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Abstract

Background—~Recent genetic technologies such as opto- and chemogenetics allow for the
manipulation of brain circuits with unprecedented precision. Most studies employing these
techniques have been undertaken in rodents, but a more human-homologous model for studying
the brain is the nonhuman primate (NHP). Optimizing viral delivery of transgenes encoding
actuator proteins could revolutionize the way we study neuronal circuits in NHPs.
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New Method—rAAV2-retro, a popular new capsid variant, produces robust retrograde labeling
in rodents. Whether rAAV2-retro’s highly efficient retrograde transport would translate to NHPs
was unknown. Here, we characterized the anatomical distribution of labeling following injections
of rAAV2-retro encoding opsins or DREADD:s in the cortico-basal ganglia and oculomotor
circuits of rhesus macaques.

Results—rAAV2-retro injections in striatum, frontal eye field, and superior colliculus produced
local labeling at injection sites and robust retrograde labeling in many afferent regions. In every
case, however, a few brain regions with well-established projections to the injected structure
lacked retrogradely labeled cells. We also observed robust terminal field labeling in downstream
structures.

Comparison with Existing Method(s)—~Patterns of labeling were similar to those obtained
with traditional tract-tracers, except for some afferent labeling that was noticeably absent.

Conclusions—rAAV2-retro promises to be useful for circuit manipulation via retrograde
transduction in NHPs, but caveats were revealed by our findings. Some afferently connected
regions lacked retrogradely labeled cells, showed robust axon terminal labeling, or both. This
highlights the importance of anatomically characterizing rAAV2-retro’s expression in target
circuits in NHPs before moving to manipulation studies.

Keywords
nonhuman primate; rAAV2-retro; DREADDSs; optogenetics; chemogenetics

INTRODUCTION

Genetic technologies, like optogenetics and chemogenetics, have revolutionized
neuroscience research in small animal models. However, translation of these technologies to
rhesus macaques — an animal model with considerable neural homology to humans — has
been slow. Transgenic technology in small animal models plays a critical role in the
successful /in vivo expression of exogenous actuator proteins (e.g., opsins or chemogenetic
receptors) in target neuronal populations, but transgenic rhesus macaques are impractical
and not widely available. Thus, researchers must resort to using replication-deficient viral
vectors to deliver transgenes to target neuronal populations in rhesus macaques. Achieving
robust pathway-selective expression of a transgene in nonhuman primates (NHPs) via viral
delivery can often be challenging due to poor infection rates (Upright et al., 2018) and weak
spread of viral vectors from injection sites (for full reviews of the challenges associated with
optogenetics and chemogenetics in NHPs, see EI-Shamayleh et al., 2016; EI-Shamayleh and
Horwitz, 2019; Galvan et al., 2017, 2018).

Nevertheless, progress is being made. Studies have employed anterograde pathway-selective
optogenetics in NHPs by injecting an opsin-encoding virus that is preferentially internalized
at cell bodies in one region and illuminating the axon terminals of infected neurons
downstream. Inoue and colleagues (2015) injected frontal eye field (FEF) then optically
stimulated axon terminals of FEF neurons in superior colliculus (SC) (Inoue et al., 2015).
Galvan and colleagues (2016) injected the primary motor and premotor cortices then
optically stimulated the axon terminals of infected cortical neurons in the thalamus (Galvan

J Neurosci Methods. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cushnie et al.

Page 3

et al., 2016). Nurminen and colleagues (2018) injected the secondary visual area then
optically inhibited axon terminals in primary visual cortex (Nurminen et al., 2018). Yazdan-
Shahmorad and colleagues (2018) injected the motor thalamus then optically stimulated
thalamo-cortical axons in the primary motor cortex (Yazdan-Shahmorad et al., 2018). Maeda
and colleagues (2020) injected the amygdala then optically stimulated amygdalo-nigral axon
terminals (Maeda et al., 2020).

Retrograde pathway-selective opto- or chemogenetics involves injecting a virus that is
preferentially internalized at axon terminals at the injection site, then retrogradely
transported to upstream cell bodies, allowing for optical or ligand-mediated manipulation of
a pathway. Retrograde pathway-selective manipulation affords the powerful ability to
compare contributions of multiple inputs to a single brain area. Senova and colleagues
(2018) combined retrograde pathway-selective optogenetics with diffusion-weighted
magnetic resonance imaging tractography to characterize the motor cortico-subthalamic
pathway. They injected retrogradely transported opsin-encoding viral constructs into the
subthalamic nucleus then optically stimulated cell bodies of cortico-subthalamic neurons
(Senova et al., 2018). Other NHP studies have used retrograde viruses for pathway-selective
neurotoxin expression (Inoue et al., 2012; Kinoshita et al., 2019, 2012; Takada et al., 2013;
Tohyama et al., 2017). In addition, numerous anatomical studies have characterized a range
of retrograde viruses in NHPs (Kato et al., 2011a., 2011b; Masamizu et al., 2011; Oguchi et
al., 2015; Tanabe et al., 2017; Tanabe et al., 2019; Weiss et al., 2020). Retrogradely
transported viruses include canine adenovirus type 2 (Soudais et al., 2001), herpes simplex
virus (Jin Bak et al., 1977), rabies virus (Tsiang, 1979), and pseudotyped lentiviral vectors
such as HiRet and EIAV (Kato et al., 2011a.; Senova et al., 2018). These viruses can be
neurotoxic, however, and some infect glia in addition to neurons (Bohlen et al., 2019;
Tanabe et al., 2019; Callaway and Luo, 2015; Ginger et al., 2013; Marconi et al., 2008;
Schnell et al., 2010).

In contrast, recombinant adeno-associated viruses (rAAVSs) are relatively safe and commonly
used in gene therapy and research. AAVs are non-enveloped, single-stranded DNA viruses
(Aponte-Ubillus et al., 2018). rAAVs are produced by removing the viral DNA from wild-
type AAVs and replacing the coding and non-coding DNA regions with an expression
cassette encoding a transgenic protein of interest (Bieler, 1999; Samulski et al., 1989).
These modifications render rAAVs replication deficient. rAAVs are particularly suitable for
transgene delivery to the brain because they can transduce post-mitotic tissue, and their
genome remains episomal (Choi et al., 2006; Naso et al., 2017). Moreover, they produce
long term, stable expression of transgenes, while being minimally immunogenic (Aponte-
Ubillus et al., 2018; Kaspar et al., 2002; Nassi et al., 2015). Thus, rAAVSs have been used to
deliver a range of transgenes in clinical trials for neurological disorders (Monahan and
Samulski, 2000; Ojala et al., 2015; Simonelli et al., 2010). Until recently, rAAVs produced
limited retrograde transport (Aschauer et al., 2013; Castle et al., 2014; Hadaczek et al.,
2016; Masamizu et al., 2011; McFarland et al., 2009; Salegio et al., 2013; San Sebastian et
al., 2013; Taymans et al., 2007; Towne et al., 2010). In NHP opto- and chemogenetics
studies, AAVs primarily have been used to manipulate neural activity local to the injection
site (Acker et al., 2016; Afraz et al., 2015; Cavanaugh et al., 2012; Dai et al., 2014; EI-
Shamayleh et al., 2017; Fetsch et al., 2018; Grayson et al., 2016; Ju et al., 2018; Klein et al.,
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2016; Lu et al., 2015; May et al., 2014; Nagai et al., 2016; Nakamichi et al., 2019; Raper et
al., 2019; Stauffer et al., 2016; Tamura et al., 2017; Upright et al., 2018; Yazdan-Shahmorad
et al., 2016). However, a new rAAV variant—rAAV2-retro—developed through /n vivo
directed evolution (Tervo et al., 2016) has gained recent popularity because of its highly
efficient retrograde transport in rodents (Birdsong et al., 2019; Hong and Heo, 2020).

Motivated by the quest for a non-toxic retrograde virus that reliably and robustly expresses
exogenous actuator proteins in rhesus macaques, we sought to determine if rAAV2-retro’s
efficient retrograde transport would translate to monkeys. Therefore, we injected rAAV2-
retro into rhesus macaque striatal and oculomotor structures, then anatomically characterized
their transgene expression. These structures were chosen because their connectivity has been
studied extensively, allowing for validation. Following rAAV2-retro injections, we observed
extensive retrograde labeling in many regions with afferent connections to the injection sites.
The observed degree of labeling would likely be sufficient for circuit manipulation.
Although rAAV2-retro produced robust retrograde labeling, it did not retrogradely label a//
expected regions. Moreover, rAAV2-retro strongly labeled axon terminals in many areas that
receive direct projections from the injection site. These caveats are critical to consider when
designing rhesus macaque opto- and chemogenetic experiments, and they suggest that
anatomical characterization of rAAV2-retro in regions of interest should precede
physiological and behavioral experiments.

MATERIALS AND METHODS

One female and three male (7-20yrs; 7-14kg; Case 1-5, Table 1) rhesus macaques (Macaca
mulatta) were used in this study. Cases 3 and 4 are separate injections in the same animal.
All methods are in accordance with the NIH Guidelines for Animal Care and Use and were
independently approved by the Institutional Animal Care and Use Committees at the
University of Minnesota, Duke University, and the University of California, Los Angeles.
Prior to this study, the subject for Case 1 participated in electrophysiological and
psychophysical experiments (Grimaldi et al., 2018; Odegaard et al., 2018), the subject for
Case 2 participated in transcranial electric and magnetic stimulation studies (Lee et al.,
2017, 2015; Peterchev et al., 2015, 2008), and the subjects for Cases 2-5 received additional
viral injections as part of different studies (unpublished data) that were not included in the
current analyses.

Viral Vectors

Table 1 lists all viral vectors used in the study. Viral vector solutions were shipped on dry ice
and, upon receipt, immediately placed in a =80°C freezer. In some cases, the viral vector
solution was allowed to thaw briefly for aliquoting. Aliquots were placed in pre-chilled non-
stick micro-centrifuge tubes (VWR International, Radnor, PA) and stored in a -80°C freezer
until injection day. On injection day, viral solutions were removed from the —80°C freezer
and stored in a cooler filled with dry ice. Immediately before use, the vials were allowed to
thaw on wet ice then briefly centrifuged and drawn into a 10 or 25ul Hamilton syringe. A
new aliquot of AAV was used for each procedure and surplus virus was discarded in bleach.
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Viral Injections

Implanted chamber injections—For a single case (Case 1), an existing chamber
implant allowed intracranial access without surgery. The injection site was identified by
electrophysiological recordings of SC neurons discharging maximally for horizontal
contraversive saccades of 10-15° amplitude above the horizontal meridian, based on
previous electrophysiological recordings (Grimaldi et al., 2018; Odegaard et al., 2018). A
10ul Hamilton syringe was used to inject a total of 9l at 0.1pl/min, divided between 3
locations within the SC. At each location, 1ul injections were made at 2, 1.5, and 1mm from
the surface of the SC.

Stereotaxic injections—For 4 cases (Cases 2-5), a surgical procedure was used to inject
viral constructs intracranially. For prophylactic measures against inflammation, animals
received a dexamethasone injection (2.0 mg/kg, IM) one day prior to surgery, and on the
surgery day (Case 2) or diphenhydramine (2.0-4.0 mg/kg, IM) on the surgery day only
(Cases 3-5). Before transport to the surgical suite, animals were sedated with ketamine
hydrochloride (3.0 mg/kg, IM) and dexdomitor (0.075 mg/kg, IM) (Case 2) or ketamine
(10.0mg/kg, IM), midazolam (0.25mg/kg, IM), atropine (0.04mg/kg, IM) and ondansetron
(0.15mg/kg, SQ) (Cases 3-5). Once in the surgical suite, animals were intubated, and an
anesthetic plane was maintained for the duration of surgery using 1-3% isoflurane/oxygen
mix. Some animals (Cases 3-5) received ceftriaxone (100.0mg/kg, IM) and buprenorphine
(.01mg/kg, IM/IV/SQ) at the start of surgery. Buprenorphine was then administered every 4—
6 hrs during the surgery (which lasted 6-8 hrs) and once the morning after (Cases 3-5).

All surgical procedures were carried out under aseptic conditions. Incision sites were
disinfected using betadine and chlorhexidine scrubs, followed by 100% ethanol. During
surgery, vital signs were monitored and maintained within normal limits by a trained
veterinary technician. Before every incision and after final suturing, a cutaneous injection of
0.25% bupivacaine (0.5-1.0 ml/<4mg) was administered along the incision site and mannitol
(0.25-2.5¢/kg, 1V) was administered before the craniotomy bone plate was removed (Case
3-5).

At the start of surgery, the animal was placed into a stereotaxic apparatus (Kopf Instruments,
Tujunga, CA). A midline incision was made, and the muscle and fascia were displaced to
expose the skull. A craniotomy was performed, and dura was removed. For Case 2, the FEF
was identified by visualization of the dorsal superior- and ventral inferior-arcuate sulci, with
the arcuate spur lying posteriorly and the principal sulcus lying anteriorly. A 10ul Hamilton
microsyringe was then held in a micromanipulator at a 45° angle with its tip at the cortical
surface, pointing toward the midline. After getting a surface measurement, the needle was
advanced to 5 mm below the cortical surface. At this location, 2ul of rAAV2-retro-CAG-
GFP were pressure injected and allowed to diffuse from the injection site for 5 mins.
Subsequently, the syringe was drawn up 1 mm and a 1pl injection was made, followed by a
second 5-min wait period. This procedure was replicated at 6 different sites along the genu
of the arcuate sulcus. Injections were performed at a rate of 1l /min. For Cases 3-5, surface
and midline measurements were used to calculate the coordinates of striatal targets that were
pre-established based on Paxinos et al., (2000). A 10ul Hamilton microsyringe held in a
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motorized micromanipulator was lowered into targets. Case 3 received 25ul of rAAV2-retro-
CaMKII-hM4Di-mCherry in the medial caudate (AP 26.5, ML 3.5, DV 16.0), Case 4
received 25l of rAAV2-retro-hSyn-hM4Di-HA distributed across two sites (dorsal-
ventrally) within the lateral putamen (AP 19.5, ML 14.0, DV 21.0/23.0), and Case 5
received 18ul of rAAV2-CaMKII-hM4Di-mCherry distributed across 2 sites (dorsal-
ventrally) in the central striatum (AP 23.5, ML 8.0, DV 18/20.3). Viruses were infused at a
rate of 0.5-1.0pl/min. The Hamilton syringe remained /n sitv for 10 mins at the end of each
infusion and between sites. For all cases, after completion of injections, the syringe was
withdrawn, and the bone flap was replaced and held in place with gel foam. Next, the
muscle, followed by the skin, was sutured and anesthesia was discontinued. The animal was
extubated, returned to its home cage, and monitored for recovery until normal behavior was
observed. For postoperative analgesia, one animal received one dose of buprenorphine SR
(0.2mg/kg, IM) and 1.0mg/kg of dexamethasone for three days post-op, then 0.5 mg/kg of
dexamethasone every other day for an additional week (Case 2). Others received meloxicam
(0.1mg/kg, PO) for 72hrs post-surgery and the antibiotic ceftiofur (5.0mg/kg; SQ/IM) once
daily for 7 days as a preventative measure (Cases 3-5).

Histology and Microscopy

Animal survival times post-surgery ranged between 28-264 days (Table 1). Before
euthanasia, animals were sedated with ketamine hydrochloride (3.0 mg/kg, 1M) then deeply
anesthetized with sodium pentobarbital (50.0 mg/kg, IP). Once areflexic, animals were
transcardially perfused with 1-4L of chilled 0.1M, pH 7.4 phosphate buffered saline (PBS),
followed by 4L of 4% paraformaldehyde in 0.1M, pH 7.4 PBS.

For Cases 1 and 2, the brain was blocked in the frontal plane using a stereotaxic apparatus
then post-fixed in 4% paraformaldehyde in 0.1M, pH 7.4 PBS at 4°C for 24-48 hrs. Blocks
were then cryoprotected in 30% sucrose at 4°C. Afterwards, they were cut into 50um (Case
1) or 75um (Case 2) coronal sections using a freezing stage sliding microtome (American
Optical Company, Buffalo, NY) and stored in PBS at 4°C. For processing, sections were
divided into 6 rostral to caudal series, with ~300um (Case 1) or ~450 um (Case 2) between
adjacent sections in the series. For Cases 3-5, whole brains were postfixed overnight and
cryoprotected in increasing gradients of sucrose (10, 20, and 30%). Next, they were blocked
in the frontal plane, and serial sections of 50um were cut on a freezing microtome and stored
in cryoprotectant solution.

Processing for fluorescence microscopy

Case 1: To observe virus-driven epifluorescence without immunological amplification,
sections were simply mounted on gelatinized (10% gelatin) glass slides and allowed to dry
overnight. Next, they were dehydrated in a gradient of alcohol baths (70%, 95%, 100% - 2
mins in each) and coverslipped using Cytoseal 60 (Thermo Fisher Scientific).

For immunofluorescence amplification, sections were placed in immunoblocking serum
consisting of 1% bovine serum albumin in 0.1 % Triton X-100 in PBS for 2 hrs at room
temperature. After rinsing, they were incubated with a rabbit anti-GFP antibody in PBS
(1:200; Abcam #5450) overnight at 4°C. The next day they were rinsed again and placed in a
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secondary antibody solution consisting of 1:385 donkey anti-rabbit antibody conjugated to
Alexa Fluor 488 (Jackson ImmunoResearch #705-545-147) in 2% normal donkey serum in
PBS for 2 hrs at room temperature.

Immunohistochemical processing for light microscopy

Case 2: Serial free-floating sections (one in six) were washed with 0.1M, pH 7.4 PBS then
incubated in 0.3% H,0, in 0.1M, pH 7.4 PBS to block endogenous peroxidase activity.
Sections were washed in PBS then moved to a 0.25% solution of Triton X-100 in PBS. Next,
sections were transferred to a 1% BSA/0.25% Triton X-100 in PBS solution.

For visualization of GFP expression, sections were incubated in biotinylated goat anti-GFP
antibody (~ 1:200; Rockland 600-106-215) in a 1% BSA/0.25% Triton X-100 in PBS
solution for 1-3 hrs at room temperature, then ~48 hrs at 4°C. Next, sections were washed
with PBS then incubated in biotinylated rabbit anti-goat 1gG secondary antibody (\Vector
Laboratories, PK6105) for 1.5 hrs at room temperature. Sections were then transferred to an
avidin-biotin-horseradish peroxidase complex (ABC) solution (Vector Laboratories,
PK6105) for 1 hr at room temperature. Following another 15 min PBS wash, sections were
placed in 0.5% diaminobenzidine (DAB)/0.01% cobalt chloride/0.01% nickel ammonium
sulfate in PBS solution for 20 mins. Subsequently, 0.3% H,0, was added and allowed to
react with the DAB for 15-30 mins. Afterwards, a final PBS wash was done. Sections were
then mounted on gelatinized glass slides and left to air dry overnight.

Dry mounted sections were stained with thionin, then dehydrated in a gradient of alcohol
baths and coverslipped using Cytoseal 60. Sections were then air dried and stored at room
temperature.

Cases 3-5: Serial free-floating sections (one in eight) were washed in 0.1M POg4- TX, then
incubated in 0.3% H,0, to block endogenous peroxidase activity. Sections were incubated
in primary anti-mCherry antibody (1:1000; Abcam AB167453) and anti-HA antibody
(1:400; Abcam Ab1549585) in 10% NGS and 0.3% Triton X-100 (Sigma-Aldrich) in POy
for 4 days at 4°C. After extensive washing, the tissue was incubated in a biotinylated
secondary antibody followed by incubation in ABC solution (Vectastain ABC kit, Vector
Laboratories). Immunoreactivity was visualized using standard DAB procedures. Staining
was intensified by incubating the tissue for 5-15 s in a solution of 0.05% DAB
tetrahydrochloride and 0.01% H,0,. Sections were mounted onto gel-coated slides,
dehydrated, defatted in xylene, and coverslipped with Permount.

Microscopy—Transgene expression was visualized and charted using a Nikon Eclipse
E600 microscope equipped with a DS-Ri1 digital camera (Case 1), a Zeiss Axiolmager 2
microscope equipped with either an Axiocam 506 color camera (Case 2) or a Lumina HR
camera (Cases 3-5), or a Bausch & Lomb microprojection microscope (Case 2).
Stereolnvestigator and NeuroLucida Softwares (MBF Biosciences, Inc) were used to chart
labeling in some structures (Cases 3-5). Brightfield, darkfield, and fluorescence microscopy
were employed. Digital photomicrographs were obtained using Nikon Elements software
(Case 1), Zeiss Zen software (Case 2) or NeuroLucida Software (Case 3-5).
Photomicrographs were adjusted for brightness and contrast in Adobe Photoshop.
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Following injections into key oculomotor and striatal structures, substantial retrograde
labeling was observed. However, this was not true for all established afferent projections to
the injected structures. In addition, extensive terminal field labeling was consistently
observed. Finally, no “false positives,” or signs of multisynaptic labeling were detected. An
exhaustive list of the labeling or lack of labeling observed in all areas connected to each
injected structure is beyond the scope of this paper. Therefore, the following sections focus
on areas known to have strong, consistent connections to the injected structures, or
connections that have been of particular functional interest to the neuroscience community.

Substantial retrograde labeling

Case 1: Superior colliculus (SC)—Case 1 consisted of an injection of rAAV2-retro-
hSyn-hChR2(H134R)-EYFP into the SC (Figure 1). We examined the pattern of virus-driven
epifluorescence and compared it to labeling seen using immunofluorescence intensification.
All heavily labeled structures in the intensified material showed fluorescent label in the non-
intensified material. However, the degree of dendritic labeling and the number of labeled
cells was improved by the intensification, and lightly labeled structures in the intensified
material sometimes lacked label in material that was not intensified.

Following rAAV2-retro injections in SC, retrogradely labeled neurons were observed in the
FEF ipsilateral to the injected SC (Figure 2A-B). Thus, an important corticocollicular
circuit, previously demonstrated by classical tracers (Fries, 1984), is readily evident in this
material. There was additional cortical labeling in the rest of area 8, area 6, anterior
cingulate cortex (area 24), primary motor cortex, and the ventrolateral prefrontal cortex (area
45). Subcortically, we observed retrogradely labeled cells in a number of structures (not
illustrated); most notably: the contralateral intermediate gray layer of the SC, the peri-
interstitial nucleus of Cajal portion of the mesencephalic reticular formation (piMRF), the
central mesencephalic reticular formation (c(MRF) and the peri-parabigeminal nucleus of the
midbrain, the reticular formation and parabrachial nuclei of the pons, and the vestibular and
trigeminal sensory nuclei of the medulla. Labeling was particularly prominent in the deep
cerebellar nuclei. All of these connections have been reported previously following
injections of traditional retrograde tracers into the SC of NHPs (Fries, 1984; Leichnetz et al.,
1981; May et al., 1990; May, 2006).

Case 2: Frontal eye field (FEF)—Case 2 consisted of an injection of rAAV2-retro-CAG-
eGFP into the FEF (Figure 1). As expected, retrograde labeling could be observed in the
FEF contralateral to the injection site (Figure 2C). Additional cortical labeling was observed
ipsilaterally in other portions of area 8, anterior cingulate cortex (area 24), premotor cortex
(area 6), and the dorsal and ventral banks of the superior temporal sulcus. There was also
subcortical labeling. Retrogradely labeled neurons were present in the claustrum (Figure 2D)
and in the basolateral nucleus of the amygdala (not illustrated). All of these connections
have been previously reported following injections of traditional retrograde tracers into the
FEF (Leichnetz, 1982; Leichnetz and Goldberg, 1988).
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Case 3: Medial caudate nucleus (mCd)—Case 3 consisted of an injection of rAAV2-
retroCaMKII1-hM4Di-mCherry into the mCd, reaching to the head of the caudate nucleus
(Figure 1). Consistent with prior reports, the strongest retrograde cortical labeling was
observed in the frontal lobe (Figure 3A-D), with particularly dense labeling of cell
populations in the dorsal and pregenual anterior cingulate cortex (areas 24 and 32), dorsal
frontal cortex (areas 9/32, 8/32, 9, 8, and rostral portions of areas 6 and 6/32), the
ventromedial prefrontal cortex (area 14), and the frontal pole (area 10). Significant, but less
dense labeling, could also be observed in dorsolateral prefrontal cortex (areas 9/46, 46V,
46D), ventrolateral prefrontal cortex (areas 45 and 47), caudal orbitofrontal cortex (area 13)
and ventromedial prefrontal cortex (area 25). Outside of the frontal lobe, labeling was less
dense, but included the amygdala, hippocampus, entorhinal cortex, posterior cingulate cortex
(areas 23 and 30), and parietal area PG. No labeling was expected or observed in primary
sensory or motor cortices. Subcortically, there was light labeling in the anterior thalamus and
claustrum, consistent with prior work (Arikuni and Kubota, 1985). We did not expect to see
retrograde labeling in the pallidum for this case because CaMKI|I (the promoter used) is not
expressed in this brain region (Benson et al., 1991; Wang et al., 2013). All of these
projections are consistent with prior studies demonstrating cortical projections to the mCd
with conventional tracers (Ferry et al., 2000; Haber et al., 2006; Takada et al., 2001; Yeterian
and Van Hoesen, 1978).

Case 4: Lateral putamen (IPut)—Case 4 consisted of an injection of rAAV2retro-hSyn-
hM4Di-HA into the IPut, with some potential contamination in the ventral claustrum and
adjoining white matter (Figure 1). This case showed a very different pattern of cortical
labeling than Case 3. There was significant retrograde labeling in primary somatosensory
cortex (Figure 3E&G), and lighter labeling in primary motor cortex, area 6, area 6/32, area
24, area 8, and the ventrolateral prefrontal cortex (areas 45 and 44). All of these projections
are consistent with prior studies demonstrating cortical projections to the IPut with
conventional tracers (Kita et al., 1999; Kiinzle, 1977; Takada et al., 2001).

Case 5: Central striatum (cStr)—Case 5 consisted of an injection of rAAV2retro-
CaMKI-hM4Di-mCherry into the dorsal cStr, spanning portions of both the lateral caudate
and medial putamen (Figure 1). We observed less labeling in this case than in the others.
This is probably because much of the injection volume wound up in the white matter of the
internal capsule. Nevertheless, there was significant retrograde labeling in the dorsal frontal
cortex (areas 10, 46, 9, 8, 6, 6/32) (Figure 3F), the dorsal anterior cingulate cortex (area 24),
the ventrolateral prefrontal cortex (areas 47 and 45), and the central orbitofrontal cortex
(area 11). There were scattered cells visible in the thalamus. There was very little label
outside of these areas. All of these projections are consistent with prior studies
demonstrating cortical projections to the dorsal cStr with conventional tracers (Haber et al.,
2006; Takada et al., 2001; Yeterian and Van Hoesen, 1978).

False negatives in retrograde labeling

There were several instances in which we did not observe the expected pattern of afferent
labeling.
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Case 1: SC—We anticipated retrograde labeling in the substantia nigra pars reticulata
(May, 2006) and the zona incerta (Basso and May, 2017), two major sources of GABAergic
input to the SC. However, there were no cells visible in the substantia nigra pars reticulata
(Figure 4A) or the zona incerta (not illustrated).

Case 2: FEF—We expected strong retrograde labeling in the caudal bank of the
intraparietal sulcus (Leichnetz and Goldberg, 1988), but did not observe any labeling there.
In addition, we anticipated extensive retrograde labeling in the thalamus (Huerta et al., 1986;
Leichnetz and Goldberg, 1988), particularly in the mediodorsal nucleus and the pulvinar,
which are the primary sources of ascending input to the FEF. However, retrogradely labeled
cells were not present in any thalamic nuclei. Lastly, we expected, but did not find,
retrograde labeling in the locus coeruleus (Leichnetz and Goldberg, 1988).

Case 3: mCd—The most significant false negative in this case was the lack of retrogradely
labeled cells in the substantia nigra pars compacta.

Case 4: IPut—Because the promoter used in this case was hSyn (rather than CaMKII), we
did expect, but did not observe, substantial retrograde labeling in the internal and external
segments of the globus pallidus. Additionally, there were no labeled cells in any portion of
the substantia nigra.

Case 5: cStr—As in Case 3, we expected, but did not observe, retrograde labeling in the
substantia nigra pars compacta.

Downstream axon terminal labeling

Case 1: SC—The pattern of terminal labeling observed in the brainstem following SC
injections (not illustrated) was very similar to that observed previously with conventional
tracers (Harting, 1977; Basso and May, 2017). In particular, terminal fields were observed in
the midbrain, pontine and medullary reticular formation, as well as in the supraoculomotor
area, nucleus reticularis tegmenti pontis and inferior olive. Ascending pathways were also
labeled. For example, extensive terminal field labeling, with numerous axonal boutons,
could be observed in the paralamellar mediodorsal nucleus of the thalamus (Figure 4B-C).
This labeling was visually compared with results from conventional anterograde tract-tracers
placed in the SC and found to be topographically similar (Figure 4C; Harting et al., 1980;
May, 2006; Basso and May, 2017).

Case 2: FEF—We observed axon terminal labeling in many downstream structures
following FEF injections. Extensive terminal field labeling was observed in the mediodorsal
nucleus of the thalamus (Figure 4D), as well as the medial pulvinar nucleus (not illustrated).
We also saw axons terminating in the caudate, putamen, subthalamic nucleus. Additional
subcortical labeling was observed in the zona incerta, prerubral field, rostral interstitial
nucleus of MLF (riMLF), interstitial nucleus of Cajal, nucleus of Darkschewitsch and
periaqueductal gray. An extensive plexus of labeled axons was present in the intermediate
gray layer of the SC (Figure 4E). This pattern of terminal labeling is consistent with results
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from classical anterograde tract-tracer studies (Huerta et al., 1986; Leichnetz and Goldberg,
1988; Stanton et al., 1988A&B).

Case 3: mCd—~Particularly dense terminal field labeling was observed in both the internal
and external segments of the pallidum (Figure 5A). This labeling was located in the rostral
dorsomedial portions of both segments, in keeping with the highly topographic nature of the
striato-pallidal projection (Heilbronner et al., 2018). Notably, this outcome cannot be due to
misconstruing labeled dendrites as axons because the CaMKII promoter is not expressed in
the pallidum (Benson et al., 1991), so we do not see retrogradely labeled cells there. There
were also densely terminating axons in the substantia nigra, likely involving both the pars
compacta and pars reticulata (Figure 5B).

Case 4: IPut—Similar to Case 3, particularly dense terminal field labeling was seen in the
pallidum (Figure 5C), including both the external and internal segments. Consistent with the
topographic nature of the striato-pallidal projection (Cowan and Powell, 1966; Haber et al.,

1990; Heilbronner et al., 2018), these terminal fields were in the ventral and lateral portions
of the dorsal GPe and GPi, a very different portion of the pallidum than observed in Case 3.
There was also substantial anterograde labeling in substantia nigra, likely involving both the
pars compacta and pars reticulata (Figure 5D).

Case 5: cStr—We did not observe substantial anterograde labeling in this case, but as
noted above, relatively little of the virus was deposited into the gray matter where it could be
taken up by cell bodies.

DISCUSSION

Since its development, rAAV2-retro -- a recently engineered recombinant AAV (Tervo et al.,
2016)-- has been widely used to characterize the anatomy and function of a range of circuits
in rodents (Balmer and Trussell, 2019; Birdsong et al., 2019; Chen et al., 2020; Conner et
al., 2019; Hashimoto et al., 2018; Jackson et al., 2018; Lilley et al., 2019; Miller et al., 2019;
Ren et al., 2018; Sun et al., 2019a; Wang et al., 2018; Zheng et al., 2020). We aimed to
anatomically characterize rAAV2-retro’s transgene expression in rhesus macaques to assess
its potential for use in monkey chemo- and optogenetic studies. Our results suggest that
rAAV2-retro’s highly efficient retrograde axonal transport is conserved across species. Thus,
rAAV2-retro is a promising candidate for reliable, robust expression of actuator proteins in
target neuronal populations in rhesus macaques. Notably, however, we identified a few
regions with afferent projections to our injection sites that were not retrogradely labeled by
rAAV2-retro. In addition, rAAV2-retro robustly labeled terminal fields in many areas that
receive direct projections from the injected structures. Both of these factors have the
potential to dramatically impact which circuits are affected by manipulation techniques.
Therefore, our results highlight the importance of anatomically characterizing rAAV2-retro
in target circuits prior to employing it in physiological or behavioral experiments in NHPs.

rAAV2-retro produces robust, but selective, retrograde labeling

Micro-infusions of rAAV2-retro in rhesus macaque striatal and oculomotor structures
produced local infection at injection sites and extensive retrograde labeling of cell bodies in
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brain areas with direct projections to the injection site. Efficacy of retrograde transport is
difficult to quantify, as determining precisely how many cells in a given brain area project to
the injected region within a structure is challenging. In addition, the threshold for the degree
of retrograde transport required to elicit a behavioral change via opto- or chemogenetics is
unknown, and likely varies by structure and circuit. Thus, in our study, we aimed to provide
a qualitative, rather than quantitative, picture of the degree of labeling achieved with rAAV2-
retro to serve as a basis for more sophisticated studies of the relationship between degree of
labeling and physiological or behavioral effects in specific circuits. Future quantitative
analyses of these relationships are required.

Our findings reproduced the well-established anatomical connectivity of the unique NHP
cortico-striatal and oculomotor circuits. The retrograde labeling produced by rAAV2-retro
was, in many areas, comparable in both pattern and density to that produced by conventional
retrograde tract-tracers (Haber, 2016; Haber et al., 1995; Leichnetz and Goldberg, 1988;
May, 2006). Moreover, our results corroborate those described by Weiss et al (2020) (with
some exceptions, discussed below), who injected rAAV2-retro into the striatum of rhesus
macaques (Weiss et al., 2020). They too observed extensive retrograde labeling in many
regions. They compared rAAV2-retro to AAV2 and found that, in contrast to rAAV2-retro,
AAV2’s labeling was largely confined to the injected structures. This confirms rAAV2-
retro’s superior retrograde axonal transport in macaques and supports our claim that it is a
promising tool for dissecting neural circuits in NHPs.

Although we observed retrograde labeling in most expected areas following rAAV2-retro
injection, we, intriguingly, identified at least one brain area in every case (1-5) that appeared
devoid of retrograde labeling, despite having well-established afferent projections to the
rAAV2-retro injection site. For example, while classical tracer studies show strong
projections from substantia nigra pars compacta to striatum (Carpenter and Peter, 1972;
Haber et al., 2000) and substantia nigra pars reticulata to SC (Jayaraman et al., 1977,
Beckstead and Frankfurter, 1982; May, 2006), we found no labeled cells in any subdivision
of the substantia nigra following rAAV2-retro injection in striatum or SC (Cases 1; 3-5).
Similarly, while classical tracer studies show strong projections from mediodorsal thalamus
to FEF (Leichnetz and Goldberg, 1988), we found no labeled cells in mediodorsal thalamus
following rAAV2-retro injection in FEF (Case 2). rAAV2-retro exhibited this pattern of
cellular tropism irrespective of animal survival time (from ~1-8 months). Viral tropism is
complex and multifactorial, but generally falls under one of two categories: receptor-
dependent (i.e. viral uptake restricted by the absence of necessary cell-surface receptor(s)) or
receptor-independent (i.e. viral replication restricted post-cell entry) (Nomaguchi et al.,
2012). Whether rAAV2-retro’s cellular tropism is receptor-dependent, receptor independent,
or a combination of the two, remains unknown.

Pillay and colleagues (2016) recently identified a receptor — AAV receptor (AAVR) — that is
essential for infection by all AAV serotypes (Pillay et al., 2016). It remains unknown
whether rAAV2-retro uses AAVR to enter cells or whether it employs a novel cell entry
mechanism. Regardless, the absence of rAAV2-retro’s cell surface receptor is unlikely to
explain its selective retrograde labeling in our study — at least in our striatal injections. In
contrast to our results, Weiss et al (2020) reported transgene expression in substantia nigra
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pars compacta following injection of a different rAAV2-retro construct into the striatum of
rhesus macaques (Weiss et al., 2020). Their results indicate that the terminals of macaque
substantia nigra pars compacta neurons in striatum very likely express the necessary
receptor(s) for rAAV2-retro cell entry. We suspect, therefore, that intracellular factors, rather
than restricted cell entry, are responsible for rAAV2-retro’s selective expression pattern in
our hands. Moreover, Tervo et al (2016) reported a few classes of projection neurons in
rodents that seemed resistant to retrograde labeling by rAAV2-retro. However, in some of
these projections (e.g. corticothalamic and corticobulbar projections), rAAV2-retro delivery
of Cre recombinase resulted in robust Cre-dependent transgene expression. Because only
small amounts of Cre recombinase are necessary to drive expression, this finding suggests
that rAAV2-retro is capable of delivering transgene to these neurons, but transgenic protein
expression is weak. This, again, supports our hypothesis that rAAV2-retro’s selective
labeling is not a function of cell-surface receptor availability; rather, it is a function of
intracellular factors. We suspect that similar experiments in macaques would reveal the same
result, but additional work is needed for confirmation. Thus, optical or ligand-mediated
manipulation of areas in which we expected, but did not observe, retrograde labeling may
elicit neural responses via small amounts of transgenic actuators that were undetectable
using our visualization methods. Physiological experiments are needed to test this.

Several research groups have reported discrepancies in transport properties of AAVS when
the same serotype is used (Aschauer et al., 2013; Burger et al., 2004a; Cearley et al., 2008;
Kaspar et al., 2002; Masamizu et al., 2011; Salegio et al., 2013; Zingg et al., 2017).
Promoter choice is likely to play a role in these discrepancies. For example, we used human
synapsin (hSyn) and Calcium/calmodulin-dependent kinase Il alpha subunit (CaMKII)
promoters in our striatal injections. Weiss et al (2020) used cytomegalovirus (CMV) and
CMV early enhancer/chicken g actin (CAG) promoters. Studies in NHPs have shown that
cellular transduction patterns vary with viral serotype, promoter, and brain area injected
(Benson et al., 1991; Gerits et al., 2015; Lerchner et al., 2014; Watakabe et al., 2015; Wu et
al., 2017; Yaguchi et al., 2013). Future experiments comparing rAAV2-retro labeling
patterns with different promoters, both within and across multiple brain areas, are needed.

Galvan and colleagues (2019) found that large fluorescent tags, such as mCherry, on viral
constructs encoding certain DREADDs, interfere with plasma membrane trafficking of those
DREADDs in NHPs (Galvan et al., 2019). Replacing mCherry with a much smaller tag,
haemagglutinin (HA), improved membrane trafficking (Galvan et al., 2019). In addition,
Yazdan-Shahmorad and colleagues (2018) reported lower transgenic protein expression
levels in monkeys injected with viral constructs encoding an opsin fused to mCherry
compared to ones encoding an opsin fused to YFP (Yazdan-Shahmorad et al., 2018). Our
study did not directly test the effects of protein tag choice on rAAV2-retro’s retrograde
labeling. The viral vector used in one of our striatal injections (Case 4) carried an HA tag, in
contrast to the mCherry tag on the viral vectors used in the other two striatal injections
(Cases 3&5). Nevertheless, none of the striatal injections, which share common anatomical
connections, produced nigral labeling. It is important to note, however, that the promoter on
these constructs also differed (hSyn in Case 4 versus CaMKII in Cases 3&5). Viruses
encoding different tags were not tested in FEF and SC. Therefore, no concrete conclusions
can be drawn about tag choice from our results, and our visualization methods do not allow
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for precise cellular or subcellular localization of the actuator proteins. Future experiments
comparing rAAV2-retro labeling patterns with different reporter tags are needed.

Finally, we considered the possibility that animal survival times may affect rAAV2-retro
transduction patterns but concluded that this is unlikely. We examined a wide range of
survival times in our study (~1-8 months) and found that rAAV2-retro consistently produced
selective retrograde labeling. We did not, however, examine the effects of varying injection
volume and titer or using different injection methods, such as convection enhanced delivery
(CED). CED has been reported to improve transduction levels in NHPs. It creates a pressure
gradient that increases the spread of the viral solution through the parenchyma of the brain
rather than depending solely on the properties of diffusion like the conventional micro-
injection technique used in our study. CED allows for faster injection rates, and results in
widespread and uniform transduction (Bankiewicz et al., 2000; Cunningham et al., 2008;
Johnston et al., 2009; Kells et al., 2009; Khateeb et al., 2019; Yazdan-Shahmorad et al.,
2018, 2016). However, our use of multiple micro-injections in each structure likely produced
a similar spread to that achieved with CED, as we saw extensive retrograde transport that
indicates that this variable does not account for the selectivity of the retrograde transport.
Additionally, micro-injections allow for targeted focal expression when necessary.

Overall, although false negatives were observed in our study, we have identified viral
constructs that are effective for delivering transgene to key projections such as the cortico-
striatal projection and the FEF-SC projection.

rAAV2-retro labels axon terminals in rhesus macaque cortico-basal ganglia and
oculomotor circuits

In almost every case (1-4) we observed extensive labeling of axon terminals in many brain
areas. For example, we found labeled terminal fields in mediodorsal thalamus and
throughout the brainstem following rAAV2-retro injection in SC and FEF (Cases 1&2).
Similarly, we found labeled terminal fields in globus pallidus and substantia nigra following
rAAV2-retro injection in striatum (Cases 3&4). The patterns and density of labeled terminal
fields produced by our rAAV2-retro injections closely replicate those produced by
conventional anterograde tracers injected in the same structures (Basso and May, 2017;
Haber et al., 1990; Harting 1977; Harting et al., 1980; Heilbronner et al., 2018; Huerta et al.,
1986; Stanton et al., 1988A&B). There are at least two possible mechanisms for the axon
terminal labeling in our cases. rAAV2-retro may infect cell bodies at the injection site, much
like other AAV serotypes, and fill the axons and axon terminals of infected cells with
exogenous protein. Alternatively, it may infect terminals of short axon collaterals local to the
injection site, be retrogradely transported to cell bodies, then fill the long projection axons of
those cell bodies with exogenous protein. For example, striatal medium spiny neurons have
extensive short axon collaterals near the soma, as well as long-distance projections to the
pallidum and substantia nigra (pars reticulata and pars compacta) (Preston et al., 1980).
Similarly, the crossed output cells of the SC intermediate gray layer have local axon
collaterals (Moschovakis et al., 1988).

Regardless of mechanism, it is important to note the functional implications of such labeled
terminal fields on opto- and chemogenetic studies in NHPs. For example, in our study,
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optical stimulation or intracranial injection of the DREADD ligand in mediodorsal thalamus
following rAAV2-retro injection in FEF would result in manipulation of FEF-mediodorsal
thalamus projections, but not mediodorsal thalamus-FEF projections. This is due to the fact
that axon terminals were labeled in mediodorsal thalamus, but cell bodies, unexpectedly,
were not. Taken together, the findings of selective retrograde labeling and terminal field
labeling produced by rAAV2-retro in our study highlight the importance of anatomically
characterizing transgene expression by viruses before employing them in NHP chemo- and
optogenetic experiments. Bypassing anatomical characterization may result in unknowingly
exciting or inhibiting an unintended brain circuit during physiological and behavioral
experiments. Rodent studies employing rAAV2-retro have not frequently reported terminal
field labeling. However, implications of axon terminal labeling in rodent opto- and
chemogenetic studies are not as severe given that axon terminal labeling is easily mitigated
by using transgenic technology and Cre-dependent expression, two very common methods
in rodent studies. However, in NHPs, such technologies are difficult, so anatomical
characterization of viral vectors in these animal models is critical.

rAAV2-retro safety

Many retrogradely transported viruses such as rabies virus, herpes simplex virus, canine
adenovirus type 2, and some pseudotyped lentiviruses can be neurotoxic (Bohlen et al.,
2019; Tanabe et al., 2019; Callaway and Luo, 2015; Ginger et al., 2013; Marconi et al.,
2008; Schnell et al., 2010). In the current study, rAAV2-retro did not cause any obvious
behavioral changes in the injected animals, and our histological processing did not reveal
any visible signs of gliosis, suggesting that rAAV2-retro is relatively safe. Glial marker
immunostaining following rAAV2-retro injections in rodents (Sun et al., 2019a) and rhesus
macaques (Weiss et al, 2020) showed that rAAV2-retro does not produce significant toxic
effects. In addition, after an 8-month survival period (Case 1), we still observed robust
transgene expression, indicating that long periods of transgene accumulation did not elicit an
immune response that affected expression levels.

Future directions

In this study, we anatomically characterized rAAV2-retro expression in rhesus macaques.
Our results suggest that it is a promising vector for delivery of exogenous genes encoding
actuator proteins, such as opsins and chemogenetic receptors, in rhesus macaques. Future
experiments will be aimed at validating the functional efficacy of protein actuators delivered
by rAAV2-retro in rhesus macaque opto- and chemogenetic studies. In parallel, additional
experiments are needed to identify optimal rAAV2-retro injection parameters for producing
maximal spread and transgene expression, without initiating an immune response. More
work is also needed to elucidate rAAV2-retro’s cell entry mechanism and determine the
effect of promoter choice and reporter tag on patterns of transgenic protein expression.
Future experiments could also explore using rAAV2-retro in combination with other
retrograde viruses to define the complete connectivity of circuits, since other retrograde
viruses have also been reported to exhibit selective retrograde labeling (Sun et al., 2019a).
Alternatively, AAV variants with tailored tropism (Davidsson et al, 2019) could be used to
label specific projections in which rAAV2-retro’s retrograde axonal transport is inefficient.
For example, Davidsson et al (2019) developed an AAV variant that is retrogradely
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transported in dopaminergic neurons, such as the nigrostriatal projection neurons that
rAAV2-retro failed to label in our hands. NeuRet, a recently developed pseudotyped
lentiviral vector, is another promising candidate that robustly labels nigrostriatal projections
and is minimally immunogenic (Kato et al., 2011b; Tanabe et al., 2019). Another future
direction to explore is using rAAV2-retro in intersectional methods. Its robust retrograde
transport makes it a promising virus to employ in such techniques (Conner et al., 2019).
While some NHP studies have successfully achieved Cre-driven transgene expression via
intersectional methods (O’Shea et al., 2018; Stauffer et al., 2016; Oguchi et al., 2015), such
methods remain challenging and need optimization. Future experiments could also explore
injecting rAAV2-retro using convection enhanced delivery, which has been reported to
improve transduction levels in monkeys (Bankiewicz et al., 2000; Cunningham et al., 2008;
Johnston et al., 2009; Kells et al., 2009; Khateeb et al., 2019; Yazdan-Shahmorad et al.,
2018, 2016). Lastly, rAAV2-retro has already been used in rhesus macaques to deliver
transgenes for creating new disease models (Weiss et al., 2020). Therefore, rAAV2-retro
shows great promise for use in gene therapies for the treatment of a wide range of
neurological diseases and neuropsychiatric disorders, but more work is needed to explore
rAAV2-retro’s potential in the clinical realm.
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HIGHLIGHTS
When injected into rhesus macaque striatal and oculomotor structures, rAAV2-retro:
. Produces robust retrograde labeling in most structures with direct projections
to the injection site, likely sufficient for circuit manipulation in rhesus
macaque opto- and chemogenetic studies
. Does not retrogradely label a// structures with direct projections to the
injection site
. Produces robust terminal field labeling in many structures that receive direct

projections from the injection site
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Figure 1. Injection sites.
An illustration and image are shown to demonstrate the injection site location in each case.

The extent of the injection site in each case is shown in green in the illustration. AC=
anterior commissure; CC= corpus callosum; Cd=caudate; Cls=claustrum; cStr=central
striatum; FEF=frontal eye field; GPe= globus pallidus, external segment; IPut=Ilateral
putamen; LV=lateral ventricle; mCd=medial caudate; PAG=periaqueductal gray;
put=putamen; SC=superior colliculus; SGl=stratum griseum intermedium; SGS=stratum
griseum superficiale; SO=stratum opticum;.
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Figure 2. Retrograde labeling in visuomotor circuitry.
A-B. Following rAAV2-retro injections into the superior colliculus (SC) (Case 1), dense

retrograde labeling was observed in the frontal eye field (FEF). (A) shows a low
magnification view of FEF on the left. The boxed area is shown at higher magnification on
the right. Labeled pyramidal cell somata are indicated by arrows. Note the extensive
dendritic labeling. (B) shows chartings of cortical retrograde labeling (green dots) following
rAAV2-retro injections in SC. Only labeling in the FEF and immediate vicinity is shown.
Inset in (B) shows cortical labeling in the FEF and immediate vicinity following an injection
of a classical tract-tracer, horseradish peroxidase, into the SC (adapted with permission from
Leichnetz et al., 1981). C-D. Following rAAV2-retro injections into FEF (Case 2), dense
retrograde labeling was observed in the contralateral FEF (C) and ipsilateral claustrum (D).
The box in D (left plate) indicates the region shown at higher magnification in the right
plate, where labeled cells are indicated by arrows. a6=area 6; a8=area 8; CS=cingulate
sulcus; FEF=frontal eye field; SAR=superior arcuate sulcus; SC=superior colliculus.
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Figure 3. Retrograde labeling in cortico-basal ganglia circuitry.
Selected examples of cortical labeling following rAAV2-retro injections into striatum.

Following injections into the medial caudate nucleus (Case 3), dense retrograde labeling was
observed in the ventromedial prefrontal and medial orbitofrontal cortices (A&C) and the
dorsal anterior cingulate cortex (B&D). The boxed areas in the photomicrographs in (A&B)
are shown at higher magnification in (C&D), respectively. Note the extensive dendritic
labeling. Following injections into the ventrolateral putamen (Case 4), significant retrograde
labeling was observed in the sensorimaotor cortices (E). The boxed region shown in the left
photomicrograph in (E) is located in primary motor cortex. The boxed region shown on the
right in (E) is located in the secondary somatosensory cortex. In both cases, brown, labeled
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cells are indicated by arrows. Following injections into the dorsocentral striatum (Case 5),
retrograde labeling was observed in the lateral prefrontal cortices (F). Arrows indicate a row
of brown, labeled cells in layer V. G. Enlargement of the boxed region in the secondary
somatosensory cortex from (E). ad=area 4; al3=area 13; al4=area 14; a24=area 24;
a32=area 32; CC=corpus callosum; Cd=caudate nucleus; CS=cingulate culcus; CnS=central
sulcus; cStr=central striatum; GPi=globus pallidus, internal segment; IAR=inferior arcuate
sulcus; LF=lateral fissure; IPut=lateral putamen; mCd=medial caudate nucleus;
mOrb=medial orbital sulcus; PS=principal sulcus; put=putamen; ros=rostral sulcus;
SAR=superior arcuate sulcus.
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Figure 4. Additional characterization of labeling in visuomotor circuitry: false negatives and
terminal fields.

rAAV2-retro injections into SC (Case 1) should result in retrograde labeling in the substantia
nigra pars reticulata, but no labeled cells were observed (A). Photomicrographs (B) and a
charting (C) indicate the pattern of terminal field labeling in the thalamus following rAAV2-
retro injections in SC (Case 1). A dense terminal field is present in the paralamellar portion
of the mediodorsal nucleus of the thalamus (B). The box in the upper plate is shown at
higher magnification in the lower plate to demonstrate the labeling of individual terminal
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puncta. The charting in (C) shows the pattern of terminal label (red stipple) in the ipsilateral
and contralateral mediodorsal nucleus of the thalamus, and the adjacent intralaminar zones.
For comparison, inset in (C) shows terminal field labeling from a case in which the
conventional anterograde tract-tracer WGA-HRP was injected into the SC (adapted with
permission from May, 2006). (D) shows charting of terminal field labeling (red stipple) in
the thalamus and basal ganglia following rAAV2-retro injections in FEF (Case 2). Terminal
fields were located laterally in mediodorsal nucleus of the thalamus and the adjacent
intralaminar zone, as well as in the caudate, putamen and subthalamic nucleus. For
comparison, inset in (D) shows terminal field labeling from a case in which a traditional
anterograde tract-tracer, tritiated amino acids, was injected into FEF (adapted with
permission from Stanton et al., 1988). Charting in (E) shows the pattern of terminal labeling
(red stipple) in the deeper layers of the SC following rAAV2-retro injections into FEF. The
density of the terminal field can be appreciated in the upper photomicrograph. The boxed
region, shown at higher magnification in the lower plate, reveals the morphology of the
axonal arbors. Cd =caudate nucleus; contra=contralateral to the injection site; FEF=frontal
eye field; GPe=globus pallidus, external segment; IL=internal medullary laminae;
ipsi=ipsilateral to the injection site; LD=lateral dorsal nucleus of the thalamus;
MD=mediodorsal nucleus of the thalamus; PAG=periaqueductal gray; pIMD=paralamellar
mediodorsal nucleus of the thalamus; put=putamen; SC=superior colliculus;
STN=subthalamic nucleus; VVL=ventral lateral nucleus of the thalamus.
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Figure 5. Additional characterization of labeling in cortico-basal ganglia circuitry: false
negatives and terminal fields.

rAAV2-retro injections in the dorsomedial caudate (Case 3) resulted in terminal field
labeling in both segments of the pallidum (A), shown with dark field illumination, and in the
medial part of the substantia nigra (likely involving both the pars compacta and pars
reticulata) (B). The box in (B) is shown at higher magnification in the inset. rAAV2-retro
injections in the ventrolateral putamen (Case 4) resulted in terminal field labeling, but not
retrograde labeling, in both segments of the pallidum (C), shown with dark field
illumination, and in a more lateral part of the substantia nigra (likely involving both the pars
compacta and pars reticulata) (D). Boxed regions in both (C) and (D) are shown at higher
magnification in the insets. cp=cerebral peduncle; GPe=globus pallidus, external segment;
GPi=globus pallidus, internal segment; put=putamen; mCd=medial caudate; SN=substantia
nigra.
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Table 1:
Cases in this study.
# of tracks/
# of
injections
. — Transport Volume Injection per track/
Sulbljject Czse Ilg{:(zcttilc?r? Viral construct Source time Titer injected rate (ul/ spacing
(days) (U} min) between
injections
in each
track (mm)
rAAV2-retro-hSyn- | Salk Institute
M18-11 1 SC hChR2(H134R)- Viral Vector 264 2.5x1013 9 0.1 3/3/0.5
EYFP Core
University of
rAAV2-retro- North 1
M17-04 2 FEF CAG-GEP Carolina 28 1.8x10 18 1 6/2/1
Vector Core
University of
rAAV2-retro- Minnesota
M15 3 mCd CaMKII - hM4Di- Viral Vector 48 1.2x10% 25 1 1/1/--
mCherry & Cloning
Core
University of
Minnesota
M15 4 Put [ PAAVZIEUOSYN | viral Vector 48 13x10% | 25 1 11212
& Cloning
Core
University of
rAAV2-retro- Minnesota
M11 5 cStr CaMKII-hM4Di- Viral Vector 56 1.2x1014 18 0.5 1/2/2.3
mCherry & Cloning
Core

Transport time is time between injection and sacrifice. Titer given in GC/ml (Cases 3-5) or pp/ml (Cases 1-2). cStr=central striatum; FEF=frontal

eye fields; IPut=Ilateral putamen; mCd=medial caudate; SC=superior colliculus.
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