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Parkinson's disease (PD) is a neurodegenerative disease associated with progressive
and inexorable loss of dopaminergic cells in Substantia Nigra pars compacta (SNc).
Although many mechanisms have been suggested, a decisive root cause of this cell
loss is unknown. A couple of the proposed mechanisms, however, show potential for
the development of a novel line of PD therapeutics. One of these mechanisms is the
peculiar metabolic vulnerability of SNc cells compared to other dopaminergic clusters;
the other is the SubThalamic Nucleus (STN)-induced excitotoxicity in SNc. To investigate
the latter hypothesis computationally, we developed a spiking neuron network-model of
SNc-STN-GPe system. In the model, prolonged stimulation ofSNc cells by an overactive
STN leads to an increase in `stress' variable; when the stress in a SNc neuron exceeds a
stress threshold, the neuron dies. The model shows that the interaction between SNc and
STN involves a positive-feedback due to which, an initial loss of SNc cells that crosses
a threshold causes a runaway-effect, leading to an inexorable loss of SNc cells, strongly
resembling the process of neurodegeneration. The model further suggests a link between
the two aforementioned mechanisms of SNc cell loss. Our simulation results show that
the excitotoxic cause of SNc cell loss might initiate by weak-excitotoxicity mediated
by energy de�cit, followed by strong-excitotoxicity, mediated by a disinhibited STN. A
variety of conventional therapies were simulated to test their ef�cacy in slowing down SNc
cell loss. Among them, glutamate inhibition, dopamine restoration, subthalamotomy and
deep brain stimulation showed superior neuroprotective-effects in the proposed model.

Keywords: Parkinson's disease, excitotoxicity, deep brai n stimulation, Izhikevich neuron model, Substantia Nigra
pars compacta, SubThalamic Nucleus, Globus Pallidus externa , metabolic disorders

1. INTRODUCTION

There is a long tradition of investigation into the etiologyand pathogenesis of Parkinson's Disease
(PD) that seeks to link molecular (pesticides, oxidative stress, protein dysfunction etc.) (Hwang,
2013; Ortiz et al., 2016; Chiti and Dobson, 2017; Anselmi et al., 2018; Stykel et al., 2018) and
subcellular (mitochondrial dysfunction etc.) (Henchcli�e and Beal, 2008; Reeve et al., 2018; Tsai
et al., 2018) factors with the disease development. However, recent years see the emergence of two
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novel lines of investigation into PD pathogenesis. These
approaches, that aim to understand the PD pathology
at the cellular and network level, mark a signi�cant
deviation from the traditional approaches (Rodriguez
et al., 1998; Pissadaki and Bolam, 2013; Pacelli et al., 2015;
Chakravarthy and Moustafa, 2018).

The �rst approach believes the primary factor that causes the
degeneration of dopaminergic neurons of Substantia Nigra pars
compacta (SNc) is its high metabolic requirements. SNc neurons
are one of the most vulnerable and energy consuming neuronal
clusters, due to their structural and functional properties.Here,
we have listed down some of the plausible factors which make
SNc cells to be most susceptible.

� Complex axonal arbors: Large axonal arborisation
which requires large amounts of energy to drive
currents along these axons (Bolam and Pissadaki, 2012;
Pissadaki and Bolam, 2013).

� Reactive neurotransmitter: When a reactive neurotransmitter
like dopamine is present in excess, it would readily oxidizes
with proteins, nucleic acids and lipids (Sulzer, 2007) eventually
leading to neurodegeneration. One of the mechanisms for
sequestration of excess cytosolic dopamine is packing of
dopamine into synaptic vesicles through vesicular monoamine
transporter-2 (VMAT-2) using H+ concentration gradient
which is maintained by H+-ATPase. In addition to that, in
the case of substantia nigra, the expression of VMAT2 is lower
than in the ventral tegmental area (Liang et al., 2004; Mosharov
et al., 2009) which likely causes dopamine-mediated oxidative
stress in SNc cells.

� Auto-rhythmicity: Uses L-type calcium channels for
maintaining the pace-making type of �ring which in
turn requires higher amounts of energy to maintain calcium
homeostasis (Surmeier et al., 2017) and lower expression of
calcium-binding proteins (lower capacity of calcium bu�ering
mechanism) adds additional burden on the cell's metabolic
activity (German et al., 1992).

� NMDA synaptic activation: Due to pacemaker type of �ring,
magnesium blockage of NMDA receptors is ine�ective,
resulting in substantial NMDA receptor currents even with
weak glutamatergic inputs resulting in additional burden
to maintain calcium homeostasis; the resulting energy
de�ciency leads to excitotoxicity (Rodriguez et al., 1998;
Surmeier et al., 2010).

� Prone to neuroin�ammation: Astrocytes play a modulatory
role in microglial activation (McGeer and McGeer, 2008; Glass
et al., 2010; Rocha et al., 2012) and any miscommunication
between them results in neuroin�ammation which eventually
leads to neurodegeneration (Waak et al., 2009; Booth et al.,
2017). The risk of in�ammation in SNc neurons is high
due to the small proportion of astrocytes regulating the
huge population of microglia in this region (Lawson et al.,
1990; Whitton, 2007; Mena and García de Yébenes, 2008). It
has been reported that neuromelanin can induce microglial
activation (Zecca et al., 2008; Zhang et al., 2011). SNc neurons
are more susceptible to neuro-melanin induced in�ammation
compared to VTA neurons due to their high neuro-melanin

biosynthesis as a result of underexpression of VMAT2 (Peter
et al., 1995; Liang et al., 2004).

� Weak microvasculature: SNc neurons are more prone to
environmental toxins due to weak surrounding cerebral
microvasculature (Rite et al., 2007).

Since the metabolic demands of SNc neurons are particularly
high when compared to any other neuronal types (Sulzer,
2007) including neurons of other dopaminergic systems (Bolam
and Pissadaki, 2012; Pacelli et al., 2015; Giguère et al.,
2018), any sustained insu�ciency in the supply of energy
can result in cellular degeneration, characteristic of PD
(Mergenthaler et al., 2013).

According to the second approach, the overactivity of
SubThlamic Nucleus (STN) in PD causes excessive release of
glutamate to the SNc, which in turns causes degeneration
of SNc neurons by glutamate excitotoxicity (Rodriguez et al.,
1998). The above two approaches are interrelated and not
entirely independent as one form of excitotoxicity - the `weak
excitotoxicity' - is thought to have its roots in impaired cellular
metabolism (Albin and Greenamyre, 1992). Therefore, the
insight behind these new lines of investigation is the mismatch
in energy supply and demand which could be a primary factor
underlying neurodegeneration in PD. Such a mismatch is more
likely to take place in special nuclei like SNc due to their peculiar
metabolic vulnerability (Bolam and Pissadaki, 2012; Pissadaki
and Bolam, 2013; Sulzer and Surmeier, 2013; Pacelli et al., 2015;
Surmeier et al., 2017; Giguère et al., 2018). Similar ideas have
been pro�ered to account for other forms of neurodegenerative
diseases such as Huntington's disease, Alzheimer's disease,and
amyotrophic lateral sclerosis (Beal et al., 1993; Johri and Beal,
2012; Gao et al., 2017).

If metabolic factors are indeed the underlying reason behind
PD pathogenesis, it is a hypothesis that deserves closer attention
and merits a substantial investment of time and e�ort for an
in-depth study. This is because any positive proof regarding
the role of metabolic factors puts an entirely new spin on
PD research. Several researchers proposed that systems-level
energy imbalance probably a principal cause of PD (Wellstead
and Cloutier, 2011; Bolam and Pissadaki, 2012; Pacelli et al.,
2015). Unlike current therapeutic approaches that manage the
symptoms rather than provide a cure, the new approach can in
principle point to a more lasting solution. If ine�cient energy
delivery or energy transformation mechanisms are the reason
behind degenerative cell death, relieving the metabolic load on
the vulnerable neuronal clusters, by intervening through current
clinically approved therapeutics (such as brain stimulation and
pharmacology) could prove to be e�ective treatments (Adhihetty
and Beal, 2008; Spieles-Engemann et al., 2010; Seidl and
Potashkin, 2011; Musacchio et al., 2017).

In this paper, with the help of computational models, we
investigate the hypothesis that the cellular energy de�ciency
in SNc could be the primary cause of SNc cell loss in
PD. The higher metabolic demand of SNc cells due to their
unique molecular characteristics, complex morphologies, and other
energy-demanding features perhaps make them more vulnerable
to energy de�cit.Therefore, prolonged energy deprivation or
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insu�ciency in such cells creates metabolic stress, eventually
leading to neurodegeneration. If we can aim to reduce the
metabolic stress on SNc cells, we can delay the progression ofcell
loss in PD.

In the proposed modeling study, we focus on excitotoxicity in
SNc caused by STN which is precipitated by energy de�ciency
(Greene and Greenamyre, 1996) and exploring simulated
therapeutic strategies for slowing down SNc cell loss. With the
help of computational models of neurovascular coupling, our
group had earlier explored the e�ect of rhythms of energy
delivery from the cerebrovascular system on neural function
(Gandrakota et al., 2010; Chander and Chakravarthy, 2012;
Chhabria and Chakravarthy, 2016; Philips et al., 2016). Recently,
we proposed a preliminary computational spiking network
model of STN-mediated excitotoxicity in SNc with a slightly
abstract treatment of apoptosis (Muddapu and Chakravarthy,
2017). Building on the previous version of the model, we
have improved the excitotoxicity model by incorporating more
biologically plausible dopamine plasticity and also explored the
therapeutic strategies to slow down or halt the SNc cell loss.

2. MATERIALS AND METHODS

All the nuclei were modeled as Izhikevich 2D neurons (Figure 1).
All the simulations were performed by numerical integration
using MATLAB (RRID:SCR_001622) with a time step (dt) of
0.1 s. The average time for 50-s simulation was around 10 h, and
it reduced to 5 h when ran on GPU card (Nvidia Quadro K620).

2.1. Izhikevich Neuron Model
Computational neuroscientists are often required to select
the level at which a given model of interest must cast, i.e.,
biophysical-level, conductance-based modeling level, spiking
neuron-level or rate-coded level. Biophysical models capturea
more biologically detailed dynamics but are computationally
expensive whereas rate-coded, point-neuron models are
computationally inexpensive but possess less biologically
detailed dynamics. To overcome this predicament,Izhikevich

FIGURE 1 | Proposed model architecture. The model architecture of
the proposed model of STN-mediated excitotoxicity in SNc. STN,
SubThalamic Nucleus; SNc, Substantia Nigra pars compacta;GPe, Globus
Pallidus externa.

(2003)developed spiking neuron models that are comparatively
computationally inexpensive yet capture various neuronal
dynamics. The proposed model of excitotoxicity consists of
SNc, STN, and Globus Pallidus externa (GPe) modeled using
Izhikevich neuron models arranged in a 2D lattice (Figure 1).
The population sizes of these nuclei in the model were selected
based on the neuronal numbers of these nuclei in rat basal
ganglia (Oorschot, 1996). The Izhikevich parameters for STN
and GPe were adapted fromMichmizos and Nikita (2011)
and Mandali et al. (2015)and the parameters for SNc were
adapted fromCullen and Wong-Lin (2015). The �ring rates
of these neuronal types were tuned to match the published
data (Modolo et al., 2007; Tripathy et al., 2014) by varying the
external bias current (Ix

ij ). All parameters values are given in the
Table 1. The Izhikevich model consists of two variables, one
for membrane potential (vx) and the other one for membrane
recovery variable (ux).

dvx
ij

dt
D 0.04(vx

ij )
2 C 5vx

ij C 140� ux
ij C Ix

ij C Isyn
ij (1)

dux
ij

dt
D a(bvx

ij � ux
ij ) (2)

if vx
ij � vpeak

(
vx

ij  c
ux

ij  ux
ij C d

)

(3)

where, vx
ij , ux

ij , Isyn
ij , and Ix

ij are the membrane potential, the
membrane recovery variable, the total amount synaptic current
received and the external current applied to neuronx at location
(i, j), respectively,vpeakis the maximum membrane voltage set to
neuron (+30 mV) withx being GPe or SNc or STN neuron.

2.2. Synaptic Connections
The presence of excitatory synaptic connectivity from STN to
SNc was observed from anatomical and electrophysiology studies
(Kita and Kitai, 1987; Smith and Grace, 1992; Hamani et al.,
2004, 2017) and these connections might take part in controlling
the bursting activity of SNc (Smith and Grace 1992). The sizes
(number of neurons) of SNc (8� 8), STN (32� 32) and GPe (32
� 32) nuclei in the model were selected such that they match the
proportions as observed in the rat basal ganglia (Oorschot, 1996).
We also modeled convergent projections from STN to SNc as per
anatomical observations (Oorschot, 1996). Similarly, the synaptic
connectivity between GPe and STN was considered one-to-one as
in Dovzhenok and Rubchinsky (2012)andMandali et al. (2015).
The equations used to model synaptic connectivity are

� Recep�
dhx! y

ij

dt
D � hx! y

ij C Sx
ij (t) (4)

Ix! y
ij (t) D Wx! y � hx! y

ij (t) � (ERecep� Vy
ij (t)) (5)

The NMDA currents are regulated by voltage-dependent
magnesium channel (Jahr and Stevens, 1990) which was
modeled as,

Bij (vij ) D
1

1 C ( Mg2C

3.57 � e� 0.062� Vy
ij (t))

(6)
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TABLE 1 | Parameter values used in the proposed model.

Parameter(s) STN SNc GPe

Izhikevich parameters (a, b, c, d) a = 0.005,
b = 0.265,
c = � 65,
d = 1.5

a = 0.0025,
b = 0.2,
c = � 55,
d = 2

a = 0.1,
b = 0.2,
c = � 65,
d = 2

External current (Ix) ISTN= 3 ISNc= 9 IGPe= 4.25

Number of laterals (nlatx) nlatSTN = 11 nlatSNc = 5 nlatGPe = 15

Radius of Gaussian laterals (Rx) RSTN = 1.4 RSNc = 1.6 RGPe = 1.6

Synaptic strength within laterals (Ax) ASTN = 1.3 ASNc = 0.1 AGPe = 0.1

Time decay constant for AMPA (� AMPA) 6 ms 6 ms 6 ms

Time decay constant for NMDA (� NMDA) 160 ms 160 ms 160 ms

Time decay constant for GABA (� GABA) 4 ms 4 ms 4 ms

Synaptic potential of AMPA receptor (EAMPA) 0 mV 0 mV 0 mV

Synaptic potential of NMDA receptor (ENMDA) 0 mV 0 mV 0 mV

Synaptic potential of GABA receptor (EGABA) � 60 mV � 60 mV � 60 mV

Effect on the post-synaptic current (cd2) 0.1 0.1 0.1

Concentration of Magnesium (Mg2C ) 1 nM 1 nM 1 nM

ms, milliseconds; mV, millivolts; nM, nanomolar.

where,Sx
ij is the spiking activity of neuronx at time t, � Recep

is the decay constant for synaptic receptor,hx! y
ij is the gating

variable for the synaptic current fromx to y, Wx! y is the
synaptic weight from neuronx to y, Mg2C is the magnesium
ion concentration,Vy

ij is the membrane potential of the neuron
y for the neuron at the location (i, j) and ERecepis the receptor
associated synaptic potential (Recep = NMDA/AMPA/GABA).
The time constants of NMDA, AMPA, and GABA in GPe,
SNc, and STN were chosen fromGötz et al. (1997)are given
in theTable 1.

2.3. Lateral Connections
Lateral connections are similar to collaterals of a neuron,and
here it is de�ned as connections within each neuronal population.
Earlier studies show the presence of lateral connections in
STN (Kita et al., 1983) and GPe (Kita and Kita, 1994). In the
case of SNc, the GABAergic interneurons were observed and
their control of SNc activity revealed by immunohistochemistry
studies (Hebb and Robertson, 1999; Tepper and Lee, 2007).
To simplify the model, the GABAergic interneurons were
replaced by GABAergic lateral connections in SNc population.
Experimental studies show that synaptic current from lateral
connections follows Gaussian distribution (Lukasiewicz and
Werblin, 1990) that is, nearby neurons will have more in�uence
than distant neurons. The lateral connections in various modules
in the current network (STN, GPe, and SNc) were modeled
as Gaussian neighborhoods (Mandali et al., 2015) and the
parameters used are given in theTable 1. Each neuron receives
synaptic input from a set number of neighboring neurons located
in a 2D grid of size nxn.

wm! m
ij ,pq D Am � e

� d2
ij ,pq

R2
m (7)

d2
ij ,pq D (i � p)2 C (j � q)2 (8)

where,wm! m
ij ,pq is the lateral connection weight of neuron type m

at location (i, j), d2
ij ,pq is the distance from center neuron (p,q), Rm

is the variance of Gaussian,Am is the strength of lateral synapse,
m = GPe or SNc or STN.

2.4. Effect of DA on Synaptic Plasticity
Several experimental studies demonstrate dopamine-dependent
synaptic plasticity in STN (Hassani et al., 1997; Magill et al., 2001;
Yang et al., 2016) and GPe (Magill et al., 2001; Mamad et al.,
2015). Experimental observations show an increase in synchrony
in STN (Bergman et al., 1994, 1998) and GPe populations
(Bergman et al., 1998) at low DA levels. The e�ect of low
DA was implemented in the model by increasing in lateral
connections strength in STN population as inHansel et al. (1995)
and similarly decrease in lateral connections strength in GPe
as in Wang and Rinzel (1993). Similarly, SNc populations also
showed an increase in synchrony at low DA levels (Hebb and
Robertson, 1999; Vandecasteele et al., 2005; Tepper and Lee,
2007; Ford, 2014) which was modeled similarly to the model of
DA-modulated GPe.

We modeled DA e�ect on the network as follows: as
DA level increases, the strength of the lateral connectionsin
STN decreases whereas, in GPe and SNc, lateral connection
weights become stronger. As the lateral connection weights
directly controls the amount of synaptic current each neuron
receives. All the neurons in STN population will tend to
�re together as the lateral connection weights increases (due
to excitatory synapses). However, in the case of SNc and
GPe it is contrary, that is, all the neurons will not tend
to �re together as the lateral connection weights increases
(due to inhibitory synapses). Lateral strength was modulated
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by DA as follows,

ASTN D smax
STN � e(� cdstn� DAs(t)) (9)

AGPeD smax
GPe � e(cdgpe� DAs(t)) (10)

ASNcD smax
SNc � e(cdsnc� DAs(t)) (11)

where,smax
STN, smax

GPe, andsmax
SNc are strength of the lateral connections

at the basal spontaneous activity of the population without any
external in�uence in STN, GPe, and SNc, respectively.cdstn, cdgpe,
andcdsncwere the factors by which dopamine a�ects the lateral
connections in STN, GPe, and SNc populations, respectively,
DAs(t) is the instantaneous dopamine level which is the spatial
average activity of all the neurons in SNc.

According to experimental studies, DA causes post-synaptic
e�ects on a�erent currents in GPe and STN (Shen and Johnson,
2000; Smith and Kieval, 2000; Magill et al., 2001; Cragg et al.,
2004; Fan et al., 2012). DA causes post-synaptic e�ects on
a�erent currents in SNc through somatodendritic DA receptors
(Jang et al., 2011; Courtney et al., 2012; Ford, 2014). Thus,
we included a factor (cd2), which regulates the e�ect of DA
on synaptic currents of GPe, SNc, and STN. As observed in
Kreiss et al. (1997), as DA level increases, the regulated current
decreases as follows:

Wx! y D (1 � cd2 � DAs(t)) � wx! y (12)

where,Wx! y is the synaptic weight (STN! GPe, GPe! STN,
STN! STN, GPe! GPe, STN! SNc, SNc! SNc), (cd2) is
the parameter that a�ects the post-synaptic current,DAs(t) is the
instantaneous dopamine level which is the spatial average activity
of all the neurons in SNc.

2.5. Total Synaptic Current Received by
Each Neuron
STN:

The total synaptic current received by a STN neuron at lattice
position (i, j) is the summation of lateral glutamatergic input
from other STN neurons considering both NMDA and AMPA
currents and the GABAergic input from the GPe neurons.

ISTNsyn
ij D INMDAlat

ij C IAMPAlat
ij C IGABA! STN

ij (13)

where,INMDAlat
ij andIAMPAlat

ij are the lateral glutamatergic current
from other STN neurons considering both NMDA and AMPA
receptors, respectively,IGABA! STN

ij is the GABAergic current
from GPe neuron.
GPe:

The total synaptic current received by a GPe neuron at lattice
position (i, j) is the summation of the lateral GABAergic current
from other GPe neurons and the glutamatergic input from the
STN neurons considering both NMDA and AMPA currents.

IGPesyn
ij D IGABAlat

ij C INMDA! GPe
ij C IAMPA! GPe

ij (14)

where, IGABAlat
ij is the lateral GABAergic current from other

GPe neurons,INMDA! GPe
ij andIAMPA! GPe

ij are the glutamatergic
current from STN neuron considering both NMDA and AMPA
receptors, respectively.
SNc:

The total synaptic current received by a SNc neuron at
lattice position (i, j) is the summation of the lateral GABAergic
current from other SNc neurons and the glutamatergic
input from the STN neurons considering both NMDA and
AMPA currents.

ISNcsyn
ij D IGABAlat

ij C INMDA! SNc
ij C IAMPA! SNc

ij (15)

where, IGABAlat
ij is the lateral GABAergic current from other

SNc neurons,INMDA! SNc
ij and IAMPA! SNc

ij are the glutamatergic
current from STN neuron considering both NMDA and AMPA
receptors, respectively.

2.6. Neurodegeneration
According to Rodriguez et al. (1998), dopamine de�ciency
in SNc leads to disinhibition and overactivity of the STN,
which in turn causes excitotoxic damage to its target structures,
including SNc itself. In order to simulate the SNc excitotoxicity
induced by STN, we incorporate a mechanism of programmed
cell death, whereby an SNc cell under high stress kills itself.
The stress on a given SNc cell was calculated based on
the �ring history of the cell - higher �ring activity causes
higher stress.

The stress of each SNc neuron at lattice position (i, j) at timet
due to excess �ring is calculated as,

� stress�
dQx

ij

dt
D � Qx

ij C rx
ij (t) (16)

where,rx
ij (t) is instantaneous mean �ring rate of a SNc neuron

at lattice position (i, j) at time t, calculated with a �xed sliding
window1 t (1 s) (Dayan and Abbott, 2005) as,

rx
ij (t) D

1
1 t

Z t

t� 1 t
d�� (� ) (17)

and,

� (� ) D
nX

iD1

� (t � ti) (18)

Sequence of spike timing:ti D 1, 2, 3...n

If stress variable (Qx
ij ) of a SNc neuron at lattice position (i, j)

crosses certain threshold (Sthres) then that particular SNc neuron
will be eliminated (Iglesias and Villa, 2008).

if Qx
ij (t) > Sthres, then vxij (t) D 0 (19)

2.6.1. Estimating Rate of Degeneration
For a given course of SNc cell loss, the half-life is the
time taken for half of the SNc cells to be lost (t1=2). The
following equation was used to estimate the number of
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SNc cells (Nsc(t)) for a given course that survived after a
given timet.

Nsc(t) D N0
sc� e� � t (20)

where,� is the rate of degeneration (sec� 1), N0
sc is the number of

surviving SNc cells att D 0.
To estimate the rate of degeneration� from a given course of

SNc cell loss, the following equation was used,

� D
ln 2
t1=2

(21)

The instantaneous rate of degeneration� (t) was calculated by the
following equation,

� (t) D
ln(Nsc(t)) � ln(Nsc(t � 1))

t � (t � 1)
(22)

2.7. Neuroprotective Strategies
Pharmacological or surgical therapies that abolish the
pathological oscillations in STN or block the receptors on SNc
can be neuroprotective and might slow down the progression of
SNc cell loss (Rodriguez et al., 1998).

2.7.1. Glutamate Inhibition Therapy
Glutamate drug therapy can have neuroprotective e�ect on SNc
in two ways (1) Inactivation of NMDA (N-methyl-D-aspartate),
AMPA (2-amino-3-(5-methyl-3-oxo-1,2-oxazole-4-yl)
propanoic acid) or excitatory metabotropic glutamate (Group-I
- mGluR1/5) receptors (mGluR) by glutamate antagonists,
and (2) Activation of metabotropic glutamate (Group-II/III
- mGluR2,3/4,6,7,8) receptors by glutamate agonists. NMDA
antagonist MK-801 showed reduction of SNc cell loss in the
neurotoxic rats (Turski et al., 1991; Zuddas et al., 1992b; Brouillet
and Beal, 1993; Blandini, 2001; Armentero et al., 2006) and
primates (Zuddas et al., 1992a,b). AMPA antagonists such as
NBQX (Merino et al., 1999), LY-503430 (Murray et al., 2003) and
LY-404187 (O'Neill et al., 2004) exhibited neuroprotection of
SNc cells in the neurotoxic animal models. mGluR-5 antagonist
MPEP and MTEP showed neuroprotection in 6-OHDA lesioned
rats (Armentero et al., 2006; Hsieh et al., 2012; Ferrigno et al.,
2015; Fuzzati-Armentero et al., 2015) and MPTP-treated
primates (Masilamoni et al., 2011), respectively. Broad-spectrum
group II (Murray et al., 2002; Battaglia et al., 2003; Vernon et al.,
2005) and group III (Vernon et al., 2005; Austin et al., 2010)
agonists showed neuroprotection in neurotoxic rats. Selective
mGluR2/3 agonist 2R,4R APDC (Chan et al., 2010) and mGluR4
agonist VU0155041 (Betts et al., 2012) signi�cantly attenuated
SNc cell loss in 6-OHDA lesioned rats.

The glutamate drug therapy was implemented in the proposed
excitotoxicity model by the following criterion,

WSTN! SNc(Nsc, t) D
�

W0
STN! SNc, Nsc(t) > Ni

W0
STN! SNc� � GI, Nsc(t) � Ni

(23)

where,WSTN! SNc(Nsc, t) is the instantaneous change in synaptic
weight of STN to SNc based on the number of surviving SNc
neurons at timet Nsc(t) is the instantaneous number of surviving
SNc neurons,W0

STN! SNc is the basal connection strength of
STN to SNc,� GI is the proportion of glutamate inhibition,Ni
is the number representing SNc cell losshi D 25%j 50%j 75%i
at which therapeutic intervention was employed. In the present
study, we have considered 25% (cells lost = 16), 50% (cells lost=
32) and 75% (cells lost = 48) SNc cell loss as early, intermediate
and late stages of disease progression, respectively.

2.7.2. Dopamine Restoration Therapy
The neuroprotective e�ects of DA agonists therapy are thought
to be due to one or more of the following mechanisms:
(1) L-DOPA sparing, (2) Autoreceptor e�ects, (3) Antioxidant
e�ects, (4) Antiapoptotic e�ects, and (5) Amelioration of STN-
mediated excitotoxicity (Olanow et al., 1998; Grandas, 2000;
Schapira, 2003; Zhang and Tan, 2016). In the present study, we
focus on the amelioration of STN-mediated excitotoxicity.DA
agonists can restore the dopaminergic tone in the dopamine-
denervated brain, which results in increased inhibition inSTN,
thereby diminishing STN-induced excitotoxicity on SNc neurons
(Olanow et al., 1998; Schapira and Olanow, 2003; Piccini and
Pavese, 2006; Vaarmann et al., 2013).

The dopamine agonist therapy was implemented in the
proposed excitotoxicity model by the following criterion,

DA(Nsc, t) D
�

DAs(t), Nsc(t) > Ni
DAs(t) C � DAA, Nsc(t) � Ni

(24)

where,DA(Nsc, t) is the instantaneous change in dopamine level
based on the number of surviving SNc neurons at timet Nsc(t)
is the instantaneous number of surviving SNc neurons,DAs(t)
is the instantaneous dopamine signal from the SNc neurons,
� DAA is the proportion of dopamine content restoration,Ni
is the number representing SNc cell loss at which therapeutic
intervention was employed.

2.7.3. Subthalamotomy
Subthalamotomy is still quite a common treatment amongst
patients in advanced stages of PD where patients stop responding
to L-DOPA (wearing-o�) or chronic L-DOPA therapy results
in motor complications such as L-DOPA Induced Dyskinesias
(LID) (Alvarez et al., 2009; Obeso et al., 2017). It was reported
that STN lesioning exhibits neuroprotective e�ect which actsas
an antiglutamatergic e�ect in neurotoxic animal models (Piallat
et al., 1996; Chen et al., 2000; Carvalho and Nikkhah, 2001; Paul
et al., 2004; Wallace et al., 2007; Jourdain et al., 2014).

STN ablation was implemented in the proposed excitotoxicity
model by the following criterion,

if Nsc(t) � Ni , then vSTN
ij (Ples, t) D 0 (25)

where,Ples is the lesion percentage of STN which is selected
from the following range: [5, 10, 20, 40, 60, 80, 100],Nsc(t) is
the instantaneous number of surviving SNc neurons,Ni is
the number representing SNc cell loss at which therapeutic
intervention was employed.
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2.7.4. Deep Brain Stimulation (DBS) in STN
DBS therapy is preferred over ablation therapy of STN due to the
potentially irreversible damage to the stimulated brain region in
ablation therapy. It has been reported that long-term stimulation
(DBS) of STN results in the slowdown of the progression of SNc
cell loss in animal models (Benazzouz et al., 2000; Maesawa et al.,
2004; Temel et al., 2006; Wallace et al., 2007; Spieles-Engemann
et al., 2010; Musacchio et al., 2017).

The DBS electrical stimulation was given in the form of
current or voltage pulses to the target neuronal tissue (Cogan,
2008). The e�ect of DBS therapy was modeled as external
stimulation current given to the entire or part of the STN
module in the form of Gaussian distribution (Rubin and Terman,
2004; Hauptmann and Tass, 2007; Foutz and McIntyre, 2010;
Mandali and Chakravarthy, 2016). The DBS parameters such

as amplitude (ADBS), frequency (fDBSD
1

TDBS
) and pulse width

(� DBS) were adjusted by using clinical settings as a constraint
(Moro et al., 2002; Garcia et al., 2005), in order to reduce the
synchrony in STN population along with the minimal rise in the
�ring rate. In addition to exploring DBS parameters, a range of
stimulus waveforms (such as rectangular monophasic (MP) and
biphasic (BP) current pulses) and di�erent types of stimulation
con�gurations (such as single contact point (SCP), four contact
points (FCP) and multiple contact points (MCP)) were also
implemented (Figure 2) (Cogan, 2008; Lee et al., 2016).

In the present study, the current pulses which given to
neuronal network are in the form of monophasic and biphasic
waveforms. The monophasic current pulse (PMP) was generated
as the following,

PMP(t) D
�

ADBS, tk � t < tk C � DBS
0, else

(26)

where,tk are the onset times of the current pulses,ADBS is the
amplitude of the current pulse,� DBSis the current pulse width.

The biphasic current pulse (PBP) was generated as
the following,

PMP(t) D

8
<

:

ADBS, tk � t < tk C � DBS
2

� ADBS, tk C � DBS
2 � t < tk C � DBS

0, else
(27)

where,tk are the onset times of the current pulses,ADBS is the
amplitude of the current pulse,� DBSis the current pulse width.

The in�uence of stimulation on a particular neuron will
depend on the position of the stimulation electrode in the
neuronal network (Cogan, 2008). The e�ect of stimulation
will decay as the distance between electrode position (ic, jc)
and neuronal position (i, j) increased which was modeled as a
Gaussian neighborhood (Mandali and Chakravarthy, 2016). We
have assumed that the center of the electrode to be the mean
of the Gaussian which coincides with the lattice position (ic, jc)
and the spread of stimulus current was controlled by the width

of the Gaussian (� ).

IDBS� STN
ij (t) D

Nx
cpX

� D1

M� (t) � Py(t) � e

�
�

(i� ic)2C(j� jc)2
�

� 2
DBS� STN (28)

where,IDBS� STN
ij (t) is the DBS current received by STN neuron at

position (i, j) considering lattice position (ic, jc) as the electrode
contact point at timet, M� (t) is the indicator function which
controls the activation of stimulation site� , Nx

cp is the number
of activated stimulation contact points for di�erent stimulation
con�gurationsx D [SCP,FCP,MCP] (NSCP

cp = 1,NFCP
cp = 4,NMCP

cp =
Number of neurons in simulated network - 1024 ),Py(t) is the
current pulse at timet for y D [MP,BP], � DBS� STN is used to
control the spread of stimulus current in STN network.

DBS was implemented in the proposed excitotoxicity model
by the following criterion,

IDBS� STN
ij (Nsc, t) D

�
0, Nsc(t) > Ni

IDBS� STN
ij (t), Nsc(t) � Ni

(29)

where,IDBS� STN
ij (t) is the instantaneous change in the stimulation

current to STN neuron at position (i, j) based on the number
of surviving SNc neurons at timet, Nsc(t) is the instantaneous
number of surviving SNc neurons,Ni is the number representing
SNc cell loss at which therapeutic intervention was employed.

2.7.5. Antidromic Activation
The mechanism of how DBS alleviates advanced PD symptoms
is not precise. One of the theories behind the therapeutic e�ect
of DBS is activation of a�erent connections of STN which
results in antidromic activation of cortical, GPi or GPe neurons
(Lee et al., 2004; McIntyre et al., 2004; Hammond et al., 2008;
Montgomery and Gale, 2008; Kang and Lowery, 2014; Chiken
and Nambu, 2015). In our study, we implemented the antidromic
activation of GPe during DBS therapy. Antidromic activation
was implemented similarly toMandali and Chakravarthy (2016),
where a percentage of DBS current given to STN neurons were
given directly to GPe neurons. Similar to DBS applied to STN,
external stimulation current was given to GPe neuron in the
form of Gaussian distribution. The speci�cations of antidromic
activation were described by the following equation,

IDBS� GPe
ij (t) D

Nx
cpX

� D1

M� (t) � Py(t) � e

�
�

(i� ic)2C(j� jc)2
�

� 2
DBS� GPe (30)

where,IDBS� GPe
ij (t) is the DBS current received by GPe neuron at

position (i, j) considering lattice position (ic, jc) as the electrode
contact point,M� (t) is the indicator function which controls
the activation of stimulation site� , Nx

cp is the number of
activated stimulation contact points for di�erent stimulation
con�gurationsx D [SCP,FCP,MCP] (NSCP

cp = 1,NFCP
cp = 4,NMCP

cp =
Number of neurons in simulated network - 1024),Py(t) is the
current pulse at timet for y D [MP,BP], ADBS� GPeis the portion
of DBS current pulse amplitude given as antidromic activation to
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FIGURE 2 | Different DBS protocol used in the study.(1) DBS stimulation waveforms.(2) DBS stimulation con�gurations. DBS, Deep Brain Stimulation; ADBS,
Amplitude of DBS current pulse;� DBS, Pulse width of DBS current pulse;TDBS(1=fDBS), frequency of DBS current pulse; SCP, Single Contact Point; FCP, Four
Contact Point; MCP, Multiple Contact Point.

GPe neurons,� DBS� GPeis used to control the spread of stimulus
current in GPe ensemble.

The DBS therapy with antidromic activation was implemented
in the proposed excitotoxicity model by the following criterion,

IDBS� STN
ij (Nsc, t) D

�
0, Nsc(t) > Ni

IDBS� STN� AA
ij (t), Nsc(t) � Ni

(31)

IDBS� GPe
ij (Nsc, t) D

�
0, Nsc(t) > Ni

IDBS� GPe
ij (t), Nsc(t) � Ni

(32)

where, IDBS� STN� AA
ij (t) is the DBS current received

by STN neuron at position (i, j) considering lattice
position (ic, jc) as the electrode contact point with
antidromic activation (ADBS� GPeD PerAA � ADBS� STN;
A

0

DBS� STN D (1 � PerAA) � ADBS� STN), PerAA is the proportion

of ADBS� STN applied asADBS� GPe, A
0

DBS� STN is the portion of
DBS current pulse amplitude given to STN neurons during
antidromic activation,Nsc(t) is the instantaneous number of
surviving SNc neurons,Ni is the number representing SNc cell
loss at which therapeutic intervention was employed.

2.7.6. STN Axonal & Synaptic Failures
In-vitro recordings observed depression in the synapse of STN
neurons with SNc and is believed to be due to the delivery of
continuous high-frequency stimulation pulses (Ledonne et al.,
2012). This synaptic depression caused by increased STN activity
during DBS arises due to an amalgamation of axonal and synaptic
failures in the STN (Shen and Johnson, 2008; Ammari et al., 2011;

Moran et al., 2011, 2012; Zheng et al., 2011; Carron et al., 2013;
Rosenbaum et al., 2014).

The e�ect of synaptic depression due to DBS of the STN was
implemented by the following criterion,

WSTN! SNc(SDBS, t) D
�

WSTN! SNc, SDBSD OFF
WSTN! SNc� WASF(PerASF), SDBSD ON

(33)

where, WSTN! SNc(SDBS, t) is the instantaneous change in
synaptic weight of STN to SNc basedSDBS D {ON, OFF},SDBS
is DBS stimulation,WASF is the weight matrix based on the
percentage of axonal and synaptic failures (PerASF).

WSTN! GPe(SDBS, t) D
�

WSTN! GPe, SDBSD OFF
WSTN! GPe� WASF(PerASF), SDBSD ON

(34)
where, WSTN! GPe(SDBS, t) is the instantaneous change in
synaptic weight of STN to GPe basedSDBS D {ON, OFF},SDBS
is DBS stimulation,WASF is the weight matrix based on the
percentage of axonal and synaptic failures (PerASF).

2.8. Network Analysis
We analyzed the dynamics of the network (STN-GPe-SNc) by
�ring frequency (Dayan and Abbott, 2005), network synchrony
(Pinsky and Rinzel, 1995) and bursting measures (van Elburg and
van Ooyen, 2004). The equations used to compute these measures
are described below.
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2.8.1. Frequency of Firing
The spike-count �ring rate is the measure of the number of action
potentials for a given duration of time (Dayan and Abbott, 2005).
The instantaneous mean �ring rate (rx

ij (t)) of a neuron at lattice
position (i, j) at timet was calculated with a �xed sliding window
1 t (0.1 s) which is similarly to Equations (17), (18). The mean
�ring rate of the population of neurons is simply the average of
instantaneous mean �ring rate across the number of neurons and
the simulation time.

2.8.2. Synchronization
Neuronal synchronization is the measure of synchronicity (high
synchrony - almost all neurons �ring at once, low synchrony
- least number of neurons �ring at once) in the population of
neurons within a network (Golomb, 2007). We had quanti�ed
the synchrony in the population of neurons at timet by following
equation (Pinsky and Rinzel, 1995),

Rx(t) D
1

N � ei� � (t)

NX

jD1

ei� � j (t) (35)

� j(t) D 2 � � �
(Tj,k � tj,k)

tj,kC1 � tj,k
(36)

where, Rx(t) is the instantaenous synchronization measure
(0 � Rx(t) � 1), x being GPe or SNc or STN neuron,N is the
number of neurons in the network,� (t) is the instantaneous
average phase of neurons,� j(t) is the instantaneous phase of jth
neuron, tj,k and tj,kC1 are the spike times ofkth and (k C 1)th
spike ofjth neuron, respectively,Tj,k 2 [tj,k, tj,kC1].

2.8.3. Bursting
If a neuron �res repeatedly with discrete groups of spikes, this
dynamic state is termed as burst. Between two bursts, there is a
period of quiescence where there will be no spikes. Burst can have
two (doublet), three (triplet), four (quadruplet) or many spikes in
it (Izhikevich, 2006). We had quanti�ed the bursting of a neuron
at lattice position (i, j) across time by following equation (van
Elburg and van Ooyen, 2004),

Bi,j D
2 � Var(ti,j,kC1 � ti,j,k) � Var(ti,j,kC2 � ti,j,k)

2 � E2(ti,j,kC1 � ti,j,k)
(37)

where, Bi,j is the measure of bursting of a neuron at lattice
position (i, j), Var is the variance of the spike times,E is the
expected value (mean) of the spike times,ti,j,k, ti,j,kC1 andti,j,kC2
are the spike times ofkth, (k C 1)th and (k C 2)th spike of a
neuron at lattice position (i, j), respectively.

3. RESULTS

We have investigated the Izhikevich parameters of STN, SNc
and GPe which were chosen from the literature (Michmizos
and Nikita, 2011; Cullen and Wong-Lin, 2015; Mandali et al.,
2015) for their characteristic �ring pattern and other biological
properties (Figure 3-1). We then extensively studied the e�ect

of lateral connections in the network of neurons (Figure 3-2).
Next, we have explored the e�ect of dopamine on the network
of GPe, SNc, and STN neurons and compared with published
data (Figure 4).

Then, we showed the results of the proposed excitotoxicity
model which exhibits STN-mediated excitotoxicity in SNc
(Figures 5, 6) and studied their sensitivity to parameter
uncertainty (Figure 7). Finally, we have explored current
therapeutics such as glutamate inhibition (Figure 8), dopamine
restoration (Figure 9), subthalamotomy (Figure 10) and
deep brain stimulation (Figures 11, 12) which might
have a neuroprotective e�ect on the progression of SNc
cell loss.

3.1. Characteristic Firing of Different
Neuronal Types
The �ring response of a single neuron to di�erent external
current input was characterized for the three di�erent neuronal
types involved in the excitotoxicity model (Figure 3-1). In the
proposed model, we adjustedIx

ij and other parameters of the
Izhikevich model such that the basal �ring frequencies of the
di�erent neuronal types match with experimental data (Modolo
et al., 2007; Tripathy et al., 2014). The adjusted values can be seen
in theTable 1.

The SNc neurons experimentally exhibit two distinct �ring
patterns: low-frequency irregular tonic or background �ring (3–
8 Hz) and high-frequency regular phasic or burst �ring (� 20
Hz) (Grace and Bunney, 1984a,b). The Izhikevich parameters
which were chosen for SNc neurons con�gured the model to
exhibit both types of �ring patterns. Other properties such as
doublet-spikes which were occasionally observed experimentally
(Grace and Bunney, 1983) were also exhibited (Figure 3-1A). In
the present model, SNc neuron basal �ring rate were required
to be � 4 Hz which is in the range of 3–8 Hz observed
experimentally (Grace and Bunney, 1984a). Similar to SNc, STN
neurons also exhibit tonic pacemaking �ring and phasic high-
frequency bursting (Beurrier et al., 1999; Allers et al., 2003).
The basal �ring rate of STN neurons was required to be� 13
Hz which is in the range of 6–30 Hz observed experimentally
(Allers et al., 2003; Lindahl et al., 2013). The STN neurons also
exhibit characteristic inhibitory rebound which was observed
experimentally (Figure 3-1B) (Hamani et al., 2004; Johnson,
2008). Unlike SNc and STN, GPe neurons exhibit high-frequency
tonic �ring which was interpreted by bursts and pauses (Kita
and Kita, 2011; Hegeman et al., 2016). The Izhikevich parameters
which were chosen for GPe neurons were able to exhibit
high-frequency �ring without any bursts (Figure 3-1C). The
basal �ring rate of GPe neurons was required to be� 30 Hz
which is in the range of 17–52 Hz observed experimentally
(Lindahl et al., 2013).

3.2. Behavior Regimes With Varying
Collateral Strength and Radius
We now study the network dynamics of each of the three
neuronal types in a 2D array with lateral connections. The
e�ect of network structural properties such as the strength and
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FIGURE 3 | Characteristic behavior in the single-neuron and the population of neurons of different neuronal types.(1) Characteristics �ring patterns of SNc(A), STN
(B), and GPe(C) for varying external currents (orange line - current in picoAmpere (pA)).(2) The response of STN(A), GPe (B), and SNc (C) populations for varying
lateral connection strength (Ax) and radius (Rx) at the level of network properties [Frequency(i), Synchrony(ii), Burst Index(iii)]. Iext, External current applied; STN,
SubThalamic Nucleus; SNc, Substantia Nigra pars compacta;GPe, Globus Pallidus externa.
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FIGURE 4 | Dopamine effect on the basal activity of different neuronaltypes. (1) The response of STN(A), GPe (B), and SNc (C) populations for varying dopamine
levels at the level of network properties [Frequency(i), Synchrony(ii), and Burst Index(iii)]. (2) The response of STN-GPe network without(A) & with (B) dopamine -
Raster plots of STN(i) & GPe(ii) populations overlaid with spike-count �ring rate (orange line), Synchrony plots of STN(iii), GPe (iv), and combined STN-GPe(v).
STN, SubThalamic Nucleus; SNc, Substantia Nigra pars compacta; GPe, Globus Pallidus externa.
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FIGURE 5 | Simulation plots of whole and step-wise mechanism (I) of the proposed excitotoxicity model.(1) Whole 50 sec simulation plots of the proposed
excitotoxicity model.(2) Part-I of (1) Simulation plots of STN-SNc loop dynamics - Mean �ring rate (1s) of STN(A) & SNc (C), Synchrony (syn) of STN(B) & SNc (D),
Progression of SNc cell loss(E). STN, SubThalamic Nucleus; SNc, Substantia Nigra pars ompacta; GPe, Globus Pallidus externa.

neighborhood size of the lateral connections on the network
functional properties such as average �ring rate, network
synchrony, and burst index was studied (Figure 3-2). The
suitable values of lateral connection strength and radius for each
neuronal type were chosen in correlation with experimental data
(Humphries et al., 2006; Tepper and Lee, 2007). The selected
values can be seen in theTable 1. As speci�ed above,Ix

ij , Ax and
Rx was adjusted such that the basal population activity correlated
well with the experimental data (Humphries et al., 2006;
Tepper and Lee, 2007).

The network dynamics of STN plays a vital role in the
proposed model of excitotoxicity, in this scenario we have
studied the role of lateral connections in regulating STN network
properties. The basal STN population activity without lateral
connections showed regular spiking without any bursting type

of behavior. Contrarily, the basal STN population activity with
lateral connections showed the bursting type of activity (not
shown here).

3.3. Dopamine Effect on the Basal Activity
of Different Neuronal Populations
From the simulated results, it is clear that as DA level increases
the mean �ring rate decreases in STN, increases in GPe and
decreases in SNc (Figure 4-1). The network synchrony decreases
in all neuronal populations as DA levels increases. However, in
the case of STN, the decrease is not monotonic (Figure 4-1Aii)
where high synchrony was observed at moderate levels of DA,
with synchrony falling on either side. This high synchronicity
at moderate levels of DA is a result of the change in �ring
pattern from asynchronous bursting to synchronous spiking
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FIGURE 6 | Simulation plots of step-wise mechanisms (II, III) of the proposed excitotoxicity model. (1) Part-II of (Figure 5-1 ) Stress-induced neurodegeneration in
SNc. (2) Part-III of (Figure 5-1 ) STN-mediated runaway effect of neurodegeneration in SNc -Mean �ring rate (1 s) of STN(A) & SNc (C), Synchrony (syn) of STN(B) &
SNc (D), Progression of SNc cell loss(E). STN, SubThalamic Nucleus; SNc, Substantia Nigra pars compacta; GPe, Globus Pallidus externa.

which can be correlated with burst index (Figure 4-1Aiii) in STN
population. In the dopamine-depleted condition, STN shows
the bursting type of �ring pattern which was exhibited by
our model consistent with published studies (Vila et al., 2000;
Ammari et al., 2011; Park et al., 2015). The following trend of
STN activity was observed when DA level increases from 0 to
1: synchronous bursting, asynchronous bursting, synchronous
spiking and asynchronous spiking. At very low DA levels (0–0.1),
the STN exhibits regular bursting (Figure 4-1Aiii) with high
synchrony (Figure 4-1Aii). At low DA levels (0.1–0.3), the STN
exhibits an irregular mixed mode of bursting and singlet-spiking
with low synchrony (Figure 4-1Aii). At moderate DA levels (0.3–
0.7), the STN exhibits regular singlet-spiking (Figure 4-1Aiii)
with high synchrony (Figure 4-1Aii). Moreover, at high DA
levels (0.3–1), the STN exhibits irregular singlet-spiking with low
synchrony (Figure 4-1Aii).

STN-GPe dynamics is known to play an important role in
PD pathological oscillations that are thought to be strongly
related to the cardinal symptoms of PD (Bergman et al.,
1994; Brown, 2003; Litvak et al., 2011; Park et al., 2011).
Numerous computational models were developed to explain
the pathological oscillations in STN-GPe (Terman et al., 2002;
Pavlides et al., 2015; Shouno et al., 2017). The connectivity
pattern between STN and GPe was explored by using a
conductance-based model (Terman et al., 2002) which exhibited
di�erent rhythmic behaviors. In our model, the connectivity
pattern between STN and GPe was considered to be dopamine-
dependent (Cragg et al., 2004; Mandali et al., 2015) and
spontaneous activity of the STN-GPe network was studied
with no external input current. Under normal DA conditions,
low synchrony and minimal oscillations were exhibited by the
STN-GPe network (Figure 4-2B) (Kang and Lowery, 2013).
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FIGURE 7 | Sensitivity of the proposed model toward parameter uncertainty. Time taken for 50% SNc cell loss for varying stress threshold (Qthres) (1) and connection
strength from STN! SNc (WSTN! SNc) (2). Rate of degeneration (� ) for varying stress threshold (Qthres) (3) and connection strength from STN! SNc (WSTN! SNc)
(4). STN, SubThalamic Nucleus; SNc, Substantia Nigra pars compacta.

It was reported that dopamine-depleted condition results in
pathological oscillations in STN characterized by high synchrony
and beta range oscillations (Brown et al., 2001; Weinberger
et al., 2006; Park et al., 2010, 2011; Lintas et al., 2012;
Kang and Lowery, 2013; Pavlides et al., 2015). In our model
during dopamine-depleted conditions, high synchrony and the
higher rate of oscillations were exhibited in the STN-GPe
network, and beta range oscillations were also observed in STN
population (Figure 4-2A).

3.4. STN-Induced Excitotoxicity in SNc
The proposed excitotoxicity model was able to exhibit STN-
mediated excitotoxicity in SNc which was precipitated by
energy de�ciency (Albin and Greenamyre, 1992; Beal et al.,
1993; Greene and Greenamyre, 1996; Rodriguez et al., 1998;
Blandini, 2001, 2010; Ambrosi et al., 2014) (Figures 5,
6). For a more detailed explanation of the excitotoxicity
results obtained, we have sub-divided 50 s simulation
into three parts - (I) STN-SNc loop dynamics (normal
condition), (II) Stress-induced neurodegeneration in SNc
(pre-symptomatic PD condition), and (III) STN-mediated
runaway e�ect of neurodegeneration in SNc (symptomatic
PD condition).

3.4.1. (I) STN-SNc Loop Dynamics
In the �rst part of the simulation, connectivity between STN and
SNc were introduced att D 0, and the model exhibited decreased
synchrony in STN and SNc over time (Figure 5-2B). The results
showed the pivotal role of dopamine in modulating STN activity
(Cragg et al., 2004; Lintas et al., 2012; Yang et al., 2016). The
excitatory drive from STN to SNc results in decreased synchrony
in SNc due to increased inhibitory drive from lateral connections
(Figure 5-2D). During this whole process, the stress threshold
(QthresD 11.3) was �xed, and there was no SNc cell loss due to
stress (Figure 5-2E).

3.4.2. (II) Stress-Induced Neurodegeneration in SNc
In the second part of the simulation, stress threshold was
slightly reduced fromQthresD 11.3 toQthresD 10.8 att D 10s
to replicate PD-like condition in the model where stress-
induced neurodegeneration gets initiated. The model exhibited
stress-induced neurodegeneration in SNc where SNc cells
start dying when stress variable (Qx

ij ) exceeds the stress
threshold (Qthres) which acts like an apoptotic threshold
(Figure 6-1E). It was observed that there was no increased
synchrony in the STN population as a result of SNc cell
loss (Figure 6-1B). However, there was increased synchrony
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FIGURE 8 | Simulation plots for Glutamate Inhibition (GI) therapy. Progression of SNc cell loss for 90, 50, and 10% GI at early (25%)(1), intermediate (50%)(3) and
late (75%)(5) stages of SNc cell loss. Instantaneous rate of degeneration (� ) for 90, 50, and 10% GI at early (25%)(2), intermediate (50%)(4) and late (75%)(6) stages
of SNc cell loss. SNc, Substantia Nigra pars compacta.

in the SNc population (Figure 6-1D) which might be due to
reduced inhibitory drive from lateral connections as a result of
SNc cell loss.

3.4.3. (III) STN-Mediated Runaway Effect of
Neurodegeneration in SNc
In the third part of the simulation, no parameters were
changed, but aftert D 40s, there was a rise in STN synchrony
as a result of stress-induced SNc cell loss (Figure 6-2).
A substantial amount of SNc cell loss (more than 50%)
resulted in increased synchrony (Figure 6-2B) and �ring
rates (Figure 6-2A) of the STN population. As the STN
synchrony increased, runaway e�ect kicks in where increased
STN excitatory drive to SNc cells result in hastening
the stress-induced neurodegeneration of remaining SNc
cells (Figure 6-2E).

3.5. Sensitivity of Excitotoxicity Model
Toward Parameter Uncertainty
To check the sensitivity of excitotoxicity model for di�erent
parametric values, we have considered two factors which
can maximally in�uence the output results. Firstly, stress
threshold (Qthres) which is analogous to the apoptotic

threshold and is assumed to be dependent on the amount
of available energy to the cell (Albin and Greenamyre,
1992; Greene and Greenamyre, 1996). Secondly, the
synaptic weight between STN and SNc (WSTN! SNc) which
is analogous to synaptic modi�cation and is assumed to
be modulated by the excitatory drive from STN to SNc
(Hasselmo, 1994, 1997).

3.5.1. Stress Threshold (Qthres )
Simulation results showed that the time taken for 50% SNc cell
loss (t1=2) increases as the stress threshold increases (Figure 7-1).
The rate of degeneration or degeneration constant (� ) is the
ratio of the number of SNc cells that degenerate in a given
period of time compared with the total number of SNc cells
present at the beginning of that period. The rate of degeneration
(� ) decreases as the stress threshold increases (Figure 7-3).
These results show the importance of stress threshold in
regulating excitotoxic damage to SNc and also support the idea
of “weak excitotoxicity hypothesis” where SNc cells showed
increased susceptibility to glutamate due to impaired cellular
energy metabolism (Albin and Greenamyre, 1992; Greene and
Greenamyre, 1996).
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FIGURE 9 | Simulation plots for Dopamine Restoration (DR) therapy. Progression of SNc cell loss for 100, 50, and 10% DR at early (25%) (1), intermediate (50%)(3)
and late (75%)(5) stages of SNc cell loss. Instantaneous rate of degeneration (� ) for 100, 50, and 10% DR at early (25%)(2), intermediate (50%)(4) and late (75%)(6)
stages of SNc cell loss. SNc, Substantia Nigra pars compacta.

3.5.2. STN-SNc Synaptic Weight (WSTN! SNc)
Simulation results showed that time taken for 50% SNc cell
loss (t1=2) decreases as the STN-SNc synaptic weight increases
(Figure 7-2). The rate of degeneration (� ) increases as the STN-
SNc synaptic weight increases (Figure 7-4). These results show
the extent of STN in�uence in the causation of excitotoxicity
in SNc. They also support the notion that STN-mediated
excitotoxicity might play a major role in SNc cell loss in
PD condition (Rodriguez et al., 1998; Blandini, 2001, 2010;
Ambrosi et al., 2014).

3.6. Strategies for Neuroprotection of SNc
We now extend the proposed excitotoxic model to study the e�ect
of various therapeutic interventions on the progression of SNc
cell loss. The following three types of interventions which were
simulated: (1) drugs, (2) surgical interventions, and (3) Deep
Brain Stimulation (DBS).

3.6.1. Glutamate Inhibition Therapy
The e�ect of glutamate agonists and antagonists on the
progression of SNc cell loss was implemented in the manner
speci�ed in the methods section. The onset of glutamate therapy
at di�erent stages of SNc cell loss showed that cell loss was

delayed or halted (Figure 8). For the glutamate therapy which
is initiated at 25, 50, and 75% SNc cell loss, the progression
of SNc cell loss was halted when the percentage of glutamate
inhibition administrated was above 50%. As the glutamate dosage
increases the progression of SNc cell loss delays and after a
particular dosage of glutamate inhibitors the SNc cell loss halts.
There was no change in the course of SNc cell loss for low levels
of glutamate inhibition (Figures 8-1, 8-3, 8-5). The peak of the
instantaneous rate of degeneration decreases as the therapeutic
intervention is delayed in the case of 10% glutamate inhibition
(Figures 8-2, 8-4, 8-6).

3.6.2. Dopamine Restoration Therapy
The e�ect of dopamine agonists on the progression of SNc
cell loss was also implemented in the manner speci�ed in the
methods section. The onset of dopamine agonist therapy at
di�erent stages of SNc cell loss showed that the progression
of cell loss was only delayed (Figure 9). For the dopamine
agonists therapy which is initiated at 25, 50, and 75% SNc
cell loss, the progression of SNc cell loss was delayed when
the percentage of dopamine restoration was a mere 10%. The
neuroprotective e�ect of dopamine agonist therapy is dependent
on the level of restoration of dopamine tone on the STN.
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FIGURE 10 | Simulation plots for SuthalamoTomy (ST) therapy. Progression of SNc cell loss for 80, 40, 10, and 5% ST at early (25%)(1), intermediate (50%)(3) and
late (75%)(5) stages of SNc cell loss. Instantaneous rate of degeneration (� ) for 80, 40, 10, and 5% GI at early (25%)(2), intermediate (50%)(4) and late (75%)(6)
stages of SNc cell loss. SNc, Substantia Nigra pars compacta.

In other words, as the dopamine content in STN increases,
the progression of SNc cell loss delays. Unlike glutamate
inhibition, the progression of SNc cell loss was not halted
even at 100% dopamine restored in all the case of intervention
(Figures 9-1, 9-3, 9-5). The dopamine restoration therapy did
not have much e�ect on the instantaneous rate of degeneration
(Figures 9-2, 9-4, 9-6).

3.6.3. Subthalamotomy
The e�ect of subthalamotomy on the progression of SNc cell
loss was implemented in a way described in the methods
section. The onset of STN ablation therapy at di�erent stages
of SNc cell loss showed that progression of cell loss was
delayed or halted (Figure 10). The neuroprotective e�ect of
subthalamotomy is dependent on the proportion of lesioning
of STN population. In other words, as the proportion of STN
lesioning increases the progression of SNc cell loss delays and
halts only when almost all of the STN population is lesioned
(Figures 10-1, 10-3, 10-5). The progression of SNc cell loss is
halted only at 100% STN lesioning in all cases of intervention
(not shown here). However, as the proportion of STN lesioning
decreases, the rate of degeneration increases. Similarly to
dopamine restoration therapy, subthalamotomy also did not

have much e�ect on the instantaneous rate of degeneration
(Figures 10-2, 10-4, 10-6).

3.6.4. Deep Brain Stimulation of STN
The e�ect of deep brain stimulation on the progression of SNc
cell loss was implemented in the way described in the methods
section. Along with the stimulation of STN, the inhibitory drive
to STN through the a�erent connections as result of antidromic
activation of the GPe population and the synaptic depression in
STN as result of increased axonal and synaptic failures in STN
were incorporated in the model.

As speci�ed earlier, di�erent stimulation con�gurations and
stimulus waveforms were implemented while exploring the
optimal DBS parameters for therapeutic bene�ts. The STN
population response for di�erent types of DBS protocol was
simulated. To study the neuroprotective e�ect, stimulation
parameters which reduce the STN overactivity (Meissner et al.,
2005) during dopamine depletion condition were chosen
(Table 2). The biphasic stimulus pulse shows more therapeutic
bene�ts than monophasic stimulus pulse; biphasic current
alleviates the STN pathological activity without increasing the
�ring rate of STN population as a whole. The four-contact
point type of stimulation con�guration required lesser stimulus
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FIGURE 11 | Simulation plots for Monophasic DBS therapy. Pro�ling of monophasic stimulus waveform for different stimulation con�guration in order to achieve the
maximal neuroprotective effect of DBS. Confusion matricesfor SCP (1), FCP (2), and MCP (3) con�gurations showing survival ratios of SNc cells for different
percentage activation of antidromic activation and STN axonal & synaptic failures at early (25%)(A), intermediate (50%)(B) and late (75%)(C) stages of SNc cell loss.
Ratios around 0 is indicated as forthwith (indigo), ratios around 0.5 is indicated as delayed (light green), and ratios around 1 is indicated as halted (yellow). DBS, Deep
Brain Stimulation; SNc, Substantia Nigra pars compacta; STN, SubThalamic Nucleus; SCP, Single Contact Point; FCP, Four Contact Point; MCP, Multiple Contact
Point.

amplitude for producing the same e�ect when compared with
the other two con�gurations. From these studies, we can say that
four-contact point con�guration with biphasic stimulus pulse
gives maximum therapeutic bene�ts from the neuroprotective
point of view.

To understand the neuroprotective therapeutic mechanism
of DBS in PD (Benazzouz et al., 2000; Maesawa et al.,
2004; Wallace et al., 2007; Spieles-Engemann et al., 2010;
Musacchio et al., 2017), we have investigated some of the
prominent hypotheses regarding the therapeutic e�ect of DBS
viz., (1) excitation hypothesis, (2) inhibition hypothesis and
most recent one (3) disruptive hypothesis (McIntyre et al., 2004;
Chiken and Nambu, 2015).

The excitation hypothesis was implemented by direct
stimulation of the STN population in the proposed excitotoxicity
model. The simulation results show that DBS to STN diminishes
the pathological synchronized activity but in turn increases
the �ring rate of the STN population which was not apt for
neuroprotection. Next, we have implemented the inhibition
hypothesis where antidromic activation of GPe neurons during
STN-DBS is highlighted, thereby increasing the inhibitory
drive to STN (Mandali and Chakravarthy, 2016). In this
scenario also, the inhibitory drive from GPe was not su�cient

to produce comprehensive neuroprotection (Figures 11, 12).
On average FCP stimulus con�guration produced better
neuroprotective e�ect compared to other two con�gurations
in both monophasic and biphasic current (Figures 11-2, 12-2).
Moreover, MCP stimulus con�guration results in worsening the
disease progression by hastening the SNc cell loss in monophasic
stimulus (Figure 11-3), but in biphasic stimulus, neuroprotection
increased with higher levels of antidromic activation in all stages
of therapeutic intervention (Figure 12-3).

Finally, the disruptive hypothesis was implemented by
increasing the proportion of axonal and synaptic failures in
STN population (Rosenbaum et al., 2014). From simulation
results, it was observed that the progression of SNc cell loss
was delayed or halted as the percentage of STN axonal and
synaptic failures increased (Figures 11, 12). On average FCP
stimulus con�guration produced better neuroprotective e�ect
compared to other two con�gurations in both monophasic and
biphasic currents (Figures 11-2, 12-2). For the higher percentage
of STN axonal and synaptic failures also, the neuroprotective
e�ect was not pronounced in monophasic MCP DBS setting
(Figure 11-3), but in biphasic MCP DBS setting neuroprotection
increased with the higher percentage of STN axonal and synaptic
failures (Figure 12-3).
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FIGURE 12 | Simulation plots for Biphasic DBS therapy. Pro�ling of biphasic stimulus waveform for different stimulation con�guration in order to achieve the maximal
neuroprotective effect of DBS. Confusion matrices for SCP(1), FCP (2), and MCP (3) con�gurations showing survival ratios of SNc cells for different percentage
activation of antidromic activation and STN axonal & synaptic failures at early (25%)(A), intermediate (50%)(B) and late (75%)(C) stages of SNc cell loss. Ratios
around 0 is indicated as forthwith (indigo), ratios around 0.5 is indicated as delayed (light green), and ratios around 1is indicated as halted (yellow). DBS, Deep Brain
Stimulation; SNc, Substantia Nigra pars compacta; STN, SubThalamic Nucleus; SCP, Single Contact Point; FCP, Four Contact Point; MCP, Multiple Contact Point.

4. DISCUSSION

4.1. Excitotoxicity Model
The goal of this work was to develop a model which investigates
the role of excitotoxicity in SNc cell loss, where excitotoxicity
was caused by STN and precipitated by energy de�ciency. The
study suggests that excitotoxicity in SNc is initially driven by
an energy de�cit which leads to an initial dopamine reduction
as a result of SNc cell loss. This initial dopamine reduction
causes disinhibition of STN which in turns leads to excitotoxic
damage due to excessive release of glutamate to its target nuclei
including SNc (Rodriguez et al., 1998). The excitotoxicity which
was driven by energy de�cit, termed as “weak excitotoxicity,”
results in increased vulnerability of SNc neurons to even
physiological concentration of glutamate. The excitotoxicity
which was driven by overactive excitatory STN neurons termed as
“strong excitotoxicity” results in overactivation of glutamatergic
receptors on SNc neurons (Albin and Greenamyre, 1992). In
summary, it appears that the excitotoxic cause of SNc cell loss
in PD might be initiated by weak excitotoxicity mediated by
energy de�cit, and followed by strong excitotoxicity, mediated by
disinhibited STN.

The results from the proposed model reinforce the role of
STN in regulating SNc cell loss (Hamani et al., 2004, 2017). The

model results show that although cell loss was observed, there
was no increased synchrony in the STN population which is a
pathological marker of the PD condition (Lintas et al., 2012).
Thus, the SNc cell loss and STN synchrony have a threshold-
like relation where there is an increased STN synchrony only
after substantial SNc cell loss. The initial SNc cell loss leads to
further activation of STN by disinhibition, which in turn further
activates SNc compensating for the dopamine loss, acting as a
pre-symptomatic compensatory mechanism (Bezard et al., 2003).
It was reported that the onset of PD symptoms occurs only after
there is more than 50% SNc cell loss (Bezard et al., 2001). This
was observed in our simulation results also where only at around
50–70% SNc cell loss there is in an increased STN synchrony.
As a result of substantial SNc cell loss, decreased dopamine
causes disinhibition of STN which in turn overactivates STN,
eventually producing a runaway e�ect that causes an unstoppable
SNc cell loss due to excitotoxic damage (Rodriguez et al., 1998).
The threshold-like behavior of SNc cell loss and STN synchrony
might also be facilitated by the inhibitory drive from GPe to
STN: the proliferation of GPe-STN synapses (Fan et al., 2012) also
acts as a presymptomatic compensatory mechanism. It was also
reported that lesioning of GPe caused progressive SNc cell loss by
increasing STN activity (Wright et al., 2002) and lesioning of STN
proved to be neuroprotective (Wright and Arbuthnott, 2007).
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To summarize, up to a point of stress threshold, SNc cells
can survive inde�nitely; but if, for any reason, there is loss of
cells in SNc, and the SNc cell count falls below a threshold, from
that point onwards, the aforementioned runaway e�ect kicks in
leading to a progressive and irrevocable cell loss. Such cellloss is
strongly reminiscent of cell loss due to neurodegeneration.

4.2. Neuroprotective Strategies
A variety of conventional therapies are simulated in the
model to test their e�cacy in slowing down or arresting
SNc cell loss. Among the current therapeutics, glutamate
inhibition, dopamine restoration, subthalamotomy and deep
brain stimulation showed superior neuroprotective e�ects in
the proposed model. Glutamate inhibition and subthalamotomy
were successful in delaying or arresting the SNc cell loss by
inhibiting the excitatory drive from STN to SNc (Lee et al.,
2003; Wallace et al., 2007; Austin et al., 2010), and in case of
dopamine restoration it is by replenishing the dopamine tone
to the STN which in turn restores inhibition on itself (Olanow
et al., 1998; Vaarmann et al., 2013), thereby diminishing STN-
mediated excitotoxicity in SNc. The neuroprotective e�ect of
glutamate inhibition, dopamine restoration and subthalamotomy
was dependent on the dosage of glutamate inhibitors, the
extent of dopamine restored and proportion of STN lesioned,
respectively. As the disease progresses, the e�ect of glutamate
inhibition on the rate of degeneration increased but in the
case of dopamine restoration and subthalamotomy, it was
decreased. In the late stages of disease progression, our
computational study indicates that the neuroprotective e�ect
of glutamate inhibition is more prominent than dopamine
restoration and subthalamotomy.

From our study, it can be said that subthalamotomy
mostly delays the SNc cell loss but very rarely halts it. This
phenomenon was not much evident in the late stages of
disease progression in the model which is consistent with the
standard clinical understanding that the neuroprotective
e�ect of subthalamotomy in advanced PD is not quite
successful (Guridi and Obeso, 2015). Early treatment
with subthalamotomy in PD can have a neuroprotective
e�ect (Guridi et al., 2016) a trend that was re�ected in
our computational study. Another factor underlying the
neuroprotective e�ect of subthalamotomy during the early stage

of PD is the involvement of presymptomatic compensation
mechanisms (Bezard et al., 2003). One of the compensatory
mechanisms is the increased activity of STN before any
signi�cant striatal dopamine loss which leads to excess
excitatory drive from STN to the remaining SNc cells to
restore the dopamine loss due to initial cell loss (Bezard
et al., 1999). This excess excitatory drive from STN eventually
leads to excitotoxicity in SNc neurons. To overcome this
excitotoxicity, subthalamotomy had to be applied very early
after diagnosis of PD to have any neuroprotective e�ect
(Guridi et al., 2016).

In our modeling study, we have explored various aspects
of DBS protocol from stimulus waveforms to stimulus
con�gurations and other DBS parameters. From the simulation
results, it can be suggested that biphasic stimulus waveformwith
four-contact point stimulation con�guration showed maximal
neuroprotective e�ect since biphasic stimulus guarantees charge-
balance in the stimulated neuronal tissue (Hofmann et al., 2011)
and DBS parameters were given in theTable 2.

It has been reported that long-term stimulation (DBS) of
STN results in the slowdown of the SNc cell loss in animal
models (Maesawa et al., 2004; Temel et al., 2006; Wallace
et al., 2007; Spieles-Engemann et al., 2010; Musacchio et al.,
2017), but the mechanism behind the neuroprotective bene�ts
of DBS is not elucidated. To understand the neuroprotective
e�ect of DBS in PD, we have investigated three prominent
hypotheses viz., excitation, inhibition and disruptive actions of
DBS (Chiken and Nambu, 2015). In the excitation hypothesis,
only DBS was applied which results in increased �ring rate in
STN and leads to more excitatory drive to SNc which eventually
kills the SNc cells due to stress. Therefore, considering only
the excitation hypothesis cannot explain the neuroprotective
e�ect of DBS. Next, inhibition hypothesis was implemented
where antidromic activation of GPe result in the increased
inhibitory drive to STN (Mandali and Chakravarthy, 2016).
In this scenario also, the neuroprotective e�ect of DBS could
not be comprehensively explained. Finally, the disruptive
hypothesis was implemented by increasing the axonal and
synaptic failures in STN population during DBS therapy
(Rosenbaum et al., 2014). From simulation results, it was
observed that the progression of SNc cell loss kept on delaying
as the percentage of STN axonal and synaptic failure increased.
Therefore, it can be inferred that DBS blocks the propagation of

TABLE 2 | DBS parameter values obtained from the preliminary studies.

Parameter(s) SCP FCP MCP

DBS frequency (fDBS) in Hz 130 130 130

Monophasic pulse width (� DBS) in ms 100 100 100

Biphasic pulse width (� DBS) in ms 200 200 200

Monophasic DBS amplitude (ADBS) in pA 650 650 650

Biphasic DBS amplitude (ADBS) in pA 1,000 1,000 1,000

Spread of the current (� DBS) 5 2 0

Electrode contact point(s) (16, 16) (8, 8) (8, 24) (24, 8) (24, 24) Many

Hz, Hertz; ms, milliseconds; pA, picoamperes.
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pathological oscillations occurring in STN to other nuclei;
in other words DBS disrupts the information transfer
through the stimulation site, producing neuroprotection e�ect
in SNc (Ledonne et al., 2012).

4.3. Limitations and Future Directions
Though the model captures the exciting results of excitotoxicity,
it is not without limitations. The timescales which are represented
in the results of the proposed model are not realistic, as the
neurodegeneration which occurs over the years in PD was
exhibited in a few tens of seconds in the model. This limitation
is inevitable due to the practical challenges faced by computer
simulations since it is impractical to simulate the model for
months and years. The di�culty arises due to the fact that
the simulation must span widely separated time scales - sub-
millisecond time scales to describe spiking activity and years to
describe neurodegenerative processes.

The major inputs to the SNc neurons come from the striatum
which was not included in the model. As our objective was
to investigate the extent of STN-mediated excitotoxicity in
SNc, we avoided any other structures which can in�uence this
phenomenon at present.

In the proposed model, the variability of stress threshold,
which is analogous to an apoptotic threshold (that can be broadly
associated with the available energy represented as (ATP/ADP)
ratio), is sensitive enough to alter the model results is a constant
parameter. In order to achieve variability in this parameter,
astrocytic and vascular network-level models can be introduced.
With the astrocyte layer introduced, the e�ect of astrocyteson the
therapeutic e�ect of DBS can be explored (Fenoy et al., 2014).

In the future, we plan to simulate the SNc activity using
a detailed biophysical model to study the dynamics at the
molecular level and also to investigate the cellular pathways

related to PD pathology. We would like to include Spike-timing-
dependent plasticity (STDP) learning in STN population for the
long-term e�ect of DBS (Ebert et al., 2014).

Our hypothesis behind this whole study is to understand the
pathogenesis of PD as cellular energy de�ciency in SNc as a cause.
As Wellstead and Cloutier pointed out (Wellstead and Cloutier,
2011), PD should be understood by placing the failure of brain
energy delivery mechanisms in the center as a core pathological
process, with other manifestations of pathology as deriving from
that core process (see the Figure 12 inWellstead, 2010).

CODE ACCESSIBILITY

The code of the proposed excitotoxicity model is
available on ModelDB server (McDougal et al., 2017),
and access code will be provided on request.
(https://senselab.med.yale.edu/modeldb/enterCode.cshtml?
model=244384).

AUTHOR CONTRIBUTIONS

VM and VC: conceived, developed the model and prepared
the manuscript. AM: conceived and developed the model. SR:
prepared the manuscript.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Vignesh Muralidharan for his
intense discussion in the model development. We would also like
acknowledge P. G. Senapathy Center for computing Resource,
IIT-Madras for computing facilities. The pre-print version ofthe
manuscript was released by bioRxiv (Muddapu et al., 2018) for
feedback from fellow neuroscientists.

REFERENCES

Adhihetty, P. J., and Beal, M. F. (2008). Creatine and its potential therapeutic
value for targeting cellular energy impairment in neurodegenerative diseases.
NeuroMol. Med.10, 275–290. doi: 10.1007/s12017-008-8053-y

Albin, R. L., and Greenamyre, J. T. (1992). Alternative excitotoxic hypotheses.
Neurology42, 733–738. doi: 10.1212/WNL.42.4.733

Allers, K. A., Walters, J. R., and Kreiss, D. S. (2003). “Neuronal �ring patterns in
the subthalamic nucleus,” inThe Basal Ganglia V, eds A. M. Graybiel, M. R.
Delong, and S. T. Kitai (Boston, MA: Springer), 245–254.

Alvarez, L., Macias, R., Pavón, N., López, G., Rodríguez-Oroz, M.C., Rodríguez, R.,
et al. (2009). Therapeutic e�cacy of unilateral subthalamotomy in Parkinson's
disease: results in 89 patients followed for up to 36 months.J. Neurol.
Neurosurg. Psychiatry80, 979–985. doi: 10.1136/jnnp.2008.154948

Ambrosi, G., Cerri, S., and Blandini, F. (2014). A further update on the role of
excitotoxicity in the pathogenesis of Parkinson's disease.J. Neural Transm.121,
849–859. doi: 10.1007/s00702-013-1149-z

Ammari, R., Bioulac, B., Garcia, L., and Hammond, C. (2011). The subthalamic
nucleus becomes a generator of bursts in the dopamine-depleted state.
Its high frequency stimulation dramatically weakens transmission to
the globus pallidus.Front. Syst. Neurosci.5:43. doi: 10.3389/fnsys.2011.
00043

Anselmi, L., Bove, C., Coleman, F. H., Le, K., Subramanian, M. P., Venkiteswaran,
K., et al. (2018). Ingestion of subthreshold doses of environmental toxins

induces ascending Parkinsonism in the rat.NPJ Parkinson's Dis.4:30.
doi: 10.1038/s41531-018-0066-0

Armentero, M.-T., Fancellu, R., Nappi, G., Bramanti, P., and Blandini,F. (2006).
Prolonged blockade of NMDA or mGluR5 glutamate receptors reduces
nigrostriatal degeneration while inducing selective metabolic changes in the
basal ganglia circuitry in a rodent model of Parkinson's disease.Neurobiol. Dis.
22, 1–9. doi: 10.1016/j.nbd.2005.09.010

Austin, P. J., Betts, M. J., Broadstock, M., O'Neill, M. J., Mitchell, S. N.,
and Duty, S. (2010). Symptomatic and neuroprotective e�ects following
activation of nigral group III metabotropic glutamate receptors in
rodent models of Parkinson's disease.Brit. J. Pharmacol.160, 1741–1753.
doi: 10.1111/j.1476-5381.2010.00820.x

Battaglia, G., Busceti, C. L., Pontarelli, F., Biagioni, F., Fornai, F., Paparelli,
A., et al. (2003). Protective role of group-II metabotropic glutamate
receptors against nigro-striatal degeneration induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine in mice.Neuropharmacology45, 155–166.
doi: 10.1016/S0028-3908(03)00146-1

Beal, M., Hyman, B. T., and Koroshetz, W. (1993). Do defecs in mitochondrial
energy metabolism underlie the pathology of neurodegenerative diseases?
Trends Neurosci.16, 125–131. doi: 10.1016/0166-2236(93)90117-5

Benazzouz, A., Piallat, B., Ni, Z. G., Koudsie, A., Pollak, P., and Benabid, A. L.
(2000). Implication of the subthalamic nucleus in the pathophysiology
and pathogenesis of Parkinson's disease.Cell Transpl. 9, 215–221.
doi: 10.1177/096368970000900207

Frontiers in Neural Circuits | www.frontiersin.org 21 February 2019 | Volume 13 | Article 11



Muddapu et al. Excitotoxic Loss of Dopaminergic Cells in PD

Bergman, H., Feingold, A., Nini, A., Raz, A., Slovin, H., Abeles, M., et
al. (1998). Physiological aspects of information processing in thebasal
ganglia of normal and parkinsonian primates.Trends Neurosci.21, 32–38.
doi: 10.1016/S0166-2236(97)01151-X

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. doi: 10.1152/jn.1994.72.2.507

Betts, M. J., O'Neill, M. J., and Duty, S. (2012). Allosteric modulation of the
group III mGlu4 receptor provides functional neuroprotection in the 6-
hydroxydopamine rat model of Parkinson's disease.Brit. J. Pharmacol.166,
2317–2330. doi: 10.1111/j.1476-5381.2012.01943.x

Beurrier, C., Congar, P., Bioulac, B., and Hammond, C. (1999). Subthalamic
nucleus neurons switch from single-spike activity to burst-�ring
mode. J. Neurosci. 19, 599–609. doi: 10.1523/JNEUROSCI.19-02-005
99.1999

Bezard, E., Boraud, T., Bioulac, B., and Gross, C. E. (1999). Involvement of
the subthalamic nucleus in glutamatergic compensatory mechanisms.Eur. J.
Neurosci.11, 2167–2170. doi: 10.1046/j.1460-9568.1999.00627.x

Bezard, E., Dovero, S., Prunier, C., Ravenscroft, P., Chalon, S.,Guilloteau,
D., et al. (2001). Relationship between the appearance of symptoms
and the level of nigrostriatal degeneration in a progressive 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-lesioned macaque model of Parkinson's
disease.J. Neurosci.21, 6853–6861. doi: 10.1523/JNEUROSCI.21-17-068
53.2001

Bezard, E., Gross, C. E., and Brotchie, J. M. (2003). Presymptomaticcompensation
in Parkinson's disease is not dopamine-mediated.Trends Neurosci.26, 215–221.
doi: 10.1016/S0166-2236(03)00038-9

Blandini, F. (2001). The role of the subthalamic nucleus in the pathophysiology of
Parkinson's disease.Funct. Neurol.16(4 Suppl):99–106.

Blandini, F. (2010). An update on the potential role of excitotoxicity in the
pathogenesis of Parkinson's disease.Funct. Neurol.25, 65–71.

Bolam, J. P., and Pissadaki, E. K. (2012). Living on the edge with too many
mouths to feed: why dopamine neurons die.Move. Disord.27, 1478–1483.
doi: 10.1002/mds.25135

Booth, H. D. E., Hirst, W. D., and Wade-Martins, R. (2017). The roleof astrocyte
dysfunction in Parkinson's disease pathogenesis.Trends Neurosci.40, 358–370.
doi: 10.1016/j.tins.2017.04.001

Brouillet, E., and Beal, M. F. (1993). NMDA antagonists partially protect
against MPTP induced neurotoxicity in mice.Neuroreport 4, 387–390.
doi: 10.1097/00001756-199304000-00011

Brown, P. (2003). Oscillatory nature of human basal ganglia activity: relationship
to the pathophysiology of Parkinson's disease.Movem. Disord.18, 357–363.
doi: 10.1002/mds.10358

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

Carron, R., Chaillet, A., Filipchuk, A., Pasillas-Lépine, W., and Hammond, C.
(2013). Closing the loop of deep brain stimulation.Front. Syst. Neurosci.7:112.
doi: 10.3389/fnsys.2013.00112

Carvalho, G. A., and Nikkhah, G. (2001). Subthalamic nucleus lesions
are neuroprotective against terminal 6-OHDA-induced striatal lesions
and restore postural balancing reactions.Exp. Neurol. 171, 405–417.
doi: 10.1006/exnr.2001.7742

Chakravarthy, V. S., and Moustafa, A. A. (2018).Computational Neuroscience
Models of the Basal Ganglia, volume 15 of Cognitive Science and Technology.
Singapore: Springer.

Chan, H., Paur, H., Vernon, A. C., Zabarsky, V., Datla, K. P., Croucher,
M. J., et al. (2010). Neuroprotection and functional recovery associated with
decreased microglial activation following selective activation of mGluR2/3
receptors in a rodent model of Parkinson's disease.Parkinson's Dis.2010, 1–12.
doi: 10.4061/2010/190450

Chander, B. S., and Chakravarthy, V. S. (2012). A computational
model of neuro-glio-vascular loop interactions.PLoS ONE 7:e48802.
doi: 10.1371/journal.pone.0048802

Chen, L., Liu, Z., Tian, Z., Wang, Y., and Li, S. (2000). Prevention of neurotoxin
damage of 6-OHDA to dopaminergic nigral neuron by subthalamic nucleus
lesions.Stereot. Funct. Neurosurg.75, 66–75. doi: 10.1159/000048385

Chhabria, K., and Chakravarthy, V. S. (2016). Low-dimensional models of "Neuro-
Glio-Vascular Unit" for describing neural dynamics under normal andenergy-
starved conditions.Front. Neurol.7:24. doi: 10.3389/fneur.2016.00024

Chiken, S., and Nambu, A. (2015). Mechanism of deep brain stimulation:
inhibition, excitation, or disruption? Neuroscientist 22, 313–322.
doi: 10.1177/1073858415581986

Chiti, F., and Dobson, C. M. (2017). Protein misfolding, amyloid formation,
and human disease: a summary of progress over the last decade.Annu. Rev.
Biochem.86, 27–68. doi: 10.1146/annurev-biochem-061516-045115

Cogan, S. F. (2008). Neural stimulation and recording electrodes.Annu. Rev.
Biomed. Eng.10, 275–309. doi: 10.1146/annurev.bioeng.10.061807.160518

Courtney, N. A., Mamaligas, A. A., and Ford, C. P. (2012). Species di�erences in
somatodendritic dopamine transmission determine D2-autoreceptor-mediated
inhibition of ventral tegmental area neuron �ring.J. Neurosci.32, 13520–13528.
doi: 10.1523/JNEUROSCI.2745-12.2012

Cragg, S. J., Baufreton, J., Xue, Y., Bolam, J. P., and Bevan, M. D. (2004). Synaptic
release of dopamine in the subthalamic nucleus.Eur. J. Neurosci.20, 1788–1802.
doi: 10.1111/j.1460-9568.2004.03629.x

Cullen, M., and Wong-Lin, K. (2015). Integrated dopaminergic neuronal model
with reduced intracellular processes and inhibitory autoreceptors.IET Syst.
Biol.9, 245–258. doi: 10.1049/iet-syb.2015.0018

Dayan, P., and Abbott, L. F. (2005).Theoretical Neuroscience: Computational
And Mathematical Modeling of Neural Systems. Cambridge: Computational
Neuroscience, Massachusetts Institute of Technology Press.

Dovzhenok, A., and Rubchinsky, L. L. (2012). On the origin of tremor in
Parkinson's disease.PLoS ONE7:e41598. doi: 10.1371/journal.pone.0041598

Ebert, M., Hauptmann, C., and Tass, P. A. (2014). Coordinated reset stimulation
in a large-scale model of the STN-GPe circuit.Front. Comput. Neurosci.8:154.
doi: 10.3389/fncom.2014.00154

Fan, K. Y., Baufreton, J., Surmeier, D. J., Chan, C. S., and Bevan, M. D.
(2012). Proliferation of external globus pallidus-subthalamic nucleus synapses
following degeneration of midbrain dopamine neurons.J. Neurosci.32, 13718–
13728. doi: 10.1523/JNEUROSCI.5750-11.2012

Fenoy, A. J., Goetz, L., Chabardès, S., and Xia, Y. (2014). Deepbrain stimulation:
are astrocytes a key driver behind the scene?CNS Neurosci. Therapeut.20,
191–201. doi: 10.1111/cns.12223

Ferrigno, A., Vairetti, M., Ambrosi, G., Rizzo, V., Richelmi, P., Blandini,
F., et al. (2015). Selective blockade of mGlu5 metabotropic glutamate
receptors is protective against hepatic mitochondrial dysfunction in 6-OHDA
lesioned Parkinsonian rats.Clin. Exp. Pharmacol. Physiol.42, 695–703.
doi: 10.1111/1440-1681.12410

Ford, C. P. (2014). The role of D2-autoreceptors in regulating
dopamine neuron activity and transmission.Neuroscience282, 13–22.
doi: 10.1016/j.neuroscience.2014.01.025

Foutz, T. J., and McIntyre, C. C. (2010). Evaluation of novel stimulus
waveforms for deep brain stimulation.J. Neural Eng. 7:066008.
doi: 10.1088/1741-2560/7/6/066008

Fuzzati-Armentero, M.-T., Cerri, S., Levandis, G., Ambrosi, G., Montepeloso,
E., Antoninetti, G., et al. (2015). Dual target strategy: combining distinct
non-dopaminergic treatments reduces neuronal cell loss and synergistically
modulates L-DOPA-induced rotational behavior in a rodent model of
Parkinson's disease.J. Neurochem.134, 740–747. doi: 10.1111/jnc.13162

Gandrakota, R., Chakravarthy, V. S., and Pradhan, R. K. (2010). Amodel of
indispensability of a large glial layer in cerebrovascular circulation. Neural
Comput.22, 949–968. doi: 10.1162/neco.2009.01-09-945

Gao, J., Wang, L., Liu, J., Xie, F., Su, B., and Wang, X. (2017). Abnormalities
of mitochondrial dynamics in neurodegenerative diseases.Antioxidants6:25.
doi: 10.3390/antiox6020025

Garcia, L., D'Alessandro, G., Bioulac, B., and Hammond, C. (2005). High-
frequency stimulation in Parkinson's disease: more or less?Trends Neurosci.
28, 209–216. doi: 10.1016/j.tins.2005.02.005

German, D. C., Manaye, K. F., Sonsalla, P. K., and Brooks, B. a. (1992). Midbrain
dopaminergic cell loss in Parkinson's disease and MPTP-induced parkinsonism:
sparing of calbindin-D28k-containing cells.Ann. N. Y. Acad. Sci.648, 42–62.
doi: 10.1111/j.1749-6632.1992.tb24523.x

Giguère, N., Burke Nanni, S., and Trudeau, L.-E. (2018). On cell loss and selective
vulnerability of neuronal populations in Parkinson's disease.Front. Neurol.
9:455. doi: 10.3389/fneur.2018.00455

Frontiers in Neural Circuits | www.frontiersin.org 22 February 2019 | Volume 13 | Article 11



Muddapu et al. Excitotoxic Loss of Dopaminergic Cells in PD

Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., and Gage, F. H. (2010).
Mechanisms underlying in�ammation in neurodegeneration.Cell 140, 918–
934. doi: 10.1016/j.cell.2010.02.016

Golomb, D. (2007). Neuronal synchrony measures.Scholarpedia2:1347.
doi: 10.4249/scholarpedia.1347

Götz, T., Kraushaar, U., Geiger, J., Lübke, J., Berger, T., andJonas, P.
(1997). Functional properties of AMPA and NMDA receptors expressed
in identi�ed types of basal ganglia neurons.J. Neurosci.17, 204–15.
doi: 10.1523/JNEUROSCI.17-01-00204.1997

Grace, A. A., and Bunney, B. S. (1983). Intracellular and
extracellular electrophysiology of nigral dopaminergic neurons.
1. Identi�cation and characterization. Neuroscience 10, 301–315.
doi: 10.1016/0306-4522(83)90135-5

Grace, A. A., and Bunney, B. S. (1984a). The control of �ring pattern
in nigral dopamine neurons: burst �ring.J. Neurosci.4, 2877–2890.
doi: 10.1523/JNEUROSCI.04-11-02877.1984

Grace, A. A., and Bunney, B. S. (1984b). The control of �ring pattern in
nigral dopamine neurons: single spike �ring.J. Neurosci.4, 2866–2876.
doi: 10.1523/JNEUROSCI.04-11-02866.1984

Grandas, F. (2000). The putative neuroprotective role of dopamine agonists in
Parkinson's disease.Neurotox. Res.2, 205–213. doi: 10.1007/BF03033794

Greene, J. G., and Greenamyre, J. T. (1996). Bioenergetics
and glutamate excitotoxicity. Prog. Neurobiol. 48, 613–634.
doi: 10.1016/0301-0082(96)00006-8

Guridi, J., Marigil, M., Becerra, V., and Parras, O. (2016). [Neuroprotective
subthalamotomy in Parkinson's disease. The role of magnetic resonance-guided
focused ultrasound in early surgery].Neurocirugia (Asturias, Spain)27, 285–
290.

Guridi, J., and Obeso, J. A. (2015). Letter to the editor: Parkinson's disease and early
subthalamotomy.J. Neurosurg.122, 980–981. doi: 10.3171/2014.8.JNS141799

Hamani, C., Florence, G., Heinsen, H., Plantinga, B. R., Temel, Y., Uludag,
K., et al. (2017). Subthalamic nucleus deep brain stimulation: basic
concepts and novel perspectives.Eneuro 4:ENEURO.0140–17.2017.
doi: 10.1523/ENEURO.0140-17.2017

Hamani, C., Saint-Cyr, J. A., Fraser, J., Kaplitt, M., and Lozano, A. M. (2004). The
subthalamic nucleus in the context of movement disorders.Brain 127, 4–20.
doi: 10.1093/brain/awh029

Hammond, C., Ammari, R., Bioulac, B., and Garcia, L. (2008). Latestview on the
mechanism of action of deep brain stimulation.Move. Disord.23, 2111–2121.
doi: 10.1002/mds.22120

Hansel, D., Mato, G., and Meunier, C. (1995). Synchrony in excitatory neural
networks.Neural Comput.7, 307–337. doi: 10.1162/neco.1995.7.2.307

Hassani, O. K., François, C., Yelnik, J., and Féger, J. (1997).Evidence for a
dopaminergic innervation of the subthalamic nucleus in the rat.Brain Res.749,
88–94. doi: 10.1016/S0006-8993(96)01167-5

Hasselmo, M. E. (1994). Runaway synaptic modi�cation in models of
cortex: implications for Alzheimer's disease.Neural Netw. 7, 13–40.
doi: 10.1016/0893-6080(94)90053-1

Hasselmo, M. E. (1997). A computational model of the progression of Alzheimer's
disease.M.D. Computing14, 181–191.

Hauptmann, C., and Tass, P. A. (2007). Therapeutic rewiring by means
of desynchronizing brain stimulation. BioSystems 89, 173–181.
doi: 10.1016/j.biosystems.2006.04.015

Hebb, M. O., and Robertson, H. A. (1999). Identi�cation of a subpopulation of
substantia nigra pars compacta ??- aminobutyric acid neurons that is regulated
by basal ganglia activity.J. Compar. Neurol.416, 30–44.

Hegeman, D. J., Hong, E. S., Hernández, V. M., and Chan, C. S. (2016). The
external globus pallidus: progress and perspectives.Eur. J. Neurosci.43, 1239–
1265. doi: 10.1111/ejn.13196

Henchcli�e, C., and Beal, M. F. (2008). Mitochondrial biology andoxidative
stress in Parkinson disease pathogenesis.Nat. Clin. Pract. Neurol.4, 600–609.
doi: 10.1038/ncpneuro0924

Hofmann, L., Ebert, M., Tass, P. A., and Hauptmann, C. (2011). Modi�ed
pulse shapes for e�ective neural stimulation.Front. Neuroeng.4:9.
doi: 10.3389/fneng.2011.00009

Hsieh, M. H., Ho, S. C., Yeh, K. Y., Pawlak, C. R., Chang, H. M., Ho, Y.J., et
al. (2012). Blockade of metabotropic glutamate receptors inhibits cognition

and neurodegeneration in an MPTP-induced Parkinson's diseaserat model.
Pharmacol. Biochem. Behav.102, 64–71. doi: 10.1016/j.pbb.2012.03.022

Humphries, 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

Hwang, O. (2013). Role of oxidative stress in Parkinson's disease.Exp. Neurobiol.
22:11. doi: 10.5607/en.2013.22.1.11

Iglesias, J., and Villa, A. E. P. (2008). Emergence of preferred �ring sequences in
large spiking neural networks during simulated neuronal development.Int. J.
Neural Syst.18, 267–277. doi: 10.1142/S0129065708001580

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

Izhikevich, E. M. (2006). Bursting. Scholarpedia 1:1300.
doi: 10.4249/scholarpedia.1300

Jahr, C. E., and Stevens, C. F. (1990). Voltage dependence of NMDA-activated
macroscopic conductances predicted by single-channel kinetics.J. Neurosci.10,
3178–3182. doi: 10.1523/JNEUROSCI.10-09-03178.1990

Jang, J. Y., Jang, M., Kim, S. H., Um, K. B., Kang, Y. K., Kim, H. J., et al.
(2011). Regulation of dopaminergic neuron �ring by heterogeneousdopamine
autoreceptors in the substantia nigra pars compacta.J. Neurochem.116, 966–
974. doi: 10.1111/j.1471-4159.2010.07107.x

Johnson, S. W. (2008). Rebound bursts following inhibition: how dopamine
modi�es �ring pattern in subthalamic neurons.J. Physiol.586, 2033.
doi: 10.1113/jphysiol.2008.153643

Johri, A., and Beal, M. F. (2012). Mitochondrial dysfunction in
neurodegenerative diseases.J. Pharmacol. Exp. Therapeut.342, 619–630.
doi: 10.1124/jpet.112.192138

Jourdain, V. A., Schechtmann, G., and Di Paolo, T. (2014). Subthalamotomy in the
treatment of Parkinson's disease: clinical aspects and mechanismsof action.J.
Neurosurg.120, 140–151. doi: 10.3171/2013.10.JNS13332

Kang, G., and Lowery, M. M. (2013). Interaction of oscillations,and their
suppression via deep brain stimulation, in a model of the cortico-basal
ganglia network. IEEE Trans. Neural Syst. Rehabil. Eng.21, 244–253.
doi: 10.1109/TNSRE.2013.2241791

Kang, G., and Lowery, M. M. (2014). E�ects of antidromic and
orthodromic activation of STN a�erent axons during DBS in
Parkinson's disease: a simulation study.Front. Comput. Neurosci.8:32.
doi: 10.3389/fncom.2014.00032

Kita, H., Chang, H. T., and Kitai, S. T. (1983). The morphology of intracellularly
labeled rat subthalamic neurons: a light microscopic analysis.J. Compar.
Neurol.215, 245–57. doi: 10.1002/cne.902150302

Kita, H., and Kita, S. T. (1994). The morphology of globus pallidus projection
neurons in the rat: an intracellular staining study.Brain Res.636, 308–319.
doi: 10.1016/0006-8993(94)91030-8

Kita, H., and Kita, T. (2011). Role of striatum in the pause and burst generation
in the globus pallidus of 6-OHDA-treated rats.Front. Syst. Neurosci.5:42.
doi: 10.3389/fnsys.2011.00042

Kita, H., and Kitai, S. T. (1987). E�erent projections of the subthalamic nucleus
in the rat: light and electron microscopic analysis with the PHA-L method. J.
Compar. Neurol.260, 435–452. doi: 10.1002/cne.902600309

Kreiss, D. S., Mastropietro, C. W., Rawji, S. S., and Walters, J. R.(1997). The
response of subthalamic nucleus neurons to dopamine receptor stimulation
in a rodent model of Parkinsons disease.J. Neurosci.17, 6807–6819.
doi: 10.1523/JNEUROSCI.17-17-06807.1997

Lawson, L. J., Perry, V. H., Dri, P., and Gordon, S. (1990). Heterogeneity in the
distribution and morphology of microglia in the normal adult mouse brain.
Neuroscience39, 151–170. doi: 10.1016/0306-4522(90)90229-W

Ledonne, A., Mango, D., Bernardi, G., Berretta, N., and Mercuri, N. B.
(2012). A continuous high frequency stimulation of the subthalamic
nucleus determines a suppression of excitatory synaptic transmissionin
nigral dopaminergic neurons recordedin vitro. Exp. Neurol.233, 292–302.
doi: 10.1016/j.expneurol.2011.10.018

Lee, H. H., Yang, L. L., Wang, C. C., Hu, S. Y., Chang, S. F., and Lee, Y. H.
(2003). Di�erential e�ects of natural polyphenols on neuronal survival in
primary cultured central neurons against glutamate- and glucose deprivation-
induced neuronal death.Brain Res.986, 103–113. doi: 10.1016/S0006-8993(03)
03197-4

Frontiers in Neural Circuits | www.frontiersin.org 23 February 2019 | Volume 13 | Article 11



Muddapu et al. Excitotoxic Loss of Dopaminergic Cells in PD

Lee, K. H., Chang, S.-Y., Roberts, D. W., and Kim, U. (2004). Neurotransmitter
release from high-frequency stimulation of the subthalamic nucleus.J.
Neurosurg.101, 511–517. doi: 10.3171/jns.2004.101.3.0511

Lee, K. H., Du�y, P. S., and Bieber, A. J. (2016).Deep Brain Stimulation: Indications
and Applications. Singapore: Pan Stanford Publishing.

Liang, C.-L., Nelson, O., Yazdani, U., Pasbakhsh, P., and German, D. C. (2004).
Inverse relationship between the contents of neuromelanin pigmentand the
vesicular monoamine transporter-2: human midbrain dopamine neurons.J.
Compar. Neurol.473, 97–106. doi: 10.1002/cne.20098

Lindahl, M., Kamali Sarvestani, I., Ekeberg, O., and Kotaleski,J. H. (2013). Signal
enhancement in the output stage of the basal ganglia by synaptic short-term
plasticity in the direct, indirect, and hyperdirect pathways.Front. Comput.
Neurosci.7:76. doi: 10.3389/fncom.2013.00076

Lintas, A., Silkis, I. G., Albéri, L., and Villa, A. E. (2012). Dopamine de�ciency
increases synchronized activity in the rat subthalamic nucleus.Brain Res.1434,
142–151. doi: 10.1016/j.brainres.2011.09.005

Litvak, V., Jha, A., Eusebio, A., Oostenveld, R., Foltynie, T., Limousin, P., et al.
(2011). Resting oscillatory cortico-subthalamic connectivity in patients with
Parkinson's disease.Brain134, 359–374. doi: 10.1093/brain/awq332

Lukasiewicz, P. D., and Werblin, F. S. (1990). The spatial distribution of excitatory
and inhibitory inputs to ganglion cell dendrites in the tiger salamander retina.
J. Neurosci.10, 210–221. doi: 10.1523/JNEUROSCI.10-01-00210.1990

Maesawa, S., Kaneoke, Y., Kajita, Y., Usui, N., Misawa, N., Nakayama, A., et al.
(2004). Long-term stimulation of the subthalamic nucleus in hemiparkinsonian
rats: neuroprotection of dopaminergic neurons.J. Neurosurg.100, 679–687.
doi: 10.3171/jns.2004.100.4.0679

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.
Neuroscience106, 313–330. doi: 10.1016/S0306-4522(01)00281-0

Mamad, O., Delaville, C., Benjelloun, W., and Benazzouz, A. (2015). Dopaminergic
control of the globus pallidus through activation of D2 receptors andits impact
on the electrical activity of subthalamic nucleus and substantianigra reticulata
neurons.PLoS ONE10:e0119152. doi: 10.1371/journal.pone.0119152

Mandali, A., and Chakravarthy, V. S. (2016). Probing the role of medication,
DBS electrode position, and antidromic activation on impulsivity using
a computational model of basal ganglia.Front. Hum. Neurosci.10:450.
doi: 10.3389/fnhum.2016.00450

Mandali, A., Rengaswamy, M., Chakravarthy, V. S., and Moustafa,A. A. (2015). A
spiking Basal Ganglia model of synchrony, exploration and decisionmaking.
Front. Neurosci.9:191. doi: 10.3389/fnins.2015.00191

Masilamoni, G. J., Bogenpohl, J. W., Alagille, D., Delevich, K., Tamagnan, G.,
Votaw, J. R., et al. (2011). Metabotropic glutamate receptor 5 antagonist
protects dopaminergic and noradrenergic neurons from degeneration in
MPTP-treated monkeys.Brain134, 2057–2073. doi: 10.1093/brain/awr137

McDougal, R. A., Morse, T. M., Carnevale, T., Marenco, L., Wang, R., Migliore,
M., et al. (2017). Twenty years of ModelDB and beyond: building essential
modeling tools for the future of neuroscience.J. Comput. Neurosci.42, 1–10.
doi: 10.1007/s10827-016-0623-7

McGeer, P. L., and McGeer, E. G. (2008). Glial reactions in Parkinson's disease.
Movem. Disord.23, 474–483. doi: 10.1002/mds.21751

McIntyre, C. C., Mori, S., Sherman, D. L., Thakor, N. V., and Vitek, J. L.
(2004). Electric �eld and stimulating in�uence generated by deep brain
stimulation of the subthalamic nucleus.Clin. Neurophysiol.115, 589–595.
doi: 10.1016/j.clinph.2003.10.033

Meissner, W., Leblois, A., Hansel, D., Bioulac, B., Gross, C. E.,Benazzouz, A.,
et al. (2005). Subthalamic high frequency stimulation resets subthalamic
�ring and reduces abnormal oscillations.Brain 128, 2372–2382.
doi: 10.1093/brain/awh616

Mena, M. A., and García de Yébenes, J. (2008). Glial cells as players in
parkinsonism: the "good," the "bad," and the "mysterious" glia.Neuroscientist
14, 544–560. doi: 10.1177/1073858408322839

Mergenthaler, P., Lindauer, U., Dienel, G. A., and Meisel, A. (2013). Sugar for
the brain: the role of glucose in physiological and pathological brainfunction.
Trends Neurosci.36, 587–597. doi: 10.1016/j.tins.2013.07.001

Merino, M., Vizuete, M. L., Cano, J., and Machado, A. (1999). The non-
NMDA glutamate receptor antagonists 6-cyano-7-nitroquinoxaline- 2,3-dione
and 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f)quinoxaline, but not NMDA

antagonists, block the intrastriatal neurotoxic e�ect of MPP+.J. Neurochem.
73, 750–757. doi: 10.1046/j.1471-4159.1999.0730750.x

Michmizos, K. P., and Nikita, K. S. (2011). “Addition of deep brain stimulation
signal to a local �eld potential driven Izhikevich model masks the pathological
�ring pattern of an STN neuron,” in Conference proceedings : ... Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society. IEEE Engineering in Medicine and Biology Society. Annual Conference
(Boston, MA), 7290–7293. doi: 10.1109/IEMBS.2011.6091700

Modolo, J., Mosekilde, E., and Beuter, A. (2007). New insightso�ered by a
computational model of deep brain stimulation.J. Physiol. Paris101, 56–63.
doi: 10.1016/j.jphysparis.2007.10.007

Montgomery, E. B., and Gale, J. T. (2008). Mechanisms of action of
deep brain stimulation (DBS).Neurosci. Biobehav. Rev.32, 388–407.
doi: 10.1016/j.neubiorev.2007.06.003

Moran, A., Stein, E., Tischler, H., and Bar-Gad, I. (2012). Decoupling neuronal
oscillations during subthalamic nucleus stimulation in the parkinsonian
primate.Neurobiol. Dis.45, 583–590. doi: 10.1016/j.nbd.2011.09.016

Moran, A., Stein, E., Tischler, H., Belelovsky, K., and Bar-Gad, I. (2011). Dynamic
stereotypic responses of basal ganglia neurons to subthalamic nucleus high-
frequency stimulation in the Parkinsonian primate.Front. Syst. Neurosci.5:21.
doi: 10.3389/fnsys.2011.00021

Moro, E., Esselink, R. J., Xie, J., Hommel, M., Benabid, A. L., and Pollak, P.
(2002). The impact on Parkinson's disease of electrical parameter settings in
STN stimulation.Neurology59, 706–713. doi: 10.1212/WNL.59.5.706

Mosharov, E. V., Larsen, K. E., Kanter, E., Phillips, K. A., Wilson, K., Schmitz,
Y., et al. (2009). Interplay between cytosolic dopamine, calcium, andalpha-
synuclein causes selective death of substantia nigra neurons.Neuron62, 218–
229. doi: 10.1016/j.neuron.2009.01.033

Muddapu, V. R., and Chakravarthy, S. V. (2017). Programmed cell death
in substantia nigra due to subthalamic nucleus-mediated excitotoxicity: a
computational model of Parkinsonian neurodegeneration.BMC Neurosci.
18:59. doi: 10.1186/s12868-017-0371-2

Muddapu, V. R., Mandali, A., Chakravarthy, S. V., and Ramaswamy, S.(2018). A
computational model of loss of dopaminergic cells in Parkinson's disease due
to glutamate-induced excitotoxicity.bioRxiv, 1–69. doi: 10.1101/385138

Murray, T. K., Messenger, M. J., Ward, M. A., Woodhouse, S., Osborne, D. J.,
Duty, S., et al. (2002). Evaluation of the mGluR2/3 agonist LY379268 in
rodent models of Parkinson's disease.Pharmacol. Biochem. Behav.73, 455–466.
doi: 10.1016/S0091-3057(02)00842-0

Murray, T. K., Whalley, K., Robinson, C. S., Ward, M. A., Hicks, C. A., Lodge,
D., et al. (2003). LY503430, a novel alpha-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid receptor potentiator with functional, neuroprotective and
neurotrophic e�ects in rodent models of Parkinson's disease.J. Pharmacol. Exp.
Ther.306, 752–762. doi: 10.1124/jpet.103.049445

Musacchio, T., Rebenstor�, M., Fluri, F., Brotchie, J. M., Volkmann, J.,
Koprich, J. B., et al. (2017). Subthalamic nucleus deep brain stimulation is
neuroprotective in the A53T� -synuclein Parkinson's disease rat model.Ann.
Neurol.81, 825–836. doi: 10.1002/ana.24947

Obeso, I., Casabona, E., Rodríguez-Rojas, R., Bringas, M. L.,Macías, R.,
Pavón, N., et al. (2017). Unilateral subthalamotomy in Parkinson's disease:
cognitive, psychiatric and neuroimaging changes.Cortex 94, 39–48.
doi: 10.1016/j.cortex.2017.06.006

Olanow, C. W., Jenner, P., and Brooks, D. (1998). Dopamine agonists and
neuroprotection in Parkinson's disease.Ann. Neurol.44(3 Suppl 1):S167–S174.
doi: 10.1002/ana.410440725

O'Neill, M. J., Murray, T. K., Whalley, K., Ward, M. A., Hicks, C. A., Woodhouse,
S., et al. (2004). Neurotrophic actions of the novel AMPA receptor potentiator,
LY404187, in rodent models of Parkinson's disease.Eur. J. Pharmacol.486,
163–174. doi: 10.1016/j.ejphar.2003.12.023

Oorschot, D. E. (1996). Total number of neurons in the neostriatal, pallidal,
subthalamic, and substantia nigral nuclei of the rat basal ganglia: a stereological
study using the cavalieri and optical disector methods.J. Compar. Neurol.366,
580–599.

Ortiz, G. G., Pacheco-Moisés, F. P., Mireles-Ramírez, M. A., Flores-Alvarado, L. J.,
González-Usigli, H., Sánchez-López, A. L., et al. (2016). “Oxidative stress and
Parkinson's disease: e�ects on environmental toxicology,” inFree Radicals and
Diseases, ed R. Ahmad (Rijeka: InTech), 183–209.

Frontiers in Neural Circuits | www.frontiersin.org 24 February 2019 | Volume 13 | Article 11



Muddapu et al. Excitotoxic Loss of Dopaminergic Cells in PD

Pacelli, C., Giguère, N., Bourque, M.-J., Lévesque, M., Slack, R.S., and Trudeau,
L.-É. (2015). Elevated mitochondrial bioenergetics and axonal arborization size
are key contributors to the vulnerability of dopamine neurons.Curr. Biol.25,
2349–2360. doi: 10.1016/j.cub.2015.07.050

Park, C., Worth, R. M., and Rubchinsky, L. L. (2010). Fine temporalstructure of
beta oscillations synchronization in subthalamic nucleus in Parkinson's disease.
J. Neurophysiol.103, 2707–2716. doi: 10.1152/jn.00724.2009

Park, C., Worth, R. M., and Rubchinsky, L. L. (2011). Neural dynamics in
Parkinsonian brain: the boundary between synchronized and nonsynchronized
dynamics.Phys. Rev. E83, 1–4. doi: 10.1103/PhysRevE.83.042901

Park, S. E., Song, K.-i., Suh, J.-k. F., and Youn, I. (2015). “Characteristics
of the neuronal �ring patterns in the subthalamic nucleus with graded
dopaminergic cell loss in the nigrostriatal pathway,” inConference proceedings :
... Annual International Conference of the IEEE Engineeringin Medicine and
Biology Society. IEEE Engineering in Medicine and Biology Society. Annual
Conference(Milan), 2510–2513.

Paul, G., Meissner, W., Rein, S., Harnack, D., Winter, C., Hosmann, K., et al. (2004).
Ablation of the subthalamic nucleus protects dopaminergic phenotype but not
cell survival in a rat model of Parkinson's disease.Exp. Neurol.185, 272–280.
doi: 10.1016/S0014-4886(03)00363-7

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

Peter, D., Liu, Y., Sternini, C., de Giorgio, R., Brecha, N., and Edwards, R. (1995).
Di�erential expression of two vesicular monoamine transporters.J. Neurosci.
15, 6179–6188. doi: 10.1523/JNEUROSCI.15-09-06179.1995

Philips, R. T., Chhabria, K., and Chakravarthy, V. S. (2016). Vascular
dynamics aid a coupled neurovascular network learn sparse independent
features: a computational model.Front. Neural Circuits 10:7.
doi: 10.3389/fncir.2016.00007

Piallat, B., Benazzouz, A., and Benabid, A. L. (1996). Subthalamic nucleus lesion in
rats prevents dopaminergic nigral neuron degeneration after striatal 6-OHDA
injection: behavioural and immunohistochemical studies.Eur. J. Neurosci.8,
1408–1414. doi: 10.1111/j.1460-9568.1996.tb01603.x

Piccini, P., and Pavese, N. (2006). State-of-the-art Therapeutic
Strategies in Parkinson's Disease.Eur. Neurol. Rev. 6, 20–25.
doi: 10.17925/ENR.2006.00.01.1a

Pinsky, P. F., and Rinzel, J. (1995). Synchrony measures for biological neural
networks.Biol. Cybern.73, 129–137. doi: 10.1007/BF00204051

Pissadaki, E. K., and Bolam, J. P. (2013). The energy cost of action potential
propagation in dopamine neurons: clues to susceptibility in Parkinson's disease.
Front. Comput. Neurosci.7:13. doi: 10.3389/fncom.2013.00013

Reeve, A. K., Grady, J. P., Cosgrave, E. M., Bennison, E., Chen,C., Hepplewhite,
P. D., et al. (2018). Mitochondrial dysfunction within the synapses of
substantia nigra neurons in Parkinson's disease.NPJ Parkinson's Dis.4:9.
doi: 10.1038/s41531-018-0044-6

Rite, I., Machado, A., Cano, J., and Venero, J. L. (2007). Blood-brain barrier
disruption inducesin vivo degeneration of nigral dopaminergic neurons.J.
Neurochem.101, 1567–1582. doi: 10.1111/j.1471-4159.2007.04567.x

Rocha, S. M., Cristovão, A. C., Campos, F. L., Fonseca, C. P., andBaltazar, G.
(2012). Astrocyte-derived GDNF is a potent inhibitor of microglial activation.
Neurobiol. Dis.47, 407–415. doi: 10.1016/j.nbd.2012.04.014

Rodriguez, M. C., Obeso, J. A., and Olanow, C. W. (1998). Subthalamic nucleus-
mediated excitotoxicity in Parkinson's disease: a target forneuroprotection.
Ann. Neurol.44(3 Suppl 1):S175–88. doi: 10.1002/ana.410440726

Rosenbaum, R., Zimnik, A., Zheng, F., Turner, R. S., Alzheimer, C., Doiron, B.,
et al. (2014). Axonal and synaptic failure suppress the transfer of �ring rate
oscillations, synchrony and information during high frequency deep brain
stimulation.Neurobiol. Dis.62, 86–99. doi: 10.1016/j.nbd.2013.09.006

Rubin, J. E., and Terman, D. (2004). High frequency stimulation of
the subthalamic nucleus eliminates pathological thalamic rhythmicity
in a computational model. J. Comput. Neurosci.16, 211–235.
doi: 10.1023/B:JCNS.0000025686.47117.67

Schapira, A. (2003). Neuroprotection in PD - A role for dopamine agonists?
Neurology61(6 Suppl.):S34–S42. doi: 10.1212/WNL.61.6_suppl_3.S34

Schapira, A. H. V., and Olanow, C. W. (2003). Rationale for the use of
dopamine agonists as neuroprotective agents in Parkinson's disease. Ann.
Neurol.53(Suppl. 3):S149–S157. discussion: S157–S159. doi: 10.1002/ana.10514

Seidl, S. E., and Potashkin, J. A. (2011). The promise of neuroprotective agents in
Parkinson's disease.Front. Neurol.2:68. doi: 10.3389/fneur.2011.00068

Shen, K. Z., and Johnson, S. W. (2000). Presynaptic dopamine D2 and
muscarine M3 receptors inhibit excitatory and inhibitory transmission
to rat subthalamic neuronesin vitro. J. Physiol. 525(Pt 2):331–341.
doi: 10.1111/j.1469-7793.2000.00331.x

Shen, K. Z., and Johnson, S. W. (2008). Complex EPSCs evoked in substantia nigra
reticulata neurons are disrupted by repetitive stimulation of the subthalamic
nucleus.Synapse62, 237–242. doi: 10.1002/syn.20488

Shouno, O., Tachibana, Y., Nambu, A., and Doya, K. (2017). Computational
model of recurrent subthalamo-pallidal circuit for generation of Parkinsonian
oscillations.Front. Neuroanat.11:21. doi: 10.3389/fnana.2017.00021

Smith, I. D., and Grace, A. A. (1992). Role of the subthalamic nucleus in the
regulation of nigral dopamine neuron activity.Synapse (New York, N.Y.)12,
287–303. doi: 10.1002/syn.890120406

Smith, Y., and Kieval, J. Z. (2000). Anatomy of the dopamine system
in the basal ganglia. Trends Neurosci. 23(10 Suppl):S28–S33.
doi: 10.1016/S1471-1931(00)00023-9

Spieles-Engemann, A. L., Behbehani, M. M., Collier, T. J., Wohlgenant, S. L.,
Steece-Collier, K., Paumier, K., et al. (2010). Stimulation of therat subthalamic
nucleus is neuroprotective following signi�cant nigral dopamine neuron loss.
Neurobiol. Dis.39, 105–115. doi: 10.1016/j.nbd.2010.03.009

Stykel, M. G., Humphries, K., Kirby, M. P., Czaniecki, C., Wang, T., Ryan, T., et
al. (2018). Nitration of microtubules blocks axonal mitochondrial transport
in a human pluripotent stem cell model of Parkinson's disease.FASEB J.32,
5350–5364. doi: 10.1096/fj.201700759RR

Sulzer, D. (2007). Multiple hit hypotheses for dopamine neuron loss inParkinson's
disease.Trends Neurosci.30, 244–250. doi: 10.1016/j.tins.2007.03.009

Sulzer, D., and Surmeier, D. J. (2013). Neuronal vulnerability, pathogenesis, and
Parkinson's disease.Move. Disord.28, 41–50. doi: 10.1002/mds.25095

Surmeier, D. J., Guzman, J. N., Sanchez-Padilla, J., and Goldberg,J. A. (2010). What
causes the death of dopaminergic neurons in Parkinson's disease?Prog. Brain
Res.183, 59–77. doi: 10.1016/S0079-6123(10)83004-3

Surmeier, D. J., Obeso, J. A., and Halliday, G. M. (2017). Selective neuronal
vulnerability in Parkinson disease.Nat. Rev. Neurosci.18, 101–113.
doi: 10.1038/nrn.2016.178

Temel, Y., Visser-Vandewalle, V., Kaplan, S., Kozan, R., Daemen, M.A.
R. C., Blokland, A., et al. (2006). Protection of nigral cell death by
bilateral subthalamic nucleus stimulation.Brain Res. 1120, 100–105.
doi: 10.1016/j.brainres.2006.08.082

Tepper, J. M., and Lee, C. R. (2007). GABAergic control of substantia
nigra dopaminergic neurons. Prog. Brain Res. 160, 189–208.
doi: 10.1016/S0079-6123(06)60011-3

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

Tripathy, S. J., Savitskaya, J., Burton, S. D., Urban, N. N., and Gerkin, R. C. (2014).
NeuroElectro: a window to the world's neuron electrophysiology data.Front.
Neuroinformat.8:40. doi: 10.3389/fninf.2014.00040

Tsai, P.-I., Lin, C.-H., Hsieh, C.-H., Papakyrikos, A. M., Kim, M.J., Napolioni,
V., et al. (2018). PINK1 phosphorylates MIC60/mito�lin to control structural
plasticity of mitochondrial crista junctions.Mol. Cell 69, 744–756.e6.
doi: 10.1016/j.molcel.2018.01.026

Turski, L., Bressler, K., Jürgen Rettig, K., Löschmann, P.-A.,and Wachtel, H.
(1991). Protection of substantia nigra from MPP+ neurotoxicityby N-methyl-
D-aspartate antagonists.Nature349, 414–418. doi: 10.1038/349414a0

Vaarmann, A., Kovac, S., Holmström, K. M., Gandhi, S., and Abramov, A. Y.
(2013). Dopamine protects neurons against glutamate-induced excitotoxicity.
Cell Death Dis.4:e455. doi: 10.1038/cddis.2012.194

van Elburg, R. A., and van Ooyen, A. (2004). A new measure for bursting.
Neurocomputing58–60, 497–502. doi: 10.1016/j.neucom.2004.01.086

Vandecasteele, M., Glowinski, J., and Venance, L. (2005). Electrical Synapses
between dopaminergic neurons of the substantia nigra pars compacta. J.
Neurosci.25, 291–298. doi: 10.1523/JNEUROSCI.4167-04.2005

Vernon, A. C., Palmer, S., Datla, K. P., Zbarsky, V., Croucher, M. J., and Dexter,
D. T. (2005). Neuroprotective e�ects of metabotropic glutamate receptor
ligands in a 6-hydroxydopamine rodent model of Parkinson's disease. Eur. J.
Neurosci.22, 1799–1806. doi: 10.1111/j.1460-9568.2005.04362.x

Frontiers in Neural Circuits | www.frontiersin.org 25 February 2019 | Volume 13 | Article 11



Muddapu et al. Excitotoxic Loss of Dopaminergic Cells in PD

Vila, M., Périer, C., Féger, J., Yelnik, J., Faucheux, B., Ruberg, M., et al.
(2000). Evolution of changes in neuronal activity in the subthalamic
nucleus of rats with unilateral lesion of the substantia nigra assessed by
metabolic and electrophysiological measurements.Eur. J. Neurosci.12, 337–
344. doi: 10.1046/j.1460-9568.2000.00901.x

Waak, J., Weber, S. S., Waldenmaier, A., Görner, K., Alunni-Fabbroni, M.,
Schell, H., et al. (2009). Regulation of astrocyte in�ammatory responses
by the Parkinson's disease-associated gene DJ-1.FASEB J.23, 2478–2489.
doi: 10.1096/fj.08-125153

Wallace, B. A., Ashkan, K., Heise, C. E., Foote, K. D., Torres, N., Mitrofanis, J., et
al. (2007). Survival of midbrain dopaminergic cells after lesion or deep brain
stimulation of the subthalamic nucleus in MPTP-treated monkeys.Brain 130,
2129–2145. doi: 10.1093/brain/awm137

Wang, X. J., and Rinzel, J. (1993). Spindle rhythmicity in the reticularis thalami
nucleus: synchronization among mutually inhibitory neurons.Neuroscience53,
899–904. doi: 10.1016/0306-4522(93)90474-T

Weinberger, M., Mahant, N., Hutchison, W. D., Lozano, A. M., Moro, E., Hodaie,
M., et al. (2006). Beta oscillatory activity in the subthalamic nucleus and its
relation to dopaminergic response in Parkinson's disease.J. Neurophysiol.96,
3248–3256. doi: 10.1152/jn.00697.2006

Wellstead, P. (2010). Systems biology and the spirit of tustin.IEEE Control Syst.30,
57–102. doi: 10.1109/MCS.2009.934989

Wellstead, P., and Cloutier, M. (2011). An energy systems approach to Parkinson's
disease.Wiley Interdiscip. Rev.3, 1–6. doi: 10.1002/wsbm.107

Whitton, P. S. (2007). In�ammation as a causative factor in the
aetiology of Parkinson's disease.Brit. J. Pharmacol. 150, 963–976.
doi: 10.1038/sj.bjp.0707167

Wright, A. K., and Arbuthnott, G. W. (2007). The in�uence of the
subthalamic nucleus upon the damage to the dopamine system following
lesions of globus pallidus in rats.Eur. J. Neurosci.26, 642–648.
doi: 10.1111/j.1460-9568.2007.05706.x

Wright, A. K., McLaughlin, K. E., Atherton, J. F., Norrie, L., and Arbuthnott, G. W.
(2002). “Lesions of the rat globus pallidus, which increase subthalamic nucleus
activity, cause dopamine cell death,” inThe Basal Ganglia VII, eds L. F. B.
Nicholson and R. L. M. Faull (Boston, MA: Springer), 457–464.

Yang, C., Yan, Z., Zhao, B., Wang, J., Gao, G., Zhu, J., and Wang, W. (2016). D2
dopamine receptors modulate neuronal resonance in subthalamic nucleusand

cortical high-voltage spindles through HCN channels.Neuropharmacology105,
258–269. doi: 10.1016/j.neuropharm.2016.01.026

Zecca, L., Wilms, H., Geick, S., Claasen, J.-H., Brandenburg, L.-O., Holzknecht,
C., et al. (2008). Human neuromelanin induces neuroin�ammation and
neurodegeneration in the rat substantia nigra: implications for Parkinson's
disease.Acta Neuropathol.116, 47–55. doi: 10.1007/s00401-008-0361-7

Zhang, J., and Tan, L. C.-S. (2016). Revisiting the medical management of
Parkinson's disease: levodopa versus dopamine agonist.Curr. Neuropharmacol.
14, 356–363. doi: 10.2174/1570159X14666151208114634

Zhang, W., Phillips, K., Wielgus, A. R., Liu, J., Albertini, A., Zucca, F. A., et
al. (2011). Neuromelanin activates microglia and induces degeneration of
dopaminergic neurons: implications for progression of Parkinson's disease.
Neurotox. Res.19, 63–72. doi: 10.1007/s12640-009-9140-z

Zheng, F., Lammert, K., Nixdorf-Bergweiler, B. E., Steigerwald, F., Volkmann,
J., and Alzheimer, C. (2011). Axonal failure during high frequency
stimulation of rat subthalamic nucleus.J. Physiol. 589, 2781–2793.
doi: 10.1113/jphysiol.2011.205807

Zuddas, A., Oberto, G., Vaglini, F., Fascetti, F., Fornai, F., and Corsini, G. U.
(1992a). MK-801 Prevents 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine-
Induced Parkinsonism in Primates.J. Neurochemi. 59, 733–739.
doi: 10.1111/j.1471-4159.1992.tb09429.x

Zuddas, A., Vaglini, F., Fornai, F., Fascetti, F., Saginario, A., and Corsini, G. U.
(1992b). Pharmacologic modulation of MPTP toxicity: MK 801 in prevention
of dopaminergic cell death in monkeys and mice.Ann. N.Y. Acad. Sci.648,
268–271. doi: 10.1111/j.1749-6632.1992.tb24553.x

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2019 Muddapu, Mandali, Chakravarthy and Ramaswamy. 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 Neural Circuits | www.frontiersin.org 26 February 2019 | Volume 13 | Article 11


