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Optogenetics is a method for delivering millisecond-precision control (for activation or 

inhibition) to targeted cells using light within freely behaving mammals.1 The components 

of this method, as practiced today, involve (1) lasers and fiber optics for light delivery into 

the nervous system and (2) genes called microbial opsins, which encode light-activated 

proteins that regulate transmembrane ion conductance (Figure). Microbial opsins display 

diverse color sensitivity and conductance properties, with diversity generated by 

mutagenesis or arising naturally in the biosphere. Constituted by single genes, these 

microbial opsins can be targeted using a toolbox of genetic techniques, thereby specifying 

light-induced current flow in cells defined by function (eg, with excitatory, inhibitory, or 

dopaminergic properties) and anatomy (eg, with cell bodies in one location and projections 

going to another specific location across the brain). Light guidance with versatile fiber 

optics or spatial light modulators allows further resolution. Rapid advances in materials and 

electrical engineering have enabled opsin activation in neural tissue wirelessly using tiny 

LEDs.

This control (playing in) technology has been complemented by recent advances in 

observing (reading out) neural circuit activity and connectivity, providing key 

complementary data streams. Preclinical and ex vivo methods in this regard1 have made 

substantial advances. For instance, it is now possible to observe detailed neural wiring 

diagrams across an entire intact rodent brain or large blocks of human brain tissue without 

slicing or disassembly (eg, using the chemical engineering method called CLARITY1), and 

to observe the real-time activity of specified neurons and projections within the nervous 

system of behaving animals (using fluorescent reporters of neural activity in combination 

with advanced optics).
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In the clinical setting, tools for observing brain activity and connectivity are still largely 

limited to operating noninvasively, such as electroencephalography, contrast functional 

magnetic resonance imaging (MRI) dependent on blood oxygen level, and diffusional MRI 

for inferring the path of axonal tracts. The spatiotemporal constraints of these observational 

methods have placed limits on the depth of insight obtainable into circuit-level mechanisms 

underlying behavior; nevertheless, structural and functional neuroimaging studies have 

identified brainwide, circuit-level abnormalities across every psychiatric diagnosis. These 

abnormalities are not in single regions (each associated with an illness), but rather in sets of 

interconnected and distributed neural circuits, providing a clinical perspective 

complementary to optogenetic preclinical studies that capture clinically relevant 

mechanisms.

These technological advances are supported by recent discoveries focused on etiology of 

disease. Combinations of genes have been identified that together contribute to the 

occurrence of psychiatric disorders. Importantly, the circuit-level perspective now provides 

a source of unifying hypotheses that may help explain how discrete psychiatric symptoms 

can arise from a diverse array of multigene effects. For example, studies of schizophrenia 

and autism genetics3 have consistently pointed to genes involved in regulating the balance 

of excitability in the brain, concordant with optogenetic findings that excitability changes 

targeted to specific cell or projection types can specifically modulate social behavior in 

mice. Likewise, preclinical optogenetic experiments have revealed specific cells and 

pathways that can modulate anxiety, depression, and eating disorder–related behaviors, 

along with many others of great importance to psychiatry.1

How can such insights be translated to the clinical setting? This is occurring in several ways. 

First, circuit-level understanding of psychiatric symptoms is allowing generation of more 

sophisticated pathophysiological hypotheses, which is important for replacing the current 

symptom and subjective report-based psychiatric nosology with one based on more 

sophisticated understanding of etiology. Second, by combining careful patient interviews, 

imaging assays, and personalized genomics, diagnoses of mental illness are well poised to 

change substantially in a manner that could improve both prevention and treatment. Third, 

direct knowledge of cells and projections causally involved in psychiatric symptoms is 

facilitating identification of clinically relevant circuit biomarkers, which could revolutionize 

not only diagnosis but also prediction of treatment outcomes.

Fourth, this rapid identification of novel circuit targets for medications or brain stimulation 

treatments4,5 may lead to interventions that more specifically ameliorate causal circuit 

pathophysiology. Even without direct translation of research tools to patients, human brain 

stimulation can leverage circuit-level insights (such as those arising from optogenetics).6,7 

For example, transcranial magnetic stimulation (TMS), with which centimeter-scale brain 

regions can be stimulated noninvasively, can be integrated with functional MRI and 

electroencephalography, creating an opportunity in which activity in targeted brain regions 

can be monitored and modulated.5 Specific neural circuits, such as those more active at rest 

or during attention-demanding tasks, have been localized and then selectively stimulated or 

inhibited in humans.4 Transient modulation of these circuits has provided information about 
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causal circuit regulatory mechanisms in humans, as well as elucidated how long-lasting 

plasticity in these circuits could form the basis of therapeutic applications of TMS.

Treatments (either using or informed by neurostimulation techniques) based on these 

methods can only be expected to increase. Despite US Food and Drug Administration 

clearance for TMS treatment in patients with depression, its mechanistic underpinning has 

been poorly understood and hence is likely far from optimal (in fact, relatively very few 

locations in the human brain have yet been explored with neurostimulation). For deep 

structures that TMS cannot currently reach, additional noninvasive tools (eg, focused 

ultrasound) will be required. Knowledge of neural plasticity mechanisms8 (including long-

term potentiation, long-term depression, spike timing-dependent plasticity, and biochemical 

pathways supporting each of these in turn) can be used to elicit lasting changes in causally 

important circuit components that had been identified with optogenetics and other modern 

neuroscience tools, such as diffusion MRI, CLARITY, and computational modeling of 

network dynamics. Even behavioral manipulations, such as psychotherapy or computerized 

cognitive training methods, can be combined with noninvasive neurostimulation through 

common grounding in circuit-level mechanisms. For example, neurostimulation methods 

aimed at enhancing emotion regulation and fear extinction can be combined with 

psychotherapies targeting traumatic memories in patients with posttraumatic stress disorder.

Optogenetics and other recent methodological advances in basic research have leveraged the 

deep knowledge imparted by neuroscience research, which provides critical guidance on 

anatomy, definition of cell types, and neurophysiology. Neural circuit dynamic properties 

are now revealing unifying principles that can causally determine the expression and 

modulation of complex behavioral phenotypes relevant to psychiatry. Over the next decade, 

guided by deliberate alignment of circuit-based methods from basic and clinical 

neuroscience, advances in genetics, brain imaging, and neurostimulation will continue to 

translate these insights into improved understanding of pathophysiology and development of 

novel and more effective treatments.
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Figure. Steps in Optogenetic Research
Diverse opsin genes from microbes are engineered in the laboratory to allow light-activated 

regulation of ion flow and biochemical pathways. Targeted opsins allow cell-specific control 

with light with precision not achievable by electrodes. Mice can be implanted with 

fiberoptics that can both deliver optogenetic control and collect fluorescent readout of neural 

activity with fiber photometry. At left, black trace shows neuronal membrane voltage; blue 

ticks show pulses of light driving ChR2 to elicit action potentials (spikes in the membrane 

voltage); and yellow bar shows steady light providing inhibition of the neuron through 

NpHR. At right, red ticks indicate rewarding sucrose solution ingestion; black trace shows 

corresponding elevations in deep brain dopamine neuron activity.2

Deisseroth et al. Page 5

JAMA. Author manuscript; available in PMC 2016 March 03.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript


