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Abstract⎯Optogenetics is a rapidly developing new technique that combines optical methods with tech-
niques that are used in molecular biology. It can be used for monitoring various optical processes in cells and
controlling their activity using light. The technique is based on bacterial opsin expression in mammalian neu-
rons. In this review, the use of optogenetics for controlling the activity of specific neuronal populations in dif-
ferent regions of the human brain is considered in detail. The paper also presents information on light-sensi-
tive proteins, genetically encoded optical instruments, and their use for activation or inhibition of neurons
and investigation of the causal relationship between neural networks and pathological symptoms.
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Plants and many microorganisms depend on light,
which is the main external signal for their develop-
ment, morphogenesis, and metabolism. Photons can
serve as signals upon their absorption by specialized
photoreceptors [4]. Photoreceptors usually contain a
chromophore in their structure; upon photon absorp-
tion, its chemical bonds are broken and isomerization
occurs. This leads to a change in the conformation
and/or kinetics of the photoreceptor, which initiates
further signaling events. In the course of evolution,
these natural photosensors gained maximum effec-
tiveness and specificity in the transformation of light
into biochemical signals [37].

Over the last decade, there has been growing inter-
est in these photoreceptors for spatial and temporal
control of biological activity by light. Since these pro-
teins are genetically determined, they could be easily
introduced into target cells and extracellular struc-
tures. It became possible to use light as a switch of
activity in certain neuronal populations with accuracy
up to milliseconds, which makes it possible to carry
out fundamental experiments that elucidate the role of
certain neurons in the control of functioning of the
nervous system with high accuracy [29].

Light-sensitive proteins that were first found in
microorganisms, channelrhodopsin-2 (ChR2) and
halorhodopsin (NpHR), which were isolated from the
Chlamydomonas reinhardtii algae and Natronomonas
pharaonis archaebacteria, respectively, are the two
tools that are most often used in optogenetics [20, 40].

ChR2 is a protein that crosses the membrane seven
times and contains a chromophore that is isomerized
when exposed to light. ChR2 directly forms ion chan-

nels and represents an ionotropic protein. These pro-
teins provide rapid and large cellular depolarization,
which make them useful for bioengineering and neu-
roscience research, including photostimulation [28].

ChR2 is excited upon irradiation with blue light of
470 nm. Upon light absorption by ChR2, pores with a
diameter no less than 6 Å are opened. The molecule
returns to its initial conformation in the course of mil-
liseconds, with the pores being closed and ion f lux
being stopped. All natural Ch are nonspecific cation
channels that are permeable to H+, Na+, K+, and Ca2+

ions [12, 15].
The first experiments have revealed that the ChR2

protein enters into the composition of the cation-
selective ion pump in Xenopus laevis oocytes and
mammal cells [17, 28]. To visualize ChR2-expressing
cells, the opsin at the intracellular side is fused to a f lu-
orescent protein that is excited by green light. When
exposed to blue light, ChR2 opens, allowing an influx
of Na+ into the cell (Fig. 1) [28].

However, upon continuous irradiation of ChR2, its
sensitivity declines. Recovery after desensitization can
accelerate a f lux of extracellular protons and forma-
tion of the negative membrane potential. Thus, ChR2
can be used for cell depolarization [26, 27]. Transgenic
mice have been created that synthesize ChR2 and can
be used for light-induced activation of neurons and
identification of neuronal connections [5].

Temporal inhibition of different types of cells of the
nervous system became possible due to a microbial
halorhodopsin, NpHR, which is an electrogenic chlo-
rine pump that is activated by yellow light at 580 nm
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[13]. The use of a specific promoter in neurons leads to
a high level of expression of NpHR–YFP, which
results in activation of cortical pyramidal neurons with
rapid reversible photoinhibition of the action poten-
tial. Transgenic mice that express NpHR also have
been created [6, 11]. A high level of expression of
NpHR leads to formation of aggregates and their
accumulation in the endoplasmic reticulum, which is
toxic for the cell and manifests by the formation of
intercellular vesicles and dendrite swelling [40]. These
complications significantly restricted the use of the
first generation halorhodopsins as light-sensitive
switches. A change in the NpHR localization resulted
in a significant enhancement of the inhibitory activity
[9, 10, 14].

Another opsin that has been proposed for the pur-
poses of optogenetics is the archaerhodopsin-3 pro-
tein (Arch), which has been isolated from the Haloru-
brum sodomense archaebacteria and has the form of a
proton pump that is activated by yellow-green light.
Arch can also mediate strong and safe shutting down
of neuronal activity [16, 33]. Moreover, Arch is spon-
taneously recovered from light-dependent inactivation
in contrast to light-dependent chlorine pumps, which
in response to light become inactivated for a long time.

These Arch properties can be exploited upon optical
shutting down of considerable portions of the brain.
The activity of Arch in neurons is well-tolerated, since
a shift in pH that is generated by Arch excitation can
reduce to the minimum self-limiting mechanisms [7].

The precision of spatiotemporal control of intra-
cellular signaling processes is achieved also due to the
use of genetically encoded optical tools that are based
on G-protein-coupled receptors (GPCRs). GPCRs
provide expression under natural conditions and func-
tioning of several different opsins [18]. Two chimeric
GPCRs, optoXRs, which are selective and target cer-
tain signaling pathways that are activated in response
to light, have been developed and described [2, 29].

To deliver optogenetic tools into an intact neuronal
system, adeno-associated virus vectors (AAVs) and
lentiviral vectors (LVs) are used [32]. AAVs and LVs
have been successfully applied for opsin expression in
many animals (mice, rats, guinea pigs, primates) and
promote high levels of expression over a prolonged
period of time almost without any adverse effects [38].
When viral vectors are used, cellular specificity is
achieved using promoters [23].

At present, optogenetic control is often carried out
by Cre recombinases (cyclic recombinase), enzymes
that are capable of altering the position of nucleotide
sequences of DNA in a site-specific manner. Excision
of a DNA fragment occurs between two LoxP sites
(from lo(cus) (of) X-(over of) P(1)). Cre recombinases
carry out specific excision of a DNA fragment that is
located between two LoxP sites [35, 39].

Cre recombinases are also attached to proteins that
are sensitive to certain drugs. In their absence, Cre
recombinase is free in the cytosol and cannot affect
DNA. However, when the drug is introduced, the pro-
tein that is attached to the Cre recombinase is activated
and they are transported into the nucleus. In the nucleus,
the Cre recombinase excises genes that are located
between LoxP sequences and, as a result, the animal
becomes knockout in regards to this gene [3, 14].

In one system, light-regulated Cre recombinase
was made so that its N-terminus was connected with
the yeast protein (CRY2, a cryptochrome protein that
carries a light-activated domain) and C-terminus with
another yeast protein (CIB1, calcium- and integrin-
binding protein) that interact with each other. In the
dark, Cre lacks recombinase activity (Fig. 2). Upon irra-
diation of CRY2–CIB1, the N-terminus and C-termi-
nus interact and the recombinase activity is restored [21].

In some light-regulated systems, a light-sensitive
module and a partner that is connected with it are
attached to a module that binds DNA and activates
transcription. This system functions as a transcription
factor. When the photosensor and a partner that is con-
nected to it are exposed, the regulating components
interact and initiate transcription (Fig. 3) [19, 36].

Moreover, the strategy is employed of the axon
being irradiated distantly from the cell body of a trans-

Fig. 1. Chimeric ChR2 with an additional f luorescent pro-
tein for visualization of expression.
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duced cell (thus using a mechanism of transport of
light-sensitive molecules down the axon). The light
source is concentrated not on the cell body, but on the
axon, which makes it possible to modulate neuronal
activity depending on its projections and not the
scheme of gene expression. It has been experimentally
proven that ChR2 is transported into axons, where it is
able to effectively transform photostimuli into action
potentials. Axons can be stimulated even if they are
detached from the parental soma [31].

Optogenetic tools can be used on live laboratory
animals that are responsive to stimuli, such as rats and
primates, which further will make it possible to study
the effects of switching neural networks upon patho-
logical brain symptoms.

Optogenetics can be applied for studying the neu-
ronal basis of sleep and its disorders. ChR2-mediated
activation of orexin/hypocretin-expressing neurons in
the lateral hypothalamic area in mice increases the
time of transition from sleep to wakefulness, which is
in accordance with the data that the dysfunction of
these neurons is connected with sleep disorders and
narcolepsy [1].

Attempts have been made to apply optogenetics for
studying the mechanisms that underlie learning and
memory [24].

In the laboratory of K. Deisseroth, the etiology of
schizophrenia and Parkinson’s disease is being stud-
ied. Viral vectors were used to infect mouse brain,
which resulted in target cells expressing light-sensitive
proteins on their surface. Light was supplied by a fiber-
optic cable that was implanted directly into the mouse
motor cortex that is responsible for movement to the
left. Mice that were exposed to blue light ran to the left
and stopped when the light was absent.

Deisseroth in collaboration with J. Henderson
applied optogenetics to control symptoms of Parkinsons
disease in laboratory mice with fiber-optic implants.
By exposing different neurons, it was found that the
greatest therapeutic effect was achieved not by stimu-
lation of cells of a certain cell type, but by affecting the
activity of the axons that connect them. When the
axons were stimulated by light with high blink frequen-
cies, the mice behaved normally; when blinking was
stopped, symptoms resumed [9].

Researchers from another laboratory are develop-
ing methods for helping patients with paralysis and
traumatic brain damage and believe that optogenetic

tools will find practical application, from restoration
of limb movements that have been paralyzed due to
stroke, craniocerebral injuries, or spinal-cord trauma
to fighting spasticity that has been induced by cerebral
paralysis [27].

By using optical stimulation, the natural order of
contraction of fibers of motor nerves was restored.
Earlier, to restore lost motor functions electrical stim-
ulation was used. This method made it possible for
paralyzed people to move during several minutes.
However, it should be taken into account that large
nerve fibers are more sensitive to electrical stimulation
and, thus, muscle contraction can occur in the wrong
order—first, large fast twitch fibers and, then, small
slow twitch fibers, which results in convulsive move-
ments that cause rapid fatigue. Then, an optical cuff
that was covered by tiny LEDs, which were directed
inward, was made and located around the sciatic nerve
of bioengineering animals. Optical stimulation lead to
the right order of contraction of muscle fibers, includ-
ing contractions that are similar to those that occur
under normal conditions. Under optical stimulation,
muscles retained about one-third of their initial maxi-
mum strength for 20 min and remained at this level for
a rather long time, whereas the same muscles were
exhausted in 4 min upon electrical stimulation. Today,
this approach is mainly used in different studies, but in
the future it may find clinical application if a way to
safely introduce genes that encode light-sensitive pro-
teins into the human genome is found [27].

Methods of optogenetics have also been applied for
studying epilepsy, in which extreme synchronous
activity occurs in one or more regions of the brain,
which can lead to seizures. Epileptic seizures may
occur due to the loss of inhibitory interneurons or as a
result of rearrangement or improper strengthening of
excitation pathways. In any case, the use of opsin alle-
viates aberrant rhythmic activity of neurons during
seizures, which may have a positive therapeutic effect.
For example, activation of NpHR in organotypic hip-
pocampal cultures, in which convulsive activity was
induced by electrical stimulation, reduced epilepti-
form peaks [34]. Moreover, in mice with modeled
temporal-lobe epilepsy, the activation of subpopula-
tions of GABAergic interneurons or inhibition of
excitatory pyramidal cells under natural conditions
resulted in rapid cessation of seizures [25]. Some-
times, epilepsy can occur due to rearrangement of
long-distance connections within the brain as a result

Fig. 3. A system for regulation of transcription. DBD is DNA-binding domain. AD is activation domain. 
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of a stroke. In rats, an optogenetic orientation of thal-
amus neurons that are connected with cortex areas
that are prone to epilepsy also reduces seizures [30].

Using optogenetics, gene combinations that
together can lead to the occurrence of psychiatric dis-
orders were identified. The investigation of unifying
hypotheses that might help to explain how discrete
psychiatric symptoms can result from diverse multi-
gene effects is promising. For example, research on
the genetics of schizophrenia and autism sequentially
pointed to the presence of genes that are involved in
the regulation of the balance of excitation in the brain.
These data coincide with optogenetically obtained
conclusions that the alterations of excitability in cer-
tain cells or projections can specifically modulate
social behavior in mice. Preclinical optogenetic exper-
iments have also revealed certain cells and pathways
that can modulate anxiety, depression, and eating and
behavioral disorders, along with many other matters,
which is of great significance for psychiatry [8, 20].

These results can be applied in clinics differently.
First, understanding of psychiatric symptoms at this
level makes it possible to make more complex pathophys-
iological hypotheses and give a better understanding of
the etiology. Second, by combining interviews with
patients, testing data, and personalized genomic studies,
the diagnostics of psychiatric disorders may be signifi-
cantly balanced, which would improve both prophylaxis
and treatment. Third, knowledge of cells and their pro-
jections that are involved in the development of psychiat-
ric symptoms promotes identification of clinically signif-
icant biomarkers, which can change not only the diagno-
sis, but also the prognosis of the results of the treatment.
Fourth, it can be used for rapid identification of novel
targets for drugs or brain stimulation as a treatment. This
may lead to significant improvement in the understand-
ing of causal relationships in pathophysiology [8].

CONCLUSIONS
Thanks to optogenetics, it has become possible to

reduce or enhance the activity of certain neuronal
populations in different brain regions. Thus, finding
cause-and-effect relationships between neuronal net-
works and symptoms of pathologies using optogenetic
tools may help in the development of effective therapy
and lead to an increase in the effectiveness of drugs
and occurrence of new less invasive surgeries for treat-
ment of neurodegeneration disorders, as well as make
it possible to broaden neurological, biological, and
psychiatric studies.
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