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ARTICLE INFO Abstract
Background. Parkinson’s disease (PD) is a neurological disorder caused by the
Avrticle History: dysfunction of the basal nuclei, especially the substantia nigra, and a decrease in
Received: 3 Sep 2023 dopamine levels in the neural circuits of this part. In this paper, to investigate the effects
Accepted: 18 Oct 2023 of optogenetic stimulation on parkinsonian nervous systems, a complete model of basal
ePublished: 20 Jul 2024 ganglia (BG, including subthalamic nucleus [STN], globus pallidus interna [GPi], globus
pallidus externa [GPe], and thalamus [TH] neurons) was first selected to simulate the
Keywords: neurons of the basal nuclei and was developed for PD using three- and four-state
e Parkinson’s Disease optogenetic stimulation.
e Optogenetic Methods. For this purpose, channelrhodopsin-2 (ChETA), ChRwt, and halorhodopsin
Stimulation (NpHR) opsins were evaluated in three-state and four-state stimulation modes, and
e BG Network Madel different stimulation conditions according to different parameters in the BG model were

taken into consideration.

Results. To verify the developed model, the obtained results were compared with the
results of experimental studies. The amount of compliance for different stimulation
conditions and various genes underwent investigation. The value of the error index
was calculated to evaluate the performance of the BG model for each gene in three-
and four-state stimulation conditions with different values of basic parameters, and the
stimulation conditions that created the error index equal to zero were introduced as
optimal conditions. Based on the results, the frequencies of 20 Hz and 200 Hz in the
four-state ChRwt model and the frequency of 80 Hz in the three-state ChETA model
have been suggested as optimal genes, frequencies, and models.

Conclusion. The response of GPe neurons was consistent with the experimental
results, and the response of other neurons was also similar to the response of GPe
neurons. In optimal conditions, STN and GPe neurons could provide excitatory input
and appropriate inhibitory input to GPi, respectively, and GPi neurons could provide
appropriate inhibitory input to TH, and as a result, its function improved and the
pathological effects of PD disappeared.

Practical Implications. In this research, it has been attempted to improve the function
of the basal nuclei of the brain by using optogenetic stimulation and the elimination of
the pathological symptoms of PD.
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Extended Abstract

Background

Parkinson’s disease (PD) is a neurological disorder
caused by the dysfunction of the basal nuclei,
especially the substantia nigra, and a decrease in
dopamine levels in the neural circuits of this part.
Basal nuclei are the subcortical structures of the brain
and consist of the subthalamic nucleus (STN), globus
pallidus interna (GPi), globus pallidus externa (GPe),
and thalamus (TH) that has an important role in the
dynamic system. In general, the use of drug therapy,
electrical stimulation, and optogenetic stimulation is
proposed for the treatment of PD. Compared to
electrical methods and drug treatment, optogenetic
light stimulation methods are suitable tools in
neuroscience studies due to their higher speed and
precision and less damage. In nervous systems, the
nerve impulse is generated and transmitted by using
a series of ion channels in the nerve cell and
changing the concentration of ions inside and outside
the nerve cell.

Methods

In this paper, to achieve good results, it was
attempted to consider a computational modeling
method including all the effective parts related to the
neurons of the basal nuclei of the brain from the
pathological effects of PD, so that we can investigate
the effects on the responses of different neurons by
applying optogenetic stimulation in different
conditions, simulating the desired model, and
controlling PD in the best way. To achieve this goal,
it was attempted to consider a complete basal
ganglia-thalamus (BG-TH) network model to
simulate the neurons of the basal nuclei nervous
system, so that it includes all the effective parts, such
as TH, GPi, Gpe, and STN neurons with different
connections; hence, the study results are closest to
experimental and clinical studies, and the effect of
different parts can be evaluated. The ability to
achieve optimal conditions requires conditions in
which STN and GPe neurons apply the excitatory
input and the appropriate inhibitory input to the GPi
neurons, respectively, and the GPi neurons can apply
the appropriate inhibitory input to the TH neurons,

leading to the improvement of their performance and
the disappearance of the pathological effects of PD.
Finally, it can also examine their strengths and
weaknesses by changing and choosing the types of
opsins and protein channels on the BG model of
three-state and four-state optogenetic stimulation and
comparing the results. In previous works, one feature
was used for stimulation, while in this paper, it has
been attempted to provide optimal light stimulation
by introducing appropriate protein channels and
applying different features. In the proposed modeling
for the optogenetic stimulation of Parkinsonian
nervous systems, most of the simple models that
include all the effective nerve parts have not been
proposed so far. For this purpose, it has been
attempted to choose the complete BG model to
simulate the neurons of the basal nuclei of the brain
so that the results of the studies are the closest to the
experimental and clinical studies and the effects of
different parts can be evaluated.

Then, the effects of PD on the nervous system have
been developed in the BG model. In the considered
model, different opsins of channelrhodopsin-2
(ChETA and ChRwt) and halorhodopsin (NpHR)
have been analyzed in the form of the effects of
three-state and four-state optogenetic stimulation in
PD, along with studying the response of all neurons
in the BG network model to different optogenetic
stimulations.

Results

To verify the developed model, the obtained results
were compared with those of experimental studies.
The amount of compliance for various stimulation
conditions and different genes was investigated. In
this way, first, the stimulation conditions were
considered similar to the conditions in the
experimental studies, and the results obtained for the
BG model were compared with the existing
experimental results. Next, the effect of the basic
parameters on the introduced models was studied by
selecting the conditions that were closest to the
experimental results. The basic parameters that were
evaluated in the improvement of PD in this paper
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included the selection of appropriate opsin and
effective stimulation conditions. For this purpose,
ChETA, ChRwt, and NpHR opsins and proteins were
examined in three-state and four-state stimulation
modes. Further, stimulation conditions, including
frequency (f), number of pulses (ns), pulse width
(ton), and intensity of stimulation light (A), were
taken into consideration. The range of changes in the
basic parameters was selected from the ranges used
in experimental studies so that they are comparable
within the specified range. Considering that opsins
may experience reaction fatigue and lose their
effectiveness with prolonged stimulation, and as a
result, their performance deteriorates, both long and
short stimulation were studied in the BG model with
different basic parameters for the NpHR opsin, and
suitable conditions were introduced for it. To
evaluate the performance of the BG model for each
gene in three- and four-state stimulation conditions
with different values of basic parameters, the value
of the error index was estimated, and the stimulation
conditions creating the error index equal to zero were

introduced as optimal conditions. Based on the
results, the frequencies of 20 Hz and 200 Hz in the
four-state ChRwt model and the frequency of 80 Hz
in the three-state ChETA model were presented as
optimal genes, frequencies, and models.

Conclusion

STN neurons and GPe neurons could provide
excitatory input and appropriate inhibitory input to
GPi neurons, respectively, in optimal conditions.
Furthermore, GPi neurons could provide appropriate
inhibitory input to TH neurons. Accordingly, its
function improved, and the pathological impacts of
PD disappeared. Based on the comparisons, the
response of GPe neurons was in line with the
experimental results, and that of other neurons was
consistent with the response of GPe neurons.
Moreover, the frequencies of 20 Hz and 200 Hz in
the four-mode ChRwt model and the frequency of 80
Hz in the three-mode ChETA model are suggested as
optimal genes, frequencies, and models.
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