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Abstract

Over the last 10 years, the use of opto- and chemogenetics to modulate neuronal activity in 

research applications has increased exponentially. Both techniques involve the genetic delivery of 

artificial proteins (opsins or engineered receptors) that are expressed on a selective population of 

neurons. The firing of these neurons can then be manipulated using light sources (for opsins) or by 

systemic administration of exogenous compounds (for chemogenetic receptors). Opto- and 

chemogenetic tools have enabled many important advances in basal ganglia research in rodent 

models, yet these techniques have faced a slow progress in non-human primate (NHP) research. In 

this review, we present a summary of the current state of these techniques in NHP research and 

outline some of the main challenges associated to the use of these genetic-based approaches in 

monkeys. We also explore cutting-edge developments that will facilitate the use of opto- and 

chemogenetics in NHPs, and help advance our understanding of basal ganglia circuits in normal 

and pathological conditions.
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Introduction

In the last 10 years, the use of genetic-based tools to manipulate neuronal activity in research 

applications has increased significantly. The most common of these are opto- and 

chemogenetics. Optogenetic techniques involve the genetic delivery of light responsive 

proteins (opsins) to neurons to manipulate their activity (Fenno et al. 2011). Many different 

opsins are available for neuroscientific applications, including ion channels and pumps that 

allow depolarization or hyperpolarization of cell membranes, and consequent excitation or 

inhibition of neuronal activity, respectively. The most common excitatory tools (i.e., 

depolarizing opsins), include variants of the cation channel channelrhodopsin (ChR)(Boyden 
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et al. 2005; Nagel et al. 2005); while commonly used hyperpolarizing opsins are proton or 

chloride pumps, such as archaerodopsin (Arch) (Chow et al. 2010) and halorohodopsin 

(NpHR)(Gradinaru et al. 2008). When illuminated with the appropriate wavelength, these 

opsins respond with millisecond time courses, allowing tight temporal control of neuronal 

activity. An additional, often critical advantage of optogenetic tools, involves the ability to 

target opsin expression to genetically-defined cell types, through the use of specific 

regulatory sequences or promoters (many times in combination with a conditional 

expression system, such as the Cre-recombinase/LoxP system). In sum, these tools have 

enabled the functional and behavioral dissection of many discrete brain circuits with 

exquisite precision (Boyden 2011; Deisseroth 2015; Rajasethupathy et al. 2016).

Chemogenetic techniques involve the activation of engineered receptors that are genetically 

expressed on target neurons, which can then be modulated by systemically administered 

exogenous compounds that are otherwise biologically inert (Farrell and Roth 2013; Sternson 

and Roth 2014). The most widely used chemogenetic technique relies on the expression of 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) in neurons. 

DREADDs are synthetic variants of muscarinic acetylcholine receptors coupled to Gi/o, 

Gq/11, or Gs proteins, providing tools that can increase or decrease the activity of the targeted 

neuronal population, depending on the intracellular pathway activated (Roth 2016). 

DREADDs have been used extensively in rodents (Roth 2016), but only to a very limited 

extent in non-human primates (NHPs) (Eldridge et al. 2016; Grayson et al. 2016; Nagai et al. 

2016). As opposed to the rapid-onset responses obtained with optogenetic (or other ion-

channel based chemogenetic approaches, see below), the use of engineered GPCRs induce 

slow-onset and more prolonged modulations of neuronal activity. Chemogenetic approaches 

have also been used to mediate faster changes in neuronal activity by directly influencing 

ionic conductances through engineered ligand-gated ion channels (LGICs, Sternson et al. 

2016). These chimeric channels are formed by combining a mutated version of the 

extracellular ligand-binding domain of the α7 nicotinic acetylcholine receptor and the pore 

domain of other ion channels. The engineered ligand binding domains are termed 

“pharmacologically selective actuator molecules” (PSAMs), while the respective agonists 

are known as “pharmacologically selective effector molecules” (PSEMs)(Sternson et al. 

2016). The PSAM/PSEM approach has been used to modulate neuronal activity in rodents 

(Ren et al. 2016; Sternson et al. 2016; Sternson and Roth 2014), however there are no 

reports yet of use in NHPs.

Our current knowledge of basal ganglia circuits and functions is strongly influenced by 

recent advances accomplished using optogenetic and chemogenetic methods. For example, 

these techniques have been used to unravel the contributions of the direct and indirect 

pathways to movement and reinforcement (Cui et al. 2013; Freeze et al. 2013; Jin and Costa 

2015; Jin et al. 2014; Kravitz et al. 2010; Kravitz et al. 2012; Lee et al. 2016; Oldenburg and 

Sabatini 2015; Tecuapetla et al. 2016; Tecuapetla et al. 2014), provide new descriptions of 

neuronal heterogeneity within the basal ganglia (Glajch et al. 2016; Saunders et al. 2016; 

Straub et al. 2016), help us understand the functional roles of nigrostriatal dopamine (DA) 

neurons (Howe and Dombeck 2016; Straub et al. 2014; Tritsch et al. 2012), and provide new 

insights about the changes in the plasticity of basal ganglia circuits in pathological 

conditions (Chu et al. 2015; Fieblinger et al. 2014; Miguelez et al. 2012). However, 
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advances fostered by the use of opto- and chemogenetic tools have been achieved, for the 

most part, in rodent models; while the use of these techniques in NHPs has remained 

limited.

In this review, we offer an overview of the current state of the use of optogenetics and 

chemogenetics in NHPs, describe the main challenges specific to the use of these genetic-

based approaches in monkeys, and provide examples of how these techniques can be used in 

primates to advance our understanding of basal ganglia circuits in normal and pathological 

conditions.

Use of optogenetics and chemogenetic techniques in non-human primates

To our count, there have been just under 30 papers published in which optogenetic 

techniques have been used in NHPs, while reports using chemogenetic methods are far 

sparser, with only 3 papers published so far. Table 1 provides a summary of these 

publications.

Optogenetics in NHPs

Although the use of optogenetic techniques to manipulate neuronal firing was established 

more than 10 years ago (Boyden et al. 2005), the first report of the use of these techniques in 

NHPs did not appear until 2009. Han et al. showed that virus injections effectively 

transduced monkey neurons with opsins and, importantly, that neither these injections, nor 

the opsin expression, induced immune responses in NHPs (Han et al. 2009). This report was 

followed by other proof of principle studies showing that both excitatory and inhibitory 

opsins could be successfully used in NHPs (Diester et al. 2011; Han et al. 2011). Subsequent 

publications were primarily focused on solving technical challenges, such as opsin 

expression through use of different AAV serotypes (Diester et al. 2011; Dodiya et al. 2010; 

Galvan et al. 2012; Markakis et al. 2010; Ruiz et al. 2013; Tamura et al. 2012), or alternative 

designs to deliver the light in the brain (Han 2012; Han et al. 2009; Ozden et al. 2013; 

Tamura et al. 2012; Wang et al. 2011).

The use of optogenetic techniques has proven effective to study specific neuronal pathways 

in the NHP (Acker et al. 2016; Inoue et al. 2015; Klein et al. 2016; Lu et al. 2015; Nassi et 

al. 2015). Some examples of how optogenetics have already been used in NHPs to probe 

neural circuits include the demonstration that optical stimulation of the primary motor cortex 

(M1) can induce gamma oscillations that spread beyond the light stimulated area, likely via 

cortical network interactions (Lu et al. 2015), and that stimulation of opsin-expressing 

frontal eye field (FEF) terminals modulates neuronal activity in the superior colliculus 

(Inoue et al. 2015). An important step forward was the demonstration that optogenetics can 

be used to evoke behavioral changes in NHPs, although these changes are generally less 

robust than what is observed in rodents (see Technical Challenges). Successful modulation 

of behavior with optogenetic tools in NHPs has mostly been limited to modulation of eye 

movements (Acker et al. 2016; Cavanaugh et al. 2012; Gerits et al. 2012; Ohayon et al. 

2013), or sensori-visual discrimination (Afraz et al. 2015; Dai et al. 2014). Another study 

demonstrated that optogenetic stimulation in somatosensory cortex may elicit an artificial 

sensation in the hand (May et al. 2014). These examples underscore the ongoing transition 
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in the NHP optogenetic field from technical development to the application of these 

techniques to the study of neuronal circuits and behaviors.

Recently, optogenetic techniques have been successfully applied in NHPs to advance our 

understanding of the basal ganglia-thalamo-cortical circuits. Using these tools, our group 

was able to selectively stimulate opsin-expressing corticothalamic terminals in the primate 

ventral motor thalamus, while simultaneously recording thalamic activity changes in the 

awake NHP (Galvan et al. 2016). We found that selective light activation of corticothalamic 

terminals elicits complex patterns of slowly developing excitatory and inhibitory effects in 

thalamic neurons of the basal ganglia- and cerebellar-receiving regions of the motor 

thalamus, suggesting a modulatory (instead of a ‘driver’) role of the corticothalamic system 

in the primate ventral motor thalamus (Fig. 1). In the same year, Stauffer et. al (2016) 

reported on the use of a cell-type specific promoter and a Cre-dependent approach to achieve 

selective expression of opsins in midbrain DA neurons in NHPs (see also Future Directions), 

and used this technique to identify DA neurons during in vivo electrophysiological 

recordings. Moreover, the authors showed that opsin-mediated stimulation of DA neurons 

was reinforcing (monkeys were biased to select stimuli that predicted optical stimulation of 

these neurons), and that pairing of reward with optical stimulation of DA neurons facilitated 

learning of reward-predicting stimuli (Stauffer et al. 2016).

Chemogenetics in NHPs

Similar to optogenetics, chemogenetic techniques have seen a slow progression from rodent 

to NHP models. Indeed, although chemogenetics have been used for more than two decades 

(Roth 2016), the first reports of their use in primates appeared with three publications in 

2016, all of which used the inhibitory DREADD hM4Di (Armbruster et al. 2007) to acutely 

inactivate brain areas. In the first of these studies, Eldridge et al (2016) showed that hM4Di-

mediated silencing of orbitofrontal cortex (OFC), in combination with removal of the rhinal 

cortex, interfered with reward-based task performance in macaques. Specifically, whereas 

task error rates were robustly sensitive to reward magnitude under control conditions, this 

relationship was less apparent during DREADD-assisted functional disconnection of the 

OFC and rhinal cortex. Based upon these findings, the authors suggested that functional 

interactions between these two brain regions may be important for retrieving information 

about stimulus-associated reward value (Eldridge et al. 2016). This report, besides 

demonstrating that chemogenetics can be used for the study NHP behavior, provided initial 

information about the pharmacokinetics of clozapine-n-oxide (the DREADD ligand used in 

this study) after systemic administration. More recently, resting state functional magnetic 

resonance imaging (fMRI) was used to show that DREADD-mediated inactivation of the 

amygdala altered the functional connections in amygdalo-cortical and cortico-cortical 

networks (Grayson et al. 2016). Importantly, this study demonstrated the usefulness of 

combining DREADD technology with resting-state imaging to explore functional 

connectivity in NHPs with minimally invasive techniques.

The first chemogenetic study in primates to examine basal ganglia-related circuits was 

recently published by Nagai et al (2016). In this study, a reward-based task was used, similar 

to that applied by Eldridge et al.(2016), in which the magnitude of the reward (number of 
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drops of juice) varied by trial, and task error rates decreased with larger magnitude rewards. 

DREADD-mediated inactivation of the rostromedial caudate increased global error rates in 

this task compared to control conditions, and blunted sensitivity of error rate to reward 

magnitude. These findings thus led the authors to suggest that the rostromedial caudate is 

involved in reward valuation (Nagai et al. 2016). In addition, this study used a novel PET-

based method to monitor the expression of DREADDs in vivo (as described in Future 

Directions).

Challenges to the Use of Optogenetics and Chemogenetics in NHPs

Opto- and chemogenetic tools have been transformative for neuroscientific research in 

rodent models, yet these techniques have faced slow progress in NHP research. To some 

extent, this lag is because NHP research typically requires additional time and expense 

compared to rodent studies. Furthermore, the availability of transgenic mouse lines (not 

widely available yet for most NHP models) have favored more rapid advancements in rodent 

models. Here we outline other additional challenges associated with the use of genetically 

targeted tools in NHPs.

Delivery of Opsins or Chemogenetic Constructs and Targeting of Specific Cell Populations

To transfer the genetic sequences of opsins or chemogenetic receptors into neurons or other 

brain cells in NHPs, researchers are currently limited to the use of replication-defective viral 

vectors. The most (Lerchner et al. 2014) common types of viral vectors used for this purpose 

are lenti- and adeno-associated viral vectors (LV and AAV, respectively). LVs are relatively 

easy to produce, do not induce immunogenicity and can be pseudotyped to display 

preferential tropism for neurons over glia (Hughes et al. 2015; Teschemacher et al. 2005). In 

addition, injections of LVs result, in many cases, in a large proportion of cells transduced 

(high penetrance), albeit in a confined area around the injection site (Lerchner et al. 2014).

On the other hand, AAVs are in many instances preferred because, in contrast to LVs, the 

genetic material remains episomal and does not integrate with the host DNA, thus reducing 

the possibility of disrupting normal transcription (Murlidharan et al. 2014; Thomas et al. 

2003). AAVs also tend to diffuse further away from the site of injection, allowing for more 

widespread viral expression patterns (see below). Most frequently, AAVs used in research 

are recombinant AAV2, which are pseudotyped with capsids of other serotypes (e.g, 

AAV2/1, AAV2/5, AAV2/9; for simplicity, here we refer to these hybrids by the capsid 

serotype: AAV1, AAV5, AAV9, etc.).

The efficacy of AAVs may be limited by the possible presence of pre-existing neutralizing 

antibodies to the wild-type form of the virus in NHP serum or cerebro-spinal fluid 

(Samaranch et al. 2013; Wang et al. 2010). Although selection of animals based on 

screening for neutralizing antibodies could minimize this problem (Bevan et al. 2011; 

Samaranch et al. 2013), immunity could develop after an initial AAV injection (Gray et al. 

2013; Kotterman et al. 2015), ultimately limiting the time window to perform multiple AAV 

injections. Potential solutions to this issue include the use of immunosuppressant drugs 

before injection of viral solutions (Jiang et al. 2006), or implementation of a different 
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serotype for subsequent injections if neutralizing antibodies develop after the first 

administration (Gray et al. 2013).

Both LVs and AAVs have a limited DNA packaging capacity, approximately 5 and 8 

kilobase pairs, respectively (Davidson and Breakefield 2003; Dong et al. 1996). This is an 

important consideration because most cell type-specific promoters are too large to be 

efficiently packaged in AAV or LVs, but recent developments offer alternatives (see Future 

Directions).

Typically, a brain structure of interest is targeted with direct injections in the brain 

parenchyma (although injection of the vector in the cerebral ventricles is an option when 

trying to achieve brain wide transduction (Samaranch et al. 2013)). However, viral vector 

solutions injected in the brain tissue have a restricted diffusion, and most frequently only 

cells within a few millimeters of the injection site will be transduced (Davidson and 

Breakefield 2003). The type of vector strongly influences the spread from the injection site 

as well as the pattern of transgene expression. Further complicating matters, patterns of 

expression can also vary depending on the species and the brain region of interest. A small 

number of studies have rigorously compared AAV serotype-dependent-expression patterns 

in monkeys. Dodiya et al. (2010) reported that AAV1 and 5 infected a higher number of cells 

and larger volumes of tissue than AAV8 after injections in the monkey striatum (Dodiya et 

al. 2010). When injected in the substantia nigra, AAV5 transduced a larger number of cells 

than AAV1, 2, 3, 4 or 6 (Markakis et al. 2010). Two studies compared various AAV 

serotypes injected in macaque or marmoset neocortex, and reported that, in general, the area 

of spread was similar for AAV1, 5, 8, 7 and 9 (Gerits et al. 2015; Watakabe et al. 2014); but 

the proportion of transduced cells was larger for AAV1 (followed by AAV5, AAV7, AAV9 

and AAV8 (Gerits et al. 2015). Infusions of AAV2 resulted in very limited transgene 

expression (Gerits et al. 2015; Watakabe et al. 2014). In contrast, Lerchner and colleagues 

(2014) reported that intracortical injections of AAV8 had very limited spread; while the 

spread of AAV6 and AAV2 was moderate, and AAV9 and 10 achieved a very wide (>10 

mm) diffusion (Lerchner et al. 2014). When using the same experimental conditions, LVs 

achieve a more restricted diffusion (<2 mm from injection site) than AAV2 (Lerchner et al. 

2014). The diffusion of viral particles is also influenced by the injection method (Lerchner et 

al. 2014; Sanftner et al. 2005). In general, the spread of solution is inverse to the speed of 

injection when using AAVs, but faster injections rates result in a more widespread diffusion 

in the case of LV solutions (Lerchner et al. 2014).

To overcome the limited spread of viral vector solutions, particularly to cover large brain 

nuclei (e.g., putamen) researchers have used convection-enhanced delivery (Bankiewicz et 

al. 2000; Bobo et al. 1994; Hadaczek et al. 2006; White et al. 2012), large injection volumes 

(Eldridge et al. 2016; Stauffer et al. 2016), and/or the multiple injection tracks (Eldridge et 

al. 2016). The last two options should be approached cautiously, as delivery of large 

volumes of fluid or multiple injection penetrations increase the risk of inducing brain tissue 

damage or puncturing blood vessels (although evidence of this type of damage has not yet 

been reported). A recent refinement to intracerebral injection of virus solutions is to combine 

the virus solutions with an MRI contrast agent, such as gadolinium, and conduct the 

injections using MRI to monitor the diffusion in the brain tissue during and after injection 
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(Fiandaca et al. 2009; Rosenbluth et al. 2011). This technique allows adjustments to 

injection volume and flow rate to improve the diffusion of the virus solution.

Transgene expression is not solely determined by the spread of the viral vector solution, but 

also by the directional axonal transport of the viral particle or the transgene. In some cases, 

viral particles can be internalized by the axon terminals at the site of the injection and 

retrogradely transported to the soma, resulting in expression of the transgene product in 

neurons that project to the injection site (Murlidharan et al. 2014). Although such retrograde 

transport could be detrimental in some experimental conditions, it may provide a useful 

strategy to selectively target brain pathways (see Future Directions). Often times, the 

transgene product is transported anterogradely along projection axons and terminals. 

Expression of the transgene in projection axons can be exploited to achieve selective 

optogenetic activation of a neuronal pathway, as we have done to activate cortical terminals 

in the monkey thalamus (Fig. 1, Galvan et al. 2016). However, the possibility that spikes 

evoked by opsin activation may propagate antidromically should be carefully considered 

during experimental interpretation (Yizhar et al. 2011). The degree of retrograde or 

anterograde transport also depends largely on the AAV serotype. In our experience, and as 

reported by others, AAV5 injections in monkeys resulted mostly in robust anterograde 

transport of the transgene along the axon terminals (e. g., Diester et al. 2011; Galvan et al. 

2016; Gerits et al. 2015), while AAV7, AAV8 and AAV9 produced both anterograde and 

retrograde transport (Gerits et al. 2015; Masamizu et al. 2011), and AAV6 had mostly 

retrograde transport in primates (San Sebastian et al. 2013).

Viral tropism (i.e., the preference of the viral vector to transduce one cell type over others), 

is also determined, to some extent, by viral serotype. For instance, in the monkey substantia 

nigra and caudate nucleus, injections of AAV1 through 6 packaging GFP driven by the 

ubiquitous cytomegalovirus (CMV) promoter resulted in glial and neuronal transduction for 

all serotypes; however, compared to the other serotypes, AAV2 injections transduced more 

neurons than glial cells (65% of cell transfected were identified as neurons, Markakis et al. 

2010). Similarly, in cerebral cortex, glia and neurons were transduced when using LV or 

AAV1, 5, 8 and 9 in combination with the CMV promoter (Lerchner et al. 2014; Watakabe 

et al. 2014). However, the expression of the transgene was restricted to neurons when the 

neuronal promoters synapsin (Syn) or CaMKIIα were used (Lerchner et al. 2014; Watakabe 

et al. 2014). These findings indicate that cell-type specificity can be enhanced, within the 

current limits of the packing capacity of AAVs and LVs, using a promoter sequence that 

regulates the expression of the transgene in a subpopulation of cells. However, the tropism 

achieved with a particular combination of viral vector and promoter can vary across species 

(Watakabe et al. 2014). For example, although in rodents the CaMKIIα promoter has been 

shown to exclusively target projection neurons in cerebral cortex (Nathanson et al. 2009), in 

primates this promoter, in combination with the AAV1 or AAV9 vectors, led to transgene 

expression not only in projection neurons but also parvalbumin-positive interneurons 

(Watakabe et al. 2014). Variability in tropism is also observed with the same viral vector-

promoter combination in different brain regions, or even across cortical layers (Diester et al. 

2011; Gerits et al. 2015; Jazayeri et al. 2012).
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In summary, as described above, several factors influence the efficacy of a viral vector. 

However, while the choice of a viral vector and promoter for an optogenetic or 

chemogenetic experiment in NHPs should be guided by the cell type and brain region of 

interest, as well as by the experimental design, the expanding list of publications in which 

these vectors have been used (Table 1) constitutes a valuable starting point for researchers.

Finally, it should be noted that, although AAV and LV vectors are generally considered to be 

safe, the expression of an exogenous protein has the potential of being detrimental to the 

cell, either by inducing toxic immune responses (Samaranch et al. 2014), or due to 

overexpression which can cause protein aggregations or membrane disruption (Gerits and 

Vanduffel 2013; Rein and Deussing 2012). The choice of a cell-type specific promoter can 

reduce this possibility, since strong ubiquitous promoters, such as CMV, can be particularly 

neurotoxic (Watakabe et al. 2014).

Monitoring of transgene expression

Once the injections of viral solutions have been completed, stable transgene expression may 

require several weeks. Although there is no specific consensus, most authors have reported 

wait times of 3 to 6 weeks after the virus solution injections to start optogenetic or 

chemogenetic experiments in monkeys. One of the main difficulties in NHP work is the lack 

of a minimally invasive in vivo method to assess the temporal course and level of expression 

of the transgene, and thus researchers most frequently rely on post-mortem examinations of 

the tissue to verify expression with fluorescence or immunohistochemical approaches. 

Fluorescent tags commonly fused to the opsin or chemogenetic receptor can be used as an 

indication of the level of expression, and when the transduction is limited to the superficial 

cortical layers, the fluorescence on the brain surface can be visualized directly through an 

optical window (Ruiz et al. 2013). However, this approach is not feasible for deeper 

structures, such as the basal ganglia. One alternative is to measure in vivo through a fiber 

optic the fluorescence intensity of the fluorescent tag protein fused to the opsin or 

chemogenetic receptor. Although this approach has been reported for primates and rodents 

(Diester et al. 2011; Ozden et al. 2013; Tamura et al. 2012), the usefulness of this method 

remains limited due to the tissue damage induced by insertion of an optical fiber to detect 

fluorescence, and the potential for opsin-induced neuronal modulation by fluorescence 

detection (Dai et al. 2015). An alternative approach is the use of imaging techniques, which 

have been successfully employed to evaluate in vivo DREADD expression in primates, 

using PET and a radiolabeled DREADD-agonist (Nagai et al. 2016). As assessed by this 

method, the expression of the DREADD hM4Di reached a plateau 45 days after viral 

injection (Nagai et al. 2016). MRI-based approaches may also be an option to monitor 

transgene expression (Genove et al. 2005), but their use in conjunction with opsins or 

chemogenetic tools in primates has yet to be established.

Optogenetic-related challenges

Limited Light Delivery—Light activation of opsins in vivo is achieved in most cases by 

inserting a fiber optic within the brain parenchyma. With larger brains than rodents, light 

delivered to primate brain tissue will extend to a proportionally smaller territory of the 

anatomical target. This restricted light delivery could explain, at least in part, the limited 
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ability of optogenetic tools to modify behavior in NHPs (Cavanaugh et al. 2012; Diester et 

al. 2011; Gerits et al. 2012). Restricted spread of light in the brain tissue may also explain 

the need to combine electrical and optical stimulation to achieve a behavioral outcome 

(Ohayon et al. 2013) and the need to use light power intensities several fold higher than 

those used in rodents. Novel designs in the configuration of the fiber optics can help to 

maximize intra-brain illumination, including a probe that combines four fibers surrounding a 

tungsten microelectrode (Tamura et al. 2012), or tapered optic fibers in which the core and 

cladding are etched to allow light delivery all around the tip of the fiber (Acker et al. 2016). 

The tapered design not only increases the extent of tissue illuminated using lower light-

power intensities, but also reduces tissue damage during brain insertion compared to flat-end 

fibers (Dai et al. 2014; Dai et al. 2015).

An additional (or complementary) strategy to illuminate a larger tissue area, is the use of 

opsins with peak excitation at relatively high wavelengths, since red-light shifted 

wavelengths are less likely to be absorbed by the densely vascularized brain tissue and 

propagate to a larger area. Experiments in monkeys have successfully used red-shifted 

excitatory and inhibitory opsins (C1V1 and Jaws respectively) (e.g. Acker et al. 2016; Dai et 

al. 2015; Galvan et al. 2016; Nassi et al. 2015).

Limitations and Non-specific Effects of Optogenetic Tools—In any optogenetic 

experiment, one has to consider that activation of opsins expressed on brain cells can lead to 

additional effects than the intended increase or decrease of neuronal excitability. Some of 

these effects have been well described from in vitro preparations in rodents, including 

paradoxical release of neurotransmitter when activating inhibitory opsins at presynaptic 

terminals (Mahn et al. 2016), changes in extracellular ion concentrations that can affect 

opsin-negative neurons in the vicinity of the area stimulated (Ferenczi et al. 2016), and 

short-term plasticity during optical high-frequency stimulation of terminals (Jackman et al. 

2014). While some of these issues can be minimized with appropriate light stimulation 

parameters (e.g., slower stimulation frequencies or longer intervals between light pulses), 

experiments should be carefully planned based on the known properties of the opsins (Mattis 

et al. 2012).

Additional concerns in optogenetic experiments involving NHPs include tissue damage 

induced by light delivery in the brain (i.e. photoxicity), which can arise in part from 

increased temperature around the optic fiber. The experimental confounds introduced by 

light-evoked heating may also extend beyond phototoxicity. For example, heating induced 

by blue light delivery can cause fMRI responses even without opsin activation (Christie et al. 

2013). Although in the primate brain heat likely dissipates more easily than in rodents 

(Acker et al. 2016), the higher light intensities that are commonly used to activate opsins in 

NHPs can, nevertheless, lead to heating effects. As mentioned above, use of red-light shifted 

opsins and tapered fiber optics can reduce the light power needed. In addition, one can 

address the unspecific effects of light stimulation with control experiments in which the fiber 

optic is inserted in areas that did not receive viral vector injections, or that received viral 

vectors carrying only the fluorescent protein tag. Finally, repeated brain penetrations with 

large diameter fiber optics remains a concern, which can be minimized to some extent using 

thinner and/or tapered fibers (Acker et al. 2016).
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Chemogenetic-related Challenges

After systemic administration, clozapine-n-oxide (CNO), the ligand most commonly used to 

activate DREADDs, can convert to clozapine and N-desmethylclozapine, as has been 

reported in rats, guinea pigs and humans(Chang et al. 1998; Jann et al. 1994; MacLaren et 

al. 2016). At nanomolar concentrations, these metabolites activate a variety of endogenous 

receptors (Lameh et al. 2007; Roth and Driscoll 2014), likely contributing to the behavioral 

changes observed after CNO administration in animals that have not received DREADDs 

(MacLaren et al. 2016). Although current reports indicate that CNO conversion to its 

metabolites may be minimal in monkeys (Eldridge et al. 2016; Nagai et al. 2016), a thorough 

characterization of CNO pharmacokinetics and metabolism in NHPs is needed. An 

alternative to CNO is the recently described ‘Compound 21’ a pharmacologically inert 

ligand that binds DREADDs with high affinity (Chen et al. 2015), but the pharmacokinetics 

of this compound also remain to be described. Similarly, more information is needed 

regarding the effects of chronic exposure of DREADDs to their agonists (i.e., ligand 

desensitization, Roth 2016).

Future Directions

As mentioned above, the use of genetic-based tools in NHPs is expanding but technical 

challenges remain. Here we discuss some methodological advances that have the potential to 

expand the use of these methods in NHPs to further the exploration of the basal ganglia and 

related brain circuits.

Novel Viral Vectors and Promoters for Opto- and Chemogenetics

Recent expansions in the viral vector library are poised to greatly enhance the primate opto- 

and chemogenetic toolkits. For example, in many cases, investigators may wish to 

optogenetically target neuronal populations based on their projection patterns, rather than (or 

in addition to) their molecular phenotype. The resources available to undertake such 

experiments in primates have been scant, as many viral vectors with proven retrograde 

transduction capabilities are toxic (such as rabies viral vectors, Ginger et al. 2013; Schnell et 

al. 2010). New versions of these vectors, however, present reduced toxicity (Reardon et al. 

2016). The use of canine adenovirus-2 (CAV-2) as a retrograde viral vector is increasing 

(Junyent and Kremer 2015), although anecdotal evidence suggests a lack of efficacy in 

primates (El-Shamayleh et al. 2016), and thus further examination is required. An additional 

vector worthy of examination in NHP models is the recently described rAAV2-retro, a 

recombinant AAV with strong retrograde transduction efficiency in rodents (Tervo et al. 

2016). It is of substantial interest for future studies to validate the efficacy of CAV-2 and 

rAAV2-retro vectors in NHPs, which may afford tremendous new opportunities for 

optogenetic-based functional circuit dissections. Other viral vectors with retrograde 

capabilities may also be efficient and safe; for example, engineered herpes simples viruses 

(Enquist et al. 1998; Kay et al. 2001), and the “highly efficient retrograde gene transfer” 

(HiRet) vector (Kato et al. 2011a; Kato et al. 2011b; Kato et al. 2011c; Oguchi et al. 2015).

Importantly, this retrograde targeting approach can be readily extended to chemogenetic 

studies, with minor additional methodological considerations. A caveat to single retrograde 
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virus labeling is that, for many brain circuits, multiple pathways may be retrogradely 

transduced, including those that are not of experimental interest. Whereas recruitment of 

such “off target” pathways could be avoided in optogenetic experiments through appropriate 

targeting of the light source, systemic administration of a chemogenetic receptor ligand may 

activate all transduced pathways. Thus, to maintain neural pathway selectivity, the 

investigator must rely on alternative approaches when using chemogenetic tools, such as the 

use of a dual viral approach (see below) to express chemogenetic receptors in a single 

pathway of interest. For example, in a recent study a Hi-Ret vector packaging Cre-

recombinase was injected in the caudate nucleus, while a Cre-inducible construct was 

injected in the lateral prefrontal cortex (LPFC), thus achieving specific expression of the 

transgene in LPFC neurons that project to the caudate (Oguchi et al. 2015). More 

straightforwardly, direct microinjections of the chemogenetic receptor ligand can also be 

targeted to the retrogradely transduced cell bodies of interest (although this approach would 

void the usefulness of the systemic administration of the chemogenetic ligand).

Of course, viral targeting approaches based on projection patterns will be of little use for 

selectively targeting interneurons (i.e., in striatum) or subpopulations of spatially intermixed 

principal cells with overlapping projection patterns (e.g., intratelencephalic and pyramidal 

tract cortical neurons projecting to striatum). For these cases (and others), one must rely 

upon the continued development of flexible gene promoter-based targeting approaches. The 

use of short cis-acting regulatory elements, or fragments of larger gene promoters, have been 

successful for targeting genetically-defined cell populations in primates (see example in 

Figure 2 and refs. Dimidschstein et al. 2016; Stauffer et al. 2016). “Mini promoters” provide 

an additional promising avenue, in which the detection and implementation of short, cell 

type-specific promoters is guided by bioinformatic searches for candidate regulatory regions 

for the gene of interest (de Leeuw et al. 2014; Portales-Casamar et al. 2010).

While such novel regulatory elements are under development, an appealing alternative is the 

dual AAV approach in which the packaging limitations of AAV vectors are partially 

bypassed through the use of two vectors, one including a recombination enzyme under the 

gene promoter of interest, and the other encoding recombination-inducible opto- or 

chemogenetic tools (Gompf et al. 2015; Stauffer et al. 2016). In principle, this technique 

allows the use of relatively large gene promoters to target specific cell types, particularly as 

these promoter sequences do not need to be placed alongside large fluorophore genes. 

Although to date the dual AAV approach has only been reported in NHPs for targeting 

tyrosine hydroxylase neurons (Stauffer et al. 2016), this method has the potential to allow 

unprecedented, facile access to genetically-defined neuronal populations in NHPs and other 

species in which germ-line modifications may not be logistically feasible. Future studies 

identifying useful gene promoters (both new and previously identified) that are compatible 

with dual AAV approaches should facilitate the expansion of this toolkit.

Optogenetic Phototagging during In Vivo Extracellular Recordings

In addition to monitoring/inducing neural responses to photostimulation (or inhibition) of 

select neuronal populations, optogenetic tools may allow for the electrophysiological 

identification of putative opsin-expressing cells in vivo, a procedure termed “phototagging”. 
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When strict classification criteria are applied, e.g., minimal latency to fire and inter-trial 

variability (Cohen et al. 2012; Kravitz et al. 2013; Zhang et al. 2013), single unit responses 

to photostimulation may reliably “tag” neurons expressing excitatory opsins. In this manner, 

neurons can be identified during in vivo recordings with reference to their molecular identity 

and/or wiring patterns (e.g., using retrograde viral approaches or detection of optically 

evoked antidromic potentials), even if the cells of interest are spatially intermingled with 

other, non-targeted populations. Although increasingly used in rodent studies (Beyeler et al. 

2016; Jennings et al. 2013; Nieh et al. 2015), phototagging has, to date, played a minimal 

role in neurophysiology studies of NHPs. This is, however, changing with the continual 

refinement of optogenetic toolsets for primates that can provide enhanced opsin targeting 

specificity for selective neuronal populations (defined by projection specificity, molecular 

identity, or both). A recent landmark report by Stauffer et al. (2016), using a newly 

developed AAV encoding ChR2 under a tyrosine hydroxylase promoter fragment, allowed 

for successful phototagging of DA neurons in the macaque ventral tegmental area/substantia 

nigra (Stauffer et al. 2016). Following successful and selective opsin targeting, the authors 

were able to validate earlier proposed electrophysiological criteria for identifying midbrain 

DA neurons in extracellular recordings, including broader waveforms and lower baseline 

impulse rates compared to neighboring, non-dopaminergic neurons (Schultz 1986). Future 

primate optogenetic studies should extend the opportunities provided by phototagging to 

interrogate neuron-type specific firing dynamics with relation to behavioral and/or 

ethologically salient events, as well as changes between healthy and disease states. For 

example, it would be of great interest to phototag striatal direct and indirect pathway 

neurons in NHPs, as these genetically and functionally distinct cell populations are virtually 

indistinguishable during traditional in vivo electrophysiological recordings.

Optogenetics and Functional Neuroimaging

Functional neuroimaging, coupled with optogenetic tools, affords the opportunity to 

examine whole-brain activity changes that occur in response to selective modulation of a 

targeted neuronal population (Kolodziej et al. 2014; Lee et al. 2010; Thanos et al. 2013). 

Functional magnetic resonance imaging with simultaneous optogenetic photostimulation 

(“opto-fMRI”) is increasingly being employed in rodents to study how recruitment of 

genetically-identified neurons alters brain-wide hemodynamics, with recent examples 

involving stimulation of midbrain DA neurons, and D1 and D2 receptor-expressing medium 

spiny neurons of the dorsal striatum (Bernal-Casas et al. 2017; Lee et al. 2016; Lee et al. 

2010). A small number of studies have employed opto-fMRI in NHPs, to varying degrees of 

success. Whereas Gerits and colleagues (2012) showed fMRI-measured activations in 

numerous regions following stimulation of ChR2-expressing neurons in the macaque FEF 

and anterior bank of the arcuate sulcus (including responses both at the stimulation sites and 

functionally connected areas such as the medial superior temporal area and visual cortex, 

Gerits et al. 2012), Ohayon et al. (2013) did not identify any fMRI signal changes during 

optogenetic stimulation of the FEF (Ohayon et al. 2013). The authors of the latter study did 

find, however, that optogenetic stimulation could augment electrically-evoked fMRI signal 

changes in the FEF, corroborating physiological and behavioral data demonstrating 

functional opsin expression. Numerous methodological differences between these studies 

likely contribute to the disparate results, including the use of an exogenous contrast agent by 
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Gerits et al., which can substantially increase the fMRI signal detection sensitivity compared 

to the traditionally measured blood-oxygen-level-dependent (BOLD) signal (Kim et al. 

2013). An exciting avenue for future opto-fMRI primate studies will be the incorporation of 

resting state fMRI experiments, in which functional brain networks are identified based on 

low frequency (>0.1Hz) spontaneous hemodynamic fluctuations (Raichle 2011). This 

approach has been recently reported in rodents (Ferenczi et al. 2015), and, as mentioned 

above, also in primates during DREADD-mediated inactivation of the amygdala (Grayson et 

al. 2016).

Similar to fMRI, positron emission tomography (PET) imaging can also be used to map 

global brain activity patterns, albeit with reduced spatiotemporal precision. PET imaging is 

also compatible with awake animal preparations, and even behavioral testing (when 

employed during the PET tracer uptake period, Thanos et al. 2013). It is thus surprising that 

there are no published reports coupling optogenetic tools with PET (or single photon 

emission computed tomography; SPECT) imaging in NHPs. These efforts should be 

encouraged by early successes in rodent models using DREADD technologies, in which 

PET imaging following CNO administration has been used to identify network changes 

evoked by sustained activation of nucleus accumbens direct/indirect pathway neurons 

(Michaelides et al. 2013), or serotonergic neurons of the dorsal raphe (Urban et al. 2015). 

Additionally of note is a recently developed 11C-labeled clozapine radioligand that has been 

validated for use in primates, enabling in vivo mapping of DREADD receptor distribution 

and occupancy (Nagai et al. 2016).

Optogenetic-Aided Discoveries in Rodent Basal Ganglia: Translation to the Primate

As mentioned earlier, many important discoveries of basal ganglia function have been made 

in rodents using opto- and/or chemogenetic tools. Although the basal ganglia’s general 

circuit features have been markedly conserved throughout evolution (Grillner et al. 2013), 

there are also many examples of cross-species divergence in basal ganglia anatomy and 

physiology, including differences between rodent and primate (Benhamou et al. 2012; 

Berger et al. 1991; Garcia-Cabezas et al. 2008; Hardman et al. 2002; Petryszyn et al. 2014; 

Richfield et al. 1987; Smith et al. 2014). A well-known example is that the primary output 

nucleus of the motor circuit of the basal ganglia in NHPs and humans is the internal segment 

of the globus pallidus, while in rodents, the pars reticulata of the substantia nigra transfers 

most of the motor information out of the basal ganglia. Such interspecies differences are 

unlikely to be trivial, and are particularly important to consider in the context of modeling 

basal ganglia diseases and therapeutic interventions in human patients. In this final section, 

we will describe two now-classic studies in which optogenetic tools were used in rodents to 

identify putative therapeutically-relevant circuits for Parkinson’s disease (PD). We will 

argue that replication and extension of this work in NHPs will form a critical bridge to future 

therapeutic avenues for PD and other basal ganglia-oriented movement disorders.

Although widely used and often with great therapeutic benefit (Bronstein et al. 2011), the 

mechanism(s) underlying deep brain stimulation (DBS) therapy for Parkinson’s Disease are 

highly contentious (Chiken and Nambu 2015; Lozano and Lipsman 2013). In one of the 

earliest papers utilizing optogenetic tools in the basal ganglia, Gradinaru and colleagues 
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(2009) optogenetically mimicked STN-DBS in hemiparkinsonian rats and mice (Gradinaru 

et al. 2009). Among their main experimental findings, the authors observed the reversal of 

amphetamine-induced rotational behavior (a common measure of motor deficits in 

hemiparkinsonian rodents), elicited by high frequency optical stimulation of primary motor 

cortex or cortico-subthalamic afferents, but not STN neurons. This study and others (Li et al. 

2012; Li et al. 2007; Sanders and Jaeger 2016) have raised the intriguing hypothesis that 

STN-DBS elicits antidromic recruitment of motor cortex, via the hyperdirect pathway. 

Gradinaru et al. (2009) did not find that optical silencing of STN neurons reduced 

parkinsonian signs in the rodent model, in contrast to reports that in parkinsonian NHPs and 

human patients, lesions or pharmacologic inactivation of the STN are antiparkinsonian 

(Alvarez et al. 2009; Bergman et al. 1990; Levy et al. 2001; Wichmann et al. 1994). Thus, a 

critical next step will be to replicate and extend upon these rodent findings in a NHP model 

of parkinsonism.

Optogenetic studies in rodents have also contributed greatly towards our understanding of 

the direct and indirect pathways of the basal ganglia, including their relation to facilitation 

and suppression of movement, respectively. Although NHP research played an essential role 

in the development of this classical model of basal ganglia function (Albin et al. 1989; 

DeLong 1990), perhaps the most convincing recent evidence for motor antagonism between 

these pathways has come from rodent optogenetic studies showing increased and reduced 

locomotion during selective optogenetic stimulation of direct and indirect pathway 

respectively in BAC transgenic mice (selectively expressing ChR2 in DA D1, D2, or 

adenosine A2A receptor-expressing striatal projection neurons, Freeze et al. 2013; Gong et 

al. 2007; Kravitz et al. 2010). Remarkably, Kravitz et al. (2010) were able to show that in 

mice with bilateral 6-OHDA lesions, optogenetic bilateral stimulation of dorsomedial striatal 

direct pathway neurons restored normal motor function (Kravitz et al. 2010). Extrapolating 

from this finding, it is possible that approaches that preferentially recruit the striatal direct 

pathway may represent a feasible therapeutic avenue for PD motor deficits. Studies of 

selective, direct pathway stimulation in MPTP-treated monkeys, wherein more sophisticated 

motor behavioral testing is possible, will be an essential prerequisite towards validating this 

approach for potential clinical use. Although intracranial optogenetic approaches are 

unlikely to be clinically viable (at least in the foreseeable future), chemogenetic and/or other 

gene therapy approaches may offer more realistic therapeutic strategies in this context.

Concluding Remarks

Opto- and chemogenetic tools hold the potential to facilitate a rapid expansion in our 

understanding of basal ganglia circuits in NHP models. Although rodent studies using these 

toolsets have shed substantial light on basal ganglia function and dysfunction, one cannot 

disregard the added complexities of the primate brain, and the need for NHP studies as a key 

translational bridge from basic research to clinical therapeutics. Fortunately, in the last few 

years, molecular tools such as opto- and chemogenetics are gaining increasing experimental 

tractability in NHPs, and are poised to provide unprecedented insights into the basal ganglia 

and other neural systems.
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Figure 1. 
Effects of optogenetic stimulation of neurons in motor cortices and cortico-thalamic 

terminals in motor thalamus. A. Responses of cortical neurons to opsin activation. Left: 

Raster diagram and peri-stimulus time histogram (PSTH) of a single neuron in primary 

motor cortex, showing increased firing in responses to 500 ms light pulses. B. Responses of 

thalamic neurons to activation of opsins on corticothalamic axons. Top: Raster diagram and 

PSTH of a neuron in the basal ganglia-receiving territory of the motor thalamus that showed 

an increase in firing during the activation of ChR2. Bottom: A neuron in the cerebellar-

receiving motor thalamus showing a decrease in firing during the activation of ChR2. For A 

and B, raster diagrams and PSTHs are aligned to the start of light pulses, each bin in the 

PSTH is 5 ms in duration; dashed horizontal lines indicate 2 SD above and below the 

baseline (based on the firing of the neuron during the 0.5 s prior to the start of each 

stimulus). The blue rectangles indicate the light pulses. At right: Experimental configuration 

to activate opsins expressed at the level of somas (top) or terminals (bottom) on cortico-

thalamic neurons (green), with simultaneous extracellular recordings of cortical or thalamic 

neurons (top and bottom, respectively). Pie graphs represent the proportion of neurons in 

motor regions of cortex and thalamus that increased or decreased firing in response to the 

light stimulation. Numbers of cases are indicated (figure modified with permission from 

from Galvan et al. 2016).
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Figure 2. 
GFP is selectively expressed in telencephalic GABAergic neurons of the HVC in zebra 

finch, as well as primary visual cortex (V1) of multiple mammalian species (including 

marmoset) following microinjections of rAAV-GFP placed under an enhancer sequence 

(mDLx) for the distalless homeobox 5/6 genes. These genes may be expressed in 

telencephalic GABergic interneurons during embryonic development. For each species, the 

degree of GFP colocalization with either GABA or GAD67 is provided on the right, in all 

cases confirming selective and robust GFP expression in GABAergic neurons. The use of 

well-designed short regulatory elements, as described here, may drive opsin or DREADD 
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expression with exquisite cell type-specificity (figure reproduced with permission from 

Dimidschstein et al. 2016).
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