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Although the occurrence of Parkinsonian akinesia and tremor is traditionally associated
to dopaminergic degeneration, the multifaceted neural processes that cause these
impairments are not fully understood. As a consequence, current dopamine medications
cannot be tailored to the specific dysfunctions of patients with the result that generic
drug therapies produce different effects on akinesia and tremor. This article proposes a
computational model focusing on the role of dopamine impairments in the occurrence of
akinesia and resting tremor. The model has three key features, to date never integrated in
a single computational system: (a) an architecture constrained on the basis of the relevant
known system-level anatomy of the basal ganglia-thalamo-cortical loops; (b) spiking
neurons with physiologically-constrained parameters; (c) a detailed simulation of the
effects of both phasic and tonic dopamine release. The model exhibits a neural dynamics
compatible with that recorded in the brain of primates and humans. Moreover, it suggests
that akinesia might involve both tonic and phasic dopamine dysregulations whereas
resting tremor might be primarily caused by impairments involving tonic dopamine release
and the responsiveness of dopamine receptors. These results could lead to develop new
therapies based on a system-level view of the Parkinson’s disease and targeting phasic
and tonic dopamine in differential ways.

Keywords: akinesia, resting tremor, Parkinson’s disease, phasic and tonic dopamine, dopamine receptors,
innovative drug therapies, system-level computational neuroscience, spiking neurons

1. INTRODUCTION

Parkinson’s disease (PD) is an heterogeneous neurodegenerative disorder in which patients exhibit
different clinical courses and prognoses (Thenganatt and Jankovic, 2014; Mu et al., 2017). Within
the PD patient population, it has been proposed that the akinetic and resting tremor subgroups
reflect major underlying pathological differences (Fishman, 2008; Zaidel et al., 2009; Moustafa
et al.,, 2016). Akinetic patients typically show temporary episodes of freezing during movement
or a difficulty to start voluntary movements, such as walking. In these patients, rigidity may also
contribute to a reduced range of movements (e.g., inflexibility of the limbs, neck, or trunk) as the
muscles tend to remain stiff and unable to rest (Agid, 1991; Magrinelli et al., 2016). By contrast,
people affected by resting tremor exhibit uncontrollable movements that affects a body part, for
example the hand, when at rest. Tremor tends to decrease or stop when the patient deliberately
moves the affected part of the body (Deuschl et al., 2000; Kalia and Lang, 2015). PD patients with
resting tremor can also show akinesia and rigidity, while usually the opposite does not happen.
Moreover, they have a better prognosis and slower disease progression than akinetic subtype
patients (Berardelli et al., 1983; Zhang et al., 2015).
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Several studies have shown that akinesia and resting tremor
involve partially different brain circuits and neurobiological
processes. Both impairments involve an altered activity in the
striato-thalamo-cortical circuit, but akinesia is also associated
with changes in the neural activity of the mesolimbic pathway
targets (e.g., amygdala) whereas resting tremor is associated with
dysfunctions in the cerebello-thalamo-cortical system (Eidelberg
et al., 1995; Brown et al, 2001; Mure et al, 2011). Although
the occurrence of akinesia and tremor is traditionally associated
with the degeneration of the dopaminergic system, the exact
nature of the multifaceted impairments it causes is not fully
understood (Helmich et al., 2012; Hallett, 2014; Zhang et al.,
2015; Karunanayaka et al., 2016). As a consequence, current
dopamine medications based on levodopa administration cannot
be tailored to the specific dysfunctions of the different patient
subtypes. The result is that the administration of the same
drug produces different effects, for example akinesia and rigidity
usually decrease whereas tremor sometimes persists (Stacy, 2009;
Connolly and Lang, 2014).

This article proposes a neurophysiologically plausible
computational model to study the role of different dopamine
impairments in the occurrence of akinesia and resting tremor.
The model has three key features for which it represents a tool
for investigating PD in a new way. First, the model architecture
is constrained on the basis of the relevant known system-level
anatomy of the basal ganglia-thalamo-cortical loops (Alexander,
1986; Gurney et al.,, 2001, 2004; Caligiore et al., 2017a). This
represents a first step toward a more articulated investigation
of PD according to a system-level perspective rather than
by following a focused approach targeting single brain areas
(Caligiore et al, 2016, 2017b; Helmich, 2018). Second, it
is implemented with spiking neurons with physiologically-
constrained parameters (Brunel, 2000; Humphries et al., 2006).
Including this feature is critical to reproduce physiological
data in a more realistic way (Maass, 1997; Izhikevich, 2003).
Third, the model allows the study of the effects of systematically
varying the levels of phasic-dopamine peaks and tonic-dopamine
levels and the responsiveness of D2-dopamine receptors
within the basal ganglia circuits (Fiore et al., 2014; Mannella
and Baldassarre, 2015). On this basis, the model is able to
reproduce the recently discovered neural mechanism for
which the triggering of a movement requires a dopaminergic
burst just before the movement onset (Jin and Costa, 2010;
Howe and Dombeck, 2016; da Silva et al., 2018) as well as the
mechanisms underlying the critical role of D2 receptors in the
regulation of the dopamine release in PD (Bolan et al., 2007;
Hisahara and Shimohama, 2011).

The computer simulations run with the model show how
all these features, to date never integrated within a single
computational model, are critical to understand the neural
mechanisms underlying the occurrence of akinesia and resting
tremor. In more detail, the model suggests that akinesia
and resting tremor are caused by different dopaminergic
dysfunctions. Akinesia can be caused by phasic dopamine
dysregulations (simulated with a reduction of the dopaminergic
burst and with a desynchronization of the burst occurrence
time with respect to the movement onset) as well as by tonic

dopamine impairments (simulated with a reduction of the
dopamine baseline level). Instead resting tremor is mainly due to
tonic dopamine dysfunctions and the reduced activation of D2-
dopamine receptors. Aside from this, the model also confirms
the main results obtained in the experiments with primates
(e.g., Bergman et al, 1994) and humans (e.g., Rodriguez-
Oroz et al,, 2001; Heida et al, 2013) concerning the neural
discharge of subthalamic nucleus neurons during parkinsonian
tremor. Overall, these results enhance our understanding of the
basal ganglia-thalamo-cortical circuit physiology and could be
important to develop new therapies for PD following a system-
level perspective and based on an independent manipulation of
phasic and tonic dopamine (Caligiore et al., 2016, 2017b).

The rest of the paper is organized as follows: section 2
describes the computational details of the model and the
biological support of its assumptions. Section 3 presents the
results and the predictions obtained with the model. Section
4 discusses the system-level mechanisms and the different
dopaminergic manipulations through which the model explains
the occurrence of akinesia and tremor. This section also
compares the model with other similar computational systems
proposed in the literature. Finally, section 5 presents some
limitations of the model and suggests possible future work to
overcome them.

2. METHODS
2.1. Model of Single Neurons

The model was built using the Neuron Simulation Tool—
NEST (Gewaltig and Diesmann, 2007). In particular, we used
PyNEST (Eppler et al., 2009), the Python! programming language
interface of NEST. The simulations were run through the
Grid’5000 high-performance computing facility (Balouek et al.,
2013). Within the model, each neuron is modeled as a leaky
integrate-and-fire unit with exponential shaped post-synaptic
currents. A spike is modeled with an infinitely short-time
current peak and is generated when the membrane potential V,
reaches the threshold value Vy,. The spike is sent with delay
tdelay to all post-synaptic neurons. The threshold crossing is
followed by an absolute refractory period ., during which the
membrane potential is clamped to the resting potential Vs and
spiking is prevented. Mathematically, the dynamics of the neuron
membrane potential V,, is given by:

TV =—=Vu+R-I (1)

where 1, is the membrane time constant, R is the neuron
input resistance, and I is the sum of various current inputs
modeling the post-synaptic current contributions made to the
membrane potential by synaptic events. The dynamics of I is
described by some equations discussed in detail in Tsodyks
et al. (2000), Humphries et al. (2006), and omitted here for
brevity. The neuron dynamics is numerically integrated based on
a computation time step of 1 ms and all incoming and emitted
spikes are forced to happen in the resulting time grid steps.

Uhttps://www.python.org/
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To implement this spiking neuron model we used the NEST
function iaf_psc_exp having the following parameters: membrane
potential (V,,); spike threshold (V},); resting membrane potential
after a spike (Vye); constant input current (I.); resting
membrane potential (Er); capacity of the membrane (C,,);
membrane time constant (7,,); time constant of post-synaptic
excitatory currents (Teyn_ ex); time constant of post-synaptic
inhibitory currents (sy,_in); duration of refractory period (t,ef);
point in time of last spike (fgik.). The values of most of these
parameters are summarized in Tables 1-3. When possible, the
anatomical and physiological data used to set the values of
these parameters were derived from works with primates or
humans, or from studies with murine models (the tables give
information on this). For the parameters not showed in the
tables, we used the default values of the NEST neuron model
iaf_psc_exp. Importantly, the different features of PD related to
akinesia and tremor were obtained through different damages of
the same model with same parameters, an important prerequisite
to arrive to the identification of the system-level mechanisms
underlying those features.

2.2. Model Architecture and Functioning
Figure 1 shows the system-level architecture of the model. This
is formed by eight neural populations of spiking neurons,
connected through excitatory and inhibitory connection weights
carrying signals modulated by dopamine (see section 2.4).

These neural populations can be clustered in three groups:
the BG, capturing the key anatomical and functional features of
the basal ganglia; the Thal, reproducing critical anatomical and
physiological features of motor thalamus; and M1, reproducing
the primary motor cortex. The architecture of BG builds on the
spiking-neuron model proposed in Humphries et al. (2006). This
is formed by five neural populations representing different sub-
regions of the BG. Thal is formed by a single neural population.
M1 is formed by two neural populations of respectively excitatory
and inhibitory units. This component is implemented building
on the spiking-neuron model proposed in Brunel (2000). The
model architecture is organized in three cortico-striatal-thalamo-
cortical loops, with 64 neurons per channel, making a total
of 192 neurons per population. This organization agrees with
data supporting the organization of the BG connectivity through
parallel anatomical loops running throughout the cortico-
striatal-thalamo-cortical system. According to this view, loops
form closed circuits running in parallel, each of which originates
from a specific cortical area, for example the M1, passes through
the BG, and returns to the originating cortical area via the
Thal (Alexander, 1986; Middleton and Strick, 2000). In addition
to this, different regions of striatum also receive input from
out-of-loop different cortical areas (Romanelli et al., 2005).
These loops are () proposed to be internally organized in
partially segregated channels able to select different cortical
contents, for example actions or thoughts (Mink and Thach,
1993; Redgrave et al., 1999). In the model, this anatomical pattern
is reproduced through connections linking the subpopulations
within each channel, and no connections between channels (with
few exceptions, the most notable one being the subthalamic

TABLE 1 | BG parameters.

Area Parameter Source

Striatum-D1/D2 ™m =25.0ms Beninger and Olmstead, 2000

Tref = 2.0ms

Cm = f PF
R=420M Jiang and North, 1991;
Vi = 30.0mV Flores-Hernandez et al., 1997
Vieset = —20.0 mV
le =0.0 pA
STN m =6.0ms Kita et al., 1983; Paz, 2005
Tef =2.0ms
Cm = % pF
R=18.0M Kita et al., 1983
Vip =20.0mV Beurrier et al., 1999, 2000
Vieset = —20.0 mV
le = 1000.0 pA
GPe ™™m =18.0ms Kita and Kitai, 1991
Tef =2.0ms
Cm = % pF
R=288.0M Kita and Kitai, 1991
Vi = 30.0mV Cooper and Stanford, 2000
Vieset = —20.0 mV
le = 350.0 pA
GPi m =8.0ms Nakanishi et al., 1987, 1997
Tef =2.0ms
Cm =k pF
R=1120M Nakanishi et al., 1987, 1997
Vip =30.0mV Atherton, 2005
Vieset = —20.0 mV
le =200.0 pA

nucleus (STN) that is connected to all subpopulations of its
target regions).

Based on this anatomical organization, the model functioning
follows current views of the cortico-striatal-thalamo-cortical
dynamics (Bolam et al, 2000; Middleton and Strick, 2000;
Baldassarre et al., 2013; Caligiore et al., 2013). The striatum is
the principal input nucleus of the BG, receiving signals from the
Thal (Smith et al., 2004), and the M1 (Glynn and Ahmad, 2002).
Most projection neurons of the striatum cells are GABAergic
(Redgrave et al., 1999). The model reproduces the partition of the
striatum into two projection neuron populations (StrD1, StrD2)
based on their dominant dopamine receptor type (D1 or D2
type) (Bolam et al., 2000; Mannella and Baldassarre, 2015). Some
data support the co-localization of these receptors in some of the
projecting neurons (Surmeier et al., 1997). However, converging
evidence suggests a functional segregation between D1- and D2-
dominant projection neurons and, furthermore, that the D1-
dominant neurons tend to project to the output nuclei of the
BG—the internal globus pallidus (GPi) and the substantia nigra
pars reticulata (SNr) (in the model we considered only GPi
projecting to M1), whereas the D2-dominant neurons tend to
project internally to the BG—in particular to the external globus
pallidus (GPe) (Gonon, 1997; O’Connor, 1998; West and Grace,
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TABLE 2 | M1 and Thal parameters.

TABLE 3 | Connection parameters.

Area Parameter
Thal tm = 20.0ms
Trof =2.0mMs
Cm=1.0pF
Vi, = 30.0 mV
Vieset = 4.0 mV
le = 4.0 pA
M1 m = 20.0ms
Trof =2.0ms
Cm =1.0pF
Vip =30mV
Vieset = 10.0 mV
le = 0.0 pA
Ne = 800
N; =200
We = Ng/100.0
Wi = N;/4.0

The values of the parameters for M1 were drawn from Brunel (2000).

2002; Sano et al., 2003). The STN forms the other primary input
nucleus of the BG receiving signals from the M1 alongside the
GPe. The neurons of the STN project to target areas through
glutamatergic connections (Temel et al., 2005). Both striatal and
subthalamic projection neurons send axons to the GPe and the
GPi (Bolam et al., 2000). The GPe neurons are GABAergic and
project to GPi and STN (forming a loop with this area) (Smith
etal., 1998). The GABAergic cells of the BG output nuclei contact
numerous Thal nuclei (Bolam et al., 2000).

The M1 component consists of two neuron populations:
a population of N, excitatory neurons (80% of the total M1
neurons) and a population of N; inhibitory neurons. Incoming
excitatory and inhibitory spikes affect the membrane potential
Vm by respectively W, and W;, the strengths of the excitatory
and inhibitory connection weights. The neurons are mutually
connected with a probability of 10%, thus each neuron receives
input from about 0.1 x N, excitatory and 0.1 x Nj inhibitory
neurons of its own channel. The inhibitory synaptic weights W;
are chosen with respect to the excitatory synaptic weights W,
such that W; = —5.0 x W,. In addition to the sparse recurrent
inputs from within the local channel subpopulation, the three
channel excitatory/inhibitory subpopulations of M1 neurons
receive excitatory input from the corresponding channels of the
Thal and send excitatory input to the three subpopulations of
Thal, StrD1, StrD2, and STN. The values of the parameters
of the BG, Thal, and M1 are summarized in Tables 1, 2,
whereas the values of the connection parameters are shown
in Table 3.

The amount of each channel activation at the level of the
striatum represents the salience of the action, causing a certain
probability that the action is selected and performed (Redgrave
et al., 1999; Hikosaka et al., 2000). The model reproduces
the mechanisms underlying the focused tonic inhibition and
temporary release exerted by the output nuclei of the BG

Connection Parameter Type
Cortical input—StrD1 tg =1.0ms c2C
w =50.0
p=0.25
Cortical input—StrD2 tg =1.0ms c2C
w =50.0
p=0.25
Cortical input—STN tg=2.5ms C2C
w = 50000.0
p =025
StrD1—GPi tg =4.0ms ca2C
w = —1200.0
p =025
StrD2—GPe ty =5.0ms Cc2C
w = —1000.0
p=0.25
STN—GPe tg =2.0ms A2A
w = 400.0
p=0.08
STN—GPi ty =1.5ms A2A
w = 500.0
p=0.08
GPi—Thal ty =3.0ms Cc2C
w=-100
p =025
GPi—GPi ty =1.0ms ca2C
w=-100
p=0.25
GPe—STN tg =4ms A2A
w = —=300
p =025
GPe—GPi ty =3ms A2A
w=-20
p =025
Thal—M1 ty =1.0ms A2A
w = 60.0
p =05
M1—Thal tg =1.0ms c2C
w =50.0
p=05
M1—StrD1 tg =2.0ms c2C
w = 50.0
p=05
M1—StrD2 tg =2.0ms c2C
w=10.0
p =025
M1—STN ty =2.0ms Cc2C
w = 10000.0
p =025

ty Iis the connection delay, w is the connection weight, p is the proportion of connections
that are not set to zero.
A2A stands for “all-to-all,” C2C stands for “all-to-all within channel.”

onto the Thal. The temporary disinhibition, triggering the
selection of the channel Thal-M1 subpopulations, can be caused
by the focussed activation of the StrD1 projection neurons
that is superimposed to the diffused excitation received from
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FIGURE 1 | Architecture of the spiking-neuron system-level model. The blue boxes indicate areas projecting through inhibitory connections (dashed blue lines),
whereas the red boxes indicate areas projecting through excitatory connections (continuous red line). The three lines connecting the boxes, and the three neuron
subpopulations within each component, indicate that the synapses between different components is organized through three cortico-striatal-thalamo-cortical
channels. The bottom larger box represents the two excitatory and inhibitory neural populations forming the primary motor cortex component (M1). Other
abbreviations: StrD1, D1R-expressing striatal populations; StrD2, D2 Receptor (D2R)-expressing striatal populations, STN, subthalamic nucleus; GPe, external globus
pallidus; GPi, internal globus pallidus; Thal, thalamus; Cortical input: Poisson generators simulating the effects of other cortical regions on the system. D1R and D2R
dopamine receptors, highlighted respectively with a yellow and a green color, have respectively an excitatory and an inhibitory effect. Note how the D2R receptors also

the STN (Chevalier and Deniau, 1990). At the same time,
the diffuse excitation of the STN could increase the tonic
inhibitory output of the other output channels, enhancing the
contrast between selected and non-selected channels (Mink and
Thach, 1993; Gurney et al, 2001; Nambu et al, 2002). To
achieve the correct balance between excitation and inhibition
in this circuit, excitation from the STN needs to be regulated
by the inhibition from GPe. The circuit comprising StrD2
projection neurons, STN, and GPe provides the needed amount
of inhibition required to enable channel selection and switching
(Gurney et al., 2001).

2.3. Cortical Input

The input to the model coming from other cortical regions
(“Cortical input”) was simulated as spike trains generated
through a Poisson process (linked to the temporal quantization
determined by the simulation time step t) having a given
frequency rate expressed in spikes per seconds (sp/s). This
assumption agrees with empirical evidence and models showing
that the temporal distribution of cortical spikes can be
approximated through Poisson processes (Dayan and Abbott,
2001). The Cortical input source was simulated with the NEST
function poisson_generator having the following parameters:
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mean firing rate (rate); time origin of the simulation (origin);
beginning of device application with respect to origin (start);
termination of device application with respect to origin (stop).
The values of the Cortical input source are shown in Table 4.

2.4. Dopamine Modulation

The model reproduces the effects of phasic and tonic dopamine
manipulations and the roles played by the different receptors
DIR and D2R on the synaptic transmission of striatum,
STN, and GPe. In this respect, empirical evidence shows that
relevant changes of the coupling of these nuclei are caused by
experimental manipulations altering phasic and tonic dopamine
(Schultz, 1998; Magill et al., 2001; Baufreton, 2005; Dommett
et al,, 2005; Bolan et al., 2007; da Silva et al., 2018). Importantly,
here we focused on modeling and studying the effects of tonic
and phasic dopamine on the target systems while we did
not investigate the mechanisms producing them. To simulate
the effects of dopamine, we built a new NEST module called
modmodule’ implementing in a biologically plausible way the
dopamine neuromodulatory effect on synaptic efficacy. This
module in particular provides a means to modulate the synaptic
conductivity (weights of connections) of connections linking two
neural populations based on the activity of a third dopaminergic
population. This activity was obtained through a Poisson
generator whose parameters are shown in Table 5, together with
those of the modmodule. The new module adds two types of
modulated synapses to the NEST simulator. The first, called
“d1_synapse,” reproduces the functions of D1R and provides a
way to multiply the baseline value of the connection weight with
the rate of spikes coming from the dopaminergic population:

wm =w (1 + ap - DA) (2)

where w is the weight baseline value, w,, is the weight of the

connection including the modulatory effect, DA is the rate of the
dopaminergic spikes, and ] is a parameter reproducing the effect
of the DIR responsiveness to the dopaminergic modulation.
This synapse can be used to reproduce multiplicative excitatory
modulation as described in Humphries et al. (2006) and
Fiore et al. (2014, 2015). The second, called “d2_div_synapse,’
reproduces the functions of D2R and provides a way to divide
the baseline value of the connection weight for the rate of spikes
coming from the dopaminergic population:

w

=— (3)
14+ ay-DA

Wm

where o, is a parameter defining the D2R responsiveness to
the dopaminergic modulation. This synapse can be used to
reproduce inhibitory modulation as described in Fiore et al.
(2014, 2015). Changing the values of DA can be used to
manipulate the phasic and tonic features of the dopamine signal
(see section 3).

2https://github.com/francesco- mannella/nest-modmodule

TABLE 4 | Parameters of the Poisson generators simulating the “Cortical input.”

Channel Parameter
Channel 1 Rate = 20.0 Hz
Origin = 0.0 ms
Start = 5,000.0 ms
Stop = 7,999.0 ms
Channel 2 Rate = 25.0 Hz
Origin = 0.0 ms

Start = 6,000.0 ms
Stop = 7,999.0 ms

Impulses are fed to Channel 1 and Channel 2.

TABLE 5 | Parameters of the dopamine system used to simulate healthy
individuals and patients with dopamine damages, and parameters of the Poisson
generator.

Receptor type Value
D1Rgy, ap1 =50
D2Rgy, app =50
D2Rgpe app = 5,000 (2,000)
D2Rg7n app = 5,000 (2,000)

DA baseline rate = 75 Hz (46 Hz)

DA peak rate = 195 Hz (130 Hz)
DA peak positions = 4,995 ms
5,995 ms (5,895 ms)
6,995 ms

The values used to simulate patients are shown in brackets.

3. RESULTS

This section presents the results obtained by testing five versions
of the same model. The first version involves an undamaged
dopamine system and is used to simulate healthy individuals. The
other four versions of the model are used to simulate PD patients
affected by four different impairments of the dopaminergic
system: (a) a reduced synchronization between the dopaminergic
phasic burst and the movement onset; (b) a reduced peak of the
dopaminergic phasic peak; (c) a reduced tonic dopamine baseline
level; (d) a reduced responsiveness of dopamine D2 receptors.
The values of the parameters used to simulate healthy individuals
and PD patients are summarized in Table 5.

The section shows the following data related to the model
functioning: (a) for both healthy individuals and patients, the
neural activity (average firing rate) of each component of the
model during the generation of voluntary movements; (b) for
both healthy individuals and patients, the neural activity of STN
at rest (i.e., with no input supplied to the model); (c) the STN
neurons oscillatory frequency and the action selection efficacy of
the system as a function of different dopamine baseline levels and
of different D2 receptors responsiveness. The data (b) and (c)
are useful to empirically validate the model since they confirm
the main results obtained in experiments with primates (e.g.,
Bergman et al., 1994) and humans (e.g., Rodriguez-Oroz et al,,
2001; Heida et al., 2013) about neural discharge of STN neurons
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in PD patients. The data (a) and part of (c) represent predictions
of the model that are also potentially relevant for therapy.

The intention to produce a voluntary movement was
simulated by pivoting on the action selection mechanism
operating within the cortico-striatal-thalamo-cortical system
(Gurney et al., 2001; Baldassarre et al., 2013). In particular we
stimulated two channels of the model with two different Cortical
input signals. These signals represent the effect of the projections
that originate from cortices outside the loop with motor cortex
and reach the motor loop striatum portion, and differentially bias
the activation of the channels. We left the third channel without
stimulation for control. The simulated individual is assumed to
perform a voluntary movement when the Cortical input signal
in one channel produces, through the cortico-striatal-thalamo-
cortical loops, a strong activation of the corresponding neural
subpopulation within M1.

3.1. Action Selection in Simulated Healthy

Individuals

We first tested the ability of the model to produce voluntary
movements as in healthy individuals (undamaged dopamine
system). The simulation we ran to test this condition took 3
s in total and used a stimulus protocol based on 3 succeeding
time intervals, denoted as I1,I2, and I3, respectively, having
the following elements. Channel 1 is highly activated during all
the three intervals. Channel 2 is activated during I2, with an
activation slightly higher than channel 1, and is not activated
during I1 and I2. Channel 3, used for control, is not activated
in any interval (for simplicity we do not report the data
related to this channel: its neural subpopulations activate as
those of the other channels when they receive no input signal).
This sequence of input signals tests the ability of the BG to
select a movement within channel 1 (I1), then to switch to
the more salient movement triggered by the input signal sent
to channel 2 (I2), and finally to switch again to the initial
movement of channel 1 (I3). Figure2 shows the activity of
the neural subpopulations of the healthy model caused by the
input sequence.

The presence of a salient input is necessary but not sufficient
to select a movement. In particular it requires to be coupled with
proper values of tonic and phasic dopamine (Humphries et al.,
2006; Mannella and Baldassarre, 2015). Moreover, it requires
a proper timing of the occurrence of the dopaminergic phasic
burst that should happen just before the voluntary trigger of the
movement (da Silva et al., 2018). In the model, during I1 there is a
dopaminergic burst just before the onset of the salient input that
is sent to channel 1 and represents the intention to trigger the
related movement. When these two events co-occur and have a
sufficient intensity the consequent strong striatal activity makes
the GPi neurons of channel 1 highly inhibited. At the same
time, the neighboring GPi neural subpopulations of the other
channels are excited by the STN glutamatergic projections. As
a consequence, the output of the GPi subpopulation of channel
1 falls below its initial baseline level (red line), whereas the
output of the GPi subpopulation of channel 2 increases above
the baseline (green line). This leads to a selective disinhibition

of the channel 1 thalamo-cortical loop, causing the activity of
the corresponding neurons within M1. The cortical feedback
projections from M1 to StrD1, StrD2, and STN stabilize the
selection through a cumulative dynamical process (Fiore et al.,
2014; Mannella and Baldassarre, 2015).

Subsequently (I2), there is a new dopaminergic burst
immediately followed by the onset of a stronger input to channel
2. Channel 2 striatal activation causes the inhibition of the related
GPi neural subpopulation (green line). This is followed by a
short time interval during which the GPi neurons of channels
1 and 2 exhibit low activity and the system cannot yet select
the new motor program. The occurrence of the dopamine signal
supports the inhibition of the GPe neural subpopulations in both
channels (cf. Equation 3). This GPe lower activity, together with
the stronger channel 2 striatal signal, causes an increase of the
GPi signal in channel 1 (red line). This dynamics supports a
selective disinhibition of the channel 2 thalamo-cortical loop in
turn causing the activity of the corresponding neurons in M1
(green line). The greater M1 activity in channel 2 propagates to
STN that further contributes to strengthen the selection process.
In particular, while the STN glutamatergic excitation of the GPi
subpopulation of channel 2 is compensated by the high inhibition
from the striatum, the other GPi subpopulations are only excited
by the STN projections and thus inhibit their target Thal-M1
regions. The increased STN activity also contributes to excite the
GPe neural populations that in turn inhibit the STN activity, thus
forming a negative feedback loop (cf. section 2).

When the more salient input signal is again the one of channel
1 (I3), the selection process works similarly to what happened
in 12 but with switched roles played by channel 1 and channel
2. Overall, in the healthy individual the output signals of BG
correctly select the most salient action and switch to other actions
when these become more salient.

3.2. Simulated Patients With Dopaminergic

Dysfunctions

In order to characterize different PD patients subtypes
(in particular akinetic vs. tremor patients), we tested
the ability of simulated PD patients affected by different
dopaminergic dysfunctions to produce voluntary movements.
To this purpose, we focused on the behavior of the model
during the challenging time interval I2 when there are
two competing Cortical input signals with slightly different
input signals.

3.2.1. Simulated Phasic Dopamine Dysfunctions
Cause Akinesia During Movement Sequencing

Figure 3 compares the neural activity exhibited by the
healthy model with those of the model having phasic
dopamine dysfunctions.

In the healthy model, the proper dopamine level in the
presence of a high input activation leads to a high striatal
activity of the neurons of channel 2 with respect to those of
channel 1 (green line). As discussed above, this stronger activity,
together with the involvement of the GPe/STN loop, are crucial
to trigger the action selection mechanism. By contrast, in the case
of dopamine impairments the more salient input to channel 2
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FIGURE 2 | Activity in the healthy model during action selection. From top to bottom: the dopaminergic signal (DA); the input signals activating the channel 1 (red) and
the channel 2 (green) from other cortices; mean instantaneous firing rate across all neurons in a particular channel of each region of the basal ganglia (Str, GPe, STN,
GPi), thalamus (Thal), and primary motor cortex (M1). The dashed vertical line indicates the onset of the dopamine signal.

alone is not sufficient to start a differential dynamics between
the two channels (cf. Equation 2). In particular, the dopamine
impairments could lead to a too early occurrence (Asynchronous
case), or a too low value (Low case), of the inhibitory effect
on GPe that thus fails to cause, via the STN, the “reset” of the
system paving the way to the selection of the new movement
(cf. Equation 3). As a consequence, the system remains “locked
in” the channel 1 activation (red line), so failing to amplify the
small difference between channel 1 and channel 2 activations
needed to initiate the new movement. These results suggest
that dysfunctions of phasic dopamine release could characterize
akinetic patients that tend to remain frozen in the activation
of particular muscle synergies, in particular to be incapable of
switching between two sequential movements. The activity of
the channel 1 M1 neurons (red line) during 12 indicates that the
model has performed the movement in I1 correctly. That is, the
model was able to initiate the first movement when starting from
a resting state even if there is a phasic domamine dysregulations.
In the next section, we will see that to produce akinesia in
this case it is necessary to have a dysregulation of the tonic
dopamine release.

3.2.2. Simulated Tonic Dopamine Dysfunctions Cause
Tremor and Akinesia From Resting Position

Figure 4 shows the effects of dysfunctions involving tonic
dopamine regulation, in particular related to a reduced baseline
level and to a diminished responsiveness of the dopamine D2
receptors (o, parameter in Equation 2). In this case, the action
selection mechanism works in a sub-optimal way. During I1,
the channel 1 M1 neurons result partially activated (red line).
As a result, the system finds it difficult to produce a voluntary
movement starting from a resting condition. Similarly, the
channel 2 M1 neurons result partially activated (green line)
meaning that the system is able to start a voluntary movement
but with less accuracy and vigor (Mazzoni et al., 2007; Niv
et al., 2007). This behavior could be exhibited by tremor patients
showing akinesia when starting a simple movement.

Figure 5 shows the neural activity of the STN subpopulation
with the model at rest, i.e., with no inputs, in the case of
no dopamine impairments and the case with tonic dopamine
dysfunctions. The figure show that while the healthy model
exhibits a random baseline activation, the impaired model
exhibits clustered spike trains that repeat at regular times
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and can be considered the neural correlate of tremor. These
results agree with typical data collected in real patients
(e.g., Rodriguez-Oroz et al., 2001).

We also tested the effects of different values of dopamine
baseline and of different dopamine D2 receptors responsiveness
produced on the STN neurons oscillatory frequency (expressed
in terms of frequency of max Power Spectral Density—PSD) and
on the action selection efficacy of the model. The results of these
analyses are shown in Figure 6.

The action selection mechanism efficacy was measured with
the following statistics. For each test interval I1, I2, and I3
and for each group of MI neurons belonging to one of the
three channels, it was calculated the number of spikes with
respect to the maximum number of spikes achievable for the
lapse of time of the test interval (i.e., to the maximum activity).
The resulting “three-test-intervals x three-channels” grid G was
compared with a grid G of expected proportions. These expected
proportions are (1,0, 1) for the channel one (corresponding to a
maximum activity in I1 and I3), (0, 1, 0) for the second channel
(corresponding to a maximum activity in I12) and (0,0,0) for
the third channel. The comparison measure ry; consisted in

determining the mean squared error (MSE) between the K = 9
groups of data:

K
1 .
Tsel = % E (gk —gk)2 (4)
k

Figure 6 shows that it is necessary to have both low levels of
dopamine baseline and low values of D2 receptor responsiveness
to produce oscillations with a frequency in the range of 3-7 Hz,
which is typical of tremor, and to have a low efficacy of the action
selection mechanism. In particular, very low dopamine levels
tend to impair action selection efficacy, especially if associated
with low D2 responsiveness. Moreover, low dopamine baseline
levels and low D2 receptors responsiveness strongly concur to
cause the low frequency oscillations typical of tremor.

Overall, the data shown in Figures4, 6 suggest the
involvement of tonic dopamine dysfunction in the emergence of
the behaviors typically exhibited by tremor patients.
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4. DISCUSSION

The data shown in Figures 3, 4 indicate that the dysregulation
of phasic dopamine (timing and amplitude) impaires the action
selection processes only if the difference between the two
competing input signals (acting on two striatal channels) is
small. In this case, the system is not able to switch between two
subsequent movements showing an akinesia related to action
sequencing. By contrast, if one of the two input signals is much
larger than the other, as in the I1 interval, phasic dopamine
dysfunctions are not sufficient to produce impairments in action
selection. In this case, action impairments emerge only if also
tonic dopamine is impaired.

The data illustrated in Figures 5, 6 suggest that low baseline
dopamine levels and low responsiveness of dopamine D2
receptors reduce the efficacy of the action selection and produce
oscillations at rest in the PD tremor range (around 3-7 Hz).
These results are compatible with those observed in tremor
patients (e.g., Rodriguez-Oroz et al., 2001) and with data showing
that tonic dopamine levels are critical to regulate movement
vigor (Mazzoni et al., 2007; Niv et al., 2007). Interestingly, the
data shown in Figure 6 suggest that akinetic behavior could also
be produced by low levels of dopamine. In particular, if low
dopamine baseline levels add to a low responsiveness of D2
receptors the selection mechanism efficacy might be strongly

impaired. In this condition, the system has a remarkable difficulty
in initiating movements. This result agrees with empirical
findings showing that some patients exhibiting tremor are also
affected by akinesia (Zaidel et al., 2009; Zhang et al., 2015;
Caligiore et al., 2016).

Overall these results support the hypothesis that akinesia
and tremor could be produced by different dopaminergic
dysfunctions. This perspective agrees with empirical data
demonstrating the involvement of different neurobiological
mechanisms for akinesia and tremor (Eidelberg et al., 1995;
Brown et al., 2001; Mure et al., 2011). The model also suggests
that the responsiveness of D2 receptors plays a critical role in
the emergence of tremor (Figure6). This view is supported
by the literature underlying the critical role of D2 receptors
to regulate the dopamine release in PD (Bolan et al., 2007;
Hisahara and Shimohama, 2011). Overall, these results support
the hypothesis that the akinetic form of PD involves different
neuronal losses and different dysfunctional networks compared
to the tremor dominant form. Further research is needed
to validate this perspective. Indeed, it could for example be
possible that clinical differences could be related to differences in
phenotypic expression rather than with the neural system causes
proposed here (Zaidel et al., 2009; Zhang et al., 2015).

The results presented in this work could be useful to devise
new therapeutic actions for PD. Current drugs for PD treatment,
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FIGURE 5 | Action potential at rest of the STN subpopulation. Top: healthy
model. Bottom: model with tonic dopamine impairments (low baseline level

and low dopamine D2 receptor responsiveness).

in particular levodopa, have produce a generic effects on phasic
and tonic dopamine and so are not suitable for a differential
treatment of tremor and akinesia features (Connolly and Lang,
2014). The results obtained with the model suggest that different
dopamine-related neural mechanisms cause tremor and akinesia
and so it would be important to synthesize drugs that are able to
specifically target those mechanisms.

4.1. Related Works

In the last decade, several computational models have been
proposed to study PD (see Humphries et al. 2018 for
a recent review). Most of these models reproduce critical
anatomical and physiological features (Terman et al, 2002;
Leblois, 2006; Kumar et al., 2011; Pavlides et al., 2012, 2015).
Some works use more abstract mathematical models to study
functional aspects of the basal ganglia-cortical loops (e.g.,
Holt and Netoff, 2014). These models typically focus on
the functioning of the pallidal-subthalamic system, exploring
the pathological mechanisms leading to abnormal oscillatory
activity in a frequency range which is usually higher than the
one characterizing parkinsonian tremor. In addition, although
these models are capable of producing abnormal oscillations,
their conclusions are limited by the partial reproduction of
the basal ganglia-thalamo-cortical loop architecture. In this
respect, the model proposed here demonstrates that PD
features related to akinesia and tremor are the results of
abnormal interactions between different brain areas, including

40
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FIGURE 6 | STN neurons frequency of max PSD vs. different levels of
dopamine baseline. Different line traits indicate different values of the D2
receptors responsiveness. Expected dots with different size indicate different
selection efficacies of the action selection process. The numbers next to the
dots represent the mean square errors computed according to a statistics
which takes into account the M1 units activated in correspondence to the
most salient input.

basal ganglia nuclei, cortex, and thalamus. This system-
level approach agrees with evidence showing that therapies
based on brain stimulation can be effective even if applied
to different districts of the basal ganglia-thalamo-cortical
circuit (Johnson et al., 2008; Montgomery and Gale, 2008;
Caligiore et al., 2016). Moreover, the system-level nature of
the model has allowed the achievement of results that could
not be obtained by reproducing only the functioning of the
pallidal-subthalamic circuit. In particular, the model suggests
that alongside this circuit also the input from cortices to
striatum and to subthalamic nucleus are critical to produce
tremor oscillations.

Among the models proposed in the literature, two are
particularly relevant for the work presented here. The first one
is the physiologically plausible model proposed by Humpries
et al. to study the oscillatory properties of the basal ganglia
circuitry under dopamine-depleted and dopamine-excessive
conditions (Humphries et al.,, 2006). The model supports the
critical role of the basal-ganglia action selection mechanism
in the PD dysfunctions and also underlines the importance of
system-level approaches to study PD. Moreover, it furnishes
interesting predictions on the role of dopamine in the pallidal-
subthalamic loop, showing that it is functionally decoupled by
tonic dopamine under normal conditions and re-coupled by
dopamine depletion.

These elements have been an important starting point for the
design of the model presented here. However, there are some
critical differences between the two models. First, the model
of Humphries et al. does not reproduce the whole cortico-
striatal-thalamo-cortical loops. This element, present in our
model, is important to reproduce the system-level dynamics
of the action selection mechanisms. As a consequence, in
our model the abnormal oscillatory behavior characterizing
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tremor emerges as an effect of the dopamine dysregulation
in the cortico-striatal-thalamo-cortical circuit. By contrast, the
model of Humphries et al. is fed with an external oscillatory
input injected into the cortex, rather than being intrinsically
generated by the model on basis of its internal circuitry and
mechanisms as it happens in brain. In this respect, the model
is used to study how its circuits amplify or attenuate oscillatory
perturbations when dopamine has different levels. The model
is hence not used to show the genesis of tremor following
dopamine dysregulation.

A second critical difference is that the model of Humphries
et al. is primarily used to study the effects of tonic dopamine
dysregulation but not those of phasic dopamine damage.
Moreover, the model was used to show how alterations of the
tonic dopamine levels reproduce data of slow (1 Hz) and y-band
(30-80 Hz) oscillatory phenomena reported in empirical works
(MacKay, 1997; Brown et al., 2002). Instead, we implemented
and manipulated both phasic and tonic dopamine, alongside
the responsiveness of D2 receptors, to study how they might
differently affect various features of akinesia and tremor.

The model proposed by Dovzhenok and Rubchinsky also
represents an important precedent for the model presented here
(Dovzhenok and Rubchinsky, 2012). This model, in agreement
with converging empirical evidence, proposes a system-level
mechanism supporting the idea that the basal ganglia-thalamo-
cortical loop is the core oscillator at the origin of tremor. The
authors show how the variation of the strength of dopamine-
modulated connections in the basal ganglia-thalamo-cortical
loop, equated to the decreased dopamine baseline levels in
PD, leads to the occurrence of tremor-like burst oscillations.
These oscillations are suppressed when the connections are
modulated back to represent a higher level of dopamine, as it
could happen following dopamine medication. The oscillations
also cease when the basal ganglia-thalamo-cortical loop is
broken, as it could happen in the case of ablative anti-
parkinsonian surgery. Despite these relevant results, the authors
implemented a very simplified model of the subthalamo-
pallidal loop embedded into an abstract implementation of the
basal ganglia-thalamo-cortical system. Moreover, the dopamine
dysfunctions were reproduced in a rather indirect way by
strengthening the subthalamo-pallidal loop. These features
could limit the plausibility of the mechanisms explaining the
target phenomena.

5. CONCLUSIONS

This article proposes a physiologically plausible model
demonstrating that resting tremor could be primarily caused by
low tonic dopamine levels, whereas akinesia could be due to both
phasic and tonic dopamine impairments. In particular, the model
predicts that phasic dopamine is mainly critical for producing
sequences of actions, whereas tonic dopamine is principally
involved in akinesia when starting a simple movement from
rest. These features of the model could be critical to better
characterize the different aspects of akinesia (Narabayashi,
1993; Thomas et al., 2003; Onofrj and Thomas, 2005) and

represents a new viewpoint with respect to the widely studied
role of phasic dopamine for learning in reinforcement-based
contexts, according to which this signal could be related to
reward expectation (Schultz, 1998; Dommett et al., 2005). Phasic
dopamine activity associated with movement initiation has
been observed in several works; however, the data collected
in these studies comes primarily from studies in mice and, to
date, similarly peri-movement dopamine bursts have not yet
been convincingly demonstrated in primates. In addition, the
sign, timing and learning-related properties of these activity
are variable across studies (Jin and Costa, 2010; Dodson
et al, 2016). In this respect, a recent study with mice has
shown that during learning of a novel cue-reward association,
there are midbrain dopaminergic neurons whose activity is
related to the initiation of appetitive actions and dopaminergic
neurons whose activity is associated with sensory cues that
predict future reward. In both neural populations, excitation is
modulated by expectation of reward (Coddington and Dudman,
2018). These issues could be addressed with future versions of
the model.

The model proposed here represents the first step of a
research agenda directed to study with a system-level perspective
the mechanisms underlying different features of PD (Caligiore
et al, 2016). To realize this agenda, the model will need to
include other components and mechanisms. In particular, to
characterize different forms of resting tremor the model might
have to include cerebellar-thalamo-cortical circuits (Helmich
etal., 2012; Wu and Hallett, 2013). To study the mechanisms for
which levodopa medication might cause dyskinesias, reducing
the effectiveness of the treatment, the model might have to
reproduce the effects of serotonin modulation in the striatum
(Reed et al., 2013; Politis and Niccolini, 2015). To investigate
PD-related cognitive deficits the model might have to include
the functioning of the prefrontal cortex (Frank, 2005; Guthrie
et al, 2009). The reproduction of all these features of PD
through suitable impairments of the same model is expected
to lead to the progressive identification of the key system-level
elements of brain that underlie the multifaceted manifestations
of the disease.

AUTHOR CONTRIBUTIONS

DC and FM conceived the presented idea and developed
the theory and the computational model. DC and FM
designed the experiment. FM performed the simulations.
DC, FM, and GB analyzed the data. All authors verified
the analytical methods and discussed the results.
DC wrote the paper. All authors gave feedback on
the manuscript.

FUNDING

This research was partially supported by the European
Commission under the EU FET Open project GOAL-Robots
Goal-based Open-ended Autonomous Learning Robots
(no. 713010).

Frontiers in Neuroscience | www.frontiersin.org

12

May 2019 | Volume 13 | Article 550


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Caligiore et al.

Dysfunctions Underlying Akinesia and Tremor

REFERENCES

Agid, Y. (1991). Parkinson’s disease: pathophysiology. Lancet 337, 1321-1324.

Alexander, G. (1986). Parallel organization of functionally segregated circuits
linking basal ganglia and cortex. Annu. Rev. Neurosci. 9, 357-381.
doi: 10.1146/annurev.ne.09.030186.002041

Atherton, J. F. (2005). Ionic mechanisms underlying autonomous action
potential generation in the somata and dendrites of GABAergic substantia
nigra Pars reticulata neurons in vitro. ]. Neurosci. 25, 8272-8281.
doi: 10.1523/JNEUROSCI.1475-05.2005

Baldassarre, G., Caligiore, D., and Mannella, F. (2013). “The hierarchical
organisation of cortical and basal-ganglia systems: a computationally-informed
review and integrated hypothesis,” in Computational and Robotic Models of
the Hierarchical Organisation of Behaviour, eds G. Baldassarre, and M. Mirolli
(Berlin: Springer-Verlag), 237-270.

Balouek, D., Amarie, A. C., Charrier, G., Desprez, F., Jeannot, E., Jeanvoine,
E, et al. (2013). Adding virtualization capabilities to the Grid’5000
testbed. Commun. Comput. Inform. Sci. 367, 3-20. doi: 10.1007/978-3-319-04
519-1_1

Baufreton, J. (2005). Dopamine receptors set the pattern of activity generated in
subthalamic neurons. FASEB J. 19, 1771-1777. doi: 10.1096/1j.04-3401hyp

Beninger, R. and Olmstead, M. (2000). “The role of dopamine in the
control of locomotor activity and reward-related incentive learning,
in Brain Dynamics and The Striatal Complex, eds R. Miller and J.
Wickens (Amsterdam: Harwood Academic Press), 29-50. doi: 10.4324/978020
3304914

Berardelli, A., Sabra, A. F., and Hallett, M. (1983). Physiological mechanisms of
rigidity in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 46, 45-53.

Bergman, H., Wichmann, T., Karmon, B., and DeLong, M. R. (1994). The primate
subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism.
J. Neurophysiol. 72, 507-520.

Beurrier, C., Bioulac, B., and Hammond, C. (2000). Slowly inactivating sodium
current (I(NaP)) underliessingle-spike activity in rat subthalamic neurons. J.
Neurophysiol. 83,1951-1957. doi: 10.1152/jn.2000.83.4.1951

Beurrier, C., Congar, P., Bioulac, B., and Hammond, C. (1999). Subthalamic
nucleus neurons switch from single-spike activity to burst-firing mode. J.
Neurosci. 19, 599-609. doi: 10.1523/JNEUROSCI.19-02-00599.1999

Bolam, J. P., Hanley, J. ], Booth, P. A. C.,, and Bevan, M. D. (2000).
Synaptic organisation of the basal ganglia. J. Anat. 196, 527-542.
doi: 10.1046/j.1469-7580.2000.19640527 x

Bolan, E. A, Kivell, B., Jaligam, V., Oz, M., Jayanthi, L. D., Han, Y., et al.
(2007). D2 receptors regulate dopamine transporter function via an
extracellular signal-regulated kinases 1 and 2-dependent and phosphoinositide
3 kinase-independent mechanism. Mol Pharmacol. 71, 1222-1232.
doi: 10.1124/mol.106.027763

Brown, P., Kupsch, A., Magill, P. J., Sharott, A., Harnack, D., and Meissner, W.
(2002). Oscillatory local field potentials recorded from the subthalamic nucleus
of the alert rat. Exp. Neurol. 177, 581-585. doi: 10.1006/exnr.2002.7984

Brown, P., Oliviero, A., Mazzone, P., Insola, A., Tonali, P., and Di Lazzaro,
V. (2001). Dopamine dependency of oscillations between subthalamic
nucleus and pallidum in Parkinson’s disease. J. Neurosci. 21, 1033-1038.
doi: 10.1523/JNEUROSCI.21-03-01033.2001

Brunel, N. (2000). Dynamics of sparsely connected networks of excitatory
and inhibitory spiking neurons. J. Comput. 8, 183-208.
doi: 10.1023/A:1008925309027

Caligiore, D., Helmich, R. C., Hallett, M., Moustafa, A. A., Timmermann, L., Toni,
I, et al. (2016). Parkinson’s disease as a system-level disorder. NPJ Parkinsons
Dis. 2:16025. doi: 10.1038/npjparkd.2016.25

Caligiore, D., Mannella, F., Arbib, M. A, and Baldassarre, G. (2017a).
Dysfunctions of the basal ganglia-cerebellar-thalamo-cortical
produce motor tics in Tourette syndrome. PLoS Comput. Biol. 13:1005395.
doi: 10.1371/journal.pcbi.1005395

Caligiore, D., Pezzulo, G., Baldassarre, G., Bostan, A. C,, Strick, P. L., Doya, K, et al.
(2017b). Consensus paper: towards a systems-level view of cerebellar function:
the interplay between cerebellum, basal ganglia, and cortex. Cerebellum 16,
203-229. doi: 10.1007/s12311-016-0763-3

Caligiore, D., Pezzulo, G., Miall, R. C., and Baldassarre, G. (2013). The
contribution of brain sub-cortical loops in the expression and acquisition

Neurosci.

system

of action understanding abilities. Neurosci. Biobehav. Rev. 37, 2504-2515.
doi: 10.1016/j.neubiorev.2013.07.016

Chevalier, G., and Deniau, J. M. (1990). Disinhibition as a basic process in the
expression of striatal functions. Trends Neurosci. 13, 277-280.

Coddington, L. T., and Dudman, J. T. (2018). The timing of action determines
reward prediction signals in identified midbrain dopamine neurons. Nat.
Neurosci. 21, 1563-1573. doi: 10.1038/s41593-018-0245-7

Connolly, B. S., and Lang, A. E. (2014). Pharmacological treatment of Parkinson
disease: a review. JAMA 311, 1670-1683. doi: 10.1001/jama.2014.3654

Cooper, A. J. and Stanford, I. M. (2000). Electrophysiological and morphological
characteristics of three subtypes of rat globus pallidus neurone in vitro. J.
Physiol. 527, 291-304. doi: 10.1111/j.1469-7793.2000.t01-1-00291.x

da Silva, J. A., Tecuapetla, F., Paixdo, V., and Costa, R. M. (2018). Dopamine
neuron activity before action initiation gates and invigorates future movements.
Nature 554, 244-248. doi: 10.1038/nature25457

Dayan, P., and Abbott, L. F. (2001). Theoretical Neuroscience: Computational and
Mathematical Modeling of Neural Systems. Cambridge, MA: The MIT Press.

Deuschl, G., Raethjen, J., Baron, R., Lindemann, M., Wilms, H., and Krack, P.
(2000). The pathophysiology of Parkinsonian tremor: a review. J. Neurol. 247,
V33-V48. doi: 10.1007/PL00007781

Dodson, P. D., Dreyer, J. K., Jennings, K. A, Syed, E. C.]., Wade-Martins, R., Cragg,
S.J., et al. (2016). Representation of spontaneous movement by dopaminergic
neurons is cell-type selective and disrupted in Parkinsonism. Proc. Natl. Acad.
Sci. U.S.A. 113, E2180-E2188. doi: 10.1073/pnas.1515941113

Dommett, E., Coizet, V., Blaha, C. D., Martindale, J., Lefebvre, V., Walton, N.,
etal. (2005). How visual stimuli activate dopaminergic neurons at short latency.
Science 307, 1476-1479. doi: 10.1126/science.1107026

Dovzhenok, A., and Rubchinsky, L. L. (2012). On the origin of Tremor in
Parkinson’s disease. PLoS ONE 7:e41598. doi: 10.1371/journal.pone.0041598

Eidelberg, D., Moeller, J. R., Ishikawa, T., Dhawan, V., Spetsieris, P., Chaly,
T., et al. (1995). Early differential diagnosis of parkinson’s disease with 18F-
fluorodeoxyglucose and positron emission tomography. Neurology 45, 1995-
2004.

Eppler, J. M., Helias, M., Muller, E., Diesmann, M., and Gewaltig, M. (2009).
Pynest: a convenient interface to the nest simulator. Front. Neuroinformatics
2:12. doi: 10.3389/neuro.11.012.2008

Fiore, V. G., Mannella, F., Mirolli, M., Latagliata, E. C., Valzania, A., Cabib,
S., et al. (2015). Corticolimbic catecholamines in stress: a computational
model of the appraisal of controllability. Brain Struct. Funct. 220, 1339-1353.
doi: 10.1007/500429-014-0727-7

Fiore, V. G., Sperati, V., Mannella, F., Mirolli, M., Gurney, K., Friston, K., et al.
(2014). Keep focussing: striatal dopamine multiple functions resolved in a
single mechanism tested in a simulated humanoid robot. Front. Psychol. 5:124.
doi: 10.3389/fpsyg.2014.00124

Fishman, P. S. (2008). Paradoxical aspects of Parkinsonian tremor. Mov. Disord.
23, 168-173. doi: 10.1002/mds.21736

Flores-Hernindez, J., Galarraga, E., and Bargas, J. (1997). Dopamine
selects glutamatergic inputs to neostriatal neurons. Synapse 25, 185-195.
doi: 10.1002/(SICI)1098-2396(199702)25:2h185::AID-SYN9i3.0.CO;2-8

Frank, M. J. (2005). Dynamic dopamine modulation in the basal ganglia:
a  neurocomputational of cognitive deficits in medicated
and nonmedicated Parkinsonism. J. Cogn. Neurosci. 17, 51-72.
doi: 10.1162/0898929052880093

Gewaltig, M.-O., and Diesmann, M. (2007). Nest (neural simulation tool).
Scholarpedia 2:1430. doi: 10.4249/scholarpedia.1430

Glynn, G., and Ahmad, S. O. (2002). Three-dimensional electrophysiological
topography of the rat corticostriatal system. J. Comp. Physiol. A 188, 695-703.
doi: 10.1007/s00359-002-0341-7

Gonon, F. (1997). Prolonged and extrasynaptic excitatory action of dopamine
mediated by D1 receptors in the rat striatum in vivo. J. Neurosci. 17, 5972-5978.

Gurney, K., Prescott, T., and Redgrave, P. (2001). A computational model of action
selection in the basal ganglia. i. a new functional anatomy. Biol. Cybern. 84,
401-410. doi: 10.1007/PL00007984

Gurney, K., Prescott, T. J., Wickens, J. R., and Redgrave, P. (2004). Computational
models of the basal ganglia: from robots to membranes. Trends Neurosci. 27,
453-459. doi: 10.1016/j.tins.2004.06.003

Guthrie, M., Myers, C. E., and Gluck, M. A. (2009). A neurocomputational
model of tonic and phasic dopamine in action selection: a comparison

account

Frontiers in Neuroscience | www.frontiersin.org

13

May 2019 | Volume 13 | Article 550


https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1523/JNEUROSCI.1475-05.2005
https://doi.org/10.1007/978-3-319-04519-1_1
https://doi.org/10.1096/fj.04-3401hyp
https://doi.org/10.4324/9780203304914
https://doi.org/10.1152/jn.2000.83.4.1951
https://doi.org/10.1523/JNEUROSCI.19-02-00599.1999
https://doi.org/10.1046/j.1469-7580.2000.19640527.x
https://doi.org/10.1124/mol.106.027763
https://doi.org/10.1006/exnr.2002.7984
https://doi.org/10.1523/JNEUROSCI.21-03-01033.2001
https://doi.org/10.1023/A:1008925309027
https://doi.org/10.1038/npjparkd.2016.25
https://doi.org/10.1371/journal.pcbi.1005395
https://doi.org/10.1007/s12311-016-0763-3
https://doi.org/10.1016/j.neubiorev.2013.07.016
https://doi.org/10.1038/s41593-018-0245-7
https://doi.org/10.1001/jama.2014.3654
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00291.x
https://doi.org/10.1038/nature25457
https://doi.org/10.1007/PL00007781
https://doi.org/10.1073/pnas.1515941113
https://doi.org/10.1126/science.1107026
https://doi.org/10.1371/journal.pone.0041598
https://doi.org/10.3389/neuro.11.012.2008
https://doi.org/10.1007/s00429-014-0727-7
https://doi.org/10.3389/fpsyg.2014.00124
https://doi.org/10.1002/mds.21736
https://doi.org/10.1002/(SICI)1098-2396(199702)25:2h185::AID-SYN9i3.0.CO;2-8
https://doi.org/10.1162/0898929052880093
https://doi.org/10.4249/scholarpedia.1430
https://doi.org/10.1007/s00359-002-0341-7
https://doi.org/10.1007/PL00007984
https://doi.org/10.1016/j.tins.2004.06.003
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Caligiore et al.

Dysfunctions Underlying Akinesia and Tremor

with cognitive deficits in Parkinson’s disease. Behav. Brain Res. 200, 48-59.
doi: 10.1016/j.bbr.2008.12.036

Hallett, M. (2014). Tremor: pathophysiology. Parkinsonism Relat. Disord. 20 Suppl.

1, S118-S122. doi: 10.1016/S1353-8020(13)70029-4

Heida, T., Wentink, E. C., and Marani, E. (2013). Power spectral density
analysis of physiological, rest and action tremor in Parkinson’s disease
patients treated with deep brain stimulation. J. Neuroeng. Rehabil. 10:70.
doi: 10.1186/1743-0003-10-70

Helmich, R. C. (2018). The cerebral basis of Parkinsonian tremor: a network
perspective. Mov. Disord. 33, 219-231. doi: 10.1002/mds.27224

Helmich, R. C., Hallett, M., Deuschl, G., Toni, 1., and Bloem, B. (2012). Cerebral
causes and consequences of parkinsonian resting tremor: a tale of two circuits?
Brain 135, 3206-3226. doi: 10.1093/brain/aws023

Hikosaka, O., Takikawa, Y., and Kawagoe, R. (2000). Role of the basal ganglia in
the control of purposive saccadic eye movements. Physiol. Rev. 80, 953-978.
doi: 10.1152/physrev.2000.80.3.953

Hisahara, S., and Shimohama, S. (2011). Dopamine receptors and Parkinson’s
disease. Int. J. Med. Chem. 2011:403039. doi: 10.1155/2011/403039

Holt, A. B., and Netoff, T. I. (2014). Origins and suppression of oscillations in a
computational model of Parkinson’s disease. J. Comput. Neurosci. 37, 505-521.
doi: 10.1007/s10827-014-0523-7

Howe, M. W., and Dombeck, D. A. (2016). Rapid signalling in distinct
dopaminergic axons during locomotion and reward. Nature 535, 505-510.
doi: 10.1038/nature18942

Humphries, M., Obeso, J., and Dreyer, J. K. (2018). Insights into Parkinson’s
disease from computational models of the basal ganglia. J. Neurol. Neurosurg.
Psychiatry 89, 1181-1188. doi: 10.1136/jnnp-2017-315922

Humpbhries, M. D., Stewart, R. D., and Gurney, K. N. (2006). A physiologically
plausible model of action selection and oscillatory activity in the basal ganglia.
J. Neurosci. 26, 12921-12942. doi: 10.1523/JNEUROSCI.3486-06.2006

Izhikevich, E. (2003). Simple model of spiking neurons. IEEE Trans. Neural Netw.
14, 1569-1572. doi: 10.1109/TNN.2003.820440

Jiang, Z. G. and North, R. A. (1991). Membrane properties and synaptic
responses of rat striatal neurons in vitro. ]. Physiol. 443, 533-553.
doi: 10.1113/jphysiol.1991.sp018850

Jin, X., and Costa, R. M. (2010). Start/stop signals emerge in nigrostriatal
circuits during sequence learning. Nature 466, 457-462. doi: 10.1038/nature
09263

Johnson, M. D., Miocinovic, S., McIntyre, C. C., and Vitek, J. L. (2008).
Mechanisms and targets of deep brain stimulation in movement disorders.
Neurotherapeutics 5, 294-308. doi: 10.1016/j.nurt.2008.01.010

Kalia, L. V., and Lang, A. E. (2015). Parkinson’s disease. Lancet 386, 896-912.
doi: 10.1016/S0140-6736(14)61393-3

Karunanayaka, P. R., Lee, E. Y., Lewis, M. M., Sen, S., Eslinger, P. ],
Yang, Q. X, et al. (2016). Default mode network differences between
rigidity- and tremor-predominant Parkinson’s disease. Cortex 81, 239-250.
doi: 10.1016/j.cortex.2016.04.021

Kita, H. Chang, H. T., and Kitai, S.
to subthalamus: intracellular
doi: 10.1016/0006-8993(83)90823-5

Kita, H. and Kitai, S. T. (1991). Intracellular study of rat globus pallidus neurons:
membrane properties and responses to neostriatal, subthalamic and nigral
stimulation. Brain Res. 564, 296-305. doi: 10.1016/0006-8993(91)91466-E

Kumar, A., Cardanobile, S., Rotter, S., and Aertsen, A. (2011). The role of inhibition
in generating and controlling Parkinson’s disease oscillations in the basal
ganglia. Front. Syst. Neurosci. 5:86. doi: 10.3389/fnsys.2011.00086

Leblois, A. (2006). Competition between feedback loops underlies normal and
pathological dynamics in the basal ganglia. J. Neurosci. 26, 3567-3583.
doi: 10.1523/JNEUROSCI.5050-05.2006

Maass, W. (1997). Networks of spiking neurons: the third generation of neural
network models. Neural Netw. 10, 1659-1671.

MacKay, W. A. (1997). Synchronized neuronal oscillations and their role in motor
processes. Trends Cogn. Sci. 1,176-183.

Magill, P.J., Bolam, J. P., and Bevan, M. D. (2001). Dopamine regulates the impact
of the cerebral cortex on the subthalamic nucleus-globus pallidus network.
Neuroscience 106, 313-330. doi: 10.1016/S0306-4522(01)00281-0

Magrinelli, F., Picelli, A., Tocco, P., Federico, A., Roncari, L., Smania, N., et al.
(2016). Pathophysiology of motor dysfunction in Parkinson’s disease as the

T.
Brain

(1983).
Res.

Pallidal
264,

inputs

analysis. 255-265.

rationale for drug treatment and rehabilitation. Parkinsons Dis. 2016:9832839.
doi: 10.1155/2016/9832839

Mannella, F., and Baldassarre, G. (2015). Selection of cortical dynamics
for motor behaviour by the basal ganglia. Biol. Cybern. 109, 575-595.
doi: 10.1007/s00422-015-0662-6

Mazzoni, P., Hristova, A., and Krakauer, ]. W. (2007). Why don’t we move faster?
Parkinson’s disease, movement vigor, and implicit motivation. J. Neurosci. 27,
105-116. doi: 10.1523/JNEUROSCI.0264-07.2007

Middleton, F. A., and Strick, P. L. (2000). Basal ganglia and cerebellar loops:
Motor and cognitive circuits. Brain Res. Brain Res. Rev. 31, 236-250.
doi: 10.1016/S0165-0173(99)00040-5

Mink, J. W., and Thach, W. T. (1993). Basal ganglia intrinsic circuits and their role
in behavior. Curr. Opin. Neurobiol. 3, 950-957.

Montgomery, E. B, and Gale, J. T. (2008). Mechanisms of action of
deep brain stimulation (DBS). Neurosci. Biobehav. Rev. 32, 388-340.
doi: 10.1016/j.neubiorev.2007.06.003

Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Gupta, A., Keri, S., Polner, B., et al.
(2016). Motor symptoms in Parkinson’s disease: a unified framework. Neurosci.
Biobehav. Rev. 68, 727-740. doi: 10.1016/j.neubiorev.2016.07.010

Mu, J., Chaudhuri, K. R., Bielza, C., de Pedro-Cuesta, J., Larraiaga, P., and
Martinez-Martin, P. (2017). Parkinson’s disease subtypes identified from cluster
analysis of motor and non-motor symptoms. Front. Aging Neurosci. 9:301.
doi: 10.3389/fnagi.2017.00301

Mure, H., Hirano, S., Tang, C. C., Isaias, I. U, Antonini, A., Ma, Y,
et al. (2011). Parkinson’s disease tremor-related metabolic network:
characterization, progression, and treatment effects. Neuroimage 54,
1244-1253. doi: 10.1016/j.neuroimage.2010.09.028

Nakanishi, H., Kita, H., and Kitai, S. T. (1987). Intracellular study of rat substantia
nigra pars reticulate neurons in an in vitro slice preparation: electrical
membrane properties and response characteristics to subthalamic stimulation.
Brain Res. 437, 45-55. doi: 10.1016/0006-8993(87)91525-3

Nakanishi, H., Tamura, A., Kawai, K., and Yamamoto, K. (1997).
Electrophysiological studies of rat substantia nigra neurons in an in vitro
slice preparation after middle cerebral artery occlusion. Neuroscience 77,
1021-1028. doi: 10.1016/S0306-4522(96)00555-6

Nambu, A., Tokuno, H., and Takada, M. (2002). Functional significance of the
cortico-subthalamo-pallidal ‘hyperdirect’ pathway. Neurosci. Res. 43, 111-117.
doi: 10.1016/S0168-0102(02)00027-5

Narabayashi, H. (1993). Three types of akinesia in the progressive course of
Parkinson’s disease. Adv. Neurol. 60, 18-24.

Niv, Y., Daw, N. D,, Joel, D., and Dayan, P. (2007). Tonic dopamine: opportunity
costs and the control of response vigor. Psychopharmacology 191, 507-520.
doi: 10.1007/s00213-006-0502-4

O’Connor, W. T. (1998). Functional neuroanatomy of the basal ganglia as studied
by dual-probe microdialysis. Nucl. Med. Biol. 25, 743-746.

Onofrj, M., and Thomas, A. (2005). Acute akinesia in Parkinson disease. Neurology
64, 1162-1169. doi: 10.1212/01.WNL.0000157058.17871.7B

Pavlides, A., Hogan, S. J., and Bogacz, R. (2015). Computational models describing
possible mechanisms for generation of excessive beta oscillations in Parkinson’s
disease. PLoS Comput. Biol. 11:e1004609. doi: 10.1371/journal.pcbi.1004609

Pavlides, A., John Hogan, S, and Bogacz, R. (2012). Improved
conditions for the generation of beta oscillations in the subthalamic
nucleus-globus pallidus network. Eur. J. Neurosci. 36, 2229-2239.

doi: 10.1111/j.1460-9568.2012.08105.x

Paz, J. T. (2005). Rhythmic bursting in the cortico-subthalamo-pallidal network
during spontaneous genetically determined spike and wave discharges. J.
Neurosci. 25,2092-2101. doi: 10.1523/JNEUROSCI.4689-04.2005

Politis, M., and Niccolini, F. (2015). Serotonin in Parkinson’s disease. Behav. Brain
Res. 277, 136-145. doi: 10.1016/j.bbr.2014.07.037

Redgrave, P., Prescott, T. J., and Gurney, K. (1999). The basal ganglia: a vertebrate
solution to the selection problem? Neuroscience 89, 1009-1023.

Reed, M. C., Nijhout, H. F., and Best, J. (2013). Computational studies of
the role of serotonin in the basal ganglia. Front. Integr. Neurosci. 7:41.
doi: 10.3389/fnint.2013.00041

Rodriguez-Oroz, M., Rodriguez, M., and Guridi, J. (2001). The subthalamic
nucleus in  Parkinson’s disease: somatotopic  organization and
physiological characteristics. Brain 124, 1777-1790. doi: 10.1093/brain/124.
9.1777

Frontiers in Neuroscience | www.frontiersin.org

14

May 2019 | Volume 13 | Article 550


https://doi.org/10.1016/j.bbr.2008.12.036
https://doi.org/10.1016/S1353-8020(13)70029-4
https://doi.org/10.1186/1743-0003-10-70
https://doi.org/10.1002/mds.27224
https://doi.org/10.1093/brain/aws023
https://doi.org/10.1152/physrev.2000.80.3.953
https://doi.org/10.1155/2011/403039
https://doi.org/10.1007/s10827-014-0523-7
https://doi.org/10.1038/nature18942
https://doi.org/10.1136/jnnp-2017-315922
https://doi.org/10.1523/JNEUROSCI.3486-06.2006
https://doi.org/10.1109/TNN.2003.820440
https://doi.org/10.1113/jphysiol.1991.sp018850
https://doi.org/10.1038/nature09263
https://doi.org/10.1016/j.nurt.2008.01.010
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/j.cortex.2016.04.021
https://doi.org/10.1016/0006-8993(83)90823-5
https://doi.org/10.1016/0006-8993(91)91466-E
https://doi.org/10.3389/fnsys.2011.00086
https://doi.org/10.1523/JNEUROSCI.5050-05.2006
https://doi.org/10.1016/S0306-4522(01)00281-0
https://doi.org/10.1155/2016/9832839
https://doi.org/10.1007/s00422-015-0662-6
https://doi.org/10.1523/JNEUROSCI.0264-07.2007
https://doi.org/10.1016/S0165-0173(99)00040-5
https://doi.org/10.1016/j.neubiorev.2007.06.003
https://doi.org/10.1016/j.neubiorev.2016.07.010
https://doi.org/10.3389/fnagi.2017.00301
https://doi.org/10.1016/j.neuroimage.2010.09.028
https://doi.org/10.1016/0006-8993(87)91525-3
https://doi.org/10.1016/S0306-4522(96)00555-6
https://doi.org/10.1016/S0168-0102(02)00027-5
https://doi.org/10.1007/s00213-006-0502-4
https://doi.org/10.1212/01.WNL.0000157058.17871.7B
https://doi.org/10.1371/journal.pcbi.1004609
https://doi.org/10.1111/j.1460-9568.2012.08105.x
https://doi.org/10.1523/JNEUROSCI.4689-04.2005
https://doi.org/10.1016/j.bbr.2014.07.037
https://doi.org/10.3389/fnint.2013.00041
https://doi.org/10.1093/brain/124.9.1777
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Caligiore et al.

Dysfunctions Underlying Akinesia and Tremor

Romanelli, P., Esposito, V., Schaal, D. W., and Heit, G. (2005). Somatotopy
in the basal ganglia: experimental and clinical evidence for segregated
sensorimotor  channels. Brain Res. Brain Res. Rev. 48, 112-128.
doi: 10.1016/j.brainresrev.2004.09.008

Sano, H., Yasoshima, Y., Matsushita, N., Kaneko, T., Kohno, K., Pastan, L, et al.
(2003). Conditional ablation of striatal neuronal types containing dopamine
D2 receptor disturbs coordination of basal ganglia function. J. Neurosci. 23,
9078-9088. doi: 10.1523/JNEUROSCI.23-27-09078.2003

Schultz, W. (1998). Predictive reward signal of dopamine neurons. J. Neurophysiol.
80, 1-27.

Smith, Y., Bevan, M. D., Shink, E., and Bolam, J. P. (1998). Microcircuitry of the
direct and indirect pathways of the basal ganglia. Neuroscience 86, 353-387.
Smith, Y., Raju, D. V., Pare, J. F., and Sidibe, M. (2004). The thalamostriatal system:
a highly specific network of the basal ganglia circuitry. Trends Neurosci. 27,

520-527. doi: 10.1016/j.tins.2004.07.004

Stacy, M. (2009). Medical treatment of Parkinson disease. Neurol. Clin. 27, 605-
631. doi: 10.1016/j.ncl.2009.04.009

Surmeier, D. J., Yan, Z., and Song, W. J. (1997). Coordinated expression of
dopamine receptors in neostriatal medium spiny neurons. Adv. Pharmacol. 16,
6579-6591.

Temel, Y., Blokland, A., Steinbusch, H. W., and Visser-Vandewalle, V. (2005). The
functional role of the subthalamic nucleus in cognitive and limbic circuits. Prog.
Neurobiol. 76, 393-413. doi: 10.1016/j.pneurobio.2005.09.005

Terman, D., Rubin, J. E., Yew, A. C., and Wilson, C. J. (2002). Activity patterns in a
model for the subthalamopallidal network of the basal ganglia. J. Neurosci. 22,
2963-2976. doi: 10.1523/JNEUROSCI.22-07-02963.2002

Thenganatt, M. A., and Jankovic, J. (2014). Parkinson disease subtypes. JAMA
Neurol. 71, 499-504. doi: 10.1001/jamaneurol.2013.6233

Thomas, A., Iacono, D., Luciano, A. L., Armellino, K., and Onofrj, M. (2003).
Acute akinesia or akinetic crisis in Parkinson’s disease. Neurol. Sci. 24, 219-220.
doi: 10.1007/s10072-003-0139-6

Tsodyks, M., Uzel, A, and Markram, H. (2000). Synchrony
generation in recurrent networks with frequency-dependent synapses.

J. Neurosci. 20, 825-835. doi:  10.1523/J]NEUROSCI.20-01-j0003.
2000

West, A. R, and Grace, A. A. (2002). Opposite influences of
endogenous dopamine D1 and D2 receptor activation on activity

states and electrophysiological properties of striatal neurons: studies
combining in vivo intracellular recordings and reverse microdialysis.
J. Neurosci. 22, 294-304. doi: 10.1523/J]NEUROSCI.22-01-00294.
2002

Wu, T., and Hallett, M. (2013). The cerebellum in Parkinson’s disease. Brain 136,
696-709. doi: 10.1093/brain/aws360

Zaidel, A., Arkadir, D., Israel, Z., and Bergman, H. (2009). Akineto-rigid
vs. tremor syndromes in Parkinsonism. Curr. Opin. Neurol. 22, 387-393.
doi: 10.1097/WCO.0b013e32832d9d67

Zhang, J., Wei, L., Hu, X,, Xie, B.,, Zhang, Y., Wu, G. R, et al. (2015). A
kinetic-rigid and tremor-dominant Parkinson’s disease patients show different
patterns of intrinsic brain activity. Parkinsonism Relat. Disord. 21, 23-30.
doi: 10.1016/j.parkreldis.2014.10.017

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Caligiore, Mannella and Baldassarre. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neuroscience | www.frontiersin.org

15

May 2019 | Volume 13 | Article 550


https://doi.org/10.1016/j.brainresrev.2004.09.008
https://doi.org/10.1523/JNEUROSCI.23-27-09078.2003
https://doi.org/10.1016/j.tins.2004.07.004
https://doi.org/10.1016/j.ncl.2009.04.009
https://doi.org/10.1016/j.pneurobio.2005.09.005
https://doi.org/10.1523/JNEUROSCI.22-07-02963.2002
https://doi.org/10.1001/jamaneurol.2013.6233
https://doi.org/10.1007/s10072-003-0139-6
https://doi.org/10.1523/JNEUROSCI.20-01-j0003.2000
https://doi.org/10.1523/JNEUROSCI.22-01-00294.2002
https://doi.org/10.1093/brain/aws360
https://doi.org/10.1097/WCO.0b013e32832d9d67
https://doi.org/10.1016/j.parkreldis.2014.10.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Different Dopaminergic Dysfunctions Underlying Parkinsonian Akinesia and Tremor
	1. Introduction
	2. Methods
	2.1. Model of Single Neurons
	2.2. Model Architecture and Functioning
	2.3. Cortical Input
	2.4. Dopamine Modulation

	3. Results
	3.1. Action Selection in Simulated Healthy Individuals
	3.2. Simulated Patients With Dopaminergic Dysfunctions
	3.2.1. Simulated Phasic Dopamine Dysfunctions Cause Akinesia During Movement Sequencing
	3.2.2. Simulated Tonic Dopamine Dysfunctions Cause Tremor and Akinesia From Resting Position


	4. Discussion
	4.1. Related Works

	5. Conclusions
	Author Contributions
	Funding
	References


