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Abstract

Retrogradely-transducing viral vectors are versatile tools for anatomical and functional
interrogations of neural circuits. These vectors can be applied in nonhuman primates (NHPs),
powerful model species for neuroscientific studies with limited genetic tractability, but limited
data is available regarding the tropism and transgene expression patterns of such viruses after
injections in NHP brains. Consequently, NHP researchers must often rely on related data available
from other species for experimental planning. To evaluate the suitability of rAAV2-retro in the
NHP basal ganglia, we studied the transgene expression patterns at the light and electron
microscope level after injections of rAAV2-retro vector encoding the opsin Jaws conjugated to a
green fluorescent protein (GFP) in the putamen of rhesus macaques. For inter-species comparison,
we injected the same vector in the rat dorsal striatum. In both species, GFP expression was
observed in numerous cortical and subcortical regions with known striatal projections. However,
important inter-species differences in pathway transduction were seen, including labeling of the
intralaminar thalamostriatal projection in rats, but not monkeys. Electron microscopic
ultrastructural observations within the basal ganglia revealed GFP labeling in both postsynaptic
dendrites and presynaptic axonal terminals; the latter likely derived from anterograde transgene
transport in neurons. that project to the striatum, and from collaterals of these neurons. Our results
suggest that certain neural pathways may be refractory to transduction by retrograde vectors in a
species-specific manner, highlighting the need for caution when determining the suitability of a
retrograde vector for NHP studies based solely on rodent data.
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Introduction.

Viruses with retrograde transport properties provide an efficient means for selective genetic
targeting of neurons based on anatomical projection patterns (Soudais et a/., 2001; Hollis 11
et al., 2008; Kato et al., 2011; Nassi et al., 2015; Tervo et al., 2016; Chatterjee et al., 2018;
Naidoo et al., 2018; Tordo et al., 2018; Davidsson et al., 2019). While a number of viral
vectors have been described to retrogradely transduce neurons, these viruses may differ
substantially in their tropism, or capacity and efficiency to drive transgene expression in
different circuits and cell types (Wickersham et a/., 2007; Low et al., 2013; Rothermel et al.,
2013). Such tools may be particularly useful for targeting classes of projection neurons for
which cell type-specific gene promoters are not available or are otherwise unsuitable for
viral transgene delivery, such as when the promoter sequence is too lengthy for viral
packaging. The potential to use retrogradely-transducing vectors to target specific pathways
make them particularly attractive to use in species for which transgenic models are not yet
widely available, such as rats and non-human primates. In particular, there is an increasing
trend towards the use of viral vectors to drive transgene expression in the NHP brain, both
for basic neuroscientific and therapeutic research applications (Masamizu et al., 2011; Gerits
& Vanduffel, 2013; San Sebastian et al., 2013; Porras et al., 2014; Galvan et al., 2018;
Naidoo ef al., 2018). The neuroanatomical and functional similarities between NHP and
human brains render these animal models particularly important for translationally-guided
studies (Phillips et al., 2014; Roelfsema & Treue, 2014), including pre-clinical evaluations
of gene therapies (Mueller & Flotte, 2008).

Recently, a designer vector variant of recombinant adeno-associated virus serotype 2 was
described (rAAV2-retro) with highly potent and selective retrograde transduction properties
in the rodent brain (Tervo et a/., 2016). This vector was developed using an in vivo directed-
evolution approach to screen and isolate rAAV variants that were efficiently trafficked from
long-range projections to their parent soma. rAAV2-retro has emerged as a prominent
retrograde vector for rodent neuroscientific studies, and may also provide a particularly
useful tool for selective transduction of projection cell types in NHP brain, as alternative
approaches for cell type-specific transgene delivery are highly limited in these model species
(Galvan et al., 2018). Interestingly, assessment of transgene labeling patterns following
rAAV2-retro injections in mouse brain revealed that certain neuronal pathways were
refractory to retrograde labeling (Tervo et al.,, 2016). Whether such tropisms among
retrograde vectors vary in a mammalian species-dependent manner is an important question
that has not been systematically investigated.

With the long term goal of using rAAV2-retro as a tool to study specific neuronal pathways
in NHPs, we have conducted light and electron microscopy observations of transgene
labeling patterns following intra-striatal injections of the rAAV2-retro vector, encoding an
opsin-conjugated green fluorescent protein (GFP) in rhesus macaques. We chose an opsin-
encoding vector for these analyses due to the increasing use of optogenetic tools in NHP
studies, and in recognition of the fact that viral expression patterns may vary by genetic
payload (Rothermel et al., 2013). The striatum was chosen as an injection target due to its
well-defined input/output patterns, including both reciprocal and non-reciprocal long-range
projections, as well as the importance of this region in a wide number of neurological and
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neuropsychiatric diseases (Haber, 2003; Kreitzer & Malenka, 2008). Similar injections were
done in parallel in rats, another genetically relatively non-tractable species, to evaluate the
species specificity of the transduction patterns. EM ultrastructural observations were
conducted in a subset of labeled basal ganglia regions in both species to identify putative
sources of anterograde labeling evident in these structures, providing the first ultrastructural
examination of neuronal elements labeled by rAAV2-retro. Overall, our results demonstrate
that certain neural pathways may be refractory to transduction by retrograde vectors in a
species-specific manner, highlighting the need for caution when determining the suitability
of a retrograde vector for NHP studies based solely on rodent data. Our findings also
indicate substantial anterograde transport of a transgene following rAAV2-retro-mediated
retrograde transduction, providing evidence for a possible use of this method for
connectome studies in rodents and primates.

Materials and Methods.

Subjects:

Three male Sprague-Dawley rats (Charles River, 300-350g), and 2 male rhesus macaques
(Maccaca Mulatta, from the Yerkes Primate Center colony, 5 years old at time of surgery)
were used in this study. All procedures were approved by the Animal Care and Use
Committee of Emory University, and performed in accordance with the Guide for the Care
and Use of Laboratory Animals (NRC, 2010) and the U.S. Public Health Service Policy on
the Humane Care and Use of Laboratory Animals (revised 2015).

Viral Reagent:

Stereotactic

For all described experiments, the rAAV2-retro vector was used (Tervo et al., 2016),
encoding the inhibitory opsin Jaws (Chuong et al., 2014) conjugated to a GFP tag, under the
human synapsin (hSyn) promoter (rAAV2-retro-hSyn-Jaws-KGC-GFP-ER?2). Here, KGC
and ER2 refer to trafficking sequences for the Kir2.1 potassium channel. Virus was obtained
from Addgene (Cat. No. 65014-AAVrg; lot v32356) and used at a titer of 1.3x1013,

Surgery (Rats):

Rats underwent a single surgery for intracranial injection of virus solution in the
dorsomedial striatum, using sterile technique. Subjects were initially briefly sedated in an
isoflurane induction chamber (4-5% isoflurane), and then placed in a stereotactic frame with
nosecone adapter (Kopf, Tujunga, CA) (1.5-3% isoflurane for maintenance). Meloxicam (1-
2mg/kg; s.c) was used as a surgical analgesic to reduce pain, administered once immediately
prior to surgery and once daily for two days post-surgery. The surgical site was shaved and
pre-treated with repeated ethanol and betadine swabs, followed by scalp incision and skull
cleaning to visualize skull sutures. Ocular ointment was applied to prevent eye dryness
during anesthesia. A rat stereotactic atlas (Paxinos & Watson, 2006) was used to define burr
hole and subsequent injection coordinates, as follows (with reference to bregma and cortical
surface): 0.4mm anterior, 3.4mm lateral, and 4.2mm ventral. In all cases, a total volume of
0.5ul was injected, at a rate of 0.1ul/min with an additional 5min post-injection diffusion
period prior to needle withdrawal. Injections were administered using a Hamilton
microsyringe (Reno, NE) coupled to an automated injector pump system (Stoelting, Wood
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Dale, 1l). Following injections, the skin was sutured and rats were recovered from anesthesia
before returning to their home cage.

Surgery (Monkeys):

Monkeys underwent a surgery for intracranial injection of virus solution in the sensorimotor
putamen, using sterile technique. Subjects were initially sedated with either ketamine
(10mg/kg) or telazol (3-5mg/kg), intubated for isoflurane anesthesia (1-3%; intratracheal),
and placed in a stereotactic frame. A craniotomy was performed, and the dura pierced using
a 23g needle. A rhesus macaque stereotactic atlas (Paxinos et al., 1999) was used to define
the craniotomy and subsequent putamen injection coordinates, as follows: 14.7mm anterior
to the interaural line, 14mm lateral to the midline, 20mm ventral from the cortical surface. In
both monkeys, a total volume of 1.0ul of viral vector solution was unilaterally injected, at a
rate of 0.2ul/min using the same injector pump system as described above for rat surgeries),
allowing an additional 5min post-injection diffusion period prior to needle withdrawal.
Following injections, the skin was sutured, and monkeys were recovered from anesthesia
before being returned to their home cage. Post-operatively, animals were treated with
buprenorphine (0.03mg/kg) and banamine (1mg/kg, both drugs being delivered every 6
hours for 3 days) to treat pain, and rocephin (25mg/kg for 7 days) to prevent infection.

Perfusion and Tissue Preparation:

All animals (rats and monkeys) were perfused approximately one month following surgery.
At euthanasia, monkeys were deeply anesthetized with pentobarbital (100mg/kg; i.v.), while
rats received an overdose of ketamine (50mg/kg) and xylazine (15-20mg/kg) delivered as a
cocktail (i.p.). The animals were then transcardially perfused with an oxygenated Ringer’s
solution followed by a fixative made up of 4% paraformaldehyde and 0.1% glutaraldehyde.
Brains were then taken out from the skull, post-fixed for 24 hours in 4% paraformaldehyde
and cut in 60um-thick sections with a vibrating microtome. Nissl staining was used to verify
accuracy of injection tract placements.

Light Microscopy/ Immunohistochemistry:

Every fourth tissue section (rat and monkey) was labeled for GFP using previously described
immunohistochemical procedures (Galvan et al., 2016a; Galvan et al., 2019; Albaugh et al.,
2020). Sections were first treated with 1% sodium borohydride (to retrieve antigens) and
rinsed in phosphate-buffered saline (PBS; 0.01M, pH 7.4). Non-specific antibody binding
sites were then blocked with 1% normal goat serum (NGS), 1% bovine serum albumin
(BSA), and 0.3% Triton X-100 in PBS. Sections were then incubated for 24hr in a primary
antibody solution containing the same blocking agents as well as an anti-GFP polyclonal
antibody raised in rabbit (1:5000; Invitrogen, Waltham, MA, Cat No. A-11122; Lot
2083201; RRID AB_221569). This antibody results in highly specific labeling of GFP-
positive cellular elements at both the light and electron microscopic levels, as previously
described (Galvan et al., 2016a). A subset of additional sections containing the substantia
nigra were co-incubated with the GFP antibody and an anti-tyrosine hydroxylase (TH)
monoclonal antibody raised in mouse (1:1000; Millipore, Burlington, MA, Cat No.
MAB318; RRID AB_2201528) as described in prior publications from our group (Galvan et
al., 2010; Swain et al., 2020).
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For sections incubated with the anti-GFP antibody alone, primary antibody binding sites
were revealed using the avidin-biotin complex (ABC) method (Hsu et al., 1981). Sections
were treated with a biotinylated goat anti-rabbit secondary antibody (1:200; Vector
Laboratories, Burlingame, CA, Cat No. BA-100, RRID AB_2313606) for 60min, then
exposed to an ABC solution (1:200; Vector Laboratories) including 1% BSA and 0.3%
Triton X-100, for 90min, followed by rinses in PBS and then TRIS buffering solution
(0.05M, pH 7.6). Next, sections were incubated in a TRIS buffer solution containing 0.025%
3,3’-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO), 10mM Imidazole
and 0.05% hydrogen peroxide for 10min, immediately followed by repeated PBS rinses to
stop the peroxidase reaction. The incubation time for the DAB reaction was fixed to enable
valid comparisons across subjects and species. All incubations were done at room
temperature (RT). Sections were then mounted, cover slipped, and scanned (20x maximal
magnification) with an Aperio Scanscope CS system (Leica, Wetzlar, Germany).

For sections co-incubated with anti-GFP and anti-TH primary antibodies, binding sites were
revealed using two fluorophore-conjugated secondary antibodies, both raised in donkey:
anti-rabbit FITC (1:100; Jackson, West Grove, PA, Cat No. 711-095-152, RRID
AB_2315776) and anti-mouse rhodamine Red-X (1:100; Jackson, Cat No. 715-295-150,
RRID AB_2340831). Sections were incubated for 60min (RT), rinsed in PBS, mounted with
Vectashield (Vector Laboratories) and cover slipped. Slides were imaged using a confocal
microscope (Leica DM5500B) equipped with a CCD camera (Orca R2; Hamamatsu).

Electron Microscopy/ Immunohistochemistry:

Based on the patterns of GFP labeling observed by light microscopy, a subset of tissue
sections containing basal ganglia regions were chosen for electron microscopic analysis.
Specifically, one block was prepared for EM analysis from each subject from the following
regions (laterality defined relative to injected hemisphere): ipsilateral external globus
pallidus (rat and monkey), ipsilateral subthalamic nucleus (rat and monkey), contralateral
dorsal striatum (rat), and ipsilateral putamen (1-2mm ventral from targeted injection site,
monkey). Additionally, a block containing the contralateral putamen was prepared from one
of the two monkeys. Sections were prepared similarly to that described above for light
microscopy, with some notable exceptions. Following sodium borohydride, the tissue was
placed in a cryoprotectant solution, frozen at —80° C, thawed, and rinsed in phosphate-
buffered saline (PBS; 0.01M, pH 7.4). Primary antibody incubation was performed at 4° C
for 48hr. Triton-X-100 was also excluded from all solutions to prevent detergent-mediated
loss of ultrastructural integrity.

Following secondary antibody labeling, sections were rinsed in PB (0.1M, pH 7.4) and then
treated with 0.5% osmium tetroxide (OsO4) for 10min and returned to PB. Sections were
then dehydrated with increasing concentrations of ethanol; 1% uranyl acetate was added to
the 70% ethanol solution to increase EM contrast (10min in the dark). Sections were next
placed in propylene oxide, followed by tissue embedding with an epoxy resin (Durcupan;
Fluka, Buchs, Switzerland) for at least 12hr. Resin-embedded sections were then baked at 60
°C for at least 48hr until fully cured. Blocks containing regions of interest were obtained
before being cut into ultrathin 60nm sections (Ultracut T2, Leica). These ultrathin sections
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were mounted onto pioloform-coated grids and stained with lead citrate (5min) for added
contrast. All incubations were done at RT. Grids were then examined with an electron
microscope (EM; Jeol, Peabody, MA; Model 1011) coupled with a CCD camera (Gatan;
Warrendale, PA; Model 785) which was controlled with Digital Micrograph Software
(Gatan; Version 3.11.1). Sections were scanned and imaged in the EM at 40,000-60,000x
magnification.

Two sets of images were acquired in the electron microscope: 1) To determine the relative
proportion of pre- vs. postsynaptic elements immunolabeled in each section, all labeled
elements that were randomly encountered in the tissue were imaged at 40,000x. These
images were then analyzed to categorize immunostained structures as axon terminals or
dendrites based on their distinct ultrastructural features (e.g., terminals defined by the
presence of synaptic vesicles and apposition to dendrites) (Peters et al., 1991). Thirty labeled
elements were identified from these images for each subject/region. Labeled elements that
could not be definitively categorized because of lack of clear ultrastructural features, or were
neither axon terminals nor dendrites (e.g., myelinated axon or glia), were not quantified. 2)
To determine the potential sources of GFP-labeled terminals, a second series of images of
labeled axon terminals were acquired at 40,000-60,000x. For each immunoreactive terminal
included in this dataset, their content in visible mitochondria and their cross-sectional
diameter (as approximated in single section images) were recorded, in order to relate their
ultrastructural features to terminals from known sources previously identified using
anterograde tracing approaches (Shink et al., 1996; Smith et a/., 1998). The presence or
absence of GFP-positive cell bodies in our light microscopic analyses, as well as the location
and type of synapses made (symmetric or asymmetric) were further considered in guiding
interpretations of potential sources of labeled terminals in a given region.

Light Microscopic Observations

Rats: Rats received a single (unilateral), intra-striatal injection of an rAAV2-retro vector
encoding the inhibitory opsin Jaws fused to the tag protein GFP. The location of the
injection site was verified in Nissl stains (not shown). Examination of low-magnification
images of GFP labeling near the injection tract in rat (and monkey) did not show obvious
evidence of viral solution spread through damaged fiber tracts nor reflux along the injection
tracts (Supp. Fig. 1), although the contributions of such unintended means of viral
transduction cannot be entirely ruled out. The patterns of GFP labeling described below
were consistent across the three rats used in this study.

In examining the resulting GFP-labeled tissue, we observed that the entire rostrocaudal axis
of the dorsal striatum was bilaterally and diffusely labeled (Fig. LA-C). Given that injections
were unilateral, and that no labeled cell bodies were observed in the contralateral striatum,
we reasoned that GFP labeling in the contralateral striatum likely arose from the axons of
bilaterally-projecting intratelencephalic (IT) corticostriatal neurons (Shepherd, 2013).
Consistently, deep-layer pyramidal cells were strongly labeled bilaterally in many cortical
areas across the examined anteroposterior axis (Fig. 1D-E), with more labeled pyramidal
cells in the hemisphere ipsilateral to injection (Supp. Fig. 2A). Strikingly, the perirhinal
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cortex represented a “hotspot” of cortical GFP expression, with intense, discrete labeling
observed bilaterally (Fig. 1E and Supp. Fig. 2B).

In the ipsilateral striatum, the dense neuropil labeling included labeled somata surrounding
the injection site, although the high GFP labeling intensity in the area generally precluded
definitive identification of all labeled striatal cells at the light microscopy level (Fig. 1A’).
Retrograde labeling of striatal projection neurons may have occurred through their locally
collateralizing axon terminals, and interneuron populations may have also been transduced.
The strong intensity of neuropil labeling in the striatum distant from the injection site may
have been due to the transduction of major striatal afferents, such as the corticostriatal and
thalamostriatal pathways. Strong labelling in neuronal cell bodies was, indeed, observed
ipsilaterally in several thalamic nuclei in all rats, including the intralaminar nuclei (central
medial (CeM), centrolateral (CL) and parafascicular (PF) nuclei), as well as the ventral
motor thalamic nuclei (Fig. 1F), reflecting the widespread origin of the robust
thalamostriatal system (Berendse & Groenewegen, 1990; Smith et a/., 2004). The amygdalae
(particularly the basolateral territory) were bilaterally labeled, (Fig. 1G and Supp. Fig. 2B),
in agreement with the known projection patterns of the rat amygdalostriatal system
(Russchen & Price, 1984). Additionally, we observed ipsilateral (but not contralateral)
labeling in the external globus pallidus (GPe) and subthalamic nucleus (STN), including
labeled cell bodies in both regions (Fig. 1B, C, H), likely reflecting the pallidostriatal and
subthalamostriatal projections, respectively (Koshimizu et a/., 2013; Hegeman et al., 2016).
The substantia nigra (SN) contained labeled cell bodies in the compacta territory (SNc) and
dense neuropil labeling in the pars reticulata (Fig. 11). Although the labeled somata in STN
and SNc were obscured by the intense neuropil staining (Figs. H’, I’), the GFP/TH
immunofluorescence seen in the SNc (Fig. 3), as well as the EM observations collected from
both areas confirmed the presence of GFP-positive cell bodies in these nuclei.

Monkeys: The two monkeys received a single (unilateral) injection of rAAV2-retro in the
sensorimotor putamen (same virus and titer used in rat experiments). Nissl stains were used
to verify the exact location of the injection sites (not shown). Results are reported for the
hemisphere ipsilateral to the virus injection, unless otherwise noted. As in rats, dense GFP
labeling was present throughout large portions of the striatum. The span of labeling,
composed mostly of neuropil elements, exceeded 10mm rostrocaudally (mostly caudal to
injection), and was observed in both the caudate nucleus and putamen (Fig. 2A—-C). The
neighboring GPe contained numerous GFP-positive neurons (indicating transduction in
pallido-striatal neurons (Kita ef a/., 1999)), in addition to dense neuropil labeling (Fig. 2A).
The STN was also densely labeled, with many GFP-positive cell bodies, revealing the
subthalamostriatal projection (Smith & Parent, 1986; Parent & Smith, 1987) (Fig. 2D).
Cortical labeling was most prominent in frontal regions such as premotor and motor cortices,
characterized by bands of GFP-positive deep-layer pyramidal neurons (Flaherty & Graybiel,
1991; Yeterian & Pandya, 1998) (Fig. 2E). In general, very few labeled cortical neurons
were observed in the hemisphere contralateral to injection (Supp. Fig. 2C). The SN
contained diffuse fiber and terminal-like labeling, with a few scattered GFP-positive cell
bodies in the SNc (Fig. 2F). Finally, many GFP-positive neurons were found in the
basolateral and basomedial nuclei of amygdala consistent with the known sources of the
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amygdalostriatal system in primates (Russchen et al., 1985; Smith & Parent, 1986) (Fig.
2G). However, in contrast to the observations made in rats, no GFP-positive cells or neuropil
labeling were observed in the intralaminar thalamus, including the centromedian-
parafascicular (CM-PF) complex (Fig. 2H), the main source of the thalamostriatal projection
to both the caudate nucleus and putamen in monkeys (Galvan & Smith, 2011).

Another significant difference in the distribution of GFP labeling between rats and monkeys
relates to the extent of anterograde labeling in the contralateral striatum. While the neuropil
of the entire contralateral striatum was heavily stained in rats (Fig. 1C), GFP-positive fibers
were confined to a few clusters in the dorsolateral part of the post-commissural putamen in
one of the monkeys (Supp. Fig. 2D) and absent for the other, despite strong ipsilateral
striatal GFP staining in both animals. Assuming that this contralateral striatal labeling
originates predominantly from contralateral IT corticostriatal neurons, the species difference
can be explained by the heavy versus sparse expression of GFP-positive cells in the
contralateral cortices in rats and monkeys, respectively (see Supp. Fig. 2C for representative
examples of labeling in the contralateral motor cortex of monkey). An ultrastructural
analysis of the morphology and synaptic connectivity of the GFP-labeled terminals in the
contralateral putamen was performed to confirm the cortical origin of these terminals (see
Electron Microscopic Observations).

A final point of observation from this data relates to the claustrum, which was prominently
labeled in the ipsilateral hemisphere of the monkey, including numerous labeled cells (Supp.
Fig. 3A-B). Although the claustrum proper was not similarly labeled in rats, we did note
labeled cells within the dorsal endopiriform nucleus (Supp. Fig. 3C-D), which may be
anatomically and functionally complexed with the claustrum in rodents (Smith et al., 2019).

Substantia Nigra Pars Compacta (SNc) GFP/ Tyrosine Hydroxylase (TH) Co-
labeling: In the initial description of rAAV2-retro, it was noteworthy that the virus showed
only sparse labeling of the nigrostriatal pathway following intra-striatal viral injections in
mice (Tervo et al., 2016). In our rat experiments, we observed some GFP-positive cell bodies
in the pars compacta territory (SNc) and profuse axonal and terminal-like labeling in the
pars reticulata (SNr) (Fig. 11). In the monkeys, however, our light microscopy observations
revealed only sparse cell body staining in the SNc and a rich plexus of labeled neuropil in
the lateral tier of the SNr (Fig. 2F). To verify if the GFP-positive cells observed in the rat
SNc were dopaminergic nigrostriatal neurons, we double immunostained rat and monkey
nigral sections for GFP and TH. A modest overlap between GFP and TH immunoreactivity
was found in rat SNc neurons (Fig. 3A), demonstrating partial labeling of the nigrostriatal
pathway in this species, and consistent with earlier data reported for mice (Tervo et al.,
2016). Some GFP-immunoreactive cells displayed weak or no significant TH labeling,
suggesting that these were non-dopaminergic (e.g., glutamatergic) SNc neurons (Yamaguchi
et al., 2013). It may also be possible that AAV-mediated transduction could downregulate
expression of TH (Albert et al., 2019). In contrast to rat, and as anticipated based on the GFP
immunoperoxidase staining, sparse GFP-positive fibers were present in the monkey SNc, but
double GFP+/TH+ cell bodies could not be found (Fig. 3B).
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Electron Microscopic (EM) Observations: The functional implications of transgene
expression in a given brain region may largely depend upon the subcellular elements
expressing the transgene (e.g., axonal vs. dendritic expression), as well as the sources and
connectivity of those elements. The basal ganglia network in both rodents and primates is
characterized by a large degree of regional interconnectivity, presenting a considerable
challenge in identifying the source(s) of axonal and terminal labeling by retrograde tracers
and viruses (including rAAV2-retro) injected into basal ganglia structures. Although light
microscopy observations are, in most cases, sufficient to identify neuronal somata and
proximal dendrites, the characterization of neuropil elements remains tentative because these
can include a mixture of pre- and postsynaptic components (dendritic, axonal and terminal
profiles, respectively). Electron microscopy is a reliable tool for ultrastructural identification
of immunopositive structures. In the various basal ganglia nuclei, the ultrastructural features
(e.g., terminal size, relative abundance of mitochondria, postsynaptic targets, symmetric vs
asymmetric synaptic specialization) of various populations of axon terminals have been well
characterized, providing a solid foundation for identifying the potential source(s) of GFP-
labeled terminals identified in the present study (Dubé et al., 1988; Shink et al., 1996; Smith
et al., 1998). Thus, we employed electron microscopy to characterize the putative sources of
labeled presynaptic terminals in a subset of GFP-containing basal ganglia nuclei. For these
analyses, we specifically focused on regions in which ultrastructural features were likely to
provide the most conclusive evidence regarding the origins of labeled elements.

Rat Experiments

General Neuropil Labeling: To discern the contributions of pre- and postsynaptic labeling
in the GFP-labeled neuropil observed in the rat basal ganglia, we first quantified the relative
proportions of labeled dendrites and axon terminals that were randomly encountered in EM
sections acquired from the GPe and STN ipsilateral to virus injection, and the contralateral
dorsal striatum. Representative EM images from these regions are included in Fig. 4A-D. Of
encountered elements that could be identified as either axon terminals or dendrites, 41%
were axonal terminals in the GPe, while only 9% were identified as such in the STN (GPe:
37/90; STN: 8/90 counted elements; /= 3 rats for both regions). These findings suggest that
the labeled neuropil in the GPe includes a mixture of both pre- and postsynaptic elements,
while the STN is, for the most part, composed of postsynaptic elements. On the other hand,
the contralateral striatum contained only labeled axon terminals (90/90 counted elements, 7=
3 rats), consistent with the lack of labeled cell bodies observed in this region by light
microscopy. For the two regions evaluated that exhibited significant presynaptic labeling
(contralateral striatum and ipsilateral GPe), we next characterized the ultrastructural features
of labeled axon terminals.

Terminal Labeling in Contralateral Striatum: The neuropil of the whole contralateral
striatum was heavily GFP-immunostained after unilateral striatal rAAV2-retro injection (Fig.
1C). In light of the known striatal connectivity, retrogradely transduced IT corticostriatal
neurons in contralateral cortices represent the most likely source of this dense innervation
(Reiner et al., 2010). Consistent with this hypothesis, our electron microscopy analysis of 90
GFP-immunoreactive terminals revealed that they all displayed the ultrastructural features of
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corticostriatal boutons (less than 1.5um in diameter, 0-2 mitochondria) (Fig. 4E) (Lei et a/.,
2004) and formed asymmetric axo-spinous asymmetric synapses (Fig. 4A).

Terminal Labelingin | psilateral GPe: The ipsilateral rat GPe contained a large number of
GFP-immunoreactive neuronal cell bodies within a rich meshwork of labeled terminal-like
profiles. Based on the pattern of distribution of retrogradely transduced neurons with known
projections to the GPe, the most likely sources of these terminals could be axon collaterals
of GFP-containing glutamatergic subthalamostriatal neurons or GABAergic striatopallidal
projections (Fig. 1A, H). Electron microscopic analysis of 44 GFP-positive terminals
revealed that they had a cross sectional diameter not larger than 2.0um, and more than half
(24/44 terminals) had fewer than three mitochondria (Fig. 4E). When observed, synapses
formed by these terminals were asymmetric and axo-dendritic. These ultrastructural features
are reminiscent of those described for subthalamopallidal terminals, but different from
striatopallidal boutons, which invariably form symmetric axo-dendritic synapses (Smith et
al., 1998).

Monkey Experiments

General Neuropil Labeling: As described above for rats, we quantified the relative
proportions of labeled dendrites and axon terminals that were randomly encountered in EM
sections obtained from a subset of labeled basal ganglia regions. In monkey, we examined
the putamen both ipsi- and contralateral to virus injection (ipsilateral side taken 1-2mm
away from injection site), as well as the GPe and STN. Representative EM images from
these regions are shown in Fig. 5A-D. In the ipsilateral putamen, labeled elements were
predominantly axonal. Of the encountered elements that could be identified as either axon
terminals or dendrites, 97% were categorized as axon terminals (58/60 counted elements, 1=
2 monkeys). Similarly, in the contralateral putamen, 100% of encountered labeled elements
were axon terminals (30/30 counted elements, 7= 1 monkey). In contrast, in the GPe and
STN, labeled elements were mostly dendritic. Of the total number of labeled profiles that
could be identified in these two nuclei, 13% and 2% were axon terminals in the GPe and
STN, respectively (GPe: 8/60 counted elements; STN: 1/60 counted elements; /7= 2 monkeys
for each region). The reduced prevalence of labeled STN-like terminals in the monkey GPe
compared to rats could be due to a smaller relative proportion and a more restricted
localization of retrogradely-labeled neurons in the monkey than in the rat STN (compare
Fig. 1H and 2D). For the ipsi- and contralateral putamen, the two regions evaluated that
exhibited significant presynaptic labeling, we next characterized the ultrastructural features
of labeled axon terminals.

Terminal Labeling in | psilateral Putamen away from I njection Site: As described above,
the GFP immunostaining in the neuropil of the ipsilateral putamen extended as far as 10mm
away from the injection site (generally caudally) (Fig. 2A, C). The sources of this extensive
labeling could be axon terminals from retrogradely transduced GABAergic projection
neurons and interneurons within the striatum or extrinsic glutamatergic afferents from GFP-
labeled cells in cortex and STN. Analysis of 35 randomly encountered labeled terminals
revealed that they all displayed ultrastructural features (less than 2.0um in diameter,
generally fewer than 3 mitochondria, asymmetric axo-spinous synapses) (Fig. 5A, E) typical
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of glutamatergic afferents from cortex and thalamus (Dubé et a/., 1988; Sadikot et a/., 1992),
and possibly also STN (Koshimizu et al., 2013). Because the thalamus was devoid of
retrogradely transduced neurons in monkeys, the cortex and STN are considered as the main
sources of this striatal innervation. These EM observations also suggest that the extensive
GFP immunostaining within the injected striatum does not represent the extent of virus
spread within the injected target, but rather reflects the massive extrinsic glutamatergic
innervation of the striatum by the cortex and STN. The absence of GFP-labeled terminals
forming symmetric synapses suggests that transduced terminals from striatal interneurons or
local collaterals of striatal projection neurons were not present in the analyzed material,
which may be due to the distant site (1-2mm) from which these blocks were taken relative
to the injection target. Further studies would be needed to evaluate the contribution of these
local projections to the labeled striatal neuropil, particularly in regions more proximal to the
injection site.

Terminal Labeling in the Contralateral Putamen: As shown in Supp. Fig. 2D, the
contralateral putamen contained clusters of GFP-immunoreactive terminal profiles (in one of
the two monkeys studied). Electron microscopic analysis of 15 randomly encountered
terminals indicated that they displayed the ultrastructural features of cortical boutons
revealed in previous tract-tracing monkey studies (Smith et a/., 1994) (i.e. less than 2.0um in
diameter, generally fewer than 3 mitochondria, asymmetric axo-spinous synapses) (Fig. 5B,
E). These observations suggest that the sources of this contralateral striatal innervation are
the retrogradely transduced IT corticostriatal neurons in the contralateral motor cortices
(Supp. Fig. 2C).

Discussion.

In this study, we have evaluated the suitability of the recently-described rAAV2-retro vector
for labeling striatal inputs in rats and NHPs. As reported previously in mice (Tervo et al.,
2016) and macaques (Cushnie et al., 2020; Weiss et al., 2020), we found that intra-striatal
injections of rAAV2-retro resulted in abundant labeling in numerous cortical and subcortical
regions (summarized in Fig. 6). Within the basal ganglia, retrograde transport was observed
in the GPe and STN, regions known to project to the striatum, in both species. In contrast,
the nigrostriatal projection was modestly labeled in rats, but not in monkeys. Additionally,
the thalamostriatal pathway, a massive source of glutamatergic inputs to the striatum
(Sadikot et al,, 1992; Smith et al., 2004), was strongly labeled in rats after rAAV2-retro
intra-striatal injections, but not in monkeys, indicating important species differences in the
tropism of this virus. For the first time, we conducted ultrastructural analyses of the basal
ganglia nuclei labeled after striatal injections of rAAV2-retro to help characterize the sources
of GFP-labeled terminals in these nuclei. In most regions, the labeling was found in both
postsynaptic dendrites and presynaptic axonal terminals; the latter likely derived from
anterograde transgene transport in neurons that project to the injection site, as well as from
axon collaterals of these neurons that project to other sites. Using knowledge from previous
anterograde tracing studies about the ultrastructural features and synaptic architecture of
specific subsets of axon terminals to basal ganglia regions (Shink ef a/., 1996; Smith et al.,
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1998), we could better understand the organization of functional networks labeled with
rAAV2-retro in NHPs.

Recently, a study reported viral transduction patterns following intra-striatal infusions of
rAAV2-retro in rhesus macaques (Weiss et al., 2020) (see also (Cushnie et al., 2020)). The
transgene (GFP) labeling patterns described by Weiss et al. are similar to those reported
here, which is remarkable given some important differences in viral injection parameters.
Weiss et al. performed multiple injections in each animal (2 sites in putamen, 1 in caudate
head) to deliver a total volume of 230ul of viral vector solution in the striatum. In our
experiments, despite the fact that each monkey received a single putamen injection of 1ul of
rAAV2-retro, we observed similar transduction patterns (although we cannot directly
compare the actual areas covered by the injections in each case). This is notable, as large
injection volumes are time consuming, and may not be feasible when performing viral
infusions using electrophysiological guidance of injection targeting in awake, behaving
animals (Kliem & Wichmann, 2004; Galvan et a/., 2018). Small injection volumes are also
preferable for reducing spread of viral solution to neighboring regions outside of the
intended injection target, which is particularly challenging to evaluate with retrograde
vectors (see below). Indeed, certain anatomical regions in which Weiss et al. reported
rAAV2-retro-mediated neuronal transduction, such as the reticular nucleus of the thalamus
and internal globus pallidus, have no known projections to striatum in NHP, suggesting the
possibility of viral solution spread outside of the striatum (as also acknowledged by the
authors). Other important differences between Weiss et al. 2020 and the present study is that
the rAAV2-retro viral titer used by our group was tenfold higher than that used by Weiss and
colleagues, and that the promoter we used (hSyn) may have greater transduction efficiency
for neurons in NHP brain compared to the human cytomegalovirus (CMV) promoter used by
Weiss et al. (at least in neocortex) (Gerits ef a/., 2015). Additional work is needed to
determine the optimal promoter choices for rAAV2-retro-based studies in NHPs, which may
be circuit-specific. Despite the numerous parametric differences in the viral injections
between these two studies, Weiss et al. also found a lack of transgene labeling of the CM-PF
thalamus, further suggesting that in NHPs this pathway is refractory to labeling by the
rAAV2-retro vector per se. However, Weiss and colleagues did describe thalamic labeling in
other regions, including the mediodorsal thalamus; thus, that not all striatal-projecting
thalamic nuclei may be refractory to retrograde transduction by this vector.

Species Differences in Transgene Expression:

Variation in transgene expression patterns could be mediated by a combination of factors
that influence virus tropism, including the vector capsid, the titer of the virus solution, the
gene promoter used and the injection method. In our study, we used the same viral construct,
at an identical concentration, in both rat and NHP, as well as a gene promoter (hSyn) known
to restrict transgene expression to neurons in rat (Kugler et al., 2003) and NHPs (Diester et
al., 2011). Regardless of these similarities, we observed a lack of transgene expression in the
NHP intralaminar thalamus. We have previously observed robust virally-mediated neuronal
transgene expression in CM-PF thalamus after a local injection of AAV5-hSyn-GFP (Galvan
et al., 2016b), arguing that the presently observed species differences in rAAV2-retro
tropism are likely due to the vector per se, rather than the gene promoter. This result, along
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with the poor transduction of the nigrostriatal pathway, suggest that rAAV2-retro should be
tested for appropriate transduction of specific pathways, particularly in NHPs. Interestingly,
a recent study suggests that CAV-2 may be a suitable alternative retrograde viral vector for

targeting the thalamostriatal system in NHPs (di Caudo et a/., 2020).

Technical Challenges with Retrograde Vectors.

A major technical challenge associated with the use of rAAV2-retro and similar
retrogradely-transducing vectors is to determine the extent of viral spread at the site(s) of
injection. Such knowledge may be critically important for both verifying injection accuracy
and interpreting the source(s) of transduced long-distance projections (as they anatomically
relate to the injected territory). Besides being captured by the terminals, there is evidence
that rAAV2-retro viral particles are also captured by cell bodies at the injection site (Tervo et
al., 2016). Thus, in theory, the spread of the virus solution could be evaluated by assessing
the number or proportion of transduced somata surrounding the injection site. This
approach, however, does not inform about the sources and extent of locally-transduced
terminal fields. The interpretation of these observations is further complicated if
retrogradely-transduced labeled neurons provide diffuse inputs to the injected territory. Our
data indicate that the use of EM combined with literature knowledge about the
ultrastructural features of specific afferent terminals to the injected target can help address
this issue. For instance, our EM analysis of the extensive GFP-immunostained neuropil 1-
2mm away from the injection site in the ipsilateral monkey putamen indicated that the bulk
of this immunoreactivity comprised almost exclusively presynaptic terminal profiles forming
asymmetric synapses, suggesting that the spread of the injected virus may have been less
than 1mm, and that extrinsic glutamatergic inputs (from cortex or STN) innervate
widespread striatal regions beyond the confines of the injected target region. Due to the
extensive and varied sources of labeled terminals anticipated to be present in the ipsilateral
rat striatum, we did not conduct a similar ultrastructural analysis in this species. Such an
examination may be an important focus for future studies using rAAV2-retro or other
retrograde vectors.

Future Directions.

Our primary motivation for this study was to evaluate the suitability of rAAV2-retro for
transducing long-range inputs to the NHP striatum, including parallel rodent experiments as
a source of comparison. Overall, we were encouraged to find that most expected major
projections to the striatum were transduced by this vector in NHPs. However, as we have
noted, the labeling of thalamostriatal projection neurons in rat, but not NHP, is a major
discrepancy that highlights the need for pilot testing of viral approaches in NHPs when
possible, and caution in generalizing observations of viral tropism from one animal species
to others. The lack of SNc dopamine cell labeling in NHPs should also be highlighted in this
context, given recent and ongoing gene therapy efforts to transduce the nigrostriatal pathway
with retrograde viral vectors in Parkinson’s Disease (Marks et a/., 2010; Smith et al., 2012).
In this regard, a pseudotyped lentiviral vector with retrograde transduction properties has
been described to have the capability to target the nigrostriatal pathway in primates (Tanabe
et al., 2017). Additional, recently described retrograde AAVs have also been shown to label
the thalamostriatal system in rodents (Tordo et a/., 2018; Davidsson et al., 2019), and further
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testing of these variants in NHP may be warranted. Despite these potential caveats, our
results encourage further use of rAAV2-retro for mapping and functionally interrogating
neural circuits in NHPs.

We are particularly enthusiastic about the possibility of employing rAAV2-retro and other
retrograde vectors in NHP studies in the context of intersectional genetic strategies to isolate
and manipulate neuronal cell types based on projection patterns, and avoid transgene
expression in brain regions that receive axonal collaterals of neurons that project to the
injected target. The use of dual-viral conditional expression approaches, in which a
recombinase enzyme packaged by rAAV2-retro is injected within a terminal field, alongside
a recombination-dependent genetic label/actuator at the location of the targeted cell bodies,
may be particularly important in isolating specific neuronal pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Representative light micrographs of GFP expression in rat brain following a unilateral, intra-

striatal injection of rAAV2-retro-hSyn-Jaws-GFP. All regions shown are from the
hemisphere ipsilateral to the virus injection, except where indicated. Areas in rectangles are
shown at higher magnification in the corresponding panels labeled with prime symbols. (A)
Striatum (Str), (B) External globus pallidus (GPe), (C) GPe, contralateral side, (D)
Ipsilateral primary somatosensory cortex (S1), (E) Perirhinal cortex (PRh), (F) Thalamus,
(G) Amygdala, (H) Subthalamic nucleus (STN), (1) Substantia nigra. Additional
abbreviations: basolateral amygdala (BLA), central amygdala (Ce), centrolateral thalamus
(CL), central medial thalamus (CeM), cerebral peduncle (cp), mediodorsal thalamus (MD),
substantia nigra pars reticulata (SNr), substantia nigra pars compacta (SNc), ventrolateral
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thalamus (VL). Arrowheads in B’, F” and G’ point to subsets of GFP+ cell bodies visible in
these panels. GFP+ cells were also humerous in the STN, and also present in the SNc,
although the intensity of neuropil labeling in these regions rendered such cell bodies difficult
to display by these peroxidase images (see Figs. 3 and 4 for evidence of cell labeling in the
rat SNc and STN, respectively). Scale Bars: 1mm (A, B, C); 500um (D, G, H, I); 300um
(F); 200um (A’, B’, D’, E, H’, I’); 100um (F’, G’). Approximate rostrocaudal coordinates
of sections, according to (Paxinos & Watson, 2006) in mm relative to Bregma: 1.2 (A);
-0.84 (B, C, D); —4.44 (E); —2.52 (F); —3.36 (G); —3.6 (H); —6.12 (I). Figure includes
micrographs from all 3 rats used in this study.
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Figure 2:
Representative light micrographs of GFP expression in monkey brain following a unilateral,

intra-striatal (putamen) injection of rAAV2-retro-hSyn-Jaws-GFP. All regions described
below were ipsilateral to injection site. In the putamen (Put), neuropil was diffusely labeled,
with scattered GFP+ cell bodies, particularly in the ventral territory (A). In the same section,
numerous GFP+ cell bodies were found in the external globus pallidus (GPe) (A and A’).
Similar to the Put, GFP+ fiber staining was observed in the caudate (Cd) (B; note that this
section of caudate is also visible in Panel H). Similar to the rat striatum, the neuropil of the
Put was densely labeled across the rostrocaudal axis, many millimeters away from the
injection site (C). The subthalamic nucleus (STN) contained numerous GFP+ cell bodies
and dense neuropil staining (D and D”). Varying numbers of deep-layer pyramidal cells were
labeled in many cortical regions, including the premotor cortex (E, E’). In the substantia
nigra, we observed GFP+ fibers, as well as a few labeled cell bodies bordering the compacta
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(SNc) and reticulata (SNr) territories (F). Numerous GFP+ cells were located in the
basolateral and basomedial amygdala (BLA and BMA, respectively) (G and G’).
Remarkably, the thalamus was nearly devoid of GFP labeling (H). Additional abbreviations:
centromedian nucleus of thalamus (CM), parafascicular nucleus of thalamus (PF), pulvinar
(Pul), thalamic reticular nucleus (RTN), ventral posterior nucleus of thalamus (VP), zona
incerta (Z1), all other abbreviations as described in Figure 1. Scale Bars: 2mm (E, H) 1mm
(A, F, G); 600um (C); 500um (D); 300um (B, D’, E”); 200um (A’, G’). Approximate
rostrocaudal coordinates of sections, according to (Paxinos et a/., 1999) in mm relative to
interaural line: 10.2 (A, D); 7.5 (B, C, F, H); 19.65 (E); 14.7 (G). Figure includes
micrographs from both monkeys used in this study.
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Figure 3:
GFP expression in dopaminergic (tyrosine hydroxylase (TH)-positive) neurons in the rat, but

not monkey SNc following intra-striatal rAAV2-retro injection. Confocal images of TH (red;
left), GFP (green; middle) and merged markers (right) of the rat (row A) and monkey (row
B). SNc ipsilateral to injection site. Arrowheads in merged image depict a subset of GFP
+/TH+ cells (yellow) in the rat SNc. Scale bar: 100um.
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Figure 4:

Ultrastructural analysis of GFP-positive elements in the rat basal ganglia, after intra-striatal
injection of rAAV2-retro-hSyn-Jaws-GFP. A-D: Representative electron micrographs of
GFP-immunopositive elements (revealed with peroxidase). (A) GFP-labeled axonal terminal
in striatum contralateral to the injection site, (B) labeled terminals in GPe ipsilateral to the
injection site, (C-D) labeled terminal and dendrites in ipsilateral STN. Abbreviations: t
(axon terminal), d (dendrite), sp (spine). White or black text for these abbreviations indicate
if the element is GFP-positive or negative, respectively. Arrowhead denotes asymmetric
synapse made by labeled terminals. All scale bars: 1um. (E) Quantification of diameter (top)
and number of visible mitochondria inside immunolabeled terminals (bottom) in the
contralateral striatum (left) and ipsilateral GPe (right). Numbers in bars refer to total
terminal counts for each category.
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Figure 5:
Ultrastructural analysis of GFP-positive elements in the monkey basal ganglia after intra-

striatal injection of rAAV2-retro-hSyn-Jaws-GFP. A-D: Representative electron micrographs
of GFP-immunopositive elements (revealed with peroxidase). (A) GFP-positive terminal in
putamen ipsilateral to injection site, (B) labeled terminal in putamen contralateral to
injection site, (C) labeled dendrite in ipsilateral GPe, (D) labeled dendrite in ipsilateral STN.
Abbreviations: t (axon terminal), d (dendrite), sp (spine). White or black text for these
abbreviations indicate if the element is GFP-positive or negative, respectively. Arrowhead
denotes asymmetric synapse made by labeled terminals. All scale bars: 1um. (E)
Quantification of diameter (top) and number of visible mitochondria inside immunolabeled
terminals (bottom) in the ipsilateral (left) and contralateral (right) putamen. Numbers in bars
refer to total terminal counts for each category.
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Figure 6:
Comparison of neuronal pathways transduced by intra-striatal rAAV2-retro injection in rat

and monkey.
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