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Abstract: Optogenetics—light-driven, genetically targeted control of neuronal activity—has transformed neuroscience by 
allowing precise manipulation of specified neural populations with millisecond timing. Arising from the discovery of microbial 
opsins and the first demonstration that channelrhodopsin-2 (ChR2) can drive neurons with light, this technology has made 
possible causal examination of neural circuits of behavior. We here summarize the origins and mechanisms of optogenetics, 
experimental methodologies, key findings in brain research, translational potential, and limitations of the techniques. In 
Introduction we relate how algal opsins were engineered for neuroscience use and sketch basic principles (e.g. ChR2-mediated 
depolarization, halorhodopsin-mediated inhibition). The Methods section reviews typical protocols: genetic targeting (viral or 
transgenic delivery of opsin genes), surgical implantation of optical fibers or devices, and stimulation paradigms. In Results we 
highlight landmark findings facilitated by optogenetic control – e.g. identification of hippocampal memory engram cells, anxiety 
and arousal neural substrates, and basal ganglia circuit causal roles in movement. In Discussion we discuss clinical and 
translational applications (including the recent restoration of vision in a blind patient), experimental and technological limitations 
(e.g. tissue heating, opsin kinetics, inflammation), and future prospects. We think that optogenetics, often combined with 
advanced imaging or wireless hardware, will continue to provide basic understanding and guide therapeutic strategies. 
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1. Introduction 
Resolving the brain needs approaches to manipulate 

specified neurons in real time while tracking behavior. 
Optogenetics addresses this necessity by exploiting microbial 
opsins – seven-transmembrane receptors that move ions in 
response to light – to activate or inhibit genetically defined 
neurons. Its history goes back to the initial finding that a 
Chlamydomonas reinhardtii algal opsin was a light-gated 
cation channel. Nagel et al. identified channelrhodopsin-2 
(ChR2), a light-gated channel that could depolarize cells, in 
2003. Boyden et al. expressed ChR2 in mammalian neurons 
in 2005 and demonstrated brief pulses of blue light induced 
accurate action potentials. This historic finding revealed that 
microbial opsins were sufficiently robust for use in the 
complex environment of the neuronal milieu[1], producing 
single-neuron reliability on millisecond timescales. 
Optogenetics thereby provides a causal, cell-type-specific 
perturbation device, a huge improvement on classical 
electrical stimulation in spatial and genetic specificity. Since 
that breakthrough, a diversifying toolkit (which now 
encompasses variants of ChR and ion pumps) has enabled 
neuroscientists to pose hitherto unprecedented questions 
regarding circuitry in the brain. 

Microbial opsins belong to well-defined functional 
subclasses. Channelrhodopsins (ChRs) are light-gated cation 
channels, depolarizing neurons in response to blue-green 
light[2]. Halorhodopsins (HRs) and bacteriorhodopsins (BRs) 
are light-activated ion pumps; e.g., Natronomonas pharaonis 
halorhodopsin (NpHR) is a chloride pump into cells in 
response to yellow light for hyperpolarizing and silencing 
neurons. Engineered "optoswitches" (e.g. step-function ChRs, 
wavelength-shifted derivatives) provide additional temporal 
and spectral flexibility. These opsins, delivered through 
genetic targeting, allow activation or suppression of desired 

neuron populations with millisecond-level temporal precision. 
Here, we describe the history of optogenetics from its 
beginnings to present-day applications. We highlight 
experimental methods for neural control, tabulate key 
findings from studies on the brain, and discuss in what way 
optogenetics informs translational applications and future 
technology[3]. 

2. Methods 
Optogenetic studies entail genetic targeting of opsins, light 

stimulation devices, and readouts of activity. Commonly, 
opsin-encoding genes (e.g. ChR2, halorhodopsin) are 
introduced to target neurons via viral vectors (e.g. AAVs) or 
transgenic lines of animals. Transgene expression is 
frequently controlled through cell-type-specific promoters or 
through Cre-lox methods to limit opsins to specific neuronal 
subpopulations or projection circuits. A stereotactic vector 
injection in a brain region is performed in animals, who are 
then given ~1–2 weeks for focused opsin expression. To 
manipulatively control neurons in vivo, an optical fiber or 
implantable LED is then placed over the site of focus, often 
in a second surgery. For instance, after injection and 
recovery,[4] a miniaturized optical probe is implanted and 
anchored to the skull for chronic access to the neurons 
expressing the opsin. Current-day "devices" encapsulate 
fluidic channels and optics, such that viral delivery and light 
stimulation are performed simultaneously, decreasing 
surgical invasiveness[5]. 

Neural control is made with precise timing through the 
coupling of light pulses (lasers or LEDs) to spiking of neurons. 
Common protocols involve millisecond-range pulses (blue 
light ~470 nm for ChR2; yellow ~590 nm for NpHR) for 
inducing or inhibiting activity. The fiber-coupled light source 
can be modulated by the experimenter (e.g., via TTL 
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modulation) to push for particular spiking patterns[6]. 
Stimulation for behavioral experiments can be synchronized 
with tasks or environmental events. Electrophysiological 
recordings or calcium imaging (GCaMP) are routinely done 
in parallel to confirm that light induces the desired neural 
activity. Merging of optogenetic actuators with optical 
sensors ("all-optical" methods) enables all-light read/write 
experiments in behaving animals. Optogenetic methods in 
general offer cell-type specificity (through genetic targeting) 
and millisecond accuracy (through light control) to enable 
causally probing circuit function in experiments[7]. 

3. Results 
Optogenetics has enabled a number of breakthroughs in 

understanding brain circuits. For example, researchers have 
used ChR2 stimulation to break up decision-making and 
anxiety circuits. Optogenetics proved that multi-factorial 
emotional experiences can be broken down into easier 
constituent elements (e.g., risk avoidance and respiration) 
with particular circuits by exciting or inhibiting distinct 
projections from one brain region. In one study, selectively 
stimulating specific output channels of the basolateral 
amygdala elicited either exploration or anxiety-like behavior, 
and revealing how valence is represented in separate 
projections. 

Similarly, optogenetic stimulation of hippocampal neurons 
yielded landmark findings concerning memory. By 
stimulating ensembles of cells that were firing during learning 
using light, researchers identified putative "engram" cells 
whose activation suffices to induce a memory. In a landmark 
experiment, Liu et al. showed that artificial stimulation of 
such engram cells induces a false fear memory in mice. 
Conversely, optogenetic repression of engram cells prevents 
memory retrieval. These experiments, facilitated by opsins, 
illuminate how specific cell assemblies code and recover 
experiences. 

Another significant discovery concerns basic survival and 
reward circuits. Optogenetic activation of hypothalamic 
"hunger" neurons rapidly elicited feeding behavior, whereas 
optogenetic stimulation of lateral habenula cells elicited 
aversion, demonstrating evidence of causal functions for 
these populations in drives and mood. Optogenetics has 
already mapped motor control circuits of the basal ganglia 
with meticulous precision. For example, targeting of ChR2 to 
subthalamic nucleus (STN) neurons in a rodent model of 
Parkinson's disease revealed that high-frequency stimulation 
of excitatory STN cells alleviated freezing behavior, whereas 
inhibiting STN could exacerbate movement deficit. These 
studies confirmed cell types and frequencies that support 
deep-brain stimulation. Likewise, optogenetic disruption of 
other parts of the basal ganglia showed that direct and indirect 
pathways bidirectionally regulate locomotion and reward. 

Apart from behavior, optogenetics has also mapped 
anatomical connectivity. In brain slices, light pulses on ChR2-
expressing axons evoke synaptic responses in target cells, 
making high-resolution circuit mapping possible. In vivo, 
simultaneous optogenetic stimulation and recording have 
defined long-range projections. Layer-specific cortical 
circuits and thalamo-cortical circuits, for instance, have been 
traced functionally by light stimulation of genetically defined 
axons. These manipulations have uncovered unexpected 
connectivity (e.g. feedback loops, parallel pathways) that 
were difficult to dissect with traditional tools. 

In general, results of optogenetic experiments vary from 

learning and memory to emotion, sensation, and motor 
control. By enabling temporally specific gain- or loss-of-
function perturbations in individual neurons, optogenetics has 
established causal relationships between neural activity and 
behavior. The technique has repeatedly translated 
"correlation" into "cause and effect," revealing information 
that otherwise would not have been attainable with passive 
recording or unspecific stimulation. 

Emerging new optogenetic tools are continuously 
expanding capabilities. Fast-switching opsin variants and 
improved methods for expression allow for single-cell 
resolution and multi-site targeting. Progress such as two-
photon holographic stimulation now allows for patterned 
activation of many neurons simultaneously with micron-scale 
resolution, placing optogenetics within reach of mapping 
computations in neural ensembles. Wireless, multi-channel 
optoelectronic devices have been developed to decouple 
animals and allow for distributed light delivery. For example, 
recently developed implantable systems with programmable 
multicolor LEDs allow independent control of distinct brain 
regions in freely moving rodents. These technological 
advances add to the complexity of experiments that can be 
done, such as controlling social groups of animals in parallel 
or driving brain-wide synchrony patterns. 

Optogenetics is also being translated to the clinic. The most 
sophisticated clinical application is vision restoration. In 
retinitis pigmentosa (photoreceptor degeneration type of 
blindness), optogenetic therapy reached human clinical trials. 
In a 2021 patient, an AAV vector that expressed ChrimsonR 
(a red-shifted channelrhodopsin) was injected intraretinally 
into a blind patient, and the patient was provided with light-
perceiving goggles. During treatment, the patient was able to 
sense, recognize, count, and even perceive objects with the 
treated eye alone. This is the first partial restoration of 
intricate visual function achieved by optogenetic stimulation 
in a neurodegenerative disease model. Other studies are 
exploring optogenetic implants for Parkinson's, epilepsy, and 
psychiatric disease in animal models, with pre-clinical trials 
in humans already underway. Although direct optogenetic 
neuromodulation of deep brain remains experimental, the 
experiences gained are guiding novel treatments; for example, 
understanding which cell types correct depression or 
movement disorders is giving targets for gene therapy or more 
targeted electrical stimulation protocols. Importantly, others 
argue that optogenetics cannot itself truly treat patients (due 
to delivery and light-access constraints), but will instead 
operate as a discovery engine that generates data to facilitate 
rapid development of novel interventions (pharmacologic or 
bioelectronic) based on the circuits it uncovers. 

4. Discussion 
Optogenetics revolutionized neuroscience by providing 

brain circuits with a light switch. Optogenetics, however, is 
not flawless like any other method. Off-target illumination is 
one of these problems. Light is highly absorbed and scattered 
in brain tissue, and strong illumination will heat tissue by 0.2–
2 °C even with routine protocols. This heating by itself can 
alter neuronal excitability (e.g. by opening thermo-sensitive 
ion channels) and behavioral responses, muddling the 
hypothesis that only opsin-expressing cells will respond to the 
light. Careful calibration of light power and controls (e.g. 
employing "dummy" light delivery in opsin-negative animals) 
is therefore required[8]. 

The other is opsin performance. The initial designs like 
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NpHR had low current and entered long dark states upon 
continuous illumination. While more efficient pumps and 
anion-channelrhodopsins are newer, their conductances 
remain modest compared to native ion channels. In addition, 
prolonged or repeated light exposure causes phototoxicity and 
even inflammatory reactions. Chronic implants, viral 
transduction, and repeated surgery can induce gliosis around 
the device; in fact, astrocytic scarring around fibers may 
reduce light penetration and isolate neurons from stimulation. 
Immune reactions to viral vectors and ectopic opsin 
expression must also be managed, typically with restricted 
promoters and dosing cautiously. Finally, intracranial optics 
remain a constraint: invasive fibers or endoscopes must be 
used to access deep structures, and non-invasive solutions (e.g. 
red-shifted opsins or upconversion nanoparticles) are in the 
pipeline but not yet routine. 

In spite of these shortcomings, the improved aspects of 
optogenetics are unparalleled: genetic selectivity, reversibility, 
and temporal resolution. In time, these advantages will grow 
as the tool is being refined. Future frontiers are to create 
engineered opsins: faster channels, more efficient pumps, and 
spectrally shifted versions operating with infrared light for 
deeper penetration. Gene therapy and viral vectors are also 
advancing, with enhanced targeting (e.g. capsid engineering 
or intersectional genetics) to limit expression to defined 
neuronal populations. On the hardware side, continuing 
miniaturization and wireless devices will enable multiplexed 
light delivery in freely behaving animals. 

Above all, optogenetics is being combined with other 
technologies. All-optical experiments combine opsin 
actuators and fluorescent activity sensors to allow 
simultaneous recording and manipulation of neural activity at 
cellular resolution. Optogenetic probes are being paired with 
electrophysiology and imaging platforms for closed-loop 
experiments. At the molecular level, optogenetics is 
triggering light-controllable signaling proteins (e.g. opto-XRs 
and photoswitchable enzymes) that are able to couple circuit 
activity with intracellular pathways[9]. A recent example is 
the fusion of rhodopsin domains with G-protein coupled 
receptors to enable light to trigger accurate biochemical 
cascades. These developments promise an era in which 
optogenetics marries circuit-level manipulation with 
molecular interventions and perhaps also closes the loop 
between gene expression and neural activity. 

Translational, optogenetics is also establishing a model for 
therapy. The retinal example shows how degeneration can be 
undone in lost neurological functions using light-activated 
gene therapy. Similar approaches are being explored for 
motor paralysis, spinal cord damage, and pain. Many clinical 
trials are planned or in early stages of use, especially in retinas 

and peripheral nerves, and results are anxiously awaited. But 
experts say that optogenetics can have its greatest medical 
impact not as itself being the therapy, but by illuminating the 
correct targets and mechanisms of action for therapies to 
come. That is, illuminating neural circuits will illuminate the 
path to future cures. 

5. Conclusion 
optogenetics has reprinted the brain science instructions 

with light as a selective neurobiological on/off switch. From 
a serendipitous study of algae emerged a toolkit that allows 
us to read and rewire memory, sensation, feeling, and action 
circuits. Continuing technological advancement – in the guise 
of better opsins, smarter light-delivery systems, or integrated 
strategies – will continue to expand the limits of what can be 
investigated and manipulated in the brain. As neuroscience 
progresses to ever harder questions (from psychiatric illness 
to consciousness), optogenetics will be in our corner, casting 
lights through the fog of neural circuits. 
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