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Abstract

Elucidating the neuronal mechanisms underlying movement disorders is a major challenge due to 

the intricacy of the relevant neural circuits, which are characterized by diverse cell types and 

complex connectivity. A major limitation of traditional techniques, such as electrical stimulation 

or lesions, is that individual elements of a neural circuit cannot be selectively manipulated. 

Moreover, available treatments are largely based on trial and error rather than a detailed 

understanding of the circuit mechanisms. Gaps in our knowledge of the circuit mechanisms for 

movement disorders, as well as mechanisms underlying known treatments such as deep brain 

stimulation, make it difficult to design new and improved treatment options. In this perspective, 

we discuss how optogenetics, which allows researchers to use light to manipulate neuronal 

activity, can contribute to the understanding and treatment of movement disorders. We outline the 

advantages and limitations of optogenetics and discuss examples of studies that have used this tool 

to clarify the role of the basal ganglia circuitry in movement.

In large part, our current understanding of the neural circuits underlying movement disorders 

is based on clinical observations of patients with focal brain pathology, surgical lesions or 

electrode stimulation, and similar approaches in animal models. These approaches have 

identified the key brain regions associated with most movement disorders, allowing the 

formulation of many hypotheses on the circuit mechanisms that are responsible for the 

observed symptoms. Nevertheless, a key limitation is the lack of selectivity in the 

conventional tools used to probe neural circuit function. These tools typically affect many 

circuit elements, and do not permit the formulation of specific mechanistic hypotheses on 

movement disorders. In recent years, a new technique, optogenetics, has emerged as a tool 

of choice for examining neural circuit function. Optogenetics enables neuroscientists to 

probe the functions of discrete circuit elements, such as defined subsets of neurons or axonal 

projections.
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Using optogenetics to study neural circuits

Optogenetics uses light to control genetically encoded light-activated proteins–commonly 

ion channels–to selectively manipulate the activity of neurons 1, 2. Researchers have 

attempted to use light to manipulate cells for many years 3, 4, but early optical control of 

neural activity was slow (seconds to minutes), with poor trafficking of the proteins to the 

cell membrane, or requiring multiple signaling components. Recent developments have 

overcome these hurdles. With the discovery of the light-gated cation channel, 

channelrhodopsin-2 (ChR2), from C. reinhardtii, a light sensing protein was combined with 

an ion channel that was encoded by a single gene and that could be reliably expressed in 

mammalian neurons 5. The microbial opsin genes commonly used to manipulate neural 

activity encode single proteins that form ion channels and bind retinal within the channel 

(termed ‘rhodopsin’ when retinal is bound). Because retinal is present in sufficient quantities 

in mammalian tissues, opsins can be introduced into mammalian neurons to manipulate the 

activity of defined neuronal populations 2. The retinal serves as a light sensor. When photo-

activated, it triggers conformational changes within the opsin, leading to opening of the ion 

channel. In the case of ChR2, light activation permits cation influx through the channel, 

which depolarizes the cell sufficiently to initiate action potentials and neurotransmitter 

release. Inhibitory opsins function similarly to hyperpolarize the cell and reduce the 

probability of action potentials. In recent years 2, 5, numerous opsin variants have been 

developed to allow reliable membrane trafficking and large channel currents in a variety of 

neuron types (reviewed in 6).

Optogenetics allows researchers to shine a light on cell bodies and/or axon terminals at a 

distal site and depolarize or hyperpolarize the neurons or cellular elements that express the 

opsin. Employing optogenetic techniques in neural systems requires three major steps: 1) 

developing an opsin to achieve the desired neuronal effect, 2) expressing the opsin in the 

desired cells, and 3) delivering light to the opsin 7.

The two major classes of rhodopsins are: 1) excitatory (e.g., ChR2) and 2) inhibitory (e.g., 

the chloride pump, halorhodopsin). Channelrhodopsin variants are nearly always light-gated 

cation channels that allow for fast (on the order of milliseconds) depolarization of neurons. 

Inhibitory opsins take a variety of forms, including proton pumps and chloride pumps 

(reviewed in 8), which provide relatively inefficient neuronal silencing. Recently, however, 

ChR2 has been modified into a light-gated anion channel, providing more efficient neuronal 

inhibition 9. Excitatory opsins, including many channelrhodopsin variants, commonly 

respond to blue (~470 nm) light (Figure 1). Many inhibitory opsins, including halorhodopsin 

and the proton pump archaerhodopsin-3 (Arch), respond to yellow-green light (~530-590 

nm). Finally, there exist still other opsin variants that operate outside these confines and 

allow excitation or inhibition with other wavelengths of light 10, 11.

Getting the opsin expressed in the brain and target cell of interest is accomplished with 

genetic techniques. A common method is viral transduction. The genetic material needed to 

produce the opsin can be packaged inside a virus for delivery into the neuron, which then 

utilizes the endogenous cellular machinery to translate the protein and traffic it to the 

membrane. Cell-type specificity of opsin expression can be achieved with a variety of 
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techniques. One approach is to include a promoter sequence within the virally delivered 

genetic element that is specific to a molecularly defined neuronal population. The major 

drawback of this method is that the promoter must be relatively small to fit within the viral 

packaging constraints, which limits the number and type of cells that can be targeted. 

Alternatively, the virally delivered genetic element can be conditionally expressed, most 

commonly only when a Cre recombinase is present to recombine the DNA sequence (Figure 

2). Many well-characterized Cre recombinase transgenic mouse lines are available in which 

the recombinase is under the control of various promoters 12. Lastly, for some opsins, there 

are transgenic mouse lines that contain the inactive transgene that requires Cre recombinase 

to activate it. The Cre recombinase may be co-expressed by cross breeding with a Cre 

transgenic strain or by delivering a Cre-expressing virus 13, 14. In approaches using viral 

delivery, an additional level of spatial/regional specificity becomes possible because 

expression will be restricted to neurons near the site of viral delivery. It is also possible to 

use multiple recombinases (e.g., Cre and Flp) to further limit expression to only a subset of 

cells that are defined by multiple features 15.

Since rhodopsins are light-gated, it is necessary to deliver light into the tissue of interest. 

Light is typically delivered with fiber optics, which pass light from an external source (laser 

or LED) into the brain 16-18. Light can also be delivered using locally generated light 

sources (i.e., luminopsin 19 or an implantable microscale light emitting diode 20). For 

preparations in which dissected brain tissue or cultured cells are studied, the external light 

source can be shone directly onto the tissue via microscope lenses. When delivering the 

light, there is again an opportunity to spatially restrict the elements that will be activated. 

One powerful example of such benefits is when a given neuron sends axon collaterals to 

multiple spatially distinct brain regions. Opsin expression is sufficiently robust that the 

experimenter can illuminate axons in a given target region and activate only that subset of 

the neuron’s projections. Therefore, the combinations of virus, light, and DNA recombinase 

enable spatially and temporally restricted inhibition or excitation of defined neuronal and 

glial populations (Figure 3).

Optogenetic studies of the neural mechanisms underlying movement 

disorders

The basal ganglia are implicated in many movement disorders. These subcortical nuclei are 

interconnected in a complex neural circuit. Many fibers of passage from other brain areas, in 

particular the cerebral cortex, are found within the basal ganglia. There are also many 

different types of neurons that are found within a small region without spatial segregation 21.

Much research in the last two decades has been focused on the striatonigral and 

striatopallidal pathways, the so-called direct and indirect pathways, respectively, which are 

responsible for regulating motor output. However, whether imbalances in the activity of 

these pathways leading to behavioral pathology could arise from striatal projection neurons 

was difficult to directly test because these projection neurons are intermingled and not 

readily distinguishable by their electrophysiological properties alone. Conventional 

electrical stimulation affects neurons from both pathways, in addition to fibers of passage. 

Furthermore, even if electrical stimulation produced reliable behavioral effects, it is still 
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impossible to generate a specific functional model of the neural circuit because it is unclear 

how the relevant circuit components were affected by the stimulation. In many stimulation 

paradigms, both activation and inhibition of firing have been proposed 22.

Optogenetic tools have been used to provide evidence that activation of direct and indirect 

pathways can have different effects on movement. In mice, selective stimulation of striatal 

dopamine D1 receptor-expressing neurons (striatonigral neurons) resulted in robust 

inhibition of neurons within the substantia nigra pars reticulata (SNR) and potentiated 

locomotion 23. Conversely, stimulation of striatal dopamine D2 receptor expressing neurons 

(striatopallidal neurons) inhibited locomotion 23. Optogenetic stimulation of striatonigral 

neurons also improved movement in dopamine-depleted mice 23. By targeting discrete 

neuronal populations, these experiments provide an example of how optogenetics may be 

employed to test traditional hypotheses about basal ganglia function.

Optogenetic techniques have also been used to elucidate the contributions of the basal 

ganglia to action initiation and termination, behaviors that are often disrupted in patients 

with movement disorders. This work shows another useful application of optogenetics, 

which is in determining cell type during in vivo recording. In this setting, the presence of a 

light-evoked electrical response was used to identify the type of neurons being recorded. 

Because the expression of ChR2 was limited to cells expressing Cre recombinase under 

control of a specific promoter, the presence of a light-evoked response indicates that the cell 

expresses the gene driven by the promoter. In this way, for example, dopamine neurons in 

the substantia nigra pars compacta could be identified when the tyrosine hydroxylase 

promoter is used. Using this approach, Jin et al. found that optogenetically-identified 

dopamine neurons in the substantia nigra pars compacta show bursts of action potentials 

prior to the initiation of action sequences 24. Furthermore, using ChR2 to identify 

striatonigral and striatopallidal pathway neurons in freely behaving mice, researchers have 

shown that neurons of both pathways are active during initiation and termination of rapid 

movement sequences 25.

Optogenetics provides many new opportunities to test long-held views of basal ganglia 

circuitry. For example, it is commonly thought that stimulation of striatonigral neurons will 

inhibit the basal ganglia output and potentiate movement, whereas stimulation of 

striatopallidal neurons will facilitate basal ganglia output and inhibit movement. In a test of 

these ideas, optogenetic activation of either pathway was found to both excite and inhibit 

basal ganglia output neurons in the SNR 26. However, movement initiation resulting from 

direct pathway stimulation was more strongly correlated with the inhibited SNR neurons, 

and movement suppression driven by indirect pathway stimulation was more strongly 

correlated with the excited SNR neurons. More detailed analysis of movement parameters 

showed that both the direct and indirect pathways are active during contraversive 

movements and that activity in both circuits is necessary for movement 27, 28. These results 

advance our understanding of the direct and indirect pathways to reveal that movement is 

unlikely to be explained by simple binary activation of one pathway or the other, but rather 

involves a dynamic interaction between the two. The multitude of downstream circuit effects 

observed also suggest that our long-held models of basal ganglia function are in need of 

revision.
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As a final example of the application of optogenetics to understand the contributions of 

basal ganglia circuitry to behavior, we discuss recent work in which optogenetics was 

applied to help understand the circuits contributing to dystonia. Prior work in a mouse model 

for Rapid Onset Dystonia Parkinsonism (RDP) due to loss of function of a Na+-K+ATPase 

had implicated dysfunction between cerebellar and striatal circuits29. In that study, lesioning 

the centrolateral thalamic nucleus was performed to support a model whereby altered 

cerebellar outflow via this thalamic relay into the striatum was necessary for dystonia. 

Recently, the investigators employed optogenetic tools to functionally define this circuitry, 

demonstrating that cerebellar projections from dentate gyrus modulated short latency striatal 

responses through connections with the centrolateral thalalmic nucleus30. Thalamic 

illumination of ChR2-expressing axons that originated in the cerebellar dentate gyrus was 

shown to modulate striatal responses. However, when thalamic cell bodies were virally 

transduced to express halorhodopsin and illuminated while ChR2 was activated in the 

dentate gyrus, striatal responses were blocked. Further, optogenetic silencing of the 

intralaminar thalamic nuclei alleviated dystonic movements that were triggered by cerebellar 

infusion of a Na+-K+ATPase inhibitor, ouabain. These results show the application of 

optogenetic tools to functionally define circuit elements and test their behavioral 

significance in dystonia.

Mechanisms of DBS

Optogenetics makes it possible for researchers to record from neurons in awake behaving 

animals while stimulating either the afferent fibers from some other neuronal population or 

the cell bodies of nearby neurons 31, 32. For this reason, the high spatial and temporal 

selectivity of optogenetics make it a powerful tool to study the mechanisms of deep brain 

stimulation (DBS), currently a major treatment option for movement disorders. DBS often 

shows nearly immediate effects on alleviating tremor in Parkinson’s disease (PD) and 

essential tremor. By contrast, therapeutic effects for other disorders such as dystonia and 

Obsessive Compulsive Disorder (OCD) can take much longer to manifest. There is currently 

no satisfactory explanation for these differences. Moreover, the effective frequency, 

amplitude, pulse duration, and location of DBS are determined by trial and error for each 

patient. Because of the numerous unknown factors underlying this treatment modality, 

animal models may prove useful for performing systematic comparisons aimed at revealing 

the therapeutic stimulation effects and thereby enhance the ability of practitioners to 

optimize stimulation parameters.

Notably, the first major application of optogenetics for understanding brain circuits was a 

study examining which neural elements in the subthalamic nucleus (STN) might underlie the 

efficacy of DBS in PD 33. PD symptoms can be treated by ablations or high frequency DBS 

of the STN or the internal segment of the globus pallidus (GPi). Because of the efficacy of 

both DBS and ablations, it is hypothesized that DBS inactivates the stimulated neurons. 

However, there is no consensus concerning the mechanism by which DBS affects neural 

activity and ameliorates PD symptoms. While some studies found inhibition of local neurons 

during DBS, others showed excitation of efferent projections (discussed in 34).
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To elucidate the mechanisms underlying DBS treatment of PD, the light-gated chloride 

pump, halorhodopsin, was selectively introduced into excitatory neurons within the STN of 

hemiparkinsonian rats, which show deficits in contralateral limb use and increased 

frequency of ipsilateral rotations 33. In contrast to electrical DBS, optogenetic inhibition of 

STN neurons failed to reduce PD symptoms. Thus, inactivating the STN, the goal of 

traditional DBS, may not be the mechanism responsible for improving motor control in 

patients. In addition, excitation of STN neurons at high or low frequencies also failed to 

have significant effects.

Because DBS may activate both local neurons as well as afferent fibers of passage, 

Gradinaru and colleagues next tested whether stimulation of afferents fibers to the STN can 

improve motor symptoms. High frequency photo-stimulation of STN afferents reliably 

reduced PD symptoms, allowing rats to move freely. In anesthetized animals, this 

manipulation reduced STN neuron spike rates and abolished bursting. Finally, it was shown 

that ChR2 activation of the cell bodies of a major source of afferents to the STN, layer V 

pyramidal neurons from the motor cortex, also significantly improved PD symptoms 33. This 

is in agreement with previous electrical STN DBS studies suggesting that antidromic 

activation of cortical neurons may contribute to the therapeutic efficacy of DBS 35. 

However, anatomical differences between the hyperdirect pathway in primates and rodents 

may still limit the direct translation of these findings 36-38.

According to the traditional model of basal ganglia pathology in PD, excessive activation of 

STN neurons is responsible for excessive output of the basal ganglia output nuclei (e.g. 

internal globus pallidus and substrantia nigra pars reticulata). However, alternative proposed 

mechanisms suggest that DBS may act by disrupting pathological firing patterns 39. The 

study by Gradinaru et al suggests that reducing the output of STN neurons by direct 

inhibition does not necessarily alleviate PD symptoms. Rather a more complex interaction 

between cortical afferents and the STN that inhibited STN bursting and firing rates was 

found to be the most efficacious. Interestingly, this study failed to replicate the results of 

pharmacological inactivation studies in which muscimol injection into the STN ameliorated 

PD symptoms 40. This could be because of species differences, but also might be due to 

inefficient optogenetic inhibition or ineffective stimulation parameters, emphasizing the 

importance of electrophysiological validation of putative optogenetic effects in such studies. 

Interestingly, this study failed to replicate the results of pharmacological inactivation studies 

in which muscimol injection into the STN ameliorated PD symptoms 40. This could be due 

to species differences, inefficient optogenetic inhibition, or ineffective stimulation 

parameters. Despite these caveats, this pioneering study illustrates how the mechanisms of 

DBS can be dissected using optogenetic manipulations of defined neuronal populations. 

with significant implications for our understanding of the relevant neural circuitry in 

humans.

Limitations of optogenetics

While optogenetics provides a powerful tool for studying neural functions, it has a number 

of limitations: 1) Although opsins are often assumed to have no leak current, it is unlikely 

that this is true of every channel. Given significant leak current, the opsin may contribute to 
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spontaneous activity; 2) opsins may also build up within cells causing toxicity over time; 3) 

light stimulation parameters (e.g. stimulation duration, frequency, and intensity) must be 

chosen carefully and verified in a given cell type to ensure effective neuronal control to 

avoid problems like depolarization block 41 or rebound excitation 42, 43. Just as stimulation 

frequency and pulse width of electrode-delivered stimuli can greatly influence neural 

responses, the light stimulus is another variable that can affect responses. Stimuli used in 

studies range from continuous illumination over multiple seconds to short millisecond-

duration pulses and vary in intensity, introducing a variable that can generate different 

cellular responses in otherwise similar optogenetic manipulations. Likewise although 

optogenetic stimulation can achieve high temporal precision (up to ~120 Hz depending on 

the cell type), whether optogenetic stimulation achieves these rates in any given application 

must be determined empirically. Even at this relatively high rate, electrical stimulation still 

offers superior temporal precision (e.g. rates up to ~300 Hz). Altogether, these concerns and 

the increasing number of opsin variants being made available to researchers emphasize the 

need to verify the efficacy of expression and stimulation as well as how the opsins may 

affect the biophysical properties of a given cell type.

In addition to the practical considerations for implementing these techniques, there are 

caveats that must be taken into account when interpreting the experimental results. 

Activation of cell bodies can spread to collateral targets, though illuminating the axon 

terminals in a given target is one way to minimize this possibility. However, even when 

targeting axon terminals, the possibility of antidromic stimulation is a potential problem. 

Optogenetic stimulation can also lead to robust synchronized activity that might not reflect 

natural firing patterns. For example, if high-frequency ChR2-mediated stimulation of a 

population of neurons increases the frequency of a particular behavior, it is important to 

keep in mind that this may not hold true when the pattern of stimulation accurately mimics 

endogenous activity. Similarly, negative results can be difficult to interpret: If stimulation or 

inhibition of a group of neurons shows no discernible effect on a behavior, it is difficult to 

conclude that there is truly no effect. The negative result could be due to insensitivity of the 

behavioral assay, insufficient opsin expression, or difficulty targeting diffuse cell 

populations with virus injection and optic fibers. Importantly, both opsin expression levels 

and timing of the expression can vary by virtue of the distinct genetic promoter elements 

driving its expression or that of the Cre recombinase used to activate the opsin expression 

cassette. Lastly, the spatial specificity of optogenetic stimulation can be a drawback for 

investigations of broadly distributed circuits. Thus, as with any single research modality, 

there are new opportunities as well as limitations.

The future: Optogenetics in humans?

Presently, the primary use of optogenetics is for the dissection of neural circuits that underlie 

behavioral and physiological phenomena in non-human animals. Optogenetic techniques 

have been employed in many species, including: C. elegans, Drosophila, zebrafish, birds, 

mice, rats, and non-human primates. Though optogenetic therapies have not yet been 

employed in patients, it is conceivable that this may one day be a viable treatment option for 

movement disorders.
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Developing reliable and effective hardware for optogenetic stimulation is one obstacle to 

overcome before optogenetics can be used in humans. Durable probes that reduce heating of 

the brain tissue as well as local light and power sources will be necessary. One potential 

solution to these issues is to use implantable LEDs 20, which produce little heat and 

consume relatively little power compared to lasers. Although the technical challenge of 

delivering a reliable light source is quite tractable, the delivery of the opsins presents a 

major challenge.

Viral delivery of exogenous genes has already been clinically tested in PD patients 44, 45, but 

the long-term safety and viability of viral delivery of exogenous genes is largely 

unknown 46, 47. Viral transfection of opsins into the brains of non-human primates has been 

successful 48-50, and researchers have used optogenetics in in vitro human retina 

preparations to restore light sensitivity to the previously light-insensitive photoreceptors of 

blind patients 51. These tools may soon be available for clinical trials. Yet before 

optogenetics can be used to treat patients, there are still a number of technical obstacles to 

overcome 52. For example, the potential for long-term burdens on neurons that express high 

levels of foreign proteins is unknown. Given the potential for opsins to generate leak 

currents, they may also place additional energy demands on the neurons. It is also unclear 

whether the small regions that can be targeted with traditional viral delivery will provide 

opsin expression at levels that are sufficient to affect behavior. While viruses may transduce 

a sufficient area of tissue to garner clinical efficacy in rodents, the larger size of the human 

brain and differences in neuroanatomy may present non-trivial obstacles for at least a direct 

translation of such results. For these reasons, the possibility of treating humans with virally-

delivered opsins should be approached with caution. At the least, translation of rodent 

findings into primate models and extensive characterization of the long-term effects may be 

needed before clinical trials become feasible.

Although this perspective has focused on optogenetics, another recently developed 

technique, chemogenetics, is also likely to translate to human therapy. This involves using 

modified G-protein coupled receptors (GPCRs), which bind synthetic compounds that are 

otherwise inert within the body. These GPCRs can affect intracellular biochemical signaling 

cascades and thereby modulate neuronal activity. Getting the receptor into the neurons is 

accomplished with similar genetic methods as are used for optogenetics. These two methods 

are potentially complementary. While optogenetics tends to be more useful for spatially and 

temporally restricted neuronal manipulation, chemogenetics, on the other hand, is more ideal 

for spatially diffuse applications. Because the synthetic ligand can be administered 

systemically, chemogenetics provides a means to target diffuse neuronal populations by 

ingesting a pill. This method also removes the need for hardware delivering light directly 

into the brain. Of course, the GPCRs of chemogenetics act with different time courses and 

less direct cellular effects than the ion channels of optogenetics. For example, typically the 

ligand activates the receptor for minutes to hours after administration 53. Given these 

differences, a given disease may be more aptly treated by one approach or the other.

While there are still a number of obstacles to overcome before delivering optogenetic 

stimulation as a human therapy, the information gained from preclinical studies can still 

greatly accelerate clinical therapy development. Knowledge of functional circuits can guide 
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targeting of treatments currently available such as DBS and transcranial magnetic 

stimulation. Moreover, when cell populations with expression of relatively unique receptor 

subtype are found to be key determinants of a behavior, pharmacological compounds can be 

developed to target them.

Concluding remarks

While no single technique can provide the insights necessary to fully understand the 

pathogenesis and treatment of movement disorders, optogenetics has become a 

transformative tool for neuroscience research. Optogenetics provides a way to examine 

synaptic and circuit properties at a mechanistic level of analysis that was previously 

unapproachable. This and related techniques have been widely embraced by the 

neuroscience community. Although there is no shortage of young neuroscientists eager to 

perform new experiments on the role of specific neural circuits in behavior, neurologists 

occupy an important position in this process in that they can provide a uniquely informed 

perspective on those behaviors that are poorly understood, most troubling to patients, and for 

which treatment options are most limited. Thus, optogenetics also offers a great opportunity 

for clinical neurologists to reflect back on old questions and refocus them in the light of the 

research possibilities that optogenetics brings.
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Figure 1. Schematic illustration of common opsins
(a) When blue light hits channelrhodopsin-2, the channel opens allowing influx of cations. 

(b) When yellow light hits halorhodopsin, chloride is pumped into the cell. Adapted from 1.
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Figure 2. Strategy for Cre-dependent expression of opsins
The example shown uses the double floxed inverted open reading frame strategy. Opsin-

encoding virus can be injected into a transgenic mouse expressing Cre recombinase in a 

molecularly defined subset of cells. In the presence of Cre recombinase, the opsin-encoding 

region is inverted, allowing translation into functional protein within these cells. pr, 

ubiquitous promoter. Adapted from 1.
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Figure 3. Approaches for dissection of neural circuits using optogenetics
Schematic illustration of stimulation of molecularly defined neurons using ChR2 as an 

example. (a) Selective expression of ChR2 in a molecularly defined neuron population 

allows optical activation of a subset of cell bodies embedded within heterogeneous tissue. 

(b) When ChR2 is expressed in a molecularly defined subset of projection neurons, distal 

axon terminals may be targeted with optical stimulation. (c) Stimulation of a molecularly 

defined interneuron population can be used to inhibit post-synaptic projection neurons.
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