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Development of an optogenetic 
toolkit for neural circuit dissection 
in squirrel monkeys
Daniel J. O’Shea   1,2, Paul Kalanithi2,3, Emily A. Ferenczi1, Brian Hsueh4, Chandramouli 
Chandrasekaran 2, Werapong Goo4, Ilka Diester 2,4,8,9, Charu Ramakrishnan4, Matthew 
T. Kaufman 1,10, Stephen I. Ryu2,11, Kristen W. Yeom 7, Karl Deisseroth 4,5,12 & Krishna V. 
Shenoy 1,2,4,6,12

Optogenetic tools have opened a rich experimental landscape for understanding neural function and 
disease. Here, we present the first validation of eight optogenetic constructs driven by recombinant 
adeno-associated virus (AAV) vectors and a WGA-Cre based dual injection strategy for projection 
targeting in a widely-used New World primate model, the common squirrel monkey Saimiri sciureus. 
We observed opsin expression around the local injection site and in axonal projections to downstream 
regions, as well as transduction to thalamic neurons, resembling expression patterns observed in 
macaques. Optical stimulation drove strong, reliable excitatory responses in local neural populations 
for two depolarizing opsins in anesthetized monkeys. Finally, we observed continued, healthy opsin 
expression for at least one year. These data suggest that optogenetic tools can be readily applied in 
squirrel monkeys, an important first step in enabling precise, targeted manipulation of neural circuits 
in these highly trainable, cognitively sophisticated animals. In conjunction with similar approaches in 
macaques and marmosets, optogenetic manipulation of neural circuits in squirrel monkeys will provide 
functional, comparative insights into neural circuits which subserve dextrous motor control as well 
as other adaptive behaviors across the primate lineage. Additionally, development of these tools in 
squirrel monkeys, a well-established model system for several human neurological diseases, can aid in 
identifying novel treatment strategies.

In rodents, optogenetic tools and viral approaches to neural circuit targeting have developed tremendously in 
the past decade, enabling precise, functional manipulation of neural circuitry and highly targeted approaches to 
therapeutic intervention in neurological disease states. Largely due to the considerable genetic, anatomical, and 
behavioral differences between humans and rodent models, translating this experimental toolkit for use in non-
human primates is critical to refining our understanding of and developing treatments for human neurological 
disease1,2. Among primates, the architectural macro-organization of the neocortex has been largely conserved 
through evolution3,4. This shared structure has enabled fruitful neuroanatomical comparisons, in which the dif-
ferential cognitive, sensory, and motor abilities and behavioral specializations of each species can be correlated 
with differences in brain structure. Optogenetic tools promise to accelerate these comparative efforts by facili-
tating precisely-targeted manipulations of critical pathways in the primate brain. These manipulations, in turn, 
may provide bi-directional insight across primate species into functional similarities and differences in neural 
organization.
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Functional validation of optogenetic tools has been successfully demonstrated in rhesus macaques5,6 and 
marmosets7 using AAV vectors, suggesting that achieving AAV-based transfection of opsins in additional pri-
mate species might be readily possible. The behavioral consequences of optogenetic manipulation in rhesus have 
varied in magnitude, with brain region, behavioral readout, opsin construct, and targeting strategy (e.g.6,8–15). 
Collectively, these reports highlight the need for refined viral targeting strategies to facilitate precise, effective 
optical control in nonhuman primates16–19.

Figure 1.  AAV5 successfully transfects cortical neurons in squirrel monkeys. (a) Macroscopic image of squirrel 
monkey brain versus mouse and rhesus macaque brain. (b) Opsins were tested across a wide range of opsin 
deactivation kinetics (τoff) and activation wavelengths, based on40,43. (c) Table of opsins successfully transfected, 
listed by viral serotype, promoter opsin, brain region, and subject identifier. For a full table, see Supp. Table 1. 
(d–k) Representative histology for first 8 opsins in table (see Fig. 4 for projection targeting constructs). 40x 
images show EYFP fluorescence in green, DAPI stain in white or NeuN stain in blue, and merged; scale bars 
20 μm. 10x images from coronal slices depict EYFP fluorescence in green at injection site; scale bars 100 μm. We 
note that in Fig. 1i, the unusually large expressing neurons are Betz cells from layer V of primary motor cortex.

Figure 2.  eNpHR3.0 expresses in fibers in downstream brain circuitry, enabling circuit-specific neural 
modulation. (a) AAV5-hSyn-eNpHR3.0-EYFP expression in M1 coronal slice, 4 mm anterior to the injection 
site in left S1 of Sq. B, indicating expression in downstream projection targets. Red arrows indicate regions 
where tissue brightness is presumed to be due to aberrations in mounting at the edges of the large slice. (b) 
eNpHR3.0 expression near the injection site in S1. Inset shows representative expressing cell body. (c–i) 
Opsin expression in fibers in brain regions downstream of S1, including in M1 cortex, anterior secondary 
somatosensory cortex (S2), insula, internal capsule, VPL thalamus, the pyramidal tract at the medulla of the 
brainstem, and corticospinal tract imaged in the posterior (dorsal) column of the cervical spinal cord.
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Squirrel monkeys are a versatile, widely used New World primate model in biomedical research20. They can 
be straightforwardly handled and readily trained in a laboratory setting21, possess a large brain with a defined 
central sulcus (Fig. 1a), and display a rich repertoire of social, cognitive, and visually-guided motor behaviors22–25. 
Extending optogenetic tools to squirrel monkeys enables neuroscientists to probe the functional significance of 
cross-species neuroanatomical differences with fine temporal and anatomical precision, especially when com-
bined with viral approaches capable of targeting particular neural circuit pathways17,26.

Here, we report expression of an array of optogenetic tools in squirrel monkeys. First, we demonstrate that a 
broad panel of depolarizing and hyperpolarizing opsins express in squirrel monkey cortex under the control of 
multiple genetic promoters (CaMKIIα, hSyn, and hThy1). Second, we demonstrate high-fidelity optical control 
even at high evoked firing rates in anesthetized electrophysiological recordings, recapitulating responses reported 
in rhesus6,12,18. Third, we report anterograde and retrograde transduction patterns consistent with trafficking 
of AAV-based transgenes16,27,28. Fourth, we demonstrate for the first time in primates a WGA-Cre dependent 
dual-viral opsin expression system which enables targeting of cells defined by connections with another brain 
region for optogenetic manipulation. Fifth, we established that opsins continued to express safely in squirrel mon-
key cortex for at least one year following viral injection (similar to long-term expression in rhesus macaques), 
with no adverse health consequences or neurological abnormalities observed. Finally, we established that opto-
genetic expression patterns, functionality, and long-term viability observed in squirrel monkeys closely resemble 
observations in rhesus macaques. These similarities underscore the utility of squirrel monkeys as an attrac-
tive, complementary model for neural circuit dissection and as a flexible platform for assessing the safety and 
long-term efficacy of optogenetic manipulations.

Results
Local expression of diverse opsin-promoter panel.  We injected optogenetic constructs into a total 
of 12 female squirrel monkeys (mean 13.6 ± 2.6 std. dev. years at time of injection). Supp. Table 1 provides a 
full listing of injected constructs and locations. We chose to use adeno-associated viral (AAV) vectors to trans-
fect neurons with optogenetic constructs as AAV offers a lower theoretical risk of insertional mutagenesis than 
lentivirus29–32 and has been employed in several human clinical trials33,34. For eight constructs, we selected 
AAV2/5, a pseudotyped AAV that combines the genome of AAV2 with the capsid of AAV5 to improve trans-
duction efficiency and neural tropism (https://www.addgene.org/viral-vectors/aav/aav-guide/). By convention, 
this pseudotyped AAV2/5 is referred to by its capsid component as AAV5. AAV5 efficiently transduces neurons 
in both wild-type rats and rhesus monkeys6,35–38. We successfully transduced both depolarizing (ChR2(H134R), 
C1V1(TT), SSFO) and hyperpolarizing (eNpHR3.0, eArch3.0) opsins39–43, chosen to span a large range of opsin 
deactivation kinetics (τoff) and activation wavelengths (Fig. 1b)40,43. This range of constructs enables geneti-
cally-targeted, bidirectional optical control (Fig. 1c) and were expressed in neurons across an array of cortical 
regions at 6–12 weeks post-injection (Fig. 1d–k, Supp. Fig. 1d to k). Strong expression was reliably observed 
within 1 mm of the injection site, although we anticipate that the exact viral spread will depend on viral titer and 
the tropism and expression strength of the particular serotype and promoter combination selected. Minimal gli-
osis was observed outside of the immediate vicinity (50 μm) of the injection site (Supp. Fig. 2).

Expression in axonal projections and in connected neurons.  In contrast to more genetically 
tractable rodent models in which transgenic lines and specific promoters are prevalent40,44,45, strategies for 
genetically-targeted optical control in primates are less well-developed. However, many fundamental questions 
in systems neuroscience concern the interactions between brain areas of interest. These questions could be tack-
led experimentally by targeting optogenetic constructs or other transgenes to anatomically-defined projections. 
For example, by optically inhibiting axonal terminals in primary motor cortex (M1) which arise in primary 
somatosensory cortex (S1), one could potentially optically suppress sensory input to motor cortex during reach-
ing movements and explore the neural and behavioral consequences of this manipulation. Towards this end we 
evaluated whether the expression patterns of opsins injected in squirrel monkey cortex would enable optoge-
netic manipulation targeted to specific projections. In a representative squirrel monkey (Sq. B), injected with 
AAV5-hSyn-eNpHr3.0-eYFP in primary somatosensory cortex (S1) (Fig. 2b), we observed eYFP fluorescence in 
axonal projections in downstream primary motor cortex (M1) (Fig. 2c), internal capsule (Fig. 2f), the ventral pos-
terolateral nucleus (VPL) of thalamus (Fig. 2g), the pyramidal tract (Fig. 2h), and in cervical spinal cord (Fig. 2i). 
These findings are consistent with the established use of AAV infection for anterograde tracing46. Importantly, 
this robust axonal expression suggests that restricting light delivery to a downstream target could enable optical 
modulation of projection terminals, facilitating optical control over information flow between brain regions of 
interest.

We also observed transduction of AAV5 along corticothalamic projections. In squirrel monkeys Sq. E and Sq. 
P, following injection of AAV5-hSyn-ChR2(H134R)-eYFP into M1 (Fig. 3a) we observed expression in cell bodies 
in upstream ventral lateral (VL) thalamus which relays cerebellar inputs to M1 (Fig. 3c,d). This suggests either 
retrograde transduction–AAV5 was taken up by thalamocortical axonal projections and trafficked to thalamic cell 
bodies–or anterograde, transsynaptic tranduction–AAV5 was transported along corticothalamic axons, released 
at terminals, and taken up by connected thalamic neurons. We also observed expression in processes in VL, likely 
in both projections from M1 to VL and the processes of the expressing VL cell bodies. In macaques, we observed 
a similar corticothalamic transduction pattern with expressing cell bodies in VL thalamus following the injection 
of the same construct into M1 of macaque Rh. D. (Fig. 3b). This comparison highlights the microstructural sim-
ilarities between rhesus squirrel monkey anatomy and viral transfection patterns.

https://www.addgene.org/viral-vectors/aav/aav-guide/
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Dual-injection strategy for targeting circuit projections.  Axonal expression and transduction may be 
useful for certain circuit manipulations, but we sought to achieve more precise targeting of anatomically defined 
circuit elements using a combinatorial dual-viral injection approach. Additionally, such an approach might prove 
useful in targeting cortico-cortical projection neurons that resist transfection by retrograde transduction or anter-
ograde, transcellular transfer via a single AAV construct (see Discussion).

We first attempted to utilize long-term herpes simplex virus (LT-HSV) to target anatomically-defined pro-
jections. In Sq. R., we injected LT-HSV-Ef1α-Cre-mCherry47 into M1 and AAV5-hSyn-DIO-eYFP into PMd. 
However, we observed significant neuronal cell death near the M1 injection site (Supp. Fig. 3).

In another squirrel monkey Sq. I, we employed an alternative targeting strategy (Fig. 4a). We injected the an 
AAV2 viral vector containing transsynaptic tracer wheat-germ agglutinin (WGA) fused to Cre-recombinase with 
an mCherry reporter in dorsal premotor cortex (PMd) (AAV2-Ef1α-mCherry-IRES-WGA-Cre). This resulted 
in expression of mCherry in PMd (Fig. 4b, 50 mCherry+/199 DAPI+) and transsynaptic transport of WGA-Cre, 
expressed independently of mCherry due to IRES, to connected cell bodies in M140,41. We then injected a 
Cre-dependent ChR2(H134R) construct (AAV8-Ef1α-DIO-ChR2(H134R)-eYFP) into M1. This configuration 
was designed to target expression of ChR2(H134R) to the anatomically-defined subset of M1 neurons connected 

Figure 3.  Retrograde transduction in both squirrel monkey and rhesus macaque. In both squirrel monkey and 
rhesus macaque, AAV5 expresses in cell bodies in the ventral lateral (VL) nucleus of the thalamus, suggesting 
viral uptake and retrograde transduction in thalamocortical axons. (a) AAV5-hSyn-ChR2(H134R)-EYFP 
injected in Sq. E left M1 at the site indicated by yellow arrow. Autofluorescence along the midline and edges of 
the tissue, indicated with red arrows, is due to aberrations in slide mounting rather than opsin expression. (b) 
AAV5-hSyn-ChR2(H134R)-EYFP injected in Rh. D in right M1 at the site highlighted by yellow arrow. Inset: 
Expression in cell bodies in VL thalamus, highlighted with yellow arrows. (c) Expression in cell bodies in VL 
thalamus of Sq. E, highlighted with yellow arrows. (d) Expression in cell bodies in VL thalamus of Sq. P, also 
injected with AAV5-hSyn-ChR2(H134R)-EYFP in left M1.
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with PMd. This approach resulted in ChR2(H134R) expression in M1 neurons (Fig. 4c, 7 YFP+/71 DAPI+) which 
putatively project to or receive projections from PMd. Near the injection sites, neuronal morphology based on 
YFP staining suggested that neurons remained intact and without gross evidence of tissue destruction. Consistent 
with restricted spread of WGA-Cre from PMd to M1, we observed no mCherry-expressing neurons in the vicin-
ity of the M1 injection site (0 mCherry+/71 DAPI+) and no eYFP-expressing neurons near the PMd injection site 
(0 YFP+/199 DAPI+), although see Discussion for potential caveats. To our knowledge, this represents the first 
validation of a dual-viral, transsynaptic strategy for targeting opsin expression to projection targets in primates, 
an approach which facilitates a new class of experiments utilizing precise anatomically-specific optical control.

Opsin functionality.  To verify the functionality of the optogenetic constructs, we developed a mobile 
optical stimulation and electrophysiology cart (Supp. Fig. 4) in order to perform anesthetized recordings 
in previously injected squirrel monkeys in the operating room. In a squirrel monkey (Sq. P) injected with 
AAV5-hSyn-ChR2(H134R), well isolated single-units (Fig. 5a–d and Supp. Fig. 5) and multi-unit activity (Supp. 
Figs 6 and 7) responded robustly to optical stimulation at 473 nm. In contrast, 635 nm wavelength light pulses 
did not evoke detectable neural responses (Supp. Fig. 8), as expected from the opsin’s activation spectrum. Both 
pulsed and continuous stimulation reliably evoked spiking activity at the optrode (Fig. 5c,d, Supp. Fig. 5b).

In another squirrel monkey (Sq. U), we injected the red-shifted opsin, AAV5-CamKIIα-C1V1 into PMd. 
Near the injection site, 561 nm light drove reliable responses in multiunit activity (Supp. Fig. 9), as expected from 
this opsin’s activation spectrum and previously demonstrated in rodents48. Opsins such as C1V1 with red-shifted 
activation spectra are important for species with larger brain volume, as the reduction in light scattering in brain 
tissue with longer wavelengths of light may permit greater depth of penetration40.

We next designed a stimulation protocol to test the fidelity of optogenetic control in our anesthetized prepa-
ration over longer timescales common in rhesus awake-behaving neurophysiology experiments. Over 90 minutes 
of episodic stimulation, we tracked the response of multi-unit activity in two squirrel monkeys (Sq. E and Sq. T) 
injected with AAV5-hSyn-ChR2(H134R) in M1 cortex (Supp. Figs 10 and 11). Pulse trains (50 Hz) and contin-
uous pulses (200 ms) both elevated firing rates for the full 90 minute period (p < 0.001, sign-rank test), although 
pulse trains evoked more consistent responses over the full duration (p < 0.001, rank-sum test).

Many neurological conditions implicate abnormal oscillatory rhythms in or across specific brain regions, 
suggesting that the ability to drive rhythmic patterns using optogenetic tools may be useful for future ther-
apies28,49. We explored this possibility in an anesthetized squirrel monkey (Sq. U) injected in M1 with 
AAV5-CaMKIIα-C1V1(T/T), an opsin with slightly slower kinematics and enhanced light sensitivity relative to 
ChR2(H134R)48. We delivered a frequency-modulated optical stimulus. The laser delivered constant-amplitude 
light pulses at a “carrier” rate that was varied between 30 Hz and 130 Hz. The carrier rate was varied according 
to a sinusoidal “signal” pattern at modulation frequencies up to 14 cycles/sec. This stimulation paradigm reliably 
evoked rapid rhythmic modulation of nearby firing rates according to the signal pattern (Fig. 5f).

Long-term opsin expression and animal health.  As neuroscience experiments in primates often 
require long time periods of behavioral training, it is critical to validate that virally-delivered optogenetic con-
structs remain safe and effective in primates over long timescales. Towards this end, we utilized the squirrel mon-
key model to establish whether virally-transfected optogenetic constructs continue to express over long timescales 
and whether such long-term expression causes any adverse neurological consequences. We injected four squirrel 
monkeys with either AAV5-hThy1-ChR2(H134R)-eYFP (Sq. D and Sq. H) or AAV5-hThy1-eNpHR3.0-eYFP (Sq. 

Figure 4.  WGA-Cre enables targeting projections for circuit-specific neural modulation. (a) Schematic 
illustrating injection of AAV2-Ef1α-mCherry-IRES-WGA-Cre in PMd and AAV8-Ef1α-DIO-ChR2(H134R)-
EYFP in M1 in order to target M1 cells that are connected to PMd. (b) Right PMd cell bodies expressing 
mCherry and projecting fibers expressing ChR2(H134R)-EYFP in Sq. I. (c) Right M1 cell bodies highlighted 
with yellow arrows expressing ChR2(H134R)-EYFP in Sq. I. (d) Large overview image of EYFP-ChR2(H134R) 
expressing neurons in M1.
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M and Sq. O) in M1. To assess the safety of long-term opsin expression, we monitored the health of all four squir-
rel monkeys for one year. During this time period, the squirrel monkeys were overall alert, active, and healthy, 
and no adverse health effects were noted. We also performed a standard panel of blood tests on each squirrel 
monkey at timepoints before and after one year post-injection (Supp. Table 2). These results confirmed the squir-
rel monkeys remained in good health with no detectable inflammatory response, consistent with undetectable 
levels of TNFα and C-reactive protein in the blood. We also acquired T1-weighted, T2-weighted, and T2-FLAIR 
brain MRI images of Sq. M (Fig. 6 and Supp. Fig. 13) and Sq. O (Supp. Figs 14 and 15) at one year post-injection. 
These images, reviewed by a clinical neuroradiologist, did not exhibit any pathological features (e.g. focal paren-
chymal injury, hemorrhage, demyelination, edema, or features that would suggest inflammation).

After at least one year post-injection, we assessed opsin expression in Sq. D and Sq. H. In both monkeys, 
strong expression was visible in the vicinity of the injection site (Fig. 7a,b,d) as well as in projecting fibers in 
subcortical white matter (Fig. 7c). We observed minimal gliosis limited to the immediate vicinity of the injection 
track (Fig. 7d,e), similar to our results in the short-term expression monkeys (Supp. Fig. 2).

To further validate the long-term efficacy of optogenetic expression, we performed a similar experiment in 2 rhe-
sus macaques (Rh. O and Rh. Q). These macaques were injected with AAV5-CaMKIIα-C1V1(TT)-eYFP in either 
PMd (Rh. Q) or both M1 and PMd (Rh. O). At 188 weeks post-initial injection, we performed histology on rhesus 
monkey Q. These images demonstrated strong expression in the vicinity of the C1V1 injection sites (Fig. 8a,b) and 
in subcortical white matter below the injections (Fig. 8c). To establish the long-term functionality of the C1V1 
opsin, we performed repeated optrode stimulation and recording sessions from 130–240 days from injections. For 
each unit or multi-unit recorded at the optrode, we measured the evoked changes in firing rates while the monkey 
was waiting passively between trials of a reaching task. Strong responses were detectable throughout the entire time 

Figure 5.  In vivo optogenetic stimulation and electrophysiology facilitates verification of optogenetic 
modulation in an anesthetized squirrel monkey. (a) Spike response raster during pulsed and continuous 
stimulation with 473 nm light of an example recorded single-unit recorded in a Sq. P with AAV5-hSyn-
ChR2(H134R) in left M1. (b) Spontaneous and light-evoked spike waveforms. (c) Proportion of light pulses 
which evoked at least one spike in this unit vs. pulse frequency. Error bars show 95% confidence intervals 
for success probability (Clopper-Pearson method). (d) Histogram of spike counts evoked per light pulse. 
(e) Optogenetic response to extended stimulation over 90 minute stimulation session. Change in firing 
rate (stimulation minus per-trial pre-stimulation baseline) of recorded multiunit activity evoked by optical 
stimulation with 200 ms continuous pulses delivered at 1 Hz (in Sq. E left M1), or 50 Hz 2 ms pulse trains 
delivered for 5 sec interspersed with 10 sec off periods (in Sq. T, left M1). Error bars show ± SEM. “***” 
indicates significant elevation of firing rates by stimulation during the corresponding 15 minute epoch 
(p < 0.001, two-sided sign-rank test). (f) Light-evoked firing rate responses of an example AAV5-CamKIIα-
C1V1-transfected neuron recorded in Sq. U left PMd, during frequency-modulated pulsed stimulation with 
561 nm light. Gray lines indicate the idealized average firing rate that would be evoked if the unit spiked exactly 
once per light pulse. Color shading indicates ± SEM. See Methods.
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period measured (Supp. Fig. 16), and only very small trends towards reduced efficacy were observed in both rhesus 
monkeys, though neither reached statistical significance (Rhesus Q: −0.49 spikes/sec/day [−1.08 to 0.10, 95% CI], 
n = 78 units; Rhesus O: −0.11 spikes/sec/day [−0.35 to 0.13, 95% CI], n = 74 units).

Discussion
The goal of this project was to demonstrate successful transfection of optogenetic constructs in squirrel monkeys. 
Here, we demonstrate the ability to assess diverse opsin panels in the squirrel monkey brain, functional validation 
of optically-evoked responses in vivo, strategies to target optical control to specific neuron types or projection 
targets, and the feasibility of long-term experiments in which continued opsin expression and animal health 
are maintained over the long timescales characteristic of nonhuman primate research. AAV5 successfully trans-
fected cortical neurons and enabled expression of a variety of inhibitory (eNpHR3.0 and eArch3.0) and excitatory 
(ChR2(H134R), C1V1(TT) and SSFO) constructs under the control of the CaMKIIα, hSyn, and hThy1 promot-
ers. As discussed below, histology revealed expression of the panel of promoter and opsin combinations across 
12 squirrel monkeys that closely paralleled opsin expression patterns and functionality in macaques, including 
anterograde trafficking to known downstream projection targets and retrograde transduction along thalamocor-
tical inputs. We note that all of our injections were in an older cohort of female squirrel monkeys; we expect that 
expression might be stronger in younger animals. While we anticipate that our results should generalize to male 
squirrel monkeys, further experimentation would be required to verify similar expression patterns.

Figure 6.  Long-term sagittal MR images show normal brain morphology without pathologic changes in Sq. 
M at one-year post injection of AAV5-hThy1-eNpHR3.0-EYFP in Left M1 and AAV5-CaMKIIα-eNpHR3.0-
EYFP in Right S1. Three types of coronal scans were acquired per monkey and reformatted in the sagittal 
plane for visualization: (a) T1-weighted 3D IR-FSPGR sequence which maximizes gray-white matter contrast, 
(b) T2-weighted fast spin echo (FSE), and (c) T2-weighted fluid-attenuated inversion recovery (FLAIR) 
sequences which are used to identify potential brain pathology. Upon review by a clinical neuroradiologist, the 
scans did not reveal any pathologic changes. Specifically, no imaging features of injury, hemorrhage, edema, 
demyelination, or inflammatory changes were present.
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Figure 7.  Long-term opsin expression in squirrel monkeys. (a) Expression of AAV5-hThy1-ChR2(H134R)-
EYFP at 63 weeks post-injection in Sq. H in half coronal slice located near injection site in left M1. Low GFAP 
expression suggests minimal gliosis. (b) Expression in cell bodies of neurons located near injection site and (c) 
in crossing axonal fibers in subcortical white matter. (d) Expression of AAV5-hThy1-ChR2(H134R)-EYFP at 63 
weeks post-injection in Sq. D left M1. (e) Gliosis was limited to the immediate vicinity of the injection track.

Figure 8.  Long-term opsin expression in a rhesus monkey. (a) Expression of AAV5-CaMKIIα-C1V1(TT)-
EYFP injected into left PMd at 188 weeks post-injection in Rh. Q. Autofluorescence along the midline and 
edges of the tissue, indicated with red arrows, is due to aberrations in slide mounting rather than opsin 
expression. Tissue damage near the injection site is presumed to be the result of repeated optrode and electrode 
penetrations. (b) Expression was seen in cell bodies of neurons located in the vicinity of the injection site and 
(c) in crossing axonal fibers in subcortical white matter.
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Targeting of projection pathways.  Anterograde spread.  In our panel of squirrel monkeys injected with 
AAV5, histology demonstrated opsin expression in axonal projections originating at the cortical injection sites 
and terminating in known downstream targets, consistent with well-established anterograde expression patterns 
noted with recombinant AAV vectors [e.g.46]. This presents the possibility of delivering light at distal axonal 
terminals to selectively activate or suppress specific circuit outputs, as has been effectively employed in rodents 
(e.g.50–52) and macaques (e.g.14,16). The strength of anterograde expression in axonal projection as well as the 
spread of expression around the injection site are likely dependent on both the overall strength of transgene 
expression (in turn modulated by the injection parameters, viral titer, viral tropism, promoter strength, etc.) as 
well as the trafficking of the transgene along axonal fibers. This transport efficiency may be enhanced by using 
specific post-transcriptional targeting sequences that result in improved membrane targeting of the opsin pro-
tein41,43. While the overall efficiency and tropism of AAV1, 2, 5, 8, and 9 have been compared in primates7,38,53, 
more systematic, quantitative comparisons are needed.

Retrograde and anterograde transduction.  In both macaques and squirrel monkeys, we also observed 
expression in cell bodies located in the ventral lateral (VL) nucleus of the thalamus following injection of 
AAV5-hSyn-ChR2(H134R) in primary motor cortex (M1). These expressing VL neurons could have been trans-
duced via either retrograde or anterograde transduction, which are difficult to dissociate in this circuit due to the 
presence of reciprocal connections between M1 and VL54. In retrograde transduction, the virus would infect VL 
axon terminal fields in M1 and be transported back to cell bodies in VL. In anterograde, transsynaptic transduc-
tion, the virus would be transported along M1 axons terminating in VL, released at the axon terminal, and be 
taken up by second order VL cell bodies. The relative propensity for transsynaptic anterograde versus retrograde 
transduction of adeno-associated viruses is known to be serotype dependent55. Transsynaptic, anterograde trans-
duction has been previously demonstrated with AAV2 in rats56 along nigrostriatal projections and in macaques 
along nigrostriatal and thalamocortical projections57,58, and with pseudotypes AAV2/8 and 2/9 in mice from 
entorhinal cortex to dentate gyrus59.

Retrograde transduction has also been previously demonstrated with recombinant AAV vectors both in 
rodents and primates. In mice, recombinant AAV pseudotypes 2/1, 2/5, 2/7, and to lesser extent 2/8 all drive 
retrograde transduction along nigrostriatal projections35. AAV2 did not result in retrograde expression in this 
context but is capable of weak transduction from skeletal muscles back to motor neurons in the spinal cord60 
and between the hippocampi61. AAV2/1 injected in S1 also retrogradely transfects layer 5 pyramidal neurons in 
the contralateral S162. However, Rothermel and Brunert62 reported dramatic differences in the ability of rAAV 
constructs with identical pseudotype to mediate retrograde expression solely attributed to differences in the vec-
tor construct itself. In rats, pseudotypes AAV1, 2/1 and 2/5 (but not 2/2) exhibit retrograde transduction along 
nigrostriatal projections63,64 and AAV2/1 transduces medial entorhinal cortical neurons retrogradely from the 
hippocampus65. In primates, retrograde transduction has been reported with multiple AAV serotypes along sev-
eral axonal pathways. AAV1 mediates nigrostriatal transfection in cynomolgus macaques64. AAV6 mediates ret-
rograde transduction from the gastrocnemius muscle to lumbar motor neurons in African green monkeys66 and 
along corticostriatal, nigrostriatal, and thalamostriatal axonal pathways in cynomolgus macaques67. AAV8 and 
AAV9 injections in striatum labeled nigrostriatal, corticostriatal, thalamostriatal and geniculocortical pathways 
in marmosets68.

Collectively, this literature suggests that anterograde and retrograde transduction by recombinant AAVs likely 
depends on viral serotype, the viral vector construct, and the identity of the axonal projection. It is also possible 
that expression time, viral titer, injection protocol, and the genetic promoter may modulate the efficiency of 
retrograde transduction at terminals and/or of anterograde transduction and uptake by second order neurons. 
One of these factors may explain the discrepancy between the expression observed here in thalamocortical pro-
jection neurons and the results of Galvan and colleagues12, who report no expression in motor thalamus follow-
ing injection in primary motor cortex of either AAV5-CaMKIIα-ChR2(H134R) or AAV5-CaMKIIα-C1V1. The 
difference in promoter is notable, although thalamic projection neurons would be expected to express CaMKIIα 
as well69.

Remarkably, we did not observe transduction of AAV5 from primary motor cortex along any of the known 
corticocortical connections with posterior parietal, primary somatosensory (1,2,3a), and frontal regions (notably 
ventral and dorsal premotor, supplementary motor, and cingulate motor areas)70–75. To our knowledge, prior 
reports of cortico-cortical transsynaptic transduction with AAV are limited to inter-hemispheric spread to con-
tralateral S1, observed weakly with AAV9 in marmosets7 and with AAV2/1 in mice62. Furthermore62, observe 
that retrograde transfer from V1 injection of AAV8 and AAV9 is limited to the LGN; none of the cortical regions 
that reciprocally connect with V1 were labeled. Further experiments are needed to explore the conditions in 
which retrograde gene transfer along cortio-cortical pathways occurs, though we speculate that some differenti-
ating feature of thalamocortical axons76 (or nigrostriatal, corticostriatal, thalamostriatal, geniculocortical, etc.) 
makes them particularly susceptible to AAV infection and retrograde transfer. AAV is internalized by cells via 
receptor-mediated endocytosis from clathrin-coated pits77. The particular receptors and relative efficiencies vary 
by serotype, and many viruses possess redundant methods for cellular entry that may be preferentially used in 
certain regions63,78.

WGA-mediated transduction.  In addition to anterograde and retrograde transfer with single constructs, we also 
demonstrate a dual-viral strategy for restricting opsin expression to the anatomically-defined subset of neurons 
in one brain region connected with a second brain region, enabling precise targeting of neural circuit projections 
in the primate brain. Our approach, previously demonstrated in rodents41,65, leverages wheat germ agglutinin 
(WGA) as a transsynaptic tracer to deliver Cre-recombinase to connected neurons which have been infected 
with a Cre-dependent opsin. Although this method is a promising approach for improving anatomic specificity 
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of opsin expression, we note that there are several possible mechanisms mediating expression of ChR2-eYFP in 
M1 neurons connected to PMd. Two of these mechanisms leverage WGA as a transsynaptic tracer. One notable 
feature of using WGA as the transsynaptic tracer is its ability to undergo both anterograde and retrograde tran-
sceullar transfer79,80. Consequently, AAV2-WGA-Cre-IRES-mCherry (here on referred to as AAV2 for simplic-
ity) could infect PMd neurons, resulting in mCherry expression in cell bodies in PMd. Then WGA-Cre could 
traffic transsynaptically to presynaptic M1 neurons, leading to recombination and ChR2-eYFP expression in 
AAV8-DIO-ChR2-eYFP (here on referred to as AAV8 for simplicity) infected M1 neurons that project to PMd. 
Alternatively, AAV2 could infect PMd neurons and WGA-Cre could first transport anterogradely along the entire 
length of M1-projecting axons and then travel transsynaptically to connected neurons in M1. Recombination by 
Cre would then drive ChR2-eYFP expression in AAV8 infected M1 neurons receiving input from PMd. These 
two possibilities are difficult to distinguish due to reciprocal connectivity between PMd and M1. If this possibility 
of bi-directional transfer of the recombinase complicates interpretation of a particular optogenetics experiment, 
a non-toxic fragment of tetanus toxin (TTC) is a potential alternative tracer element which specifically exhibits 
retrograde transsynaptic transfer in mice81.

Two additional possibilities exist which would not leverage WGA to achieve transsynaptic spread. AAV2 
could infect M1 neurons at their axonal terminals in PMd and then be transported retrogradely back to the nuclei, 
leading to recombination and ChR2-eYFP expression if these neurons were co-infected by AAV8. Alternatively, 
AAV2 could infect PMd neurons and the entire AAV2 particle be transported anterogradely and released at axon 
terminals and taken up across the synapse by M1 neurons. This mode of anterograde transsynaptic transport has 
been observed for AAV2 in rats in nigrostriatal pathways56. However, as discussed above, reports of transsynaptic 
transduction via AAV directly (not mediated by WGA) are rare for cortico-cortical connections. Nevertheless, 
due to recombination, even a small amount of transduction of Cre could drive potentially expression of the opsin 
in M1 neurons, even if the mCherry reporter expression were too weak to generate a visible signal. More sensitive 
techniques (e.g. RNA FISH to detect mCherry transcripts) could be used to detect this means of transduction, 
which would result in different anatomic specificity. In these cases, both promoters would conjunctively gate 
expression in the dually transfected M1 neurons, as opposed to one promoter gating expression in M1 neurons 
and the other expression in connected PMd neurons.

Dual-viral strategies like this enable new classes of experiments which require precise manipulation of spe-
cific circuit pathways27. Moreover, these methods can be combined with cell-type specific promoters to achieve 
additional precision by restricting expression to the intersection of multiple genetically and anatomically defined 
cell types82,83. Of course, a caveat of this approach is that transsynaptic transport may vary across neural circuits; 
therefore this dual-vector targeting approach should be validated for each experimental system in which it is 
employed40. Our results validate the use of WGA-Cre to drive opsin expression in reciprocal M1 projections to 
premotor cortex, which can be used to probe the functional role of these feedback pathways during the prepara-
tion and execution of reaching movements.

Precise targeting of specific anatomically defined circuit elements is particularly important for primate neuro-
science, where fewer cell-type specific promoter sequences have been established16. Projection targeting strategies 
can enable researchers to dissect neural computations into functional neural circuit components and to establish 
the causal contribution of different anatomical pathways to complex behavior. Projection targeting approaches 
may also prove particularly effective in modulating behavior in circuits14 where broad, regional modulation has 
proven less effective19,84–86.

We were not successful in one attempt to use LT-HSV to deliver Cre transsynaptically to facilitate expres-
sion of a Cre-dependent opsin transgene. Others have reported successful viral transfection over short (<14 
days) timescales using LT-HSV in rhesus striatum87, suggesting that our results may relate to a number of factors 
including the duration of expression, the viral titer, or the injection protocol, or may be specific to LT-HSV use 
in neocortex or in squirrel monkeys. In such circumstances, alternative retrograde viruses such as recombinant 
pseudorabies virus (PRV)88 or helper-dependent canine adenovirus (CAV-2)89 could be explored as an alternative 
to LT-HSV, for certain situations and expression timelines.

High-fidelity optically-evoked spiking.  To test the functionality of expressed opsins, we developed a 
portable electrophysiology cart to optically stimulate and electrically record single neurons in anesthetized squir-
rel monkeys in an operating room. Using this system, we confirmed that optical stimulation in vivo robustly drove 
spiking responses in neurons transfected with ChR2(H134R) and C1V1(TT). We show that single neuron and 
multiunit spiking activity can be reliably evoked optically. We also found that the multiunit firing rate in squir-
rel monkeys can track sinusoidally modulated “carrier” signals. The ability to amplify or suppress endogenous 
oscillatory rhythms may prove therapeutically useful for treating certain neurological disorders49 and might shed 
insight on the computational roles of oscillatory dynamics (e.g.90).

Optically-evoked responses could be sustained for at least 90 minutes during repeated stimulation with con-
tinuous and pulsed light. Furthermore, the responses closely resembled light-evoked responses in optogenetically 
transfected macaque cortical neurons6. It has been noted previously that firing rates in some brain regions may 
exhibit substantially lower firing rates in rodents than in primates91. The fidelity of spiking responses to optical 
stimulation depends not only on the kinetics of the opsin protein, but also on expression patterns and strength, the 
biophysical characteristics of the cells being stimulated, and the network dynamics of the neural populations being 
stimulated43,92. Consequently, there may be considerable differences in optically-evoked responses between rodent 
and primate neural circuits. This underscores that New World primates are likely a closer functional approximation 
than rodents to the effect of optogenetic manipulation on rhesus, and perhaps human, neuronal firing patterns.

We note, however, that our recordings were conducted under isoflurane anesthesia which impacts cortical activ-
ity. In particular, isoflurane suppresses cortical firing rates, which prevented us from validating the hyperpolariz-
ing opsins in vivo. Validation of these constructs will require future experiments which use a different anesthetic 
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protocol which preserves spontaneous firing (e.g. using pentobarbital), which combine optogenetic excitation and 
inhibition in the same region, or in which photostimulation is performed in awake subjects. We anticipate that the 
precise evoked spiking activity would also differ as a function of many experimental parameters, including the viral 
titer used, the brain region injected, the level of opsin expression, the cell types being targeted and recorded from, 
and the parameters of photostimulation. Consequently, optical responses should be functionally validated via simul-
taneous electrophysiology in any particular experiment to validate the evoked responses.

Long-term safety and efficacy of optogenetic constructs.  Optogenetic manipulations of neural 
circuits show promise in helping to disentangle the pathology of psychiatric disorders, including depression, 
obsessive-compulsive disorder, anhedonia, anxiety, etc. (reviewed in28). However, an important step in this direc-
tion is establishing the long-term viability and safety of optogenetic constructs in a primate model. In four squir-
rel monkeys and three rhesus macaques, viral transfection of optogenetic constructs did not lead to any adverse 
health effects through at least one full year, as assessed using a combination of MR imaging, blood tests, and 
post-mortem histology. Furthermore, the injected opsins continued to express for at least one year in both squir-
rel monkeys and in rhesus macaques, and that optically-evoked spiking activity remained robust at least a full year 
with no significant reduction in efficacy over time.

Motivation and outlook for optogenetics in squirrel monkeys and other primates.  Within sys-
tems neuroscience, the rapid expansion of genetically-encoded, optogenetic tools has enabled targeted, functional 
manipulations across the phylogenetic tree40,93–95. These tools enable optical control of specific neuron types or 
circuit projections, enabling researchers to probe neural circuits in healthy and disease states28. Rodent models 
have so far benefited most abundantly; however, there is strong motivation to apply these tools in primates due 
to the richness and precision of primate behavior and to the translational relevance afforded by the homology 
between human and nonhuman primate brains1,2. For more complex, cognitively demanding behaviors beyond 
the repertoire of rodents or for translational questions where homology with the human brain is paramount, 
understanding neural circuits in primates is critical. The addition of optogenetic tools and viral targeting strate-
gies to the primate toolkit will aid researchers in understanding the complex, neural computations which under-
lie perception, sophisticated cognition and decision making, and dextrous motor behavior across the primate 
lineage.

Squirrel monkeys are a long-established model system in biomedical research, utilized for decades to study 
learning and memory96–98, olfaction99, vision100, behavioral pharmacology101,102, addiction103,104, social behav-
ior105,106, stress-induced physiological changes107,108, aging and protein aggregation109, Parkinson’s disease110, and 
other human diseases111. Their relatively large brains (Fig. 1a) display similar functional organization to rhesus 
monkeys and humans112–114, and researchers have leveraged this homology to study the neurophysiology of the 
vestibular system115–117, sleep118, audition119,120, vocalization121–123, motor control124, and many other neuroscien-
tific questions.

We discuss four specific scientific opportunities afforded by the use of optogenetic tools within squirrel mon-
keys. First, within the particular context of motor control, we envision many long-standing lines of scientific 
inquiry where optogenetic tools would likely yield new insight. Squirrel monkeys possess a pseudo-opposable 
thumb for gripping objects and a central sulcus dividing functionally organized primary motor and somatosen-
sory cortices. This biomechanical homology and similarities in functional organization facilitate straightforward 
comparison with homologous regions in rhesus macaques. Additionally, the somatosensory and motor systems 
in squirrel monkeys have been well mapped using microelectrode arrays, intrinsic signal imaging, and functional 
MRI124–130. Intracortical and subcortical connections among these areas have also been explored using retrograde 
and anterograde tracing techniques125,129,131,132. Optogenetic manipulations would facilitate functional dissection 
of these regions and their contributions to hand and limb movements. For example, spatially localized optoge-
netic inhibition could be used to instantaneously shutdown the contribution of Area 5, S1, M1, PMd, or PMv 
during the preparation and execution of reaching and grasping movements. Leveraging the anterograde trans-
duction observed for the opsins we tested, injection in one region and optically exciting or suppressing down-
stream axonal terminals could be used to test the functional contributions of the many interconnections between 
these regions. For example, activating or suppressing the parietal reach region to M1 and PMd during reaching 
movements could elucidate the processes of state estimation and visual feedback that guide reaching movements. 
Similarly, optogenetic manipulation of cerebellar projections to thalamus, thalamocortical projections to M1, 
or reciprocal projections between 3a and M1 would inform models of how proprioceptive information is trans-
formed by motor cortex during online feedback control133,134.

Second, changes to the functional organization have been characterized subsequent to injury due to local 
infarct135–137, cortical injury138,139, and dorsal column spinal cord lesions140–143. Nevertheless, characterization of 
this remapping is typically limited to passive observation of motor representations. Temporally precise and ana-
tomically targeted causal manipulations would greatly enhance our functional understanding of the mechanisms 
of cortical remapping following injury.

Third, while squirrel monkeys are a long-established model in their own right within motor control and 
other neuroscientific domains, the scientific utility of optogenetic tools in squirrel monkeys also lies in provid-
ing causal tools for functional comparative neuroanatomy. Comparative efforts are greatly accelerated by con-
comitant developments in other primates, notably rhesus macaques and marmosets. Impressive recent progress 
has been made towards translating optogenetic tools to rhesus macaques (reviewed in19,144,145) and marmosets7. 
Macaques display close neuroanatomical homology with humans and are readily trained to perform a wide vari-
ety of cognitively sophisticated tasks. In macaques, some behavioral effects of stimulation have been surprisingly 
modest6,12,13,19,84,86, although notable effects have been reported, particularly when stimulating sensory areas8–11 
and when specific circuit projections14 or cell types15 were targeted. This body of work underscores the need to 
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develop refined targeting strategies to better understand the nuanced interaction between optogenetic manip-
ulations and the endogenous circuit dynamics that leads to behavioral modification. Progress with viral tools 
for neural circuit targeting and manipulation has also recently been reported in the common marmoset, whose 
reproductive characteristics afford the creation of transgenic models that open a rich experimental landscape 
both in basic science and translational research146,147. As novel transgenic marmoset lines are developed146,148,149 
and advanced tools for genome editing become widely available150, marmosets offer an attractive, complemen-
tary platform for combining genetic targeting, neuroanatomical mapping, awake-behaving neurophysiology, and 
sophisticated behavioral control151–155. Moreover, AAV can efficiently transfect neurons in marmosets53 and excit-
atory and inhibitory opsins readily express7.

To date, the vast majority of this comparative research has been histological (e.g.129,156–161), though additional 
techniques including electrophysiological recording, intracortical microstimulation, lesions, TMS, and functional 
MRI have been used to probe the differences among the nervous systems of New World and Old World pri-
mates and humans (e.g.128,131,162–164). By extending optogenetic tools to additional primate species, functional 
manipulations can be brought to bear on comparative analysis of neural organization among the primate line-
ages. It would be of particular interest to revisit the evolutionary differences in the corticospinal tract observed 
among New World and Old World primates. Moving from marmosets to squirrel monkeys to Cebus monkeys to 
macaques, one observes a progressively larger cortico-motorneuronal tract (comprised of motor cortical neurons 
that directly excite lower motor neurons in the ventral horn of the spinal cord), as well as a progressively greater 
hand dexterity and capacity for relatively independent finger movements129,161,163–165. However, the functional 
significance of different contributions to the corticospinal tract and other descending motor pathways remains 
unclear; this body comparative work is largely correlative in nature. A notable exception was recently reported 
by Kinoshita and colleagues166, who leveraged targeted, reversible expression of tetanus toxin to demonstrate that 
the phylogenetically “older” oligosynaptic pathway to motor neurons is still required for dextrous grasping in 
macaques. Targeted optogenetic manipulation of the descending motor pathways could definitively establish the 
relative functional contribution of descending pathways across primate species and their relationship to dextrous 
motor behaviors. Parallel efforts in multiple primate species will likely inform our understanding of neural struc-
ture and function in each species individually as well as within the larger evolutionary context.

Due to the considerable differences between rodents and humans, application of new tools for circuit neuro-
science in primate models is essential to advancing our understanding of the human brain and of brain disorders1. 
This study highlights the potential for precise optical manipulation of specific circuits in squirrel monkeys, a 
well-established model in biomedical science, featuring close anatomical, behavioral, and genetic homology with 
macaques and humans. While the optimal viruses, promoters, proteins, and targeting strategies employed will 
likely vary with context, novel elements of the toolkit for optogenetic manipulation developed here for squirrel 
monkeys will likely translate to other New World primates and to rhesus macaques, enabling similar strategies 
for projection targeting and high-fidelity optical control. In parallel with rhesus macaques, New World primate 
models can facilitate the translation of an ever-growing collection of precision tools available for circuit manip-
ulation and interrogation95, presenting an exceptional opportunity to dissect neural circuit function and disease.

Methods In Brief
All procedures followed approved Stanford University IACUC protocols. Optogenetic protocols are described 
online at the Optogenetics Resource Center, http://www.stanford.edu/group/dlab/optogenetics/. Injections: 
Twelve adult female squirrel monkeys (Saimiri sciureus) were anesthetized with ketamine and isoflurane and then 
relocated to an operating room where sterile surgical practices were followed. Opsin constructs were injected ste-
reotactically using a microsyringe pump system. Three rhesus macaques were injected using a standard electro-
physiology microdrive and custom injection system while awake in a primate chair. Recording: After at least six 
weeks post-injection, 4 squirrel monkeys were re-anesthetized for intraoperative optical stimulation and electro-
physiological recording using hand-built fiber optrodes connected to a portable multichannel recording and laser 
stimulation cart. Anesthetized recording procedures were followed immediately by perfusion. Rhesus macaques 
were stimulated via a custom coaxial recoding/stimulation optrode167 while awake in a primate neurophysiology 
rig. Perfusion and Histology: All animals were deeply anesthetized with ketamine and isoflurane, euthanized 
with Beuthanasia, and then perfused with heparinized ice-cold PBS and 4% paraformaldehyde. Histological sec-
tions were prepared in standard fashion, stained, and imaged using confocal laser microscopy.

Methods
All experiments were approved by the Stanford University Institutional Animal Care and Use Committee and the 
Stanford University Administrative Panel on Biosafety.

Virus production.  Standard protocols were used to produce viral vectors and viruses (see http://optogenetics.
org). AAVs (1–4 * 1012 genome copies per mL) were packaged by the University of North Carolina viral vector core. 
All viruses had been tested in rodents and expression was assessed by standard histological measurements before 
injecting them into monkeys. The majority of our injections used AAV2/5, which refers to a pseudotyped AAV that 
combines the genome of AAV2 with the capsid of AAV5 to improve transduction efficiency and neural tropism 
(https://www.addgene.org/viral-vectors/aav/aav-guide/). By convention, the pseudotyped AAV is referred to by its 
capsid component (i.e. AAV2/2 is referred to as AAV2, AAV 2/5 is referred to as AAV5 and AAV2/8 is referred to 
as AAV8) and is assumed to have the same tropism/spread within brain tissue. For WGA-Cre projection targeting 
constructs, we employed AAV2/2 (AAV2) and AAV2/8 (AAV8) to combine two different serotypes within a single 
brain, with the EF1α promoter responsible for driving strong expression of Cre (and therefore AAV2 was persumed 
drive sufficient expression). One injection was also performed with LT-HSV47.

http://www.stanford.edu/group/dlab/optogenetics/
http://optogenetics.org
http://optogenetics.org
https://www.addgene.org/viral-vectors/aav/aav-guide/
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Virus injections and targeting.  Squirrel monkeys.  Twelve adult female squirrel monkeys (Saimiri sciu-
reus sciureus) between 10–18 years old (mean 13.6 ± 2.6 std. dev. years) were sedated with ketamine and 0.5–4% 
isoflurane. One or more relatively large rectangular craniotomies were performed over stereotactically-defined 
injection sites under sterile conditions. A stereotactic positioner (Kopf Instruments) was used to advance a 100-μl 
syringe (1710TLL; Hamilton) and a 32-gauge injection needle (Hamilton Company) to a depth of 3 mm beyond 
dura. Injections of 1 μl were made every 1 mm at a rate of 100 nl/min, controlled by a programmable syringe 
pump (World Precision Instruments). At least 6 weeks post-injection were allowed to enable opsin expression, 
based on rodent and rhesus expression times6. We housed the squirrel monkeys for a few days post-surgery in an 
adjacent but separate cage and then returned them to their group home cages.

We used interaural stereotactic coordinates to target each injection to one of primary somatosensory cor-
tex (S1), primary motor cortex (M1), dorsal premotor cortex (PMd), or parietal cortex. The large craniotomies 
exposed the relatively translucent dura and facilitated visualization of the central sulcus and nearby sulcal fidu-
cials. S1 and M1 were targeted posterior and anterior to the central sulcus respectively. The parietal injection 
was targeted near the parietal sulcus and the PMd injections were targeted relative to the central and arcuate 
sulci and the precentral dimple. The injection locations were also validated histologically. We validated that S1 
and M1 injections were located on the postcentral and precentral gyri and that parietal cortex was located near 
the parietal sulcus. PMd was validated to lie 11–15 mm anterior to the central sulcus but posterior to the arcuate 
sulcus. We were not able to functionally validate PMd using intracortical microstimulation (i.e. higher thresholds 
to evoke movement than in M1) or electrophysiologically (e.g. higher proportion of neurons displaying robust 
preparatory activity in instructed delay reaching tasks). However, we did note a reduction in the proportion of 
large neurons in layer 5 (likely Betz cells) in the targeted PMd relative to M1157. Examples of M1 Betz cells are 
shown in Figs 1e and 4a.

Rhesus macaques.  Three adult rhesus macaque monkeys (Macaca mulatta), one female (rhesus monkey D) 
and two males (rhesus monkeys Q and O), ranging in age from 6–15 years, were implanted under isoflurane 
anesthesia with a recording cylinder perpendicular to the skull over primary motor and premotor cortex. In 
monkeys D and O, multiple small craniotomies were made within the cylinder; in monkey Q, a full craniotomy 
was performed. In all cases, the dura was left intact. During the following days, we injected virus using an adapted 
microinfusion system168 as described in6. A hydraulic micromanipulator (Narishige Group) lowered the needles 
through a guide tube attached to a Crist grid and injections of 1 μl were made every 1 mm. After injecting at each 
depth, we waited 10 min before moving deeper. Following completion of the deepest injection (6–10 mm depth), 
the micromanipulator withdrew the injection needle at a speed of 1–4 mm/min. Injections were made in up to 14 
locations within each monkey’s cylinder with at least 1–2 mm of separation between adjacent sites.

We used interaural stereotactic coordinates to target each injection to M1 and/or PMd (Supp. Table 1). We 
derived these coordinates via consultation with histological atlases and with previously validated coordinates 
used in prior surgeries. We extensively validated these regions electrophysiologically during reaching tasks. Both 
M1 and PMd exhibited modulation during reaching over time and across reach directions. Both areas were relia-
bly modulated by palpation of the contralateral upper arm and shoulder. PMd exhibited more preparatory activity 
in advance of movement. Using intracortical microstimulation (333 Hz biphasic pulses, c.f.169), M1 exhibited 
markedly lower thresholds (10 uA to 50 uA) to evoke movement than PMd (70 uA to 180 uA), but eye movements 
were not evoked.

Optical stimulation and neural recordings.  Squirrel monkeys.  Four squirrel monkeys were sedated 
with ketamine and anesthetized with isoflurane and placed in a stereotax. Craniotomies were reopened under 
sterile conditions over the previous injection sites. We constructed optrodes which were 200 μm flat-cut optical 
fibers (Thorlabs) glued to high-impedance (3–7 MΩ) tungsten electrodes (Serial number UEWLGCSEEN1E, 
Frederick Haer) with the electrode tip leading the fiber by 100–400 μm). Optrodes were advanced using a stere-
otactic positioner (David Kopf Instruments). Optical stimulation and electrophysiology were performed using 
a custom-built mobile electrophysiology rig built on a rolling cart (Bretford Manufacturing). See Supp. Fig. 4 
for component schematic. Optical stimulation was computer controlled using a Simulink real-time xPC tar-
get system, which triggered laser stimulation pulses via a digital-to-analog card (National Instruments) that 
controlled a blue (473 nm, Sanctity, SVL-473-0100), green (561 nm, CrystaLasers, CL-2000), or red (534 nm, 
CrystaLasers, DL-635) laser in analog mode. Electrode signals were recorded using the Cerebus system 
(Blackrock Microsystems).

We advanced the electrode while pulsing the stimulating laser for 2 ms at a rate of 1 Hz. This facilitated 
the detection of optogenetically-evoked spiking activity at the electrode. While light-responsive single- and 
multi-units were readily recorded at the electrode, this inherently biased sample of neuronal responses precludes 
quantification of the fraction of light-responsive units in the region near the injection site. For computing evoked 
spike counts during pulsed stimulation, as in Fig. 5c,d, a spike was counted as being evoked by a particular laser 
pulse if it occurred in a window beginning at laser onset and extending 7.5 ms forwards in time. This window was 
selected to be nearly as large as possible while avoiding overlap for successive pulses with 130 Hz stimulation so 
that the same evoked spiking window could be employed for all stimulation frequencies.

For extended stimulation with pulse trains, 50 Hz trains of 2 ms pulses were delivered for 5 sec spaced with 
10 sec pauses, for a total of 360 repetitions over the 90-minute experiment, or 60 repetitions per 15-minute epoch. 
For extended stimulation with continuous pulses, 200 ms pulses were delivered spaced with 800 ms pauses, for 
a total of 5400 repetitions over the 90-minute experiment, or 900 repetitions in each 15-minute epoch. Laser 
power was fixed at 3 mW (95.5 mW/mm2) for the duration of both experiments. Electrophysiological responses 
were quantified using custom MATLAB analysis code. Spike trains were smoothed with either a 10 ms Gaussian 
filter (for frequency modulation) or a 20 ms Gaussian filter and then averaged over trials. Spike counts during 
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stimulation were compared to pre-stimulation time periods using the non-parametric Wilcoxon signed-rank test 
for paired samples. Changes in spike counts evoked by continuous vs. pulsed stimulation were compared using 
the non-parametric rank-sum test for unpaired samples.

Frequency modulation stimulation patterns were generated as follows: first, the pulse rate as a function of 
time was specified to jump from 0 Hz to 80 Hz (the center frequency) and persisted at 80 Hz for 1 second to allow 
onset transients to decay. After 1 second, frequency modulation varied the pulse rate sinusoidally between 30 and 
130 Hz at a signal frequency determined by the condition, ranging from 1–14 Hz. After 3 seconds of frequency 
modulation, another 1 second of 80 Hz constant pulse rate followed, and then the pulse rate returned to 0. We 
then used this pulse rate timeseries as the average rate of a highly regular gamma process of order 40 from which 
we generated the pulse times on each trial.

Rhesus macaques.  Optogenetic stimulation in rhesus monkeys Q and O differed in that all stimulation was 
done with awake monkeys comfortably seated in a primate chair within a dim, quiet neurophysiology rig. We 
utilized either hand-built optrodes (rhesus monkey Q) as described above or a custom coaxial optrode designed 
to minimize cortical damage167 (rhesus monkeys Q and O). The optrode was positioned over the injection loca-
tion and lowered into cortex until background neural activity and optically-evoked responses from the local 
population could be detected in the voltage recordings. Stimulation occurred in the inter-trial intervals after a 
random subset of trials of a reaching task performed in the course of other experiments, during which time the 
monkeys were waiting passively for the next trial to begin. Stimulation was delivered at 3 mW (95.5 mW/mm2) 
as single 200 ms continuous pulses at 561 nm (CrystaLasers, CL-2000). We measured the average firing rate of 
single or multiunit activity recorded on the optrode by counting spikes in the 200 ms stimulation window and 
over repeated stimulated and non-stimulated trials. We computed the difference in firing rate between stimulated 
and non-stimulated trials and computed 95% confidence intervals from the Student’s T distribution purely for 
display purposes. To test whether the size of optically-evoked changes in firing rates was changing over time, we 
performed a least-squares linear regression fit to the change in firing rate vs. days from injection. The 95% confi-
dence intervals on the coefficients were generated from the F-distribution.

Both squirrel monkeys and rhesus macaques.  Electrode voltages were unity-gain buffered at a head stage 
near the recording electrode and then filtered using the Cerebus “spike medium” filter (250 Hz 4-pole high-pass 
filter). We ensured monitored noise levels on the electrode and ensured that the RMS noise voltage was below 10 µV 
at all times, using appropriate grounding, referencing, and EMI shielding techniques. High-pass filtered spike sig-
nals were then thresholded online using a threshold which was set manually to isolate the waveforms of an indi-
vidual neuron (single unit) or collection of several neurons (multi-unit) from the noise. This threshold was always 
at least> 4x RMS or <−4x RMS to ignore background noise or poorly isolated neural “hash”. We did not include 
data from any single or multi-unit waveforms which were not reliably isolated from the noise for the duration of the 
procedure. In some cases, the isolated spiking waveforms were separated into multiple individual single units using 
time-amplitude windows (Plexon Offline Sorter). The single unit and multi-unit examples included were selected on 
the basis of optical responsiveness. Stimulation paradigms were designed using MATLAB (Mathworks). Laser power 
at fiber tip was set to 0.5–5 mW as measured with a power meter (Thorlabs). Pulse trains ranged in frequency from 
20 Hz to 130 Hz and used 2 ms pulses. Continuous pulses lasted for 200–400 ms.

When stimulating in ChR2(H134R)-transfected regions, we also employed red-wavelength control stimu-
lation to verify that recorded responses were due to optogenetic modulation and not artifactual. In only these 
control experiments, we set the threshold for spike detection liberally at 3x RMS voltage (24 μV). This threshold 
was closer to the electrical noise and much lower than what was used to isolate spiking neurons for non-control 
experiments. By recording the local neural “hash”, this enabled detection of minute changes in local neural activ-
ity, increasing the sensitivity of the control experiment to non-specific modulation by the laser itself. We com-
pared the time-averaged firing rate during stimulation to each trial’s pre-stimulation baseline using a paired 
two-sided sign-rank test.

Structural MR Imaging.  At least one year after virus injection, structural brain images from two squirrel 
monkeys were acquired on a General Electric Signa 3.0 Tesla system with protocols developed specifically for 
squirrel monkeys as described previously170. The monkeys were scanned under anesthesia induced by subcuta-
neous injection of 20 mg/kg ketamine hydrochloride, 4 mg/kg xylazine hydrochloride, and 0.04 mg/kg atropine 
sulfate. Body temperature was monitored and maintained within the normal range using a cushioned heat pad. 
Earplugs protected against scanner-generated noise. Three types of imaging sequences were acquired per mon-
key: a T1-weighted 3D IR-FSPGR (TR/TE/TI 8.3/2.8/500 ms), a T2-weighted FAST SPIN ECHO sequence (T2 
FSE) (TR/TE 3200/206.6 ms) and a T2-FLAIR sequence (TR/TE 6000/180.9 ms). All scans were acquired in the 
coronal plane, with field of view 8 cm, matrix 256 × 256, voxel size 0.31 × 0.31 × 0.5 mm. Images were digitally 
resliced in the sagittal plane for presentation. Inversion recovery prepared protocols, such as the 3D T1-SPGR 
sequence acquired in this study, have been previously shown to maximize gray versus white matter contrast171.

Histology and imaging.  At least 6 weeks post-injection, squirrel monkeys and rhesus macaques were deeply 
anesthetized with ketamine and isoflurane, euthanized with Beuthanasia, then perfused with heparinized ice-cold 
PBS followed by ice-cold 4% paraformaldehyde. Extracted brains and spinal cords were fixed overnight in 4% 
paraformaldehyde and transferred to 30% sucrose solution for 48–72 hours at 4 °C. Brains and spinal cord were 
sectioned into blocks and frozen. 40 μm thick sections were then cut on a freezing microtome (Leica SM2000R) 
and preserved in cryoprotectant (25% glycerol and 30% ethylene glycol in PBS) at 4 °C. Sections were processed 
using standard immunohistochemical procedures previously reported in6,172. In brief, sections were incubated 
overnight at 4 °C with the primary antibodies rabbit anti-CaMKIIα 1:50 (Santa Cruz), mouse anti-NeuN 1:500 
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(Millipore) and/or rabbit anti-GFAP 1:500 (Millipore), in PBS with 0.01% Triton X-100 (wt/vol) and 3% normal 
donkey serum (wt/vol). Sections were then washed in PBS and incubated in secondary antibodies (1:1000) con-
jugated to Cy3, Cy5, Alexa 647, Alexa 594, or DAPI (Jackson Immuno Research) for three hours at room temper-
ature in PBS with 0.01% Triton X-100 (wt/vol) and 3% normal donkey serum (wt/vol). Sections were washed in 
PBS and incubated in DAPI (1:50,000) for 30 mins, then washed again and mounted on slides with PVA-DABCO. 
Fluorescence images were acquired using a Leica TCS SP5 confocal scanning laser microscope with 10x air and 
40x/1.4 NA oil objectives. Large field coronal images were collected using either a 10x, 20x, or 40x objective, tiling 
stage control, and stitched together in software (Fiji). For each slice, we stained for DAPI and/or NeuN and/or 
GFAP to address specific questions about neural tropism and toxicity of the viral serotype/promoter/opsin used.

In the vicinity of the injection site, the coronal slice with the brightest fluorescence was selected to demon-
strate the expression. In a few cases, the same opsin/promoter combination was injected into more than one 
squirrel monkey. We included images of the first squirrel monkey for whom histology was performed. In rare 
cases where difficulties with perfusion, slicing, or staining negatively impacted the integrity of the brain slices 
or the quality of the fluorescent stain, we selected an alternative slice, possibly from another squirrel monkey 
injected with the same construct.

Data availability.  The datasets generated during and/or analyzed during the current study are available from 
the corresponding author on reasonable request.
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