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Abstract: The optogenetic tools have been described as valuable techniques to study neural activity through light 
stimulation, as well as potential neuromodulator approaches in the management of several central nervous system 
(CNS) diseases. Since the first bacteriorhodopsin protein described as a single-component light-activated regulator 
of transmembrane ion flow description, in 1980’s, the focus has been on channel proteins for neurobiology; how-
ever, the advances in engineering techniques showed involvement changes in cellular biological behavior in several 
types of proteins involved in cell cytoskeleton regulation, motility and gene expression. Although the use of this 
technology has been published in many papers, a question still remains regarding real results and potential clinical 
applicability in CNS diseases, as well as the publications scarcity that systematically analyses the published results. 
Lastly, the aim of this review is to discuss the experimental results, molecular mechanisms and potential clinical 
applications of optogenetic tools in epilepsy and depression treatment, as well as its applicability in the treatment 
of CNS tumors.
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Introduction

Optogenetics is the combination of genetic and 
optical methods to stimulate or inhibit well-
defined events in specific cells of living tissue 
and behaving animals [1]. The ability to sys- 
tematically perturb and interrogate the intra- 
cellular protein networks that control cell be- 
havior has lagged behind the ability to observe 
these behaviors [2]. Towne and Thompson 
(2016) [3] has defined optogenetics as “a me- 
thod that uses light to control cells in living tis-
sue, typically neurons, that have been modified 
to express light-sensitive ion channels and 
pumps”.

The standard genetic perturbation techniqu- 
es as knockdown, overexpression and muta-
tion, are extremely effective at identifying the 
proteins involved in a phenotype, but are less 
effective at explaining the mechanism. Phar- 
macological perturbations have been also ex- 
tremely useful tools that target or block specific 
molecules and rapidly switch off the function of 
a target protein [2]. However, these approaches 
do not allow spatial control and considerable 
engineering is required to obtain highly specific 
inhibitors [4]. The optogenetics foundation is a 
combination of genetic manipulations, which 
renders identified populations of neurons sen-
sitive to the action of light sensitive algae [5]. 
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The optogenetic tools have led to an explosive 
proliferation of different variants of light-sensi-
tive ion channels, G protein-coupled receptors 
and ion pumps [6, 7]. In the last 8 years, opto-
genetics has become an established research 
tool for studying brain function [6].

Light-gated protein modules provide a poten-
tially transformative solution to the problem of 
dissecting cellular network function. There are 
currently new light-controlled modules that can 
be used to control the function and localiza- 
tion of diverse proteins [2]. Nearly all of these 
modules are borrowed from organisms that 
have sophisticated light-sensing systems. Ge- 
nerally these are protein modules that contain 
photoisomerizable chromophores, which, when 
activated by the proper light wavelengths, will 
cause a conformational change in the protein. 
Broadly, these tools use two general mecha-
nisms to link photos witching to generic protein 
activities. The first strategy is to allosterically 
link photo-activation to protein activity. For 
example, one can genetically insert a respon-

sive light-oxygen-voltage-domain (LOV domain) 
into a protein of interest, such that this domain, 
in one conformation, will sterically block or per-
turb protein function. Photoisomerization of the 
LOV domain releases the allosteric block on 
protein function, which reverts to the inactivat-
ing state at timescales ranging from seconds to 
hours [8].

Another strategy for regulating cell signaling is 
through light-controlled protein-protein interac-
tion. The recruitment of proteins to new loca-
tions and new complexes is frequently used to 
gate their function. 

Similarly, photo-activated interaction factors 
(PIFs), which belonging to Arabidopsis basic 
helix-loop-helix (bHLH) subgroup of 15 key 
interacting proteins that play negative roles in 
light responses, can be used to regulate diver- 
se cell functions. These interaction factors can 
be used to control protein subcellular locali- 
zation [9]. Their activities are post-translation-
ally countered by light-activated phytochrom- 

Figure 1. Schematic chart showing the cri-
teria selection of the relevant publications 
that were included in the present review. 
*: MEDLINE, LILACS, SciELO, PubMed, 
BIREME, Cochrane Library, Scopus data-
bases; **: Tables 1-3.
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es, which promote the degradation of PIFs  
and directly or indirectly inhibit their binding  
to DNA. A way to use PIFs is to link splited por-
tions of proteins that must associate to func-
tion [10, 11].

This manuscript aims to clarify the molecular 
mechanisms of optogenetics related to treat-
ment of epilepsy, depression and central ner-
vous system (CNS) tumors described in the lit-
erature, emphasizing the potential clinical re- 
sults of optogenetics regarding to pathologies’ 
treatments. Figure 1 represents a schematic 
chart with the criteria selection of the relevant 
publications that were included in the present 
review.

Optogenetic tools in brain cells

Optogenetic technologies study the neural cir-
cuit underpinnings of behavior and most com-
monly involve three core features [8, 12-15]: (i) 
Microbial opsins, members of an ancient, but 
uniquely well-suited, gene family adapted from 
evolutionarily distant organisms such as algae 
and archaebacteria; each gene encoding a dis-
tinct protein that directly elicits electrical cur-
rent across cellular membranes in response to 
light; (ii) General methods for targeting suffi-
ciently strong and specific opsin gene expres-
sion to well-defined cellular elements in the 
brain; (iii) General methods for guiding suffi-
ciently strong and precisely timed light to spe-
cific brain regions, cells, or parts of cells, while 
the experimental subject carries out behaviors 
of interest.

Several optogenetic methods have been al- 
lowed versatile analyses and modulation over 
biological and molecular cellular activity in  
the brain cells. Thus, many neuronal excitatory 
(depolarization) and inhibitory (hyperpolariza-
tion) techniques have been developed. The 
optogenetic tools have been associated to  
photo-activation reversible or irreversible pre-
senting higher rates of specificity and partial 
precision (micrometers), as well as the lower 
temporal response (milliseconds or minutes) 
when compared with other modulation method-
ologies [12]. As other methodologies it can be 
cited: (a) genetic-chronic, high hours, entire cell 
[12, 13]; (b) temperature sensitive mutation-
high seconds, entire cell [12, 14]; (c) pharmaco-
logical-milliseconds, minutes, or micrometers, 
entire cell [12, 15]; (d) chemical dimerization, 

photouncaged-high milliseconds, minutes, or 
micrometers, entire cell [8, 12].

Combined optogenetic methods in brain cells

Although the optogenetic tools have been 
described associated to a significant potenti- 
al with regards the manipulation and observa-
tion of cellular behavior and circuit conse-
quences [16, 17], a detailed bio-molecular an- 
alysis aiming to elucidate the biological func-
tions of CNS require a simultaneous monitor- 
ing approaches, as well as manipulation of sev-
eral types of neurons at the same cellular or 
circuit level [17]. The chosen method is depen-
dent on the combined approaches of neuro-
physiology, on the physiopathology of the dis-
ease, and on the optogenetic tools [16, 18-28] 
as described below: (i) Combining optogenetic 
methods with electrical recordings; (ii) Com- 
bining optogenetic tools monitoring and control 
(depolarization or hyperpolarization) neuronal 
activity; (iii) Combining optogenetic tools with 
multicolor stimulation of neural circuits; (iv) 
Light delivery techniques for optogenetic con-
trol of brain activity (supply light at a sufficient 
intensity to a defined volume of brain tissue); (v) 
Optoelectrodes (devices for combined light de- 
livery and electrical recording); (vi) Combining 
optogenetics with pharmacological agonists 
and antagonists interventions; (vii) Combining 
optogenetics with surgical interventions.

Although some researchers have been defend-
ing the use of combined approaches (optoge-
netics associated to conventional techniques) 
[25-28], others have been debating that this 
methodological challenge might be more per-
fectly tackled by combining optogenetic tools 
within the same experiment [16]. However, to 
investigate correlations by the canonical meth-
odology, none of those methodologies alone 
provide both high temporal and spatial cellular 
specificity [10, 16, 29]. Combining monitoring 
and control tools may establish correlation and 
causation in the same experiment, increasing 
the yield of individual experiments and raise 
the standards in many fields of neurobiological 
research [16].

Advantages and limitations of optogenetic 
tools in brain cells

Although thousands of optogenetic essays ha- 
ve already been published in brain cells from 
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1971 to 2017 (Figure 2A), the advantages  
and limitations of the procedure have not been 
yet adequately defined due to brain heteroge-
neous cell populations and highly uncontroll- 
ed protocols. At the present, the advantages  
of optogenetic tools can be summarized as fol-
lowing [12, 28, 30-34]: (i) Higher rates of spec-
ify stimulation that implies in highly reproduc-
ible and stable responses; (ii) Higher rates of 
spatial precision in the cellular stimulation; (iii) 
Lower temporal cellular results; (iv) Develop- 
ment of better transfection methods (vectors, 
promoters, microbial rhodopsins); (v) Improve- 
ment in the bio-molecular analyses develop-
ment, neural networks of the CNS cell popula-
tions, and neuronal circuits in the pathophysio-
logical of diseases; (vi) Development of most 
appropriate light sources; (vii) Versatile meth-
odology that allow the creation of several de- 
signs in experimental studies; (viii) Development 
of gene therapy and potential clinical applica-
tions in CNS pathologies; (ix) Allow the creation 
of specific animal models aiming diseases 
researcher.

The optogenetic methodological limitations [6, 
12, 34-38] are presented below: (i) The perfor-
mance of optogenetic studies requires high-
end precise technology to address the issues 
related to data and result reproducibility; (ii) 
Initial experimental largely addresses in the 
murine system that it has been recognized  
as insufficient to mimic human disease; (iii) Li- 

mited range of wavelengths compatible with 
light microscopy; (iv) Lack of stimulation control 
in some cellular levels for modulation in the 
same cells population, as well as unknown bio-
logical interactions; (v) Some difference in the 
synchronization level in cells that expresses the 
optogenetic tools. 

Microbial optogenetic tools in brain cells

The key properties of microbial optogenetic 
tools use seven-transmembrane proteins en- 
coded by the type I class of opsin gene [39]. 
Type I opsins are protein products of microbial 
opsin genes and are termed rhodopsins when 
bound to retinal. These proteins are distin-
guished from their mammalian (type II) coun- 
terparts, which are single-component light-
sensing systems. The same protein carries out 
the two operations, light sensing and ion 
conductance.

The type I protein is the haloarchaeal proton 
pump bacteriorhodopsin (BR) [40-42]. Under 
low-oxygen conditions, BR is highly expressed 
in haloarchaeal membranes and serves as  
part of an alternative energy-production sys-
tem, pumping protons from the cytoplasm to 
the extracellular medium to generate a proton-
motive force to drive ATP synthesis [42, 43]. 

A second class of microbial opsin gene encod- 
es halorhodopsins (HR) that is a light-activated 

Figure 2. A. Number of relevant optogenetic essays 
in brain cells published in PubMed database per 
year from 1971 to 2017. B. Number of relevant opto-
genetic essays in cancer cells published in PubMed 
database from 2007 to 2017. C. Number of opto-
genetic essays performed in different tumor types 
published in PubMed database from 2007 to 2017. 
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chloride pump first discovered in archaebacte-
ria [44]. The operating principles of HR are si- 
milar to those of BR [45], with the two main dif-
ferences being that HR pumps chloride ions 
and its direction of transport is from the ext- 
racellular to the intracellular space. Specific 
amino acid residues have been shown to under-
lie the differences between BR and HR in direc-
tionality and preferred cargo ion [46]. As ex- 
ample, neurons can be targeted to express the 
light-activated chloride pumping HR from Natr- 
onomonas pharaonis (NpHR), which can be 
hyperpolarized and inhibited from firing action 
potentials when exposed to yellow light [47].

Next, a third class of conductance-regulating 
microbial opsin protein (channelrhodopsin or 
ChR) was identified (ChR1 and ChR2). Nagel 
and Hegemann demonstrated light-activated 
ion-flux properties [48] for a protein encoded by 
one of the genomic sequences from the green 
algae Chlamydomonas reinhardtii. While ChR  
is highly homologous to BR, especially within 
the transmembrane helices that constitute  
the retinal-binding pocket, in channelrhodop-
sins the ion-conducting activity is largely uncou-
pled from the photocycle [49]; an effective cat-
ion channel pore is opened, which implies that 
ion flux becomes independent of retinal isom-
erization and rather depends on the kinetics of 
channel closure. In neurons, net photocurrent 
due to ChR activation is dominated by cation 
flow down the electrochemical gradient (result-
ing in depolarization), rather than by the pump-
ing of protons [48, 50]. VChR1 is a cation-con-
ducting channelrhodopsin from Volvox carteri 
that can drive spiking at 589 nm, with excita-
tion maximum red-shifted approximately 70 nm 
compared with ChR2 [50, 51].

Among other important properties, all them 
operate on the millisecond timescale and can 
function in mammalian neurons without addi-
tion of exogenous chemical cofactors, since  
the chromophore for these proteins, all-trans 
retinal, appears to be already present at suffi-
cient levels in mammalian brains [52]. More- 
over, light and gene delivery challenges have 
been overcome to allow specific cell types, 
deep within the brain, to be controlled in freely 
behaving mammals [51].

Targeting optogenetics vectors in brain cells

The optogenetic methodology is able to select 
specific cells populations; however, it is not 

site-specific, as a brain electric stimulation ef- 
fect, such as deep brain stimulation (DBS), tr- 
anscranial direct current stimulation (tDCS), 
magnetic seizure therapy (MST), and electro-
convulsive therapy (ECT) [53, 54]. Thus, in or- 
der to target specific brain cells populations, 
choosing the best vectors for the genetic code 
delivery is an important step. There are cur-
rently two methods that are the most common-
ly used, which are viral gene delivery and trans-
genic technology [53].

The viral vectors have been widely used due to 
its versatility, ability to infect non-dividing cells 
such as neurons and are relatively safe to use. 
The most commonly used are the adeno-asso-
ciated virus (AAV) and the lentivirus (LV), even 
though they lack the capacity to hold larger 
genetic sequences that can be constructed up 
to 5-10 kilobases (kb) [53-55]. The sequences 
constructed within the viral genetic code must 
contain a promoter, which is responsible for the 
expression of the subsequent opsin gene. 

There are a few gene options that are also com-
monly used such as Ca2+/calmodulin-depen-
dent protein kinase IIα (CaMKIIa) [41] and 
Parvalbumin (PV) [56], which are to be used on 
nonhuman primates models, and double-floxed 
inverse open-reading frame (2-DIO) [55, 57] 
that are less used in human synapsis [57, 58].

The transgenic technology uses two approach-
es, single transgenic line and binary systems. 
The single transgenic line is based on the ran-
domly placement of the transgene into a spe-
cific promoter within a specific population of 
cells such as neurons. A drawback from this 
technique is that for many genes, there is no 
comprehension of the cell type-specific regula-
tion. In addition, wrongly integrated transgenes 
can cause multiple patterns of ectopic expres-
sions. These transgenic constructs can be 
inserted into transgenic mice through bacterial 
artificial chromosomes (BAC) [53, 59, 60].

The binary systems consist on the use of two 
autonomous components essential for the 
expression of the transgene, a driver line to 
control the expression of the transgene and a 
reporter line whose activity is regulated by the 
driver line. The driver genes can be either site-
specific recombinases (SSRs) or transcriptional 
activators. The Cre/Lox recombinase system 
allows the DNA modification to be targeted to a 
specific cell type, which is very useful for the 
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manipulation of the mouse genome. After Cre 
expression it is possible, under the control of 
its specific promoter, delete the STOP cassette 
inducing the transgene expression [61].

Current optogenetics perspectives in epilepsy

While there is no generally-accepted definition 
of refractory epilepsy, this term generally desig-
nates a spectrum of pathologies characteriz- 
ed by recurrent seizures, which respond poor- 
ly or not at all to conventional medicines [62]. 
Clinical evidence indicates that some of these 
patients will actually benefit to some extent 
from add-on treatments while maintaining the 
antiepileptic drugs unchanged. At present, the 
main treatment options for refractory epilepsy 
are brain surgery (i.e., temporal lobe localized 
neocortical resection) and vagus nerve stimula-
tion, which is a variety of neuromodulation [62-
64]. Recently, researchers started to explore 
possible optogenetic approaches using animal 
models (Table 1). 

It is interestingly to note that two functionally 
distinct classes of microbial opsin genes have 
been extensively used for epilepsy researchers, 
NpHR and ChR2 (Table 1). NpHh was used in 
the first demonstration of concept of seizure 
control by optogenetic in the temporal lobe epi-
leptic circuit, in hippocampal slice cultures, in 
which eNpHR expression was driven in excit-
atory neurons with a viral construct contain- 
ing a promoter of CaMKIIa [55, 65, 66]. To note, 
eNpHR is a molecularly engineer NpHR whi- 
ch high express endoplasmic reticulum (ER) 
accumulation when exposed to yellow light. 
Thus, NpHR colocalized with ER proteins con-
taining the KDEL ER retention sequence (refers 
to proteins that are retained in the ER after  
folding being that the classical ER retention  
signal is the C-terminal KDEL sequence for 
lumen bound proteins). Also, the new enhanced 
NpHR (eNpHR) allows safe, high-level expres-
sion in mammalian neurons, without toxicity 
and with augmented inhibitory function, in vitro 
and in vivo [67].

Targeting multiple specific neuronal cell types 
can effectively reduce seizures in a model of 
severe epilepsy induced by intrahippocampal 
injection of the excitotoxin kainic acid [65]. 
Nevertheless, real-time detection, using soft-
ware was coupled with optogenetic control to 
reduce seizure duration and severity. Seizure 

control was obtained by targeting and activat-
ing PV-containing hippocampal interneurons 
with ChR2 or inhibiting eNpHR-expressing hip-
pocampal excitatory neurons [67, 68].

Recent studies also showed the efficacy of op- 
togenetic and related approaches in animal 
models of focal cortical epilepsy induced by 
focal injections into cortex [65, 69]. The ap- 
proach was coupled with simultaneous injec-
tion of viruses containing one of two activity-
modifying therapeutic agents, eNpHR2.0 or a 
voltage-gated potassium channel Kv1.1 [56, 
65]. Each of the viral approaches was designed 
to infect local excitatory neurons in the region 
of the epileptogenic insult with an exogenous 
protein that would suppress excitability. Resu- 
lting spontaneous seizures and epileptiform 
responses were suppressed by each of these 
approaches, either through constitutive expr- 
ession (with Kv1.1), or in a controlled fashion, 
with yellow light (with eNpHR) [56, 65]. 

Advances in optogenetics versus depression

Major depressive disorder (MDD) is a common, 
debilitating psychiatric disorder with an esti-
mated lifetime prevalence of approximately 
16.2% [70]. MDD is the mainly cause of disabil-
ity worldwide, with a global prevalence of ro- 
ughly 120 million patients [71]. Depression is a 
leading cause of suicide and holds a correlation 
with several highly prevalent medical condi-
tions, such as cardiovascular disease, obesity, 
diabetes, and dementia. Moreover, it is esti-
mated that one third of the patients are not 
responsive to conventional pharmacological 
treatment [72].

The limited rate of success of the conventional 
therapeutic approaches makes investing in 
novel treatment strategies imperative. Although 
initially promising, DBS, a technique that uses 
targeted electrical stimulation to correct dys-
functional neural circuits, has been shown to 
have significant limitations. Electrical stimula-
tion indiscriminately affects both neurons and 
fibers of passage, making the predicted spatial 
location difficult of the affected cells. Also, it is 
not possible targeting specific cell types in the 
heterogeneous brain regions [73]. Besides, the 
functional consequences of electrical stimula-
tion are often not clear and may cause excita-
tion, inhibition, or both, thereby limiting insight 
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Table 1. Optogenetic tolls in the epilepsy treatment performed in in vivo models published from 2013 to 2018

Publications Neuron Cell Population Light Color Stimulation Parameters Photoactivatable 
Protein Findings

Zhang et al., 2018 [100] 5-HT from Dorsal Raphe Blue (473 nm) (1) 9 mW, 20 ms, 20 Hz, 1, 5, 10, 
15 min

ChR2 Reduction of S-IRA in transgenic DBA/1 mice

(2) 15 mW, 20 ms, 20 Hz, 3, 5 min

Chang et al., 2018 [101] GABAergic interneurons from 
the superficial layer of the 
somatosensory cortex

Blue (470 nm) 9 mW, 30 ms, 1 Hz, 50 s ChR2 A brief photoactivation was sufficient to initiate the 
transition to ictal events in cortical 4-AP models

Tung et al., 2018 [102] Dorsal hippocampus ND ND iLMO2 Suppression of focal epileptic activity

Chang & Chang & Shyu, 2017 [103] Cortical GABA neurons from nRT Blue (473 nm) (1) 9 mW, 20 ms, 10 Hz, ND ChR2 Attenuation of cortical seizures

(2) 15 mW, 50 ms, 20 Hz, ND

(3) 9 mW, 100 ms, 50 Hz, ND

(4) 15 mW, 1 s, 100 Hz, ND

Wang et al., 2017 [104] Subiculum GABAergic neurons Blue (473 nm) 5 mW, 10 ms, 20 Hz, 600 pulses (1) ChR2 (1) Retarded sGS acquisition followed by an aggra-
vation of sGS expression by ChR2 stimulation 

(2) Arch (2) Photostimulation of subicular pyramidal neu-
rons genetically targeted with Arch, not NpHR3.0, 
alleviates sGS Expression(3) NpHR3.0

Petersen et al., 2017 [105] Subicular neurons from 
subiculum

Blue (480 nm) ND ChR2 The activation of 5-HT2C receptors decreased 
the occurrence of epileptiform discharges in the 
subiculum

Sorokin et al., 2017 [68] TC neurons 488 nm/594 nm dual-
wave-length laser

8 mW (mice), 15 mW (rats), single 
50 ms, 25 ms at 3, 8, 12, 20 Hz, 
50 pulses (except for 3 Hz with 20 
pulses)

eNpHR3.0 (1) Unilaterally toggling TC phasic spiking via 
eNpHR induced bilateral SWDs

(2) Unilaterally toggling TC tonic spiking via SSFO 
bilaterally aborted SWDs

(3) Unilaterally suppressing TC output via eNpHR 
bilaterally shortened SWDs

Xu et al., 2016 [106] EC principal neurons Blue (473 nm) 10 mW, 5 ms, 1 or 20 Hz, 2 min ChR2 (1) Activation of enorhinal CaMKIIα-positive 
neurons inhibited hippocampal neurons activity 
and reduced severity of hippocampal seizures

(2) Inhibition of enorhinal CaMKIIα-positive 
neurons increased hippocampal neurons activity 
and promoted hippocampal seizures

Assaf & Yitzhak, 2016 [107] PV interneurons Blue (473 nm) ND, 20 ms, ND, ND ChR2 (1) Antiepileptic effects following PV interneurons 
activation during electrographic seizure

(2) Initiation of electrographic seizures following 
PV interneurons activations during interictal phase

Tassin et al., 2016 [108] Balb-c Mice Blue (488 nm) 40-200 uW, 0.1 ms, ND ChR2 Inactivation of the receptor activity with the mGlu7 
negative allosteric modulator enhanced thalamic 
synaptic transmission

Hoffman et al., 2016 [109] Dentate gyrus hilar somatosta-
tin interneurons

447 nm 100 mW, 2 ms, 33 Hz, 25 ms ChR2 Inhibition of local field potential responses to 
perforate path stimulation

Lu et al., 2016 [110] Dentate gyrus/hilus GABAergic 
interneurons

Blue (473 nm) 10 mW, 5 ms, 130 Hz, 1 min ChR2 (1) Activation of DGH GABAergic INs significantly 
inhibited ictal discharges in the DGH, MEC and M1

(2) Optical stimulation in the MEC suppressed sei-
zures only in local networks, not in the DGH or M1
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Hoffman et al., 2016 [109] Pilocarpine animal model (mice) 477 nm 100 mW, 2 ms, 33 Hz, 15 s Hilar somatostatin 
interneuron

Light activation of hilar somatostatin interneurons 
inhibited evoked responses

Shiri et al., 2016 [111] Parvalbumin or somatostatin 
positive interneurons on EC

Blue (473 nm) 35 mW, 1 ms, 1 Hz, 180 s ChETA-eYFP Shortened or delayed seizures in vitro

Shiri et al., 2016 [112] PNs on EC Blue (473 nm) (1) 35 mW, 1 s, 0.2 Hz, 30 s ChR2 LVF onset ictal discharges can be triggered 
by optical activation of PV- and SOM-positive 
interneurons

(2) 35 mW, 20 ms, 2 Hz, 30 s

Ladas et al., 2015 [113] GABA interneurons in the hip-
pocampus

Blue (473 nm) 100 mW, 5 ms, 1 Hz, 120 s ChR2 (1) Low frequency optical stimulation significantly 
suppresses epileptiform activity

(2) Selective optical activation of interneurons at 
low frequency suppresses epileptiform activity in 
the hippocampus

(3) Activation of GABA interneurons causes en-
trainment of hippocampal CA3 pyramidal cells by 
a GABAA mediated mechanism

Kros et al., 2015 [114] Cerebellar nuclei neurons Blue (470 nm)
Yellow (590 nm)

ND, 30-300 ms, ND, ND ChR2 A single short-lasting stimulation of cerebellar 
nuclei neuron activity abruptly stopped GSWDs, 
even when applied unilaterally

Krook-Magnuson et al., 2014 [115] Parvalbumin-expressing 
neurons in the lateral or midline 
cerebellum, Purkinje cells or 
hippocampus

Blue (470 nm)
Amber (589 nm)

ND, 50 ms/1000 ms, 100 Hz, 3 s ChR2; HR (1) Optogenetic excitation or inhibition of 
parvalbumin-expressing neurons in the lateral 
or midline cerebellum results in a decrease in 
seizure duration

(2) Spontaneous seizure frequency occurs 
uniquely with optogenetic excitation of the midline 
cerebellum

Cunningham et al., 2014 [116] Maturing GABAergic interneu-
rons in the hippocampus

Blue (470 nm) ND, 1 ms, 1 Hz, ND ChR2 (1) The activation of human mGINs induces inhibi-
tory synaptic responses in host neurons

(2) mGIN grafts suppress seizure and abnormal 
behavior

Ellender et al., 2014 [117] Hippocampal pyramidal neurons Blue (470 nm/473 nm)
Green (530 nm)

ND ChR2; Archaerho-
dopsin

Inhibiting parvalbumin-expressing interneurons 
during epileptiform activity reduces afterdischarg-
es incidence

Chiang et al., 2014 [118] Pyramidal neuron or interneuron 
(GABA) in the hippocampus

Blue (473 nm) 2 mW/6.1 mW, 5 s/20 s, 20 Hz/50 
Hz

ChR2 (1) Optical stimulation suppresses focal and distal 
epileptiform activity

(2) Seizure suppression decreases over time but 
can be reinstated by intermittent stimulation

(3) GABA transmission activated by optical stimu-
lation is implicated in seizure suppression

Ledri et al., 2014 [119] CA3 region of the hippocampus Blue (460 nm) ND, 1-2 ms, 20 Hz/50 Hz, 5 s ChR2 Simultaneous activation of mixed populations of 
interneurons by optogenetics brief initial action 
potential discharge in CA3 pyramidal neurons, 
followed by prolonged suppression of ongoing 
epileptiform activity during light exposure

Berglind et al., 2014 [120] Principal neuronal population in 
the; Hippocampus

Orange-Yellow (593 
nm)

25 mW, ND NpHR (1) Bicuculline-induced seizures in vivo are re-
duced by principal cell optogenetic silencing

(2) Optogenetic silencing of principal cells arrests 
seizures caused by reduced inhibition
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Sukhotinsky et al., 2013 [121] Hippocampal pyramidal neurons Green (561 nm) 35 mW, 5 s, ND, 35 s NpHR The inhibition of excitatory drive in hippocampus 
can delay seizure onset

Krook-Magnuson et al., 2013 [122] Principal cells in the temporal 
lobe

Blue (473 nm)
Amber (589 nm)
Red (635 nm)

35 mW, 10 ms/2 s, ND, 2 h ChR2
HR

Optogenetic inhibition of excitatory principal cells 
or activation of a subpopulation of GABAergic cells 
stops seizures rapidly upon light application

Wykes et al., 2013 [124] Neocortical pyramidal cells Green (561 nm) 25 mW, ND NpHR Optogenetic inhibition of pyramidal neurons was 
sufficient to acutely attenuate seizure activity

Stimulation parameters: Energy level, pulse duration, frequency, duration of the stimulation; ND, no Data; S-IRA, seizure induced respiratory arrest; nRT, reticular thalamic nucleus; Sgs, secondary generalized seizure; nRT, reticular thalamic 
nucleus; EC, entorhinal córtex; TC, thalamocortical; CT, corticothalamic; CTC, cortico-thalamo-cortical; SWD, spike-wave discharge; SSFO, stable step function opsin; PN, principal neurons; DGH, dentate gyrus/hilus; M1, primary motor cortex; 
VPM, glutamatergic ventro-postero-medial nucleus; HP, hippocampal; IN, interneurons; MEC, medial entorhinal cortex; M1, primary motor cortex.

Table 2. Optogenetic tolls in the depression treatment performed in in vivo models published from 2013 to 2018

Publication Neuron Cell Population Light Color Stimulation Parameters Photoactivat-
able Protein Findings

Covington et al. 2010 [77] Infralimbic and prelimbic 
mPFC regions

Blue (473 nm) 40 ms 100 Hz (9.9 ms spike width), 
pulses every 3 s

ChR2 Antidepressant-like effect detected by social interaction and 
sucrose preference tests

Warden et al. 2012 [78] mPFC to dorsal raphe nucle-
us and lateral habenula

Blue (473 nm) NR ChR2 (1) Increase in motivated scape behavior

(2) Increase in immobility in the FST

Kumar et al. 2013 [80] Layer V pyramidal neurons 
of the prelimbic region the 
mPFC

Blue (473 nm)
Blue (473 nm)

40 Hz (5 ms pulse width) and 4.02 Hz, 
for 1 min
Tonic (0.5 Hz) and phasic (20 Hz) stimu-
lation. 5 spikes over each 10 s period

ChR2
ChR2-eYFP

(1) Decreased immobility in the FST

(2) Absence of significant changes on the open field

(3) No improvement found in the social interaction test

(4) Therapeutic response correlates with increased synchrony 
among depression-relevant limbic regions

Chadhury et al. 2013 [123] VTA DA neurons projecting 
to the NAc and to the mPFC

Yellow (563 nm)
Blue (473 nm)

8 s light on and 2 s light off
17.0 to 23.8 mW/mm2, constant

eYFP (control)
NpHR3.0-eYFP
ChR2-eYFP

Enhanced phasic firing VTA neurons projecting to the NAc 
induced persistent depression-like symptoms (social avoidance 
and reduced sucrose preference)

Tye et al. 2013 [125] VTA DA neurons Yellow (593 nm) 8 light pulses at 30 Hz every 5 s, for 3 
min. Except for anhedonia (30 min)

eYFP (control)
NpHR3.0-eYFP

Bidirectional control VTA DA neurons immediately and bidirec-
tionally modulates depression (induces or relieves)

Friedman et al. 2014 [126] VTA DA neurons Blue (470 nm) Five pulses, 20 Hz every 10 s period. 
Pulses delivered for 20 min a day for 
five consecutive days

ChR2-eYFP
eYFP (control)

Excessive optogenetic activation of VTA DA neurons in sus-
ceptible mice reduced firing rate and increased K+ currents 
(self-tuning compensation)

Walsh et al. 2013 [86] VTA DA neurons Blue (473 nm)
Yellow (561 nm)

Tonic (0.5 Hz, 15 ms) or phasic (20 Hz, 
40 ms) light stimulations. 5 spikes over 
each 10 s period
8 s light on and 2 s light off

ChR2-eYFP
eYFP (control)
NpHR3.0-eYFP

(1) Phasic optogenetic activation increases BDNF amounts in 
the NAc of socially stressed mice but not of stress naive mice

(2) The stress gating of BDNF signaling is mediated by CRF 
acting in the NAc

Bargot et al. 2014 [127] MSN connecting the vHIP, 
the mPFC and the AMY to 
the NAc

Blue (473 nm) 1 Hz, 4 ms pulse width, 10 min ChR2-eYFP
eYFP (control)

Attenuation of vHIP-NAc transmission by optogenetics-induced 
LTD is pro-resilient, whereas acute enhancement of this input is 
pro-susceptible. Stimulation of either mPFC or AMY afferents to 
the NAc yielded no result

IE4/5: Immediate-early 4/5; ChR2: channelrhodopsin-2; FST, forced swim test; AAV, Adeno-associated virus; CaMKIIα, calcium/calmodulin-dependent protein kinase type II alpha chain; Thy1, thymus cell antigen 1; eYFP, enhanced yellow 
fluorescent protein; mPFC, medial pre-frontal cortex; VTA, ventral tegmental area; NAc, nucleus accumbens; DA, dopamine; MSN, medium spiny neurons; vHIP, ventral hippocampus; FST, forced swim test; VTA, ventral tegmental area; NAc, 
nucleus accumbens; DA, dopamine; LTD, long-term depression; vHIP, ventral hippocampus; HCN2, cyclic nucleotide gated channel 2; BDNF, brain-derived neurotrophic fator; CRF, corticotropin releasing fator; AMY, basolateral amygdala.
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into the neurobiological mechanisms that ca- 
use or treat the disease [74].

Optogenetics circumvents these limitations by 
providing temporally precise, noninvasive bidi-
rectional control of activity in well-defined neu-
ronal populations [6], using genetically-encod-
able light-sensitive proteins. With these fea- 
tures, optogenetics can be used to causally pr- 
obe circuitries underlying complex behavior, 
dissect signaling pathways and construct mod-
els of psychiatric disease through gene loss- 
and gain-of-function experiments [38]. New 
branches of optogenetics, which include cellu-
lar probing of signaling mechanisms and opti-
cal readout of neuronal activity are rapidly 
emerging and may set the stage for precise 
closed-circuit control and therapeutic interven-
tion in human disease [75].

Decades of evidence implicate the frontal cor-
tex as a primary locus of dysfunction in affec-
tive disorders. Also, it is known dissociable ro- 
les for different frontal regions in the regulati- 
on of mood and depressive state [76]. The op- 
togenetic results of the medial prefrontal co- 
rtex (mPFC) showed varying data. While the fir- 
st study, conducted by Covington et al. (2010) 
[77], showed a rapid and robust antidepres-
sant-like behavioral response measured by bo- 
th the social interaction test and the sucrose 
preference test [77], another study published 
in 2012 showed no effect on depression-relat-
ed behavior neither on the forced swim test 
(FST) nor on the open field [78].

It is important to note that in the first study  
the researchers used the ubiquitous IE4/5  
promoter that expressed the ChR2 opsin in bo- 
th inhibitory and excitatory neurons as well in 
the glial cells, whilst the promoter used in the 
second study- the CaMKIIα promoter-limited 
the expression of the protein only to excitatory 
neurons. Both studies used the well-validated 
social chronic social defeat animal model of 
depression. The study published by Warden et 
al. (2012) [78] also showed that stimulation of 
specific efferents from the mPFC to different 
subcortical regions elicited very different and 
specific behavioral responses. When the pro-
jection from the mPFC to the dorsal raphe 
nucleus, the major source of serotonin to the 
forebrain, was stimulated, immobility in the 
forced-swimming test (FST) decreased without 
affecting locomotor activity in the open field. 

Conversely, stimulation of the projection from 
the mPFC to the lateral habenula (LHb), an ar- 
ea known to exhibit elevated firing in respon- 
se to the omission of reward increased immo-
bility [79]. The contradictory behavioral results 
obtained in these studies highlight the impor-
tance of discerning the contributions of differ-
ent prefrontal circuits in affective state.

Kumar et al. (2013) [80] demonstrated the 
intricacy of the effect of prefrontal stimulation 
on animal behavior. Thy1-ChR2 mice, which 
express ChR2 in layer 5 pyramidal neurons in 
the mPFC, as well as afferents from other bra- 
in regions, were implanted with optical fibers 
over the anterior prelimbic region. These cir-
cuits were then stimulated, producing mixed 
effects on depression-related behavior. Stimu- 
lated mice exhibited decreased immobility in 
the FST but this effect was coupled with in- 
creased distance traveled in the open field. 
Also, stimulation had no detectable effect on 
social interaction time following chronic soci- 
al defeat. Additionally, mPFC stimulation in th- 
is study induced a robust anxiolytic effect in  
the elevated plus maze. It was also noted that 
therapeutic response correlates with increas- 
ed synchrony among depression-relevant lim-
bic regions.

A reduction in the ability to experience reward 
and pleasure (anhedonia) as well as a loss of 
motivation, are hallmarks of depression in hu- 
mans [81]. It has been shown that these de- 
pression symptoms arise from a dysregulation 
in the mesolimbic dopamine (DA) system, the 
brain’s circuit responsible for mediating rewa- 
rd [82]. The mesolimbic DA system is com-
posed of two highly interconnected regions fun-
damental to reward mediation: the ventral teg-
mental area (VTA) and the nucleus accumbe- 
ns (NAc). The DA neurons in the VTA are the 
main effectors of reward, they fire constantly at 
a tonic rate, and when they fire phasically they 
induce reward. Optogenetic strategies are help-
ing unveil the precise mechanisms involved in 
the process of reward mediation.

Nevertheless, the studies that used the opto-
genetics approach to modulate activity in the 
region seeking the improvement of depression-
related symptoms have showed conflicting re- 
sults. Chaudhury et al. (2013) [82] found that 
enhanced phasic (20 Hz), but not tonic (4 Hz), 
firing of VTA DA neurons induced an increased 
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Table 3. Optogenetic tolls in the nervous central system tumors treatment performed in in vitro and in vivo models published in 2013 and 2014

Publications Neuron Cell 
Population

Light 
Color Light Stimulation Photoactivatable 

protein Tumor Effect

Yang et al., 2013 [128] Cell lines U87, 
U251, Ai72 and H4

Blue 30 min, 1 cycle, 10 m/mm2 opsin ChETA (1) Decreased cell progression and proliferation: down-regulated expression levels of 
Cyclin D1 and Cyclin E

(2) Increased mitochondria-dependent apoptosis: increased expression of Caspase-3 and 
cytosolic cytochrome-C

(3) Increased ChETA expression

Figueiredo et al., 2014 [129] Cerebral cortices, 
cerebellum and 
brainstem of Wistar 
rat pups

Blue 60 sec, 1 cycle, 561 nm ChR2 (1) Increased ChR2 [Ca2+] elevations

(2) Increased CatCh [Ca2+] elevations

(3) Increased optoα1AR (Gq-coupled) and optoβ2AR (Gs-coupled) [Ca2+] elevations and 
activation of phospholipase C and adenylate cyclase signals, respectively

(4) Autocrine action of ATP (blocking of the bulk of [Ca2+] responses evoked using either 
optoAR

Venkatesh et al., 2015 [90] SU-pcGBM2 Blue 30 sec, 1 cycle, 473 nm, 20 Hz NLGN3 (1) Decreased NLGN3: inhibition of PI3K-mTOR pathway and mitotic activity

(2) Increased animal model survival: Neuroligin-3 expression was inversely correlated 
with survival in human high grade glioblastoma

Johung et al., 2014 [130] Pediatric high-grade 
gliomas

Blue 30 min, 470 nm, 20 Hz ChR2 (1) ChR2 expression: increased the mitotic index by around 50% (P<0.05)

(2) Increased animal model survival: Neuroligin-3 expression was inversely correlated 
with survival in human high grade glioblastoma

Opsin ChETA: gene Channelrhodopsin-2 variant; CatCh: Ca2+ translocating channelrhodopsin; optoα1AR: opto-adrenoceptors; optoβ2AR: opto-betaceptors; NLGN3: Neuroligin-3.



Optogenetic tools in neuroscience

1911 Am J Cancer Res 2018;8(10):1900-1918

susceptibility to depression-like symptoms (so- 
cial avoidance and reduced sucrose prefer-
ence) even in previously resilient mice [82]. 
Meanwhile, Tye et al. (2012) [83] found that 
phasic ChR2-mediated activation of VTA DA 
neurons resulted in an increase in escape-
related behavior.

One important factor that might account for  
the diverging results is the implementation of 
different depression animal models. Chaudhu- 
ry et al. (2013) [82] exposed the mice to the 
chronic social defeat stress model, which 
stress is induced by introducing a male experi-
mental mouse or an “intruder” into the home 
cage of a larger, retired breeder male mouse 
called “resident” for several minutes during 
which the experimental mouse is attacked and 
defeated by the resident mouse. Tye et al. 
(2012) [83], nonetheless, subjected the mice 
to the chronic mild stress model, in which foot-
shock was delivered twice daily during an 8-12 
week period.

Indeed, it has been reported that acute and 
chronic stress elicit different effects on VTA  
DA neurons firing: strong acute stressors can 
increase VTA DA neuron firing [84], but chro- 
nic stressors or incubation periods can reduce 
VTA DA neuron firing rates [85]. Walsh et al. 
(2014) [86] used Cre-inducible adenovirus-as- 
sociated vectors to transduce bilaterally the 
VTA and express the ChR2-EYFP opsin in TH-Cre 
mice susceptible to the chronic stress defeat 
paradigm she was able to show the excessive 
activation of VTA DA neurons reduced the firing 
rate by increasing K+ currents, a phenomenon 
known as self-tuning compensation.

The role-played by stress exposure and con-
stant VTA DA neurons activation was performed 
by phasic optogenetics, which increased brain-
derived neurotrophic factor (BDNF) amounts in 
the NAc of socially stressed mice compared 
with no stressed naïve mice. This stress gating 
of BDNF signaling is mediated by CRF acting in 
the NAc [86].

Enhanced glutamatergic transmission in the 
NAc has been implicated in the pathophysiolo-
gy of depression; however, the afferent sour- 
ce of this increased glutamate was not previ-
ously known. By using optogenetics, research-
ers have been able to identify that an increases 
in the glutamatergic transmission from the 

afferents from the ventral hippocampus (vHIP) 
to the NAc are associated with susceptibility  
to the chronic social defeat stress animal mo- 
del. Furthermore, attenuation of vHIP-NAc tr- 
ansmission by optogenetic induction of long-
term depression is pro-resilient, whereas acute 
enhancement of this input is pro-susceptible 
[87]. The results highlight an important, novel 
circuit-specific mechanism in depression.

The Table 2 is summarizing the studies using 
optogenetic tolls in the depression treatment 
performed in in vivo models published from 
2013 to 2018.

The application of optogenetic tools have ma- 
de possible a more intricate understanding of 
the circuits and mechanisms associated with 
different hallmark symptoms of depression, 
such as apathy, anhedonia and psychomotor 
retardation. Further investigation will elucidate 
the specific cell subpopulations and circuits 
responsible for the strong antidepressant-like 
responses elicited by optogenetic neuromo- 
dulation of different brain regions, setting the 
stage for precise closed-circuit control and 
therapeutic intervention in human disease that 
may revolutionize depression treatment.

Optogenetic applications in Neuro-oncology

The use of optogenetics technology in the tre- 
atment of cancer is still in the initial stages 
(Figure 2B and 2C). However, there are some 
promising bio-molecular approaches by which 
optogenetics showed an effect in preventing 
CNS tumors advancement and even the elimi-
nation of oncogenic cells (Table 3). Optogeneti- 
cs tools in neuro-oncology are directly used for 
light-activated ion-transporting proteins to mo- 
dify voltage transmembrane [88, 89] though 
ChR2 protein has been adapted for neuro-
oncology (Table 3). 

Venkatesh et al., 2015 [90] have used optoge-
netic control of cortical neuronal activity in a 
patient-derived pediatric glioblastoma xeno-
graft model. The authors demonstrated active 
neurons promote high grade-tumors (HGG) pro-
liferation and growth in vivo, indicating secre-
tion of activity-regulated mitogens. The synap-
tic protein neuroligin-3 (NLGN3) was identifi- 
ed as the leading candidate mitogen. NLGN3 
induced PI3K-mTOR pathway activity. These 
findings indicate the important role of active 
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neurons in the brain tumor microenvironment 
and identify secreted NLGN3 as an unexpected 
mechanism promoting neuronal activity-regu-
lated cancer growth.

More recently, optically activated variants of 
son of sevenless 1, Raf 1, Rho A, Rac 1, phos-
phoinositide 3 kinase p85α, and low-density 
lipoprotein receptor-related protein 6 (activat-
ing the Wnt pathway) have been developed and 
used to study cellular signaling events with an 
unprecedented degree of spatial and temporal 
precision [88]. Also, it was described opto-
receptor tyrosine kinases (RTKs) that can be 
controlled with light. RTKs consist of an extra-
cellular ligand-binding domain, a single-pass 
transmembrane domain, and an intracellular 
tyrosine kinase domain. These reports demon-
strated blue light-induced, spatio-temporally 
precise activation of several members of this 
crucial cell surface receptor family [91-95]. 

In all published opto-RTKs, photoreceptors LOV 
domains of plants, bacteria, and fungi were 
attached to the far C-terminus of the RTK, 
whereas the original extracellular domains 
were either retained or replaced by heterolo-
gous domains. Recently, three aureochrome 
LOV domains were identified that are capable 
of activating the RTKs murine fibroblast growth 
factor receptor 1 (mFGFR1), human epidermal 
growth factor receptor, and human ret proto-
oncogene [91]. Another recently study used the 
photolyase homology region of cryptochrome 2 
(CRY2) from Arabidopsis thaliana to drive the 
activation of the RTKs neurotrophin tyrosine 
kinase receptor type 1/2/3 (NTRK1/2/3) and 
human FGFR1 [95, 96].

Both systems LOV domains and CRY2 have 
been shown to form oligomeric complexes and 
demonstrated light-induced simultaneous acti-
vation of the mitogen activated protein kinase, 
phosphoinositide 3 kinase, and phospholipase 
Cγ pathways, as expected for canonical RTK 
[97, 98]. Furthermore, these observations are 
contrasting with methods for activation of a 
single pathway and no activation of signaling in 
the absence of light is observed in either of the 
two systems.

Ingles-Prieto et al. (2016) [99] focused on the 
role of FGFR1 in malignant growth and demon-
strated that light-induced activation of opto-
mFGFR1 was sufficient to quantitatively control 

cell behaviors that are directly relevant to can-
cer by enhancing proliferation, epithelial-mes-
enchymal transition of cancer cells, and sprout-
ing of blood endothelial cells. Opto-RTKs may 
also enable detailed studies of pathway-specif-
ic temporal and spatial dose-effect relation-
ships between RTK activation and cell fates 
ranging from proliferation and migration to dif-
ferentiation, senescence, and apoptosis. Since 
aberrant RTK signals contribute to most func-
tional hallmarks of cancer, these experiments, 
combined with rapid and sensitive read-outs of 
cell signaling and behavior, will lead to a new 
understanding of key events underlying cancer 
in real-time and with high resolution [99].

All optogenetic stimulation resulted in bioelec-
trical changes that culminate in regulation of 
cellular processes including the rates of differ-
entiation, morphology, proliferation and migra-
tion of CNS tumors [89, 90].

Conclusions

The optogenetics tools are valuable techniques 
applied in the study of physiology and bio-
molecular mechanisms in the neurons, as well 
as the physiopathology and cellular behavior in 
CNS diseases. Based on literature, ChR2 and 
NpHR proteins are common bio-molecular pa- 
thway presented in the CNS diseases evaluat-
ed in optogenetic essays. However, new studies 
are needed for the standardization of method-
ologies and reproducibility experimental in vitro 
and in vivo results before being implied in the 
clinical practice in humans.
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