dopamine (DA) has attracted less attention,
although DA transmission is very important for the disorder as
well. For instance, one of the 2 required symptoms of MDD in the
criteria of the Diagnostic and Statistical Manual of Mental Disor-
ders [1] is anhedonia with a prevalence of almost 40% among
MDD patients [46]. Anhedonia is the inability to experience
enjoyment from activities that had been pleasurable before, and
a reduction in DA transmission in the nucleus accumbens has
been suggested as the cause [3,38,75-77]. Because DA plays an
important role in motivation and reward, the reduction in DA
transmission, and the correspondingly reduced reward, can
directly contribute to comorbidity between drug use and MDD
[42]. Indeed, this association has been reported for quite some
while [9,58,59]: MDD is diagnosed in about 30% of cocaine
addicts, and about 10% of MDD patients have drug use disorders
[61,73].

Different causalities have been suggested for the interaction
between drug use disorders and a depressive disorder. One
hypothesis suggests that neuronal adaptation is caused by
chronic drug use due to frequent over-stimulation of brain
reward pathways, and that drug withdrawal can therefore lead
to depressive symptoms such as anhedonia [10,16]. Another
possible causality (called the self-medication hypothesis) is that
use of psychostimulants by MDD patients is an intentional strat-
egy for improving their mental states [27,34]. Other suggested
mechanisms purport that drug use causes stress which then
induces MDD or that drug use disorders share specific underly-
ing processes with MDD. Such mechanisms are far from clear
and may be complicated. However, these disorders have the DA
system in common. In addition to the critical roles of DA in moti-

Original Paper

vation and reward, as well as its contribution to anhedonia, indi-
rect support for the involvement of DA comes from
pharmacological observations. Reserpine depletes monoamine
and can cause depressive symptoms in some patients. Iproniazid
inhibits the degradation of monoamine by monoamine oxidase
and improves depressive moods, while imipramine blocks the
reuptake of monoamine and can have an antidepressant effect.
While these observations are mainly associated with norepine-
phrine and serotonin, DA also belongs to the class of monoam-
ines and shares almost the same metabolic pathway with
norepinephrine. In fact, DA is the precursor of norepinephrine.
Thus, antidepressant drugs should be expected to act on the DA
system, especially by interfering with DA reuptake. Taking these
findings into account, the DA system and its transmission might
be of crucial importance for the comorbidity of drug use disor-
ders in MDD [65].

Although drug use disorders have been studied for a long time,
our understanding of its governing processes is still rather lim-
ited. One underlying mechanism seems to be the synaptic plas-
ticity of neuronal pathways that are involved in reward and
learning, and a corresponding hypothesis states that addictive
drug use is a form of “pathological learning” [22,23,25]. Synap-
tic plasticity is the capability of a synapse to adjust its connec-
tion strength by changing the amount of released
neurotransmitters and/or modifying the efficacy of its response
to neurotransmitter stimulation [15]. The intensity of a response
to neurotransmitters is determined by the density of postsynap-
tic receptors and by receptor conductance.

In this study, we focus on the DA system and the effects of DA
transmission on synaptic plasticity, which is hypothesized as an
underlying mechanism for addictive drug use. The nucleus
accumbens (NAc) is selected as locus of interest because the
mesolimbic DA pathway is critical to reward and addictive drug
use [69]. NAc is located in the ventral striatum and receives
inputs for basal ganglia, and it is a component of the important
cortico-striato-pallido-thalamo-cortical loop. In addition to
dopamine input, NAc also receives glutamate projections from
the cortex that can affect effects of DA transmission on synaptic
plasticity. The mechanisms for regulating synaptic plasticity
involve both sides of a synapse, that is, the presynapse and the
postsynapse. Metabolic processes in the presynapse determine
the amount of released neurotransmitters through the control of
enzymatic reactions and the recycling of neurotransmitter
between different compartments. On the postsynaptic side, the
density and conductance of receptors are regulated by second
messenger systems and activity profiles of kinases and phos-
phatases. These regulatory mechanisms quantitatively and
dynamically govern the resultant synaptic plasticity in a com-
plex manner that exceeds the intuition of the human brain and
necessitates support of a mathematical model. In the future, this
model of synaptic plasticity in the comorbidity between drug
use disorders and MDD will become even more complex when
the roles of acetylcholine, serotonin and norepinephrine are
merged with the present focus on dopamine.

Biochemical and Physiological Considerations

v

Nerve cells in NAc are mainly medium spiny neurons that receive
several neurotransmitters, including dopamine and glutamate.
Dopamine binds to its Dy and D, receptors on the postsynaptic
membranes of NAc neurons and activates or inhibits a second
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messenger system (the cCAMP system) which regulates the activ-
ity of protein kinase A (PKA) and the activity of protein phos-
phatase-1 (PP1). Glutamate binds to its ionotropic receptors
(e.g., AMPA and NMDA receptors) and regulates the calcium flux
into the postsynapse. This calcium flux in turn regulates the
activity of Ca%*/calmodulin-dependent protein kinase (CaMKII)
and the activity of protein phosphatase 2A (PP2A). These kinases
and phosphatases control phosphorylation and dephosphoryla-
tion of AMPA receptors, and the density and conductance of these
receptors are representations of the synaptic plasticity of GABAer-
gic medium spiny neurons in the striatum (© Fig. 1b-c).

Thus, the first component of the model addresses processes in
the presynapse, which include neurotransmitter production,
storage, recycling, and degradation. In the case of dopamine
(DA), several processes and mechanisms are critical, namely: DA
synthesis, catalyzed by the enzyme tyrosine hydroxylase (TH);
the packaging of DA into vesicles through vesicular monoamine
transporters (VMAT2); the degradation of DA by the enzyme
monoamine oxidase (MAO); and the reuptake of DA by dopamine
transporters (DAT). These processes are shown in © Fig. 2a. The
dynamics of glutamate is not modeled here. Instead, glutamate
signals are simply represented by their main effect, which is the
influx of calcium into the postsynapse.

The second component of the model addresses the postsynapse
(e Fig. 2b), where processes crucially important to the trans-
duction of neurotransmitter signals include: the loop of PKA-
phosphodiesterase (PDE)-cAMP-PKA (I, red line); interactions
between different phosphorylation sites of DARPP-32 (the
dopamine- and cAMP-regulated phosphoprotein with 32kDa
molecular weight); the positive feedback loop of PKA-PP2A-
DARPP-32-PKA (11, green line); regulation of PKA and PP1 by dif-
ferent forms of DARPP-32 phosphorylation; the interaction
between PP1 and CaMKII (111, lavender lines); and the interaction
between PKA and PP1 via binding of Inhibitor-1 (I1) or via regu-
lation of DARPP-32 phosphorylation (IV, blue lines). The details
and magnitudes of the contributions of these component pro-
cesses to synaptic plasticity are complicated and not yet entirely
clear.

The third component of the model describes the phosphoryla-
tion, dephosphorylation and trafficking of AMPA receptors
(AMPARs) in the postsynapse, which are regulated by the first
and second model components presented above (¢ Fig. 2c).
AMPARSs can be inserted into the membrane and removed from
it based on their phosphorylation states, which are controlled by
kinases and phosphatases. A buffer of AMPARs, controlled
through synthesis and degradation, acts as a supply and storage
unit for cytosolic AMPARs and communicates with the pool of
membrane-associated AMPARs. Controlled by these mecha-
nisms, membrane-associated AMPARs modify the synaptic effi-
cacy of medium spiny neurons.

Modeling Methods

v

The model is set up with ordinary differential equations (ODE) of
biochemical reactions and signal transduction processes that
describe the 3 components and ultimately connect dopamine
and glutamate signals to synaptic plasticity of GABAergic
medium spiny neurons. It is partially based on earlier models
from our lab as well as from other groups. Specifically, the com-
ponents of the system model include sub-modules for dopamine
metabolism in the presynapse [48,49], signal transduction in
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Fig. 1b The proposed computational model is structured in three
modules, which are: I. neurotransmitter dynamics and release;

II. signal transduction; Ill. trafficking of AMPA receptors. Each module is
adapted from earlier work: a detailed model of dopamine metabolism
similar to [48,49]; a composite model of signal transduction based on
[2,14,31,50]; and a model of AMPAR dynamics adapted from [8,18,41].
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Fig. 1c Mechanisms within the postsynapse that integrate dopamine
and glutamate signals from different presynaptic cells and ultimately lead
to synaptic plasticity in neurons of the nucleus accumbens. Specifically,
dopamine and glutamate signals affect the activity of various kinases and
phosphatases, which interact with each other and with DARPP-32. Activ-
ity profiles of kinases and phosphatases regulate phosphorylation and
dephosphorylation of AMPAR, whose density and conductance modify
synaptic plasticity of GABAergic medium spiny neurons. Ovals attached
to DARPP-32 and denoted as Thr** and Thr’° indicate phosphate groups
at two threonine residues; their numbers refer to positions in the rat
sequence. Blunted lines represent inhibition signals. Green and red boxes
are kinases and phosphatases, respectively.

the postsynapse [2,14,31,50], and trafficking of AMPA receptors
[8,18,41] (e Fig. 1b). These modules were adapted and inte-
grated into a single model that accounts for signals of dopamine
and glutamate, their transduction in medium spiny neurons,
and their control of AMPA receptors, which are used as indica-
tors of synaptic plasticity of medium spiny neurons in the stria-
tum. In the following sections, we review the 3 component modules:
(1) neurotransmitter dynamics and release, along with presynaptic
effects of amphetamine; (2) signal transduction; (3) trafficking of
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Fig. 2a Dopamine dynamics in the presynaptic terminal. Dopamine is
synthesized from its precursor L-DOPA, which is produced from tyrosine.
Most synthesized dopamine is packed into storage vesicles for later
release into the synaptic cleft. Dopamine transporter (DAT) proteins can
carry dopamine from the synaptic cleft back to the presynaptic terminal
for recycling. In addition, dopamine can be enzymatically converted
into other metabolites or diffuse out of the cleft. The psychostimulant
amphetamine increases release of dopamine from the vesicles into the
cytosol through vesicular monoamine transporters (VMAT2), and to

the synaptic cleft via DAT. At the same time, amphetamine inhibits the
enzyme monoamine oxidase (MAO), which degrades excess dopamine,
and promotes synthesis of dopamine through activation of the enzyme
tyrosine hydroxylase (TH). These mechanisms to alter dopamine metabo-
lism in the presynapse by amphetamine are highlighted as red arrows.

AMPA receptors. Subsequently, we will discuss pertinent specifics
of module integration and additional issues of model design.

Neurotransmitter dynamics and role of amphetamine: The
neurotransmitter dopamine is synthesized from its precursor
L-DOPA, which is produced from tyrosine (© Fig. 2a). Most syn-
thesized dopamine is packed into vesicles for storage and for
later release into the synaptic cleft. Released dopamine can bind
to its receptors on the postsynaptic membrane and transfer neu-
ronal signals. As an alternative to receptor binding, dopamine
transporter (DAT) can carry the released dopamine back into the
presynaptic terminal for recycling. Within the terminal and the
synaptic cleft, dopamine can be enzymatically converted into
other metabolites. The dopamine signal leaving the presynapse
is composed of a basal level and the stimulated release in
response to electrical signals received by the presynaptic mem-
brane. The psychostimulant amphetamine increases the release
of dopamine from vesicles into the cytosol through VMAT2 and
to the synaptic cleft via DAT [66]. At the same time, it inhibits
the enzyme MAO, which degrades excess dopamine, and pro-
motes synthesis of dopamine through activation of the enzyme
tyrosine hydroxylase (TH) [66]. Glutamate is produced and
degraded in different neurons and glia cells. For simplicity,
glutamate signals are represented here by their main effect,
namely the influx of calcium into the postsynapse.

Signal transduction: In the presence of dopamine, the D,
receptors are activated while the D, receptors are inhibited.
Since the D; and D, receptors regulate cCAMP antagonistically,
the effects of D, receptors in response to dopamine stimulation
can be represented indirectly and in first approximation through
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Fig. 2b Signal transduction in the postsynapse. Dopamine binds to its
D, receptors and triggers the second-messenger cAMP, which subse-
quently activates protein kinase A (PKA). PKA phosphorylates DARPP-32
at a specific threonine residue and thereby converts it into a potent
inhibitor of protein phosphatase-1 (PP1). In contrast, glutamate binds

to its own receptors (AMPAR and NMDAR) and induces Ca®* flux into the
cell. The elevation of Ca®* activates protein phosphatase 2B (PP2B), which
dephosphorylates DARPP-32 and reduces its inhibition of PP1. Meanwhile,
Ca?* influx activates phosphorylation of DARPP-32 by cyclin-depen-
dent kinase 5 (CDK5) at another threonine residue, which inhibits the
activity of PKA. Color lines and dotted lines represent potentially critical
mechanisms for synaptic plasticity and are subsystems under perturba-
tion investigations: the negative feedback loop PKA — PDE — cAMP — PKA
(1, the red line) ; the positive feedback loop of PKA — PP2A — DARPP-32-
Thr75 - PKA (I, the green line); the alternative pathways of glutamate

- PP2B - PP1 vs. glutamate — CaMKIl - PP1 (lll, the lavender lines); and
alternative pathways of PKA — DARPP-32-Thr34 - PP1 vs. the pathway PKA
- 1T = PP1 (IV, the blue lines).

the function of D;. Because mechanistic details of the antagonis-
tic action are not known quantitatively, and in order to keep our
model as simple as feasible, we therefore include only dopamine
D, receptors in our model. When dopamine binds to its postsy-
naptic receptors of D; subtype, a G-protein based mechanism
triggers a second-messenger cAMP system (¢ Fig. 2b). The
cAMP system in turn activates protein kinase A (PKA). PKA then
phosphorylates DARPP-32 at a specific threonine residue
(DARPP-32-Thr34, where 34 refers to the position in the rat
sequence) and thereby converts it into a potent inhibitor of pro-
tein phosphatase-1 (PP1).

Glutamate binds to its own ionotropic receptors (e.g., AMPAR
and NMDAR) and induces Ca?* flux into the cell. The elevation of
Ca®* activates protein phosphatase 2B (PP2B), which dephos-
phorylates DARPP-32 and reduces its inhibition of PP1. Mean-
while, Ca%* influx activates phosphorylation of DARPP-32 by
cyclin-dependent kinase 5 (CDKS5) at another threonine residue
(DARPP-32-Thr75), which inhibits the activity of PKA.

Trafficking of AMPA receptors: In response to dopamine and
glutamate signals and their effects on DARPP-32, the kinases and
phosphatases affect the phosphorylation and dephosphorylation
state of AMPARs and thus their membrane insertion or removal,
which in turn modifies the synaptic efficacy of medium spiny
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Fig. 2c Trafficking of AMPA receptors (AMPARs) in the postsynapse.

In response to dopamine and glutamate signals that reach DARPP-32,
kinases and phosphatases in the postsynapse affect membrane insertion
and removal of AMPARSs, which modify the synaptic efficacy of medium
spiny neurons. The kinase PKA can phosphorylate AMPARSs at site Ser845,
while another kinase CaMKII can phosphorylate site Ser831. Both sites
can be dephosphorylated by phosphatases PP1 and PP2A. The double
phosphorylation of cytosolic AMPARSs enables the insertion of AMPARs
into the membrane. Unphosphorylated AMPARs can move back to
cytosol. In addition, an AMPAR buffer supplies or stores cytosolic AMPARs
as needed. Thus, AMPARs move between membrane, cytosol, and the
storage buffer.

Abbreviations: 3-4-dihydroxy-phenylacetaldehyde (DOPAL), homovanil-
late (HVA), 3,4-dihydroxyphenylacetate (DOPAC), cyclic AMP (cAMP),
NMDA receptor (NMDAR), AMPA receptor (AMPAR), protein phosphatase
2A (PP2A), dopamine- and cAMP-requlated phosphoprotein with 32 kDa
molecular weight (DARPP-32), Ca®*/calmodulin-dependent protein kinase
(CaMKIl), cytosolic AMPAR (cAMPAR), membrane-associated AMPAR
(MAMPAR), buffered AMPAR (bulk_cAMPAR).

neurons (© Fig. 2c). The kinase PKA can phosphorylate AMPAR
at site Ser845, while another kinase CaMKII can phosphorylate site
Ser831. Both sites can be dephosphorylated by the phosphatase
PP1 and the protein phosphatase PP2A. The double phosphoryla-
tion of AMPAR enables the binding of an anchor and the insertion
of cytosolic AMPAR into the postsynaptic membrane. The unphos-
phorylated form of AMPAR separates from the anchor and moves
back into the cytosol. A buffer of AMPARs, which is controlled by
their synthesis and degradation, acts as a supply and deposit of
cytosolic AMPAR. Thus, AMPARs travel between membrane, cytosol,
and the buffer in different phosphorylation states.

Model equations: The integrative model for synaptic plastic-
ity of GABAergic medium spiny neurons in the striatum is set up
based on ODEs and the law of mass action. Specifically, all reac-
tions are represented in the form of an enzymatic reaction
(Eq. 1) or a simple binding reaction (Eq. 2):

5+E—,“(i~SEL>P+E (Eq. 1)

A+B AB (Eq.2)

Features regarding dopamine metabolism in the presynapse
were taken directly from [48] and are not repeated here. The
remaining reactions and their kinetic details are listed

in © Table 1-3 in the appendix. Initial conditions for the differ-
ential equations are presented in © Table 4. Altogether, the inte-
grated model consists of 121 ordinary differential equations.
After typical diagnostics of stability and robustness (e.g.,[71,72]),
which showed that the model behaves properly, we simulated the
responses of the system to various dopamine and glutamate signals
and in the context of comorbid drug use in MDD. These simulations
included different scenarios of neurotransmitter depletion, low fre-
quency stimulation (LES), and high frequency stimulation (HFS).
Dopamine and glutamate signals were considered separately as
well as in combination. Subsequently, drug injection of the psycho-
stimulant amphetamine was simulated. Finally, we perturbed
mechanisms that have the potential of critically affecting synaptic
plasticity and observed their effects on the performance of the sys-
tem in response to various input signals.

Results
v
Synaptic plasticity caused by dopamine and glutamate
A necessary step between model construction and application is
the testing and validation of the model against biological and
clinical observations. In the current context, these observations
consist primarily of electrophysiological data. Specifically, the
following observations of changes in synaptic efficacy in response
to different stimuli of dopamine and glutamate are important.

1. Corticostriatal HFS — Synaptic depression: Corticostriatal
high-frequency stimulation causes the release of glutamate
and induces reduction of synaptic efficacy of the GABAergic
medium spiny neurons. This reduction is termed synaptic
depression [6,7,74].

2. Corticostriatal HFS/substantia nigra HFS — Synaptic poten-
tiation: Simultaneous high-frequency stimulation of projec-
tions from the cortex and the substantia nigra (or the ventral
tegmental area), which release both glutamate and dopamine,
results in an elevation of the synaptic efficacy of GABAergic
medium spiny neurons. This phenomenon is known as syn-
aptic potentiation [55,57,74].

3. Corticostriatal HFS/DA depletion — No change in efficacy
or synaptic depression: When rat brain slices are stimulated
through corticostriatal high-frequency stimulation and
simultaneously depleted of striatal dopamine by toxic 6-
hydroxydopamine, the change in synaptic efficacy is either
undetectable or tends toward synaptic depression of the
GABAergic medium spiny neurons [57,68].

4. Substantia nigra HFS — Synaptic potentiation: High-frequency
stimulation of the substantia nigra (or the ventral tegmental
area) causes the release of dopamine and induces elevated syn-
aptic efficacy in GABAergic medium spiny neurons [55].

5. Corticostriatal HFS/AMPT — Synaptic depression: Reduc-
tion of dopamine release in the striatum through pretreat-
ment with a-methyl paratyrosine (AMPT) does not block the
synaptic depression induced by corticostriatal HFS [57].

6. Corticostriatal HFS/substantia nigra LFS — Synaptic poten-
tiation: Low-frequency stimulation of the substantia nigra
(or the ventral tegmental area) blocks synaptic depression
from corticostriatal HFS and induces a short period of synap-
tic potentiation [56].

We simulated all these different signal scenarios and compared

simulated results with electrophysiological observations. In

these simulations, the basal levels of dopamine and calcium
cation were set to 10nM and 50 nM, respectively. The stimulated
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Fig. 3  Typical synaptic plasticity of GABAergic
medium spiny neurons in response to various
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stimuli to the corticostriatal projections and the
substantia nigra (or the ventral tegmental area).
Time is given in units of seconds, while synaptic
plasticity is expressed as the ratio of the number of
membrane-associated AMPARs after and before a
stimulus (blue lines), and as ratio of conductance
of membrane-associated AMPARs (green lines).
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dopamine level maximally reached 2uM, while activated cal-
cium cation maximally reached 5uM. Synaptic plasticity was
represented by the ratio of the number of membrane AMPARs
after and before a particular stimulus. In consideration of the
conductance difference between different phosphorylated forms
of membrane AMPARs, we used a formula to calibrate the com-
putation of synaptic plasticity. In this formula, single phosphor-
ylation raises the basal conductance by 50%, while double
phosphorylation is assumed to result in twofold basal conductance.
Overall, the results of the model simulations demonstrated good
consistency with electrophysiological observations (© Fig. 3).

The model simulations identified 2 interesting phenomena of
potential importance. First, they showed that changes in synap-
tic plasticity are mostly of short duration, with a typical time
frame of about 10 min. This result is consistent with the obser-
vation that synaptic potentiation caused by substantia nigra (or
the ventral tegmental area) stimulation mostly lasts for 10-
15min [56]. The second interesting result is a temporary synap-
tic depression, which precedes synaptic potentiation in cases of
concurrent dopamine and glutamate signals. We are not aware
of clinical observations of this effect.

Synaptic plasticity caused by amphetamine and
comorbidity with MDD

To study the effect of the psychostimulant amphetamine on syn-
aptic plasticity of GABAergic medium spiny neurons, we incor-
porated the mechanisms triggered by amphetamine into the
model of dopamine metabolism and compared its output with
experimental observations [78]. A comparison of results showed
that the model produced dynamic responses of extracellular
dopamine very similar to those measured by the brain dialysis
(results not shown).

Accounting for the effects of amphetamine in the model, we also
simulated effects of different amounts of amphetamine on syn-
aptic plasticity of GABAergic medium spiny neurons, with dos-
ages varying from 0.1 mg/kg to 5 mg/kg, a range that corresponds
to street use and medical treatments. The effective period of
0.5mg/kg amphetamine turned out to be longer than 2h, thus

500 1000
t[s]

requiring an increased time window for the simulations. As the
results show, a single injection of 0.5mg/kg amphetamine can
potentiate synaptic efficacy to a level that corresponds to about
3 times the basal level (© Fig. 4a, b). The system behaves quasi in
a bistable way, and the synaptic potentiation lasts for over 2 h.

As there is suspected comorbidity between drug use disorders
and MDD, we also studied the effect of the psychostimulant
amphetamine on synaptic plasticity within an MDD-impaired
DA system. Since antidepressants block the reuptake of monoam-
ines, we simulated the opposite of this process in order to reflect
MDD, namely an increased (doubled) activation of DAT. We
then challenged the impaired system with a single injection of
0.5mg/kg amphetamine (© Fig. 4c, d). The results show that
activation of DA reuptake impairs DA transmission and causes a
reduced reward of amphetamine in MDD. Furthermore, the impair-
ment of DA transmission leads to a reduced synaptic potentiation
effect of the psychostimulant. Another intervention causing
reduced reward is the application of dopamine D; antagonists (e.g.,
SCH 39166), which in a model simulation causes an alteration of
amphetamine effects on synaptic plasticity (data not shown).

Effects of various mechanisms on synaptic plasticity

In an additional set of simulations of a different type, we per-
turbed mechanisms in the system that we expected to be poten-
tially important to synaptic plasticity of GABAergic medium
spiny neurons. These prescreened mechanisms included: the
negative feedback loop PKA - PDE - cAMP - PKA (I, ¢ Fig. 2b);
the positive feedback loop of PKA - PP2A - DARPP-32-Thr75 -
PKA (II, ¢ Fig. 2b); differences in responses of the pathway of
glutamate - PP2B - PP1 vs. glutamate - CaMKIl - PP1
(11, e Fig. 2b); and differences in responses of the pathway PKA
- DARPP-32-Thr34 - PP1 vs. the PKA - I1 - PP1 (IV, ¢ Fig. 2b).
Besides these mechanisms in the postsynapse, we tested proc-
esses in the presynapse that were identified as particularly criti-
cal in the context of psychostimulants. Specifically, it has been
suggested that amphetamine affects the synthesis, storage, recy-
cling, and degradation of dopamine (red arrows in ¢ Fig. 2a).
These processes are primarily related to the function of VMAT2,
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Fig. 4a Effect of amphetamine on the synaptic plasticity of GABAergic
medium spiny neurons. Experimental measurements (connected symbols)
of released dopamine following single injections of different doses of
amphetamine, namely 0.1 mg/kg, 0.5mg/kg, 2.0mg/kg, and 5.0 mg/kg.
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Fig. 4b Effect of amphetamine on the synaptic plasticity of GABAergic
medium spiny neurons. Synaptic plasticity caused by a single dose

of 0.5 mg/kg amphetamine. Blue line: ratio of membrane-associated
AMPARSs after and before the injection of amphetamine. Green line: ratio
of conductance of membrane-associated AMPARs after and before the
injection of amphetamine.

DAT, MAO-B, and catechol O-methyltransferase (COMT). There-
fore, we perturbed these components before applying ampheta-
mine and studied their effects on synaptic plasticity. Perturbations
of the involved mechanisms consisted of 10-fold activation and
inhibition, which were implemented per multiplication of the rel-
evant rate constants by 10 or 0.1, respectively.

(1) PKA - PDE - cAMP - PKA: This negative feedback loop is in
effect because PKA phosphorylates PDE, both PDE and its phospho-
rylated form convert cAMP into AMP, and cAMP activates PKA
(e Fig. 5a). Simulations show that perturbations of this negative
loop have a negligible influence on glutamate signals. However,
this loop is critical to dopamine signals. Inhibition of this module
eliminates the effects of dopamine on synaptic plasticity. Under
this inhibition, even substantia nigra HFS (or the ventral tegmen-
tal area HFS) cannot induce synaptic potentiation. For concurrent
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Fig. 4c  Effect of amphetamine on the synaptic plasticity of GABAergic
medium spiny neurons. Activation of DA reuptake, as it is presumably
found in MDD, impairs DA transmission and causes a reduced reward for
the consumption of amphetamine. Green line: DA released by a single
dose of 0.5mg/kg amphetamine in a normal DA system. Red line: DA
released by a single dose of 0.5mg/kg amphetamine in a DA system with
activation of DA reuptake.
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Fig. 4d Effect of amphetamine on the synaptic plasticity of GABAergic
medium spiny neurons. The impairment of DA transmission by reuptake
activation in the case of MDD leads to a reduced synaptic potentiation

effect of the psychostimulant amphetamine. Solid lines: ratios of the number
of membrane-associated AMPARs after and before a stimulus. Dashed lines:
ratios of conductance of membrane-associated AMPARSs after and before a
stimulus. Green lines represent the normal DA system. Red lines represent
the DA system with MDD-induced activation of DA reuptake.

signals of corticostriatal HFS/substantia nigra LFS, inhibition of
this pathway causes synaptic depression instead of synaptic
potentiation when there is no perturbation or an activation of the
PKA - PDE - cAMP - PKA loop is applied (¢ Fig. 5b).

(I1) PKA — PP2A - DARPP-32-Thr75 - PKA: PKA activates PP2A,
which is the phosphatase responsible for removal of the phos-
phate at threonine residue 75 of DARPP-32. Since DARPP-32
phosphorylated at Thr75 inhibits PKA, these processes together
form a positive feedback loop (¢ Fig. 6a). The simulation results
show that inhibition of this positive feedback loop can counter-
actthe synapticdepression effect of glutamate signals(© Fig. 6b).
For dopamine signals, however, activation of this loop enhances
synaptic potentiation. In response to concurrent dopamine and
glutamate signals, inhibition of this loop - rather than its activation
- counteracts the synaptic depression effect of glutamate signals.
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Quantitatively, this positive feedback loop contributes more signifi-
cantly to the effects of dopamine rather than glutamate.

() Glutamate - PP2B - PP1 vs. Glutamate - CaMKIl -
PP1: Glutamate activates phosphatase PP2B, which removes
phosphate at Thr34 residue of DARPP-32. Because this dephospho-
rylation releases DARPP-32 inhibition of PP1, glutamate activates
PP1 through this pathway. However, the autophosphorylation of
the kinase CaMKII is also activated by glutamate and then inhibits
PP1. Therefore, the effect of glutamate on synaptic plasticity can
vary, depending on the relative magnitudes of its activation and its
inhibition of PP1 (¢ Fig. 7a). Inhibition of PP1 can be obtained
through activation of the glutamate - CaMKII - PP1 pathway, which
shows enhanced effects of both dopamine and glutamate signals.
By contrast, inhibition of the glutamate — CaMKII - PP1 pathway
diminishes the normal effects of both dopamine and glutamate sig-
nals so that corticostriatal HFS induces synaptic potentiation
instead of synaptic depression (¢ Fig. 7b). In contrast to the
glutamate — CaMKII - PP1 pathway, the glutamate - PP2B - PP1
pathway has a less significant impact on synaptic plasticity.

(IV) PKA - DARPP-32-Thr34 - PP1 vs. PKA - 11 - PP1: PKA
indirectly inhibits PP1 through 2 pathways: one is PKA - DARPP-

a Fig. 5a Effect of the
PKA negative feedback loop
PKA - PDE - cAMP
- PKA on synaptic
plasticity of GABAergic
medium spiny neurons.
Functional diagram of
the loop PKA - PDE
- cAMP - PKA. Green
arrow: activation; red
arrow: inhibition.

PDE

o

Glu HFS | DA LFS
50

Synaptic Plasticity [%]

0 200 400 600 800 1000
t[s]

Fig. 5b  Effect of the negative feedback loop PKA — PDE — cAMP - PKA

on synaptic plasticity of GABAergic medium spiny neurons. High-frequency
stimulation of the corticostriatal projections (Glu HFS), together with high-
frequency stimulation of the substantia nigra or the ventral tegmental area
(DA HFS). Solid lines: ratios of membrane-associated AMPARs after and
before a stimulus. Dashed lines: ratios of conductance of membrane-assoc
iated AMPAR after and before a stimulus. Blue and green lines represent
inhibition of the loop. Magenta and red lines represent activation of the loop.
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32-Thr34 - PP1 and the other is PKA - I1 - PP1 (¢ Fig. 8a). It is
interesting to investigate their relative significance for the regu-
lation of synaptic plasticity. Our simulations show that PKA inhi-
bition of PP1 through DARPP-32-Thr34 is more effective than
inhibition through the PKA - I1 - PP1 pathway (© Fig. 8b).
Increased PKA inhibition of PP1 potentiates dopamine-induced
synaptic plasticity, while reduced inhibition of PP1 by PKA
diminishes dopamine-induced synaptic potentiation.

Perturbations affecting VMAT2, DAT, MAO-B, or COMT: A
perturbation affecting each of these molecules was applied
before a single application of 0.5 mg/kg amphetamine. Our simu-
lations showed that the enzymes MAO-B and COMT are less sig-
nificant than the transporters VMAT2 and DAT with respect to
amphetamine effects on synaptic plasticity. Activation of DAT
diminishes synaptic potentiation caused by amphetamine, while
DAT inhibition enhances it (results not shown).

PKA
DARPP-32-
Thr75

Fig. 6a  Effect of the positive feedback loop PKA — PP2A — DARPP-32-Thr75
- PKA on the synaptic plasticity of GABAergic medium spiny neurons.
Functional diagram of the positive feedback loop PKA — PP2A — DARPP-
32-Thr75 - PKA. Green arrows: activation; red arrows: inhibition. The blue
hexagon attached to DARPP-32 indicates the phosphate group at Thr75.

o
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Fig. 6b  Effect of the positive feedback loop PKA — PP2A — DARPP-32-
Thr75 - PKA on the synaptic plasticity of GABAergic medium spiny neurons.
High-frequency stimulation of the corticostriatal projections (Glu HFS). Solid
lines: ratios of the number of membrane-associated AMPARs after and before
a stimulus. Dashed lines: ratios of conductance of membrane-associated
AMPARs after and before a stimulus. Blue and green lines represent inhibition
of the loop. Magenta and red lines represent activation of the loop.
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Fig. 7a  Regulation of PP1 by glutamate through CaMKIl has a more
significant effect on the synaptic plasticity of GABAergic medium spiny
neurons than regulation of PP1 through PP2B. Functional diagram of the
regulation of PP1 by glutamate through PP2B and CaMKII. Green arrow:
activation; red arrow: inhibition.
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Fig. 7b  Regulation of PP1 by glutamate through CaMKIl has a more
significant effect on the synaptic plasticity of GABAergic medium spiny
neurons than regulation of PP1 through PP2B. High-frequency stimula-
tion of the substantia nigra or the ventral tegmental area (DA HFS). Solid
lines: ratios of membrane-associated AMPARs after and before a stimulus.
Dashed lines: ratios of conductance of membrane-associated AMPAR
after and before a stimulus. Blue and green lines represent inhibition of
the pathway Glutamate - CaMKII - PP1. Magenta and red lines represent
activation of this pathway.

Conclusions and Discussion

v

MDD patients have a strongly elevated risk of developing comor-
bidity with drug use disorders. Aggravating the situation, the
model presented here suggests that the reward from drug use
decreases in MDD-impaired DA systems, which will likely lead to
the consumption of even higher doses of psychostimulants. With-
out treatment, the relapse rate among drug abusers within one
year is as high as 90% [29]. One reason for this unfortunate situa-
tion may be an insufficient understanding of their underlying
mechanisms. It has been suggested that synaptic plasticity might
be one of such mechanisms. Therefore, it is important to charac-
terize synaptic plasticity in detail. Specifically, it seems useful to
screen and manipulate those mechanisms that are potentially
critical to synaptic plasticity and to explore means of altering and
correcting drug-caused modifications. Of course it is difficult to
study alterations and manipulations of the reward system in a sys-
tematic fashion in situ, and the reward system itself is too compli-

PKA

DARPP-32-

Thr34 I

PP1

Fig. 8a Inhibition of PP1 by PKA through DARPP-32 has a more signifi-
cant effect on the synaptic plasticity of GABAergic medium spiny neurons
than inhibition of PP1 through I1. Functional diagram of the inhibition of
PP1 by PKA through DARPP-32-Thr34 and I1. Green arrow: activation; red
arrow: inhibition.

o
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Synaptic Plasticity [%]
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Fig. 8b Inhibition of PP1 by PKA through DARPP-32 has a more
significant effect on the synaptic plasticity of GABAergic medium spiny
neurons than inhibition of PP1 through I1. High-frequency stimulation of
the corticostriatal projections (Glu HFS), together with high-frequency
stimulation of the substantia nigra or the ventral tegmental area (DA
HFS). Solid lines: ratios of membrane-associated AMPARs after and before
a stimulus. Dashed lines: ratios of conductance of membrane-associated
AMPARSs after and before a stimulus. Blue and green lines represent inhibi-
tion of the pathway PKA — DARPP-32-Thr34 - PP1. Magenta and red lines
represent activation of this pathway.

cated to use intuition as the sole means of explanation. By contrast,
a computational model of the system, once constructed and vali-
dated, is easily simulated, manipulated with precisely targeted
interventions and optimized toward a desirable goal. In this paper,
we present how such an analysis can be performed.

Two molecular mechanisms are primarily utilized for synaptic
plasticity: (1) modification of existing proteins; and (2) regula-
tion of gene transcription and translation into new protein
[54,62]. The second mechanism accounts for long-lasting effects,
but requires a longer response time than the first mechanism
does, because gene expression is a much slower process than
metabolic regulation and protein degradation.

In this study, we focused on the short-term effects of 2 neuro-
transmitters, dopamine and glutamate, and on alterations of
their effects under drug abuse. Under normal conditions,
dopamine and glutamate effects last for about 10-20 min, but
this time period extends to over 2h under the influence of
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Fig.9 Synaptic plasticity of GABAergic medium spiny neurons in
response to various stimuli. The synaptic plasticity of GABAergic medium
spiny neurons depends on the various combinations of concurrent stimuli
of corticostriatal projections and substantia nigra (or the ventral tegmen-
tal area). LFS: low frequency stimulation; HFS: high frequency stimulation.
Grey areas reflect negligible effects.

amphetamine. Glutamate signals are released by neurons pro-
jected from the cortex to the striatum, while dopamine signals
come from striatal projections of dopaminergic neurons. In the
striatum, the GABAergic medium spiny neurons typically
respond to dopamine stimuli with synaptic potentiation and to
glutamate signals with synaptic depression. Under concurrent
dopamine and glutamate signals, the synaptic plasticity varies
with input combinations (© Fig. 9). Interestingly, a single dose
of 0.5 mg/kg amphetamine makes synaptic plasticity of medium
spiny neurons behave like a quasi-bistable system.

The effects of dopamine and glutamate signals on synaptic plastic-
ity depend on several important processes. The positive feedback
loop of PKA - PP2A - DARPP-32-Thr75 - PKA is important for
effects of dopamine on synaptic plasticity. The negative feedback
loop of PKA - PDE - cAMP - PKA is also critical with respect to
dopamine, because inhibition of this module eliminates responses
of the system to dopamine. Drug abuse commonly causes
dopamine release in the NAc, and behavioral observations indicate
that the mesolimbic dopamine pathway is directly involved in
drug rewards [12]. As a consequence, these 2 feedback loops
should be further investigated, because their alteration might have
the potential of reversing drug use disorders. The glutamate signal
from the cortex is similarly critical for drug-induced adaptations
of neuronal behavior. Our results suggest that glutamate relies
more on the glutamate — CaMKII - PP1 pathway than on the gluta-
mate — PP2B - PP1 mechanism with respect to the regulation of
synaptic plasticity. Dopamine and glutamate signals interact with
each other through multiple pathways. One of these pathways is
the inhibition of PP1 by PKA. The model simulations indicate that
the indirect inhibition of PP1 through DARPP-32-Thr34 might
actually be more effective than the inhibition of PP1 through I1.
Our current study focuses on short-term plasticity, which is
important for early responses to drug exposures as well as the
induction of long-term adaptations. However, drug use disorders
are not formed immediately after an initial drug abuse. It requires
chronic drug abuse and its time frame might range from weeks to
months to years. These time scales most likely allow additional,
significant contributions to synaptic plasticity from altered gene
transcription and protein translation, as described above. One of
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the relevant molecules which control gene expression in this con-
text is the transcription factor CREB (cAMP responsive element-
binding protein), which, like some other components of long-term
responses, will be analyzed in future work.

The mathematical model of synaptic plasticity of GABAergic
medium spiny neurons that we presented here permits targeted
manipulations and unlimited explorations of what-if scenarios. In
particular, it allows comparative analyses between normal
responses and responses under the influence of psychostimulants,
in the absence or presence of MDD-induced impairments of the DA
system. As we have shown, such analyses can characterize the rela-
tive importance of different components, such as the various con-
trol loops within the system. Since reward mechanisms activated
by psychostimulants could be crucial in establishing addictive
comorbidity in patients with MDD, this model might become an
aid for targeting specific processes and modules within the reward
system and lead to a better understanding and potential treatment
of the comorbidity between drug use disorders and MDD.
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Appendix

v

Reactions, kinetics, and initial conditions in the
mathematical model of signal transduction and
trafficking of AMPA receptors

All reactions are represented in the form of an enzymatic reac-
tion or a simple binding reaction, with Ky denoting the rate con-
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stant for the forward process, K}, denoting the rate constant for
the backward process, and K. denoting the rate constant for the
catalytic step in a Michaelis-Menten kinetics.

Table 1 Reactions and rate constants of signal transduction for DARPP-32 phosphorylation in dendrites of medium spiny neurons in the striatum (see legend

of © Fig. 2c for abbreviations).

Reaction Ki (nM~.s7T)* Ky (s77) K (s™") Ref.
D1+DA © D1_DA 1.1E-3 10.0 [31]
D1_DA+Ggp, < D1_DA_Geg, 6.0E-4 1.0E-3 31]
D1+Gypy © D1_Gpy 6.0E-5 3.0E-4 31]
D1_Gepy+DA © D1_DA_Ggp, 3.3E-3 10.0 131]
D1_DA_Gqp, = D1_DA+G,GTP. G, 20.0° 31]
GoGTP - G,GDP 10.0° [31]
GoGDP+Gpy = Gapy 100.0 31]
G,GTP+AC5 © G,GTP_AC5 3.9E-2 50.0 131]
G4GTP_AC5 +ATP « G,GTP_AC5_ATP 1.3E-4 2.6E-1 [31]
GoGTP_AC5_ATP < G,GTP_AC5 +cAMP 28.5° 2.6E-4P [31]
PKA+2 cAMP < PKA_cAMP, 3.5E-8¢ 6.0E-2 [41]
PKA_cAMP,+2 cAMP < PKA_cAMP, 2.7E-5¢ 0.28 [41]
PKA_cAMP,4 < 2 PKAc+PKAr 0.05° 8.5E-8¢ [41]
PDE1+cAMP < PDE1_cAMP — PDE1+AMP 2.0E-3 72.0 18.0 [31]
PDE4 + cAMP < PDE4_cAMP — PDE4 +AMP 2.0E-3 72.0 18.0 [31]
PKAc+PDE1 < PKAc_PDE1 — PKAc+PDE1p 6.0E-3 36.0 9.0 [4]
PDE1p — PDE1 1.0E-12 [4]
PKAc+PDE4 < PKAc_PDE4 — PKAc+PDE4p 6.0E-3 36.0 9.0 [4]
PDE4p — PDE4 1.0E-12 [4]
- Ca?* 1.0E+2° 4]
ca?* - 2.0° 4]
2 Ca?* +PP2Bi « PP2Bi_Ca, 6.0E-3 0.91 [4]
2 Ca* +PP2Bi_Ca, < PP2B 0.1 10.0 4]
AC5+Ca?* «» AC5_Ca 1.0E-3 0.9 [31]
G,GTP+AC5_Ca « G,GTP_AC5_Ca 1.9E-2 25.0 131]
G,GTP_AC5_Ca+ATP < G,GTP_AC5_Ca_ATP 6.0E-5 1.3E-1 [31]
G,GTP_AC5_Ca_ATP © G,GTP_AC5_Ca+cAMP 14.28 1.3E-4b [31]
PP2A+4 Ca?* & PP2Ac 7.76-124 1.0E-2 [31]
PP2A+PKAc < PP2A_PKAc — PP2Ap +PKAc 2.5E-3 0.3 0.1 [70]
PP2Ap — PP2A 4.0E-3? 31]
CK1 - CK1p 1.0° [14]
PP2B+CK1p < PP2B_CK1p — PP2B +CK1 3.0E-2 24.0 6.0 [14]
CDK5+Ca?* < CDK5c 3.0E-3 1.0

PDE1p+cAMP < PDE1p_cAMP — PDE1p+AMP 5.0E-3 80.0 20.0

PDE4p + cAMP < PDE4p_cAMP — PDE4p + AMP 5.0E-3 80.0 20.0

a:Unitins™' ;P:UnitinnM~".s™" ;¢ UnitinnM~2.s" ;9: Unitin nM~4.s™; : Unitin nM.s '
#: For a chemical reaction, K is the rate constant for the forward process, K, is the rate constant for the backward process, while K_ is the rate constant for the catalytic

step in a Michaelis-Menten kinetics
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Table 2 Reactions and rate constants of DARPP-32 phosphorylation in dendrites of medium spiny neurons in the striatum (see legend of © Fig. 2c for

abbreviations).
Reaction K¢ (nM~1.s77)# Ky (s™") K (s™") Ref.
D +PKAc < D_PKAc — D34 +PKAc 2.7E-3 8.0 2.0 [31]
D34 +PP2B < D34_PP2B — D +PP2B 1.0E-2 2.0 0.5 [31]
D+CDK5 < D_CDK5 — D75 +CDK5 4.5E-4 2.0 0.5 [31]
D75+PP2Ap < D75_PP2Ap — D+PP2Ap 4.0E-4 12.0 3.0 31]
D75 +PP2Ac < D75_PP2Ac — D+PP2Ac 4.0E-4 12.0 3.0 [31]
D+CK2 < D_CK2 — D102 +CK2 4.0E-4 6.4 1.6 [17]
D102 -»D 1.6°
D+CK1 < D_CK1 - D137 +CK1 4.4E-3 12.0 3.0 [67]
D137 +PP2C < D137_PP2C — D+PP2C 7.5E-3 12.0 3.0 [14]
D34 +PP1 < D34_PP1 1.0E-2 1.0 [14]
D34_PP1+PP2B < D34_PP1_PP2B — D+PP1+PP2B 1.0E-3 2.0 0.5 [14]
D75 +PKAC « D75_PKAc 46E-3 2.4 [5]
D+CDK5c « D_CDK5c — D75 +CDK5c 1.8E-3 4.0 1.0
2 Ca%* +CaM & Ca,CaM 6.0E-3P 9.1 [31]
2 Ca2* +CayCaM © Ca,CaM 0.1b 1.0E+3 [31]
CaMKIl +CayCaM < CaMKII_CasCaM 0.01 0.8 [31]
CaMKII_Ca,CaM — CaMKlIp +CazCaM 5.0E-3° [31]
CaMKllp+PP1 < CaMKllp_PP1 — CaMKIl +PP1 1.0E-4 1.4 0.35 [28,31]
PKAc+I11 < PKAc_IT — PKAc+I1p 1.4E-3 5.6 1.4 [28,31]
PP1+11p < PP1_I1p 1.0E-3 5.0E-3
PP2B+11p < PP2B_l1p — PP2B+I1 3.8E-3 12.0 3.0

2:Unitins™" ;P UnitinnM™".s7" ;< Unitin nM~2.s7" ; 9: Unitin nM=*.s~"; ¢: Unit in nM.s ™"
#: For a chemical reaction, K is the rate constant for the forward process, K, is the rate constant for the backward process, while K_ is the rate constant for the catalytic
step in a Michaelis-Menten kinetics

Table 3 Reactions and rate constants of AMPAR trafficking, AMPAR phosphorylation, and AMPAR dephosphorylation in the postsynapse of striatal projection
neurons (see legend of © Fig. 2c for abbreviations).

Reaction Ke(nM™s77)  Kp(s™")  Ke(s™7) Ref.
cAMPAR +PKAc < cAMPAR_PKAc — cAMPAR_Ser845p +PKAc 2.5E-3 4.0 1.0 [41]
cAMPAR_Ser845p +PP1 < cAMPAR_Ser845p_PP1 — cAMPAR +PP1 5.0E-4 12.0 3.0 [64]
cAMPAR_Ser845p + PP2Ap < cAMPAR_Ser845p_PP2Ap — cAMPAR +PP2Ap 1.7E-4 12.0 3.0 [64]
cAMPAR_Ser845p +PP2Ac < cAMPAR_Ser845p_PP2Ac — cAMPAR +PP2Ac 1.7E-4 12.0 3.0 [64]
cAMPAR_Ser845p + CaMKlIp < cAMPAR_Ser845p_CaMKIlp = cAMPAR_Ser845p_Ser831p + CaMKllp 1.0E-4 2.0 0.5 [41]
cAMPAR_Ser845p_Ser831p+PP1 < cAMPAR_Ser845p_Ser831p_PP1 — cAMPAR_Ser845p +PP1 5.0E-4 4.0 1.0 [64]
cAMPAR_Ser845p_Ser831p +PP2Ap < cAMPAR_Ser845p_Ser831p_PP2Ap — cAMPAR_Ser845p +PP2Ap 1.7E-4 4.0 1.0 [64]
cAMPAR_Ser845p_Ser831p +PP2Ac <> cAMPAR_Ser845p_Ser831p_PP2Ac — cAMPAR_Ser845p +PP2Ac 1.7E-4 4.0 1.0 [64]
MAMPAR +PKAc < mAMPAR_PKAc = mAMPAR_Ser845p +PKAc 2.5E-3 4.0 1.0 [41]
MAMPAR_Ser845p +PP1 «< mAMPAR_Ser845p_PP1 — mAMPAR +PP1 5.0E-4 0.8 0.2 [64]
MAMPAR_Ser845p + CaMKllp < mAMPAR_Ser845p_CaMKIlp — mAMPAR_Ser845p_Ser831p + CaMKlIp 1.0E-4 2.0 0.5 [41]
mMAMPAR_Ser845p_Ser831p+PP1 « mAMPAR_Ser845p_Ser831p_PP1 - mAMPAR_Ser845p +PP1 5.0E-4 4.0 1.0 [64]
mMAMPAR — cAMPAR +Anchor 0.8E-3° [18]
cAMPAR_Ser845p_Ser831p+Anchor © mAMPAR_Ser845p_Ser831p 1.0E-5 0.1 [18]
cAMPAR < Bulk_cAMPAR 12 1.8E-2 [18]
CcAMPAR_Ser845p — Bulk_cAMPAR 2.0E-5° [18]
cAMPAR_Ser845p_Ser831p — Bulk_cAMPAR 2.0E-5° [18]
2:Unitins™!

*#: For a chemical reaction, Ky is the rate constant for the forward process, Kj, is the rate constant for the backward process, while K_ is the rate constant for the catalytic
step in a Michaelis-Menten kinetics
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Table 4 Initial values for the DARPP-32 phosphorylation system in dendrites
of medium spiny neurons in the striatum (see legend of © Fig. 2c for
abbreviations).

Molecule Concentration (nM) Reference
DA 10.0 31]

D1 5.0E+2 31]
Gapy 3.0E+3 [31]
AC5 2.5E+3 [31]
ATP 2.0E+6 [31]
PDE1 5.0E+2 31]
PDE4 5.0E+2 [31]
DARPP-32 3.0E+4 [19]
PKA 6.6E+3 [21]
PP2Bi 4.0E+3 31]
CDK5 1.2E+3 [31]
PP2A 8.0E+2 [40,63]
CK1 2.0E+3

PP2C 2.0E+3

PP1 2.3E+3 [11,44]
CK2 2.0E+3

Anchor 11.56E+3 [41]
Bulk_cAMPAR 6.0E+3 [41]
CaM 1.0E+4 [45,52]
CaMKIl 2.0E+4 [31]

n 1.0E+3
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