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Abstract: Dissecting the functional roles of neuronal circuits and their interaction is a crucial step
in basic neuroscience and in all the biomedical field. Optogenetics is well-suited to this purpose
since it allows us to study the functionality of neuronal networks on multiple scales in living
organisms. This tool was recently used in a plethora of studies to investigate physiological neuronal
circuit function in addition to dysfunctional or pathological conditions. Moreover, optogenetics is
emerging as a crucial technique to develop new rehabilitative and therapeutic strategies for many
neurodegenerative diseases in pre-clinical models. In this review, we discuss recent applications of
optogenetics, starting from fundamental research to pre-clinical applications. Firstly, we described
the fundamental components of optogenetics, from light-activated proteins to light delivery systems.
Secondly, we showed its applications to study neuronal circuits in physiological or pathological
conditions at the cortical and subcortical level, in vivo. Furthermore, the interesting findings achieved
using optogenetics as a therapeutic and rehabilitative tool highlighted the potential of this technique
for understanding and treating neurological diseases in pre-clinical models. Finally, we showed
encouraging results recently obtained by applying optogenetics in human neuronal cells in-vitro.

Keywords: light-delivery systems; in vivo; channelrhodopsin; rehabilitation; stimulation; neurons;
neurodegenerative disease

1. Introduction

Optogenetics is a non-invasive technique largely used in neuroscience to study brain circuit
functions on multiple scales by allowing neuronal activity manipulation with high temporal and spatial
resolution. Thanks to its versatility, optogenetics is progressively becoming the gold standard for
circuit manipulation [1,2]. The high spatial resolution of this technique makes it one of the most precise
low-invasive brain stimulation strategy, highly suitable for the development of targeted therapeutic
protocols for neurodegenerative diseases and injuries, such as Parkinson, depression, stroke, and
multiple sclerosis [3,4]. Indeed, although optogenetic treatments are still limited to pre-clinical models,
they are proving to be a promising strategy. Therefore, in this review, we firstly described the basic
components of the optogenetics technique, i.e., light-activated proteins and light delivery systems.
Secondly, we reported recent applications to cortical and subcortical neuronal circuits in vivo, which
allowed us to identify physiological mechanisms and new plausible targets for light-based therapies.
Then, we moved on dysfunctional networks, where different optogenetic approaches have allowed,
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(i) to trigger, (ii) to modify, or (iii) to mimic pathological behaviors, leading the way to feature
innovative therapeutic interventions. Finally, we introduced recent studies that exploited optogenetics
as a rehabilitation strategy, showing the potential of this technique to replace drug treatments in
pre-clinical models.

1.1. Opsins: An Optical Tool to Manipulate In-Vivo Neural Networks

Optogenetics exploits genetically encoded proteins called opsins to control the activity of targeted
cell populations with light [5]. Opsins are a wide group of light-activated transmembrane proteins.
These light-gated proteins can be categorized according to biophysical properties in ion channels,
pumps, and G-protein coupled receptors, and in type I or type II depending on their microbial or
animal derivation respectively [6]. In the last years, the bioengineering of optogenetic actuators has
focused on improving existing opsin in terms of activation and deactivation kinetics leading to faster,
slower, or step function opsins that best meet the increasing experimental requirements. Furthermore,
different colour-tuned chimeras have been generated allowing multimodal manipulation of the same
neuronal circuit simply by adjusting the light wavelength applied [7,8]. The most common opsin used
to excite neurons is the blue light-activated cation channel, Channelrhodopsins 2 (ChR2) [9], while the
anion-conducting proteins named halorhodopsin from Natronomonas pharaonis (NpHR) is widely used
to silence excitable cells when illuminated with yellow light [10].

Optogenetic actuators must be conveyed and expressed in specific neuronal populations. Currently,
there are two main strategies for targeting opsins—Virus-based transfection methods [11,12] or
transgenic animal lines. Although virus-based transfection methods are limited by the variability in
transduction efficiency, this technique is widely used to lead a local transfection in brain regions of
interest with two main advantages: (i) The number of transfected neurons can be adjusted according
to the volume of virus injected into the tissue and (ii) the afferent or efferent projections from a region
can be selectively transfected and stimulated avoiding unwanted excitation of collateral targets [13,14].
Conversely, transgenic animal lines do not suffer from opsins distribution variability and allow
homogeneous protein expression in wide regions of the nervous system [15–17]. However, the
long-term expression of hexogen proteins in transgenic mice could induce possible toxic effects, such as
abnormal axonal morphology or aberrant electrical activity as shown respectively for opsins or calcium
sensor expression [18,19]. The development of the transgenic mice line is strictly dependent on the
number of available genetic promoters used to drive the process, which is still limited. This problem
is partially overcome thanks to advanced genetic manipulations that exploit the Cre recombinase
system for controlling gene expression [20]. All these fine and flexible applications make optogenetics
a non-invasive innovative strategy.

1.2. Light Sources and Light Delivery Systems

To investigate the causal relationships between targeted neuron modulation and
related-behavioural outcomes, a high temporal precision is required. In addition, since the architecture
of brain circuits is developed on different spatial scales, from a microscopic to macroscopic level [21–25],
manipulating techniques shall ideally be able to span several spatial resolutions. In this section, we
will describe the approaches of light sources and light delivery systems recently developed to address
different spatio-temporal scales.

One-photon (1P) wide-field illumination is the first and most common method to perform
optogenetic stimulation using visible light. Historically, it was possible to drive optogenetic stimulation
of opsin expressing neurons in a large field of view (FOV) using an epifluorescent lamp or a light-emitting
diode (LED) as a light source [26]. An advantage of 1P illumination is the low-power density required
to achieve the minimum level of irradiance to generate action potentials [26–28]. At the same time, the
low spatial resolution of 1P wide-field illumination does not reach single-cell optogenetic excitation.
To increase the spatial resolution the light source can be changed, for example by replacing the LED
with micro-LED (µLED) or laser, which allow to selectively excite a significantly reduced region of
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interest using light in the visible spectrum [29–33]. Although 1P wide-field illumination cannot reach a
single-cell resolution and lacks the spatial confinement of illumination, this technique is an important
resource for mesoscale mapping the functional networks at the level cortex (Figure 1C) [34,35].

Photonics 2019, 6, x FOR PEER REVIEW 3 of 19 

 

field illumination cannot reach a single-cell resolution and lacks the spatial confinement of 

illumination, this technique is an important resource for mesoscale mapping the functional networks 

at the level cortex (Figure 1C) [34, 35]. 

 

Figure 1. Optogenetic manipulation with different spatial resolutions. (A) Representative image of 

two-photon (2P) excitation method, which provides temporally precise control of neuronal firing. The 

high spatial resolution of the technique allows for the stimulating of targeted compartments of 

individual neurons at the dendritic, somatic, and axonal level. The two-photon beam can be split to 

irradiate multiple spots in the imaging plane using different approaches, such as spatial light 

modulators (SLMs) or holographic projection (HP). (B) Spatially patterned excitation sequences can 

be reproduced to map and modulate the connectivity of individual neurons within local circuits. (C) 

A representative example of one-photon patterned illumination. This technique enables us to trigger 

extensive cortical network dynamics and mimic natural activity patterns for the investigation of inter- 

and intra-cortical interactions. (D) Deep brain stimulation using optical fibres provides a method to 

probe the causal relationships between the activity of neuronal ensembles and behaviour in the most 

natural conditions allowed. Adapted by permission from Springer Nature [17]. 

Alternatively, two-photon (2P) stimulation is a widely used technique to reach single-cell 

modulation. Indeed, scattering properties of biological tissues prevent the deep penetration of light, 

unless transparent animals are used (e.g., zebrafish) [36-38]. Two-photon (2P) stimulation uses the 

simultaneous absorption of two near-infrared photons (1064 nm) to excite target proteins. 

Consequently, this technique allows for stimulating deeper in the biological tissue with the additional 

advantage of the single-cell resolution. 

The conventional 2P microscope (scanning based on galvanometer mirrors [39, 40]), is 

characterized by a micrometre-sized excitation volume. Therefore, high concentrations of opsin are 

required in the targeted cell to exceed the action potential threshold and allow us to optogenetically-

evoke spikes in the neuron. Alternatively, other solution can be used: (i) High irradiation density, 

increasing the risk of tissue photodamage; (ii) opsins with slower-off channel kinetics for temporal 

integration, such as C1V1 or ReaChR2; or (iii) soma-targeted opsins, taking into account channel 

saturation properties [41-45]. 

One focal point is creating spatial excitation sequences to both investigate the basic connectivity 

within a circuit and interfere with them (Figure 1A,B). Different approaches are applicable depending 

on the complexity of the excitation patterns desired. The most adaptable and low-cost method is to 

move the plane in which the animal is positioned, but this solution does not allow a fast change of 

the excitation point [46]. Instead, surface light delivery systems, such as acoustic-optic deflectors 

(AOD) or galvanometer mirrors, allow a fast point by point spatial control of the laser beam to 

sequentially excite a different region of interest (ROI) in the FOV [28, 43, 47-50]. 

Moreover, spatial light modulators (SLMs) or holographic projection (HP) have the additional 

advantage to split the laser beam in multiple focal spots allowing simultaneous stimulation of 

different ROI in a single FOV [27, 51-53]. By combining holography techniques and galvanometers 

mirrors, it is possible to achieve three dimensional (3D) holographic stimulation to excite target cells 

at different depths simultaneously [51, 54, 55]. 

Figure 1. Optogenetic manipulation with different spatial resolutions. (A) Representative image of
two-photon (2P) excitation method, which provides temporally precise control of neuronal firing.
The high spatial resolution of the technique allows for the stimulating of targeted compartments of
individual neurons at the dendritic, somatic, and axonal level. The two-photon beam can be split
to irradiate multiple spots in the imaging plane using different approaches, such as spatial light
modulators (SLMs) or holographic projection (HP). (B) Spatially patterned excitation sequences can be
reproduced to map and modulate the connectivity of individual neurons within local circuits. (C) A
representative example of one-photon patterned illumination. This technique enables us to trigger
extensive cortical network dynamics and mimic natural activity patterns for the investigation of inter-
and intra-cortical interactions. (D) Deep brain stimulation using optical fibres provides a method to
probe the causal relationships between the activity of neuronal ensembles and behaviour in the most
natural conditions allowed. Adapted by permission from Springer Nature [17].

Alternatively, two-photon (2P) stimulation is a widely used technique to reach single-cell
modulation. Indeed, scattering properties of biological tissues prevent the deep penetration of
light, unless transparent animals are used (e.g., zebrafish) [36–38]. Two-photon (2P) stimulation
uses the simultaneous absorption of two near-infrared photons (1064 nm) to excite target proteins.
Consequently, this technique allows for stimulating deeper in the biological tissue with the additional
advantage of the single-cell resolution.

The conventional 2P microscope (scanning based on galvanometer mirrors [39,40]), is characterized
by a micrometre-sized excitation volume. Therefore, high concentrations of opsin are required in the
targeted cell to exceed the action potential threshold and allow us to optogenetically-evoke spikes in
the neuron. Alternatively, other solution can be used: (i) High irradiation density, increasing the risk of
tissue photodamage; (ii) opsins with slower-off channel kinetics for temporal integration, such as C1V1
or ReaChR2; or (iii) soma-targeted opsins, taking into account channel saturation properties [41–45].

One focal point is creating spatial excitation sequences to both investigate the basic connectivity
within a circuit and interfere with them (Figure 1A,B). Different approaches are applicable depending
on the complexity of the excitation patterns desired. The most adaptable and low-cost method is to
move the plane in which the animal is positioned, but this solution does not allow a fast change of the
excitation point [46]. Instead, surface light delivery systems, such as acoustic-optic deflectors (AOD)
or galvanometer mirrors, allow a fast point by point spatial control of the laser beam to sequentially
excite a different region of interest (ROI) in the FOV [28,43,47–50].

Moreover, spatial light modulators (SLMs) or holographic projection (HP) have the additional
advantage to split the laser beam in multiple focal spots allowing simultaneous stimulation of different
ROI in a single FOV [27,51–53]. By combining holography techniques and galvanometers mirrors, it is
possible to achieve three dimensional (3D) holographic stimulation to excite target cells at different
depths simultaneously [51,54,55].
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Limitations of digital holographic techniques are due to the inhomogeneous light distribution
during stimulation execution and to the low axial resolution. The latter leads to an aspecific excitation
of several cell layers in the biological tissue. Then, to overcome this issue it is possible to use temporal
focusing (TF), which eliminates the trade-off between the target size in the lateral (x,y) and axial (z) plane.
Thus, large areas within the FOV are illuminated maintaining good spatial confinement [27,56–58].

Regardless of the method used to drive optogenetic excitation, both 1P and 2P configurations
suffer from light scattering that limits the depth achievable to under a few microns (<1 mm) from
the cortical surface in living animals. To address excitation in subcortical regions optical fibres are
necessary. Although the implant of an optical fibre is an invasive process which could cause mechanical
damages to the brain tissue, this technique enables a reproducible and longitudinal photostimulation
of neuronal activity in the deep brain region (Figure 1D).

Fibres have the additional advantage of being implantable in freely moving animals, thus
allowing us to study how targeted perturbation can interfere with physiological behaviours or improve
pathological conditions in high-throughput behavioural experiments with chronic implants. This
system has the advantage of reducing tissue damage from repeated fibre insertions, as well as the
risk of infection when long-term in-vivo studies are performed [59,60]. The standard fibre optics are
flat-face fibres (FFs), which deliver light only in a small and fixed tissue volume located on the tip of
the fibre [61]. Recently, tapered optical fibres (TFs) enable excitation along a larger volume thanks to
an homogeneous cylinder of light along the entire tapered fibre. Moreover, in the TFs the light input
angle can be adjusted to select the light-emitting portion, this characteristic allows us to illuminate two
different regions of the brain simultaneously along the same fibre [62–64]. Furthermore, optic fibres
can be coupled to recording electrodes (optrodes) for simultaneous electrophysiological recording and
photostimulation [59], thus taking advantages of both electrophysiology and optogenetic in the same
device. Furthermore, to increase the complexity of behavioural paradigms that can be investigated,
innovative implantable wireless optogenetic devices are being developed [65–70].

Regardless of the technique used to deliver the light, the tissue heating due to sustained illumination
requires an accurate consideration. Indeed, many physiological processes are temperature-sensitive
and specific cell types in different brain regions (such as the striatum) can suppress their firing rates
when subjected to continuous illumination (10–15 mW) even in the absence of opsin expression [71].
Although the time constant for the heating of neuronal tissue with light is slower than the time necessary
for opsins to alter the neuronal activity, accurate illumination strategies are highly recommended to
reduce thermally induced side effects. Therefore, the correct choice of the numerical aperture, the core
diameter. and the wavelength is necessary to minimize heating effects with optical fibres. Moreover,
the stimulus frequency and pulse length are also important to reduce the risk of phototoxicity and heat
damage in the living tissue [33,71–73].

2. Towards a Deeper Understanding of Brain Circuits Functions, Using Optogenetics

Neuronal networks in living organisms are highly interconnected. In vivo, the use of optogenetics
allows the association of a selective, specific, and finely controlled stimulus with an output readout
such as a behavioural reaction [24,74,75] or a neuronal response if combined with electrophysiology
techniques or optical indicators [76–79]. This permits us to study the functional connectivity on multiple
scales from a single neuron to the whole brain in physiological or pathological conditions [80–82].
Here we review several optogenetic approaches that allowed us to dissect and identify new functional
roles of neuronal circuits highly involved in neurological diseases treated later in this review, since
these studies help to identify more target (light-based) therapies. In particular, we focus on recent
discoveries at the cerebral cortex and basal ganglia level. Basal ganglia (BG) take part in different
processes such as motor control, executive functions, and emotion [83]. More in detail, motor circuit
modulation is thought to be based on an activity balance between the direct and indirect pathway
starting from the striatum, which regulates basal ganglia output to the thalamus (Figure 2A). The highly
selective optogenetic control offered a unique opportunity to thoroughly understand the physiological
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functionality of the two pathways and how it is disrupted in Parkinson’s disease. Indeed, the direct
pathway activation using an excitatory opsin (ChR2 [84]) led to a movement increase, while indirect
pathway activation suppressed the motor program [85] (Figure 2B).
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Figure 2. Optogenetic application to study the cortical-basal ganglia-thalamocortical circuit involved in
motor control. (A) Connectivity diagram showing excitatory and inhibitory pathways. Abbreviations:
D1 and D2, dopamine receptor subtypes. SNc, substantia nigra pars compacta. STN, subthalamic
nucleus. GPe, external glob pallidus. GPi, internal globus pallidus. SNr, substantia nigra pars reticulata.
Works where viral transfection involved a specific nucleus are signed with an asterisk on the right. (B)
Representative scheme showing the placement of bilateral optical fibres (blue) in dorsomedial striatum
(Str) with unilateral recording array in either striatum or SNr (black). Virus injection was performed
bilaterally into dorsomedial striatum (green). Adapted from [85]. (C) Representative methodological
scheme of the activation of SNr axon terminals in the thalamus—Optical fibre (blue) was in dorsal
striatum to stimulate projecting dopamine axons from SNc. Virus (yellow) was injected at ventral
tegmental areas (VTA) or SNc. Adapted by permission from Springer Nature [86]. (D) Representative
scheme of activation of mPFC axon terminals in the DNR using optical fibre (blue). Virus (green) was
injected in mPFC. Adapted from [87] with permission from Elsevier.

Moreover, the direct and indirect pathways are involved in the process of action sequences
learning. Little is known about how action sequences are organized. They could be organized as
response chains activated in series by sensory feedbacks or hierarchical sequences with multiple levels
of control. To address this issue, Geddes et al. in 2018 [88] selectively perturbed the two pathways by
expressing hChR2(H134R) in the striatal MSNs [8]. By using a state-dependent closed-loop optogenetic
stimulation and interference they demonstrated that action sequences in a complex task are controlled
independently, suggesting a hierarchal organization—striatal direct pathway facilitates actions and
controls sequence start/stop, while indirect pathway inhibits actions and mediates the switch to
the following sequence. These results provide important information in order to elucidate how
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cortico-basal ganglia circuits work in coordination processes [88] and suggest new targets for the
treatment of Parkinson’s disease in which the action sequences organization is highly compromised.

A similar optogenetic approach was used by Wang et al. in 2018 [89] to dissect the role of the
direct and indirect pathways in controlling the cognitive flexibility, an essential executive function that
enables individuals to cope with changing environments by switching between strategies. Indeed,
cognitive flexibility deficits are involved in disorders, such as Parkinson’s and schizophrenia. The
possibility to bidirectionally stimulate the two different population of striatal MSNs by expressing
ChR2 or NpHR permitted the authors to identify an opposite action of these two pathways in cognitive
regulation in freely moving mice: Disrupting (direct) and facilitating (indirect) the performance without
affecting the acquisition or retention of discrimination learning.

In recent years the development of genetically encoded activity sensors allowed monitoring
hundreds of individual neurons simultaneously using calcium or voltage indicators imaging.
Combining photostimulation with neuronal imaging allowed us to achieve an ‘all-optical system’
for long-term low-invasive studies of manipulated neuronal patterns [90–93]. Critical points in the
all-optical approaches are principally due to the spectra overlap between optogenetic actuators and
neuronal sensors, and to the photoswitching properties of some proteins in response to different
wavelengths [77,94].

This combination of techniques has been used from Howe et al., where the calcium indicator
GCaMP6f was expressed into the ventral striatum dopamine neurons to test the hypothesis that specific
striatal dopamine signalling patterns modulated locomotion movements, an important target in
Parkinson’s treatments. By transfecting the same neurons with ChR2, it has been possible to replace the
phasic dopamine axon signalling observed during physiological locomotion or spontaneous initiations
(Figure 2C). Thus, the authors showed that optogenetic stimulation of dorsal-striatum-projecting
dopamine axons could rapidly trigger locomotion bouts and shift rhythmic acceleration, demonstrating
the importance of dorsal striatal activities on locomotion movements [86].

However, one limitation of optogenetics as a stimulation technique is the undesired excitation
of collateral targets due to the projections to multiple neurons expressing optogenetic-actuators. To
overcome the problem, it is possible to anatomically select only the transfected axonal projections
connected with brain regions of interest. This approach has been adopted by Warden et al. [87] to
study the role of the Medial Prefrontal Cortex (mPFC) in goal-oriented behaviour that is impaired in
pathological states such as depression. More in detail, to mimic the mPFC control on Dorsal Raphe
Nucleus (DNR), a virus-containing ChR2 was injected into the mPFC and its axonal projections to
DNR have been selectively excited with optical fibre implanted in the DNR (Figure 2D). In this study, a
clear, rapid, and reversible effect on active behaviour selection has been observed after optogenetic
stimulation (immobility average was 97% in the pre-protocol epoch compared to an immobility average
of 39% during the protocol epoch). Thus, demonstrating the importance of mPFC in the generation of
behavioural responses to challenging situations [87].

3. Optogenetics to Dissect Disease Neural Circuitry

Optogenetics is strongly used to study dysfunctional mechanisms underlying neurological disease
and injuries, with different approaches. First, it can be used to study functional connectivity in
abnormal conditions. For this purpose, all-optical approaches allowed to real-time SEanalyze the
altered connectivity and the following circuit reorganization over the weeks. Thus, thanks to the
mesoscale optogenetic mapping of ChR2-evoked voltage-sensitive dye (VSD) responses, Lim et al. were
able to study how the neuronal connectivity changes across both cortical hemispheres after a targeted
cortical stroke. They showed an heterogeneous recovery in the damaged areas, associated with changes
in functional connectivity even in the non-injured hemisphere (Figure 3A) [46,95,96]. Another example
was Xie et al. in 2013, who used optogenetic stimulation combined with electroencephalography
and electromyography recording to perform a non-invasive investigation of the acute effect of global
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ischemia on sensory and motor outcome with high temporal resolution. The authors showed an
incomplete recovery of the sensory processing, while motor output was nearly fully recovered [97].
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Figure 3. Brain circuit functions in pathological conditions. (A) Example of quantitative
voltage-sensitive dye (VSD) responses in a bilateral craniotomy preparation after photostimulation of
the right (injured) forelimb somatosensory cortex in a sham animal (top), 1 week after stroke (middle),
and 8 weeks after stroke animal (bottom). The white circle indicates the lesion in the stroke animals.
White arrows indicate laser photostimulation target. Adapted from [46]. (B) Left: Lepresentative
scheme for photostimulation of GPm-VL synapses and recording activities from VL neurons and body
muscles. Right: Representative time series of video frames 5 s before (white rectangle) and during
(blue rectangle) photostimulation of the GPm-VL. Adapted from [98] with permission from Elsevier.

In the study of diseased neural circuitry, optogenetics has also been used as a tool to modify
the activity of targeted neuronal populations in pathological conditions, in order to assess their
potential implications. This mechanism has been applied to study dysfunctional neurological patterns
characteristic of obsessive-compulsive disorders (OCDs) associated with repetitive behaviours. In
detail, abnormalities in the cortico-basal ganglia circuit, related to the lateral orbitofrontal cortex (lOFC)
are implicated in these disorders. Indeed, MSNs in pathological animals show a higher baseline
firing compared to healthy mice. Optogenetic stimulation of targeted axonal projection from lOFC to
striatum led to an inhibition of MSNs spiking and a reduction in the obsessive-compulsive behaviour,
confirming a key role of the lOFC-striatal pathway in these disorders [99].

Another approach was to use optogenetics as a triggering factor to evoke and mimic pathological
behaviours. For example, a kindling-induced variant of the classical model of epilepsy has been
developed to study epileptogenesis processes modulating the severity and the duration of seizures by
applying ChR2 stimulation into the primary motor cortex (M1) [100]. Another case where optogenetics
was used to trigger pathological behaviour regards dopamine neurons in the ventral tegmental area
(VTA), which have a crucial role in the stress response. These neurons have two different patterns
of firing: Low-frequency tonic and high-frequency phasic firing. Optogenetic phasic stimulation
managed to discriminate circuits involved in the depression and social-defeat stress—optogenetic
inhibition of the VTA-NAc projection induced resilience, while inhibition of the VTA-mPFC projection
promoted stress susceptibility [101]. Using the same principle, optogenetics enabled the identification of
pathological patterns underlying Parkinson’s disease (PD), a neurodegenerative disease characterized
by several motor deficits. The hallmark of PD is the loss of SNc dopaminergic neurons innervating the
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striatum, which leads to basal ganglia circuitry dysfunction. Nevertheless, the regulation effects of BG
projections in this condition was unknown. Optogenetic modulation allowed the ability to show that
inhibitory medial globous pallidum (GPm) input to ventrolateral thalamic neurons (VL) was critical
for the suppression of locomotion. Indeed, inhibitory synaptic input from GPm was able to induce an
excitatory motor signal in thalamic neurons. This condition suggested a re-evaluation of the role of
the two principal BG outputs (GPm and SNr) which could also lead to future innovative therapeutic
interventions to improve debilitating conditions caused by dopamine deficiency. Furthermore, the
frequency and light pulse width of GPm photostimulation evoked different muscle contractions: From
basic muscle twitches by 1 Hz photostimulation, to a state of continuous muscle contraction when
the high-frequency of GPm oscillations observed in PD was emulated (Figure 3B) [98]. This study
introduces another feature of optogenetics—different stimulation modalities in the same context lead
to opposite results. As discussed in the section on rehabilitation strategies, this condition should not
be underestimated especially when optogenetics is applied as a therapeutic treatment.

4. Light as Rehabilitative Strategy in Pre-Clinical Models

In the following section, we will introduce recent studies that exploited optogenetics as a treatment
and rehabilitation strategy compared to other low- or non-invasive brain stimulation techniques (NIBS).
Indeed, NIBS like transcranial Electrical Stimulation (tES) or Transcranial Magnetic Stimulation (TMS)
demonstrated promising results in post-stroke recovery, anxiety, and depression treatment, in addition
to improving Parkinson’s symptoms in human patients [102–109]. Nevertheless, these methods are
non-selective and limited by the low spatial resolution, which induces activity changes of all cell types
near the stimulated site. In contrast, optogenetics is selective for specific cell populations and it can
bidirectionally modulate the brain activity with single-cell resolution and with a millisecond temporal
precision [110]. Therefore, optogenetics is increasingly used as a rehabilitative and therapeutic tool for
neurodegenerative disease and, although optogenetic treatments are still limited to pre-clinical models,
this technique is proving to be a promising strategy.

4.1. Parkinson’s Disease

Deep brain stimulation (DBS) is currently the most widely used neurostimulation system used for
human therapy [111]. However, this strategy (i) requires surgery to implant an electrode in the brain,
(ii) does not allow a selective neuronal excitation or inhibition, and (iii) the stimulus parameters are
not suitable for a fine modulation of BG oscillations. Instead, the use of low-invasive techniques, like
optogenetics, to lead direct-pathway activation allowed recovery of all motor deficits up to pre-lesion
levels in a mouse model of PD, suggesting an highly selective therapeutic strategy for ameliorating
Parkinsonian-debilitating conditions [80].

Since PD is related to an excitatory/inhibitory imbalance in the BG circuits [112], therapeutic
optogenetic applications can target several neuronal populations at BG levels, from MSNs involved in
direct and indirect pathways to glutamatergic neurons in the subthalamic nucleus (STN). Moreover,
optogenetics offers a range of strategies that cover both excitation and inhibition modulation with
high spatial resolution [113], as in the case of Yoon et al. that performed optical STN inhibition using
halorhodopsin (NpHR). This condition led to an improvement in forelimb akinesia in a unilateral
mouse model of PD [61] (the use of the contralateral forelimb was 9.8 ± 6.3% in the control group vs
38.8 ± 8.1% in NpHR group during stimulation), suggesting that the STN inactivation could reduce the
firing pattern of output nuclei as GPi and SNr and leading an improvement in motor symptoms.

Optogenetic techniques were also used to specifically activate glutamatergic neurons in the
ventroanterior motor thalamus. Seeger-Armbruster et al. identified a selective pattern of stimulation
which led to rescue movement, in drug-induced Parkinsonian rats [114], highlighting the possibility
to recreate physiological models of cellular activation is in order to achieve successful therapeutic
strategies. Indeed, physiological patterns achieved using the timing of spikes from previously recorded
single VA neurons and theta-burst patterns of stimulation (TBS) improved reaching in parkinsonian rats.
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The spatial precision of optogenetics can be increased by controlling the opsin gene expression
by the Cre-recombinase system [20]. Thus, only neuron subpopulation projections connected to the
target area are labelled and can be stimulated, ensuring no data influence by collateral projections
stimulation. This was the case of Magno et al. where selective glutamatergic neurons in the secondary
motor cortex (M2), innervating BG structure, were stimulated to control motor behaviour in the
parkinsonian condition (Figure 4A). They showed that M2 photostimulation allowed the ability to
improve motor functions leading to the recovery of the pathological inhibitory tone of the direct
pathway (61.7% increase in average speed in ChR2+ lesioned animals compared to ChR2−; these animals
also didn’t show a change in the Y-maze test suggesting that the stimulation did not affect nonmotor
symptoms). Instead, the combination of optogenetics with pharmacological treatment (L-DOPA) led to
an unexpected improvement in working memory performance (percentage of alternations in Y-maze
test of ChR2+ vs ChR2− under L-DOPA treatment: 58.1 ± 3.53 vs. 41.3 ± 3.66) [115].
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Figure 4. Representative schemes of optogenetic therapeutic pre-clinical application in Parkinson’s,
stroke, and multiple sclerosis. (A) Experimental scheme: ChR2 is expressed into the M2 area (green)
and optical fibre (blue) is implanted over the dorsomedial striatum. Adapted from [115]. (B) Diagram
showing the dentato-thalamo-cortical pathway stimulated (from the bottom to the top). Fibre cannula is
implanted in the contralesional lateral cerebellar nucleus (LCN–bottom). The region of the yellow hatch
marks represents the infarct areas (striatum and cortex). Adapted from [116]. (C) Scheme showing
optogenetic neuronal stimulation of the lateral corpus callosum (CC). The optic fibre is placed above
the demyelinated lesions (in red) to stimulate axonal projection of neocortex neurons. Abbreviations:
Ctx, cortex; Str, striatum; V, ventricle. Adapted with permission of American Society for Clinical
Investigation from [117].

Similar results have been obtained stimulating the primary motor cortex (M1) projections to STN.
Once again, the stimulation frequency was also important: High-frequency optogenetic stimulation
(100 Hz) ameliorated bradykinesia and increased movement speed (seconds in motion per trial
increased from 48.6 ± 4.3 s in unstimulated lesioned mice to 83 ± 8.7 s), while low-frequency stimulation
(30 Hz) did not significantly change movement deficits [14].

These results, stress the influence of the cortico-subcortical projection on motor outputs
in pre-clinical models, suggesting the idea of cortical therapeutic applications for parkinsonian
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patients [118]. This condition would imply only superficial light delivery systems, making them less
invasive techniques compared to DBS methods.

Moreover, optogenetics can be combined with pharmacological treatments (L-DOPA) to achieve
higher improvement [115], with limited side effects [119]. Indeed, L-DOPA induced dyskinesia
(LIDs) is a crucial compliance for Parkinson’s pharmacological treatments. Optogenetic stimulation of
striatal cholinergic system [113,119] led to a reduction of LIDs symptoms. Even in this work, different
stimulation modalities imply opposite results—short pulse optical stimulation (1–5 ms) increased LIDs
(the forelimb use decreased from 59.4 ± 4% after only L-DOPA treatment to 58.3 ± 7.5% total after
short stimulation), while longer pulse optical stimulation (20 ms–1 s) significantly decreased LIDs
in parkinsonian mice (the forelimb use increased up to 61.6 ± 1.8% total compared to only L-DOPA
treatment showed before) [119]. More importantly, all these results prove how frequency and pulse
width are relevant to the success of optogenetic treatments [14,98,114,119]. Indeed (i) symptoms
aggravation, (ii) side effects, or (iii) no effect happened when the wrong stimulation parameters
were operated.

4.2. Stroke

One of the main goals concerning this pathology is to understand how the neuronal
excitation/inhibition balance governs recovery after stroke. Thus, a selected neuron population
can be put under the control of an excitatory or inhibitory opsin like in the case of Jiang et al. work.
They have assessed the effects of striatal GABAergic neuronal activity on neurobehavioral outcomes
after an ischemic injury (Transient Middle Cerebral Artery Occlusion (tMCAO)) using two different
opsins: ChR2 and Arch (Archaerhodopsin) respectively to promote or inhibit this neural subtype.
This study showed how the optical inhibition of striatal GABAergic neurons allowed an increase of
microvessel density and growth factor density in the peri-infarct region. In contrast, their optogenetic
activation induced an opposite action, increasing apoptosis and brain atrophy volume [120,121].
Moreover, He et al. results showed that the inhibition of striatal activity induced by a reduction in
the GABAergic tone promoted the proliferation of neuronal stem cells (NSCs) in the subventricular
zone (SVZ) and peri-infarct area of stroke mice [121]. Further validation of these results is provided by
the Song et al. study—deep brain optogenetic stimulation of striatal glutamatergic neurons seems to
promote the migration of SVZ neuroblasts into the peri-infarct area improving long-term functional
recovery after stroke [122]. Overall these results demonstrate that optogenetics is a powerful tool in
stroke recovery and promote functional improvement after brain ischemia.

Moreover, optogenetics can also be combined with other rehabilitation techniques such as NSCs
transplantation that is a promising treatment to ameliorate stroke-damage tissues. Using two different
opsins, ChR2 and ArchT, and optical fibre implantation Lu et al. in 2017 showed that inhibition but not
excitation of striatal neuronal activity for 15 min daily reduced apoptosis and improved neurological
recovery after NSC transplantation at the subacute phase after brain ischemia in mice [123]. These
data demonstrate the influence of endogenous neuronal activity during the acute and chronic phase of
the pathology, suggesting new selected targets to act on to avoid debilitating and permanent deficits.

Another important application of optogenetics as a rehabilitative tool is the treatment of cortical
focal stroke. Even in this case, optogenetic approaches can bypass the regions directly involved in
the damage and take advantage of the modulation of nuclei strongly connected with the damaged
one, like the thalamus. This structure was demonstrated to play an important role in cortical focal
stroke, as in Tennant et al. [124]. The authors tested an optogenetically rehabilitative paradigm by
stimulating the cortical thalamic projection. In detail, optogenetic stimulation was delivered through a
cranial window and consisted of 1 h of stimulation sessions for 6 weeks. Coupling this treatment with
two-photon calcium imaging allowed demonstrating that the rehabilitation strategy used promoted
the formation of new and stable thalamocortical synaptic buttons, enhancing the recovery of cortical
circuit function and forepaw abilities. In parallel, another study tested optogenetic stimulation of the
lateral cerebellar nucleus (LCN) that sends motor output to the cerebral cortex. Therefore, through
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optogenetic stimulation of the dentate-thalamo-cortical pathway, it is possible to modulate motor,
premotor, somatosensory, and non-motor cortex areas (Figure 4B). The authors showed that selective
short-term and long-term stimulation of excitatory neurons at contralesional LCN level, respectively
for two or four weeks, promoted persistent recovery after stroke (tMCAO) [116].

Finally, modulation of intra-hemispheric connectivity fostered an increase in cerebral blood flow,
neurovascular coupling response, and motor performance after 15 days of therapy [110,125].

Even if neuronal processes leading rehabilitative effects still need further investigation, these
preliminary results open the way to new therapeutic target and rehabilitation strategies in stroke
patients [110,126].

4.3. Other Therapeutic Applications

Optogenetics is a versatile tool, thus all the rehabilitative approaches showed before can be
successfully applied in a wide range of diseases, simply by choosing a different neuronal target. In this
section, we will present a few selected studies on other neurological disease models to provide a more
global idea of the potential rehabilitative applications of optogenetics.

Therefore, optogenetics intervention has been evaluated for the treatment of epilepsy and
epileptogenesis process. By using a closed-loop optogenetic strategy, the modulation of thalamic
activity in real-time interrupted the seizures. This is a promising approach for pharmacologically and
surgically intractable epilepsies [127].

Depression is another example where optogenetics is applied to improve clinical symptoms.
Optogenetic stimulation of medial prefrontal cortex (mPFC), delivered through an optical fibre to mimic
burst-like patterns of cortical activity (one light pulse every 3 s), exerted a potent antidepressant-like
effect in mice expressing strong a depressive-like phenotype [128]. Another interesting optogenetics
application concerns the possibility to unravel the pharmacological mechanism of drugs. For instance,
ketamine has been demonstrated to induce a rapid-acting antidepressant effect. The neuronal subtype
that mediates this rapid response in the mPFC is not clear yet. It was demonstrated that optogenetic
stimulation (60 min period—1 min on/1 min off, with 15 ms pulses at 10 Hz) of Drd1 expressing
pyramidal cells projection in the mPFC produced a rapid and long-lasting antidepressant response
and that these neurons are required for ketamine response [129].

Optogenetics has been evaluated as therapeutic approach also for demyelinating diseases, such
as multiple sclerosis (MS), in which immune-mediated demyelination of neuronal fibres impairs
impulse conduction and causes axon degeneration in the central nervous system (CNS) associated
with debilitating symptoms as muscle spasms [130]. Ortiz et al. in 2019 showed that a moderated,
repeated long-term optogenetic stimulation of neocortex neurons affected by demyelination enhanced
the differentiation of oligodendrocyte precursor cells into mature oligodendrocytes (Figure 4C).
Consequently, only a repeated stimulation paradigm (3 h photostimulation session repeated every day
from 7 to 13 days after injection, and composed of 36 light trains of 30 s delivered at 20 Hz separated by
a resting period of 4.5 min), allowed a remyelination of the damaged neurons and a widely functional
recovery, identifying optogenetics as a therapeutic application against myelin degeneration [117].

All these results help to identify the processes involved in specific pathologies and make
optogenetics a potential replacement of drug treatment in pre-clinical models, with the advantage of
reducing the side effects of generic or high-invasive treatments.

5. The Future of Optogenetics

The success of optogenetic treatments in several animal models of neurological diseases led to an
increasing interest to design potential therapeutic application in human disorders. The main problem
to transfer optogenetic rehabilitation strategies from animal models to humans is related to the genetic
encoding of optogenetic actuators. Gene therapies have already been performed using AAVs, such
as in the case of haemophilia B that results from a defect in the gene encoding coagulation factor IX.
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Treatments mediated by an AAV vector showed long-term pathology correction without long-lasting
toxicity in patients [131].

Gene therapy has been also used in a cardiovascular disease like heart failure (HF) that is
characterized by a defect in sarcoplasmic reticulum function and low level of an enzyme named
SERCA2. Gene transfer using recombinant AAV vectors carrying SERCA2a cDNA led to a recovery of
enzyme levels in HF patients [132,133]. In these recombinant viral-based therapies, non-replicative
and non-pathogenic human viruses are used. However, one persistent problem is related to the arousal
of an immunological reaction against the virus, which inhibits vector uptake and shall be neutralized
to maximize the efficacy of the treatment.

The in-vitro application of optogenetics in human-derived cells, provided the important evidence
that this method could be applied to humans [134,135]. However, critical issues in optogenetic therapy
remain the expression of optogenetic sensors in the human cell membrane and the current produced by
individual actuators, properties that balance the possibility of improving a pathological condition with
the risk of further neuronal damage [136]. Thus, to learn more about the potential barriers for human
application, we cited interesting topic-focused reviews [136–139]. Nevertheless, first encouraging
results in optogenetic therapies were obtained in in-vitro human neuromuscular disease and retinitis
pigmentosa (PR) treatment, in which ChR2 and NpHR were combined to restore photosensitivity and
interfere with disease progression [140,141], providing evidence of the potential of optogenetics also in
human research fields.
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