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ABSTRACT 22 

Revealing the organization and function of neural circuits is greatly facilitated by viral tools that 23 

spread transsynaptically.  Adeno-associated virus (AAV) exhibits anterograde transneuronal transport, 24 

however the synaptic specificity of this spread and its broad application within a diverse set of circuits 25 

remains to be explored.  Here, using anatomical, functional, and molecular approaches, we provide 26 

evidence for the preferential transport of AAV1 to post-synaptically connected neurons and reveal its 27 

spread is strongly dependent on synaptic transmitter release.  In addition to glutamatergic pathways, 28 

AAV1 also spreads through GABAergic synapses to both excitatory and inhibitory cell-types.  We 29 

observed little or no transport, however, through neuromodulatory projections (e.g. serotonergic,  30 

cholinergic, and noradrenergic).  In addition, we found that AAV1 can be transported through long-31 

distance descending projections from various brain regions to effectively transduce spinal cord 32 

neurons.  Combined with newly designed intersectional and sparse labeling strategies, AAV1 can be 33 

applied within a wide variety of pathways to categorize neurons according to their input sources, 34 

morphology, and molecular identities.  These properties make AAV1 a promising anterograde 35 

transsynaptic tool for establishing a comprehensive cell-atlas of the brain, however, its capacity for 36 

retrograde transport currently limits its use to unidirectional circuits.   37 

 38 

  39 
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SIGNIFICANCE STATEMENT 40 

The discovery of anterograde transneuronal spread of AAV1 generates great promise for its application 41 

as a unique tool for manipulating input-defined cell populations and mapping their outputs.  However, 42 

several outstanding questions remain for anterograde transsynaptic approaches in the field: 1) whether 43 

AAV1 spreads exclusively or specifically to synaptically connected neurons; 2) how broad its 44 

application could be in various types of neural circuits in the brain. This study provides several lines of 45 

evidence in terms of anatomy, functional innervation, and underlying mechanisms, to strongly support 46 

that AAV1 anterograde transneuronal spread is highly synapse specific.  In addition, several 47 

potentially important applications of transsynaptic AAV1 in probing neural circuits are described. 48 
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Introduction 49 

Viral tools that spread transsynaptically provide a powerful means for establishing the organization 50 

and function of neural circuits (Luo et al., 2018; Nassi et al., 2015; Beier et al., 2011; Lo et al., 2011; 51 

Zeng et al., 2017; Gradinaru et al., 2010; Wickersham et al., 2007; Beier, 2019).  Adeno-associated 52 

virus (AAV) has recently been shown to be capable of anterograde transneuronal transport (Castle et 53 

al, 2014a; Castle et al., 2014b; Hutson et al., 2016; Zingg et al., 2017), with serotype 1 (AAV1) in 54 

particular exhibiting the greatest efficiency of spread (Zingg et al., 2017).  Given its well established 55 

lack of toxicity and apparent transduction of only first-order postsynaptic neurons, AAV1 shows great 56 

promise as a tool for manipulating input-defined cell populations and mapping their outputs.  This 57 

approach has become more widely used recently (e.g. Bennet et al., 2019; Cembrowski et al., 2018; 58 

Yao et al., 2018; Wang et al., 2018; Huang et al., 2019; Beltramo and Scanziani, 2019; Centanni et al., 59 

2019; Sengupta & Holmes, 2019; Trouche et al., 2019), however care must be taken to apply it only in 60 

unidirectional circuits, given that AAV1 also exhibits retrograde transport capabilities (Rothermel et 61 

al., 2013; Zingg et al., 2017) 62 

Previous work suggests that AAV1 is released at or near axon terminals, and transduced neurons 63 

downstream of the injection site show a high probability of receiving functional synaptic input in slice 64 

recording experiments (Zingg et al., 2017).  However, the extent to which AAV1 spreads exclusively 65 

to synaptically connected neurons remains uncertain.  In addition, despite clear evidence for the active 66 

trafficking of AAV-containing vesicles down the axon (Castle et al, 2014a; Castle et al., 2014b), 67 

exactly how AAV is eventually released (e.g. through synaptic or extrasynaptic vesicle fusion) remains 68 

unknown.  Addressing these questions will be essential for establishing the synaptic nature of AAV 69 

transneuronal transduction.  70 

AAV1 has been shown to efficiently transduce both excitatory and inhibitory neurons 71 

downstream of a variety of glutamatergic corticofugal pathways (Zingg et al., 2017; Yao et al., 2018; 72 
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Wang et al., 2018; Centanni et al., 2019; Bennet et al., 2019).  In addition, this efficiency appears to be 73 

critically dependent on viral titer, as reducing the titer from 1013 to 1011 GC/mL completely eliminates 74 

transneuronal spread (Zingg et al., 2017).  Given the molecular diversity among different cell-types in 75 

the brain, it remains uncertain whether differences in cell surface receptor expression, intracellular 76 

trafficking, or synapse type might limit the efficiency of AAV spread in certain pathways.  In 77 

particular, transneuronal spread through inhibitory projection neurons or neuromodulatory cell 78 

populations has yet to be directly examined.  Moreover, whether or not axon length might diminish 79 

spread (e.g. from cortex to spinal cord) remains to be tested.  80 

In this study, we systematically examine the synaptic specificity of AAV1 transneuronal 81 

transport using a variety of anatomical, functional, and molecular approaches.  We find a strong 82 

correspondence between presynaptic connectivity and postsynaptic labeling for different pathways, 83 

and find that co-expression of tetanus toxin light chain, an inhibitor of presynaptic vesicle fusion, 84 

nearly abolishes transsynaptic spread of AAV.  In addition, we establish that AAV1 spreads efficiently 85 

through inhibitory projection pathways, as well as long-range pathways from the brain to the spinal 86 

cord, but shows little or no spread through all neuromodulatory projections examined.  Lastly, we 87 

expand the application potential for this technique by combining Flp- and Cre-dependent mapping in 88 

dual-reporter mice and incorporate its use with approaches for the sparse labeling of input- and 89 

genetically-defined neurons.  90 

 91 

  92 
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MATERIALS AND METHODS 93 

Animal preparation and stereotaxic surgery  94 

All experimental procedures used in this study were approved by the Animal Care and Use Committee 95 

at the University of Southern California.  Male and female Ai14 (Cre-dependent tdTomato reporter, 96 

Jackson Laboratories, stock #007914) and Frt-GFP (Flp-dependent GFP reporter, MMRRC, stock 97 

#32038) mice aged 2-6 months were used in this study.  Mice were group housed in a light controlled 98 

(12 hr light: 12 hr dark cycle) environment with ad libitum access to food and water.  99 

Stereotaxic injection of viruses was carried out as we previously described (Zingg et al., 2017; 100 

Ibrahim et al., 2016; Liang et al., 2015; Xiong et al. 2015).  Mice were anesthetized initially in an 101 

induction chamber containing 5% isoflurane mixed with oxygen and then transferred to a stereotaxic 102 

frame equipped with a heating pad.  Anesthesia was maintained throughout the procedure using 103 

continuous delivery of 2% isoflurane through a nose cone at a rate of 1.5 liters/min.  The scalp was 104 

shaved and a small incision was made along the midline to expose the skull.  After leveling the head 105 

relative to the stereotaxic frame, injection coordinates based on the Allen Reference Atlas (Dong, 106 

2007) were used to mark the location on the skull directly above the target area and a small hole 107 

(0.5mm diameter) was drilled.  Viruses were delivered through pulled glass micropipettes with a 108 

beveled tip (inner diameter of tip: ~20 μm) using pressure injection via a micropump (World Precision 109 

Instruments).  Total injection volumes ranged from 40 to 100 nL, at 15 nL/min.  Following injection, 110 

the micropipette was left in place for approximately 5 mins to minimize diffusion of virus into the 111 

pipette path.  After withdrawing the micropipette, the scalp was sutured closed and animals were 112 

administered ketofen (5mg/kg) to minimize inflammation and discomfort.  Animals were recovered 113 

from anesthesia on a heating pad and then returned to their home cage.  114 

For spinal injections of AAVretro-hSyn-GFP and AAVretro-hSyn-Cre or AAV1-hSyn-GFP 115 

and AAV1-CAG-tdTomato (Figure 5A-B), mice were anesthetized and positioned into a stereotaxic 116 
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frame as described above.  Cervical and lumbar injections were performed sequentially in the same 117 

procedure using aseptic technique.  For each injection, a small patch of skin above the cervical or 118 

lumbar spinal region was shaved and a small incision was made to expose underlying muscle tissue.  119 

Muscle was blunt dissected and retracted to expose cervical (near C7-C8) or lumbar (near L3-L4) 120 

vertebrae and the spinal cord was stabilized using notched bars (Kopf, Model #987).  Virus was 121 

injected unilaterally (200 nL total volume, 15 nL/min) between vertebral segments using a pulled glass 122 

micropipette with a beveled tip (inner diameter of tip: ~20 μm) at a depth of 0.7 mm from the dorsal 123 

surface of the spinal cord.  After withdrawing the micropipette, the skin was sutured closed and 124 

animals were recovered from anesthesia on a heating pad.  To minimize inflammation and discomfort, 125 

animals were administered ketofen (5mg/kg) at the beginning of the surgical procedure and again 126 

every 24 hours for 4 days following surgery.  127 

 128 

Injection of viruses for anterograde transneuronal labeling  129 

To compare the anterograde transneuronal transport properties of different viruses (Figure 6A-D), self-130 

complementary (sc) AAV1-hSyn-Cre (Vigene Biosciences, 2.8 x 1013 GC/mL), AAV1-hSyn-Flp 131 

(Vigene Biosciences, 5.5 x 1013 GC/mL), AAVretro-hSyn-Cre (Vigene Biosciences, 1.5 x 1014 132 

GC/mL), AAVPHP.B-CMV-Cre (SignaGen, 2.3 x 1013 GC/mL), Adenovirus (Ad5-CMV-Cre, 133 

Kerafast, 3.0 x 1012 GC/mL ), VSVG-pseudotyped Lentivirus (LV-CMV-Cre, Cellomics Tech, 1.0 x 134 

108 GC/mL), VSVG-pseudotyped Baculovirus (BAC-CMV-Cre, Uni. of Iowa, 3.7 x 1010 GC/mL), or 135 

G-deleted Rabies virus (RAV-Cre-GFP, Salk Institute, 8.6 x 108 GC/mL) was injected into V1 (60 nL 136 

total volume; coordinates from bregma: anteroposterior -3.9 mm, mediolateral 2.6 mm, depth 0.5 mm) 137 

of Ai14 mice (for Cre-expressing viruses) or Frt-GFP mice (for AAV1-hSyn-Flp).  Original titers were 138 

used for each virus injection.  Animals were euthanized 4 weeks following injection and postsynaptic 139 

structures were examined for the presence of cell body labeling.  The number of tdTomato+ cells in SC 140 
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was quantified (see Imaging and Quantification section below) for each virus injection and plotted 141 

alongside previously reported data for additional viruses (Figure 6D Zingg et al., 2017).  The self-142 

complementary (sc)AAV1hSyn-Cre contains a double-stranded, rather than single-stranded, DNA 143 

construct and was initially tested for any potential enhancement in anterograde transsynaptic 144 

transduction efficiency (e.g. see McCarty, 2008).  We observed a modest increase in labeling relative 145 

to other comparable single-stranded AAV1 constructs (e.g. AAV1-CMV-Cre or AAV1-hSyn-Flp; 146 

Figure 6D), however its efficiency was only half that of constructs containing the woodchuck hepatitis 147 

post-transcriptional regulatory element (WPRE).  This enhancer element can increase viral gene 148 

expression by seven fold (Loeb et al., 1999), however we found that over-expression of Cre can 149 

become toxic to host cells at the injection site (Figure 6A-C).  We therefore opted to use vectors 150 

without WPRE, despite their reduced efficiency, as these did not exhibit signs of toxicity at the 151 

injection site (see Haery et al., 2019 for additional information).      152 

 To demonstrate retrograde and anterograde transsneuronal spread of AAV1 within the same 153 

pathway (Figure 6E-I), we injected A1 (coordinates from bregma: anteroposterior -2.9 mm, 154 

mediolateral 4.5 mm, depth 0.6 mm) or IC (coordinates from bregma: anteroposterior -5.3 mm, 155 

mediolateral 0.8 mm, depth 0.5 mm) with either scAAV1-hSyn-Cre or AAVretro-hSyn-Cre (80 nL 156 

total volume, titer of both viruses adjusted to 2.8 x 1013 GC/mL) in Ai14-tdTomato mice.  Animals 157 

were euthanized two weeks following injection and the number of retrogradely labeled tdTomato+ 158 

cells in A1 or anterograde transsynaptically labeled cells in IC were quantified (see Imaging and 159 

Quantification).   160 

 To test for the specificity of viral spread to different cell-types in the cerebellum, scAAV1-161 

hSyn-Cre was injected into the PN (80 nL total volume; coordinates from bregma: anteroposterior -3.9 162 

mm, mediolateral 0.4 mm, depth 5.5 mm) or IO (80 nL total volume; coordinates from bregma: 163 

anteroposterior -6.6 mm, mediolateral 0.4 mm, depth 5.5 mm) in Ai14 mice crossbred with GAD67-164 
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GFP mice (from Dr. Yuchio Yanagawa, Brain Science Institute, RIKEN, Japan).  Animals were 165 

euthanized 2 weeks following injection and the cerebellar cortex was examined for the presence of 166 

tdTomato+ cell body labeling in the molecular, granule, and Purkinje cell layers. 167 

 To examine the efficiency of anterograde transsynaptic spread across different types of 168 

synapses, scAAV1-hSyn-Cre injections were targeted to inhibitory projection neurons or 169 

neuromodulatory cell populations in Ai14 mice.  To test for viral spread through inhibitory synapses 170 

onto downstream inhibitory neurons, scAAV1-hSyn-Cre was injected into the Str (100 nL total 171 

volume; coordinates from bregma: anteroposterior +0.5 mm, mediolateral 2.3 mm, depth 3.0 mm) and 172 

the SNr was examined for cell body labeling (2 week post-injection survival time).  To confirm the 173 

Str→SNr projection pathway is unidirectional, G-deleted Rabies-GFP (Salk Institute, 5.5 x 108 174 

GC/mL) was injected into the Str using the same coordinates as above and the SNc and SNr were 175 

examined for the presence of retrogradely labeled GFP+ cell bodies (50 nL injection, 1 week post-176 

injection survival time).  To test for viral spread through inhibitory synapses onto presumed excitatory 177 

neurons, SNr was injected with scAAV1-hSyn-Cre (50 nL total volume; coordinates from bregma: 178 

anteroposterior -3.3 mm, mediolateral 1.6 mm, depth 4.3 mm) and downstream neurons in VM were 179 

examined for the presence of tdTomato+ labeling (2 week post-injection survival time).  To test for 180 

viral spread through neuromodulatory synapses, scAAV1-hSyn-Cre was injected (80 nL total volume, 181 

2 week post-injection survival time) into the NDB (cholinergic neurons, coordinates from bregma: 182 

anteroposterior +0.5 mm, mediolateral 2.0 mm, depth 5.0 mm, 11° angle), DR (serotonergic neurons, 183 

coordinates from bregma: anteroposterior -4.5 mm, mediolateral 2.0 mm, depth 3.2 mm, 30° angle), or 184 

LC (noradrenergic neurons, coordinates from bregma: anteroposterior -5.4 mm, mediolateral 0.8 mm, 185 

depth 3.1 mm) of Ai14 mice and unidirectionally connected downstream targets were examined for 186 

cell body labeling (e.g. V1 for NDB and LC, or LGNd and ENTl for DR).  To demonstrate the location 187 

and axonal targeting of V1-projecting cholinergic or LGNd-projecting serotonergic cell populations, 188 
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AAV1-CAG-FLEX-GFP-WPRE (Addgene, 1.7 x 1013 GC/mL) was injected (60 nL total volume, 3 189 

week post-injection survival time) into NDB of Chat-IRES-Cre mice (Jackson Laboratories, stock 190 

#006410) or DR of Pet1-Cre mice (Jackson Laboratories, stock #012712) using the same coordinates 191 

listed above.  192 

 To label different input-defined cell populations in the spinal cord, descending pathways in the 193 

brain were first identified by injecting AAVretro-hSyn-Cre (1.5 x 1014 GC/mL, 200 nL, Vigene 194 

Biosciences) and AAVretro-hSyn-GFP (1.7 x 1014 GC/mL, 200 nL, Vigene Biosciences) unilaterally 195 

into the left cervical (C7-C8) and lumbar (L3-L4) spinal cord, respectively.  Animals were euthanized 196 

3 weeks following injection and the entire brain was examined for retrogradely labeled GFP+ and/or 197 

tdTomato+ cell bodies.  Candidate regions were then cross-examined for the presence or absence of 198 

ascending spinal axon terminals following cervical and lumbar injections of AAV1-hSyn-GFP and 199 

AAV1-CAG-tdTomato, respectively, to validate their unidirectional connection with the spinal cord 200 

(200 nL injection volume, 3 week post-injection survival time; Figure 5B).   Spinal-projecting brain 201 

regions lacking ascending spinal axon terminals were then selected for injection of scAAV1-hSyn-Cre 202 

(100 nL total volume) in Ai14 mice using the following coordinates from bregma: MOp-ll 203 

(anteroposterior -0.8 mm, mediolateral 1.3 mm, depth 0.6 mm); SSp-ll (anteroposterior -0.9 mm, 204 

mediolateral 1.7 mm, depth 0.6 mm); LHA (anteroposterior -1.5 mm, mediolateral 1.3 mm, depth 5.1 205 

mm); and RN (anteroposterior -3.5 mm, mediolateral 0.5 mm, depth 3.7 mm).  Following a 2 week 206 

post-injection survival time, animals were euthanized and cervical, thoracic, and lumbar segments of 207 

the spinal cord were examined for tdTomato+ cell body labeling.   208 

 To reveal the topographical distribution of cells downstream of two different corticofugal 209 

pathways in the same brain, AAV1-hSyn-Flp was injected into MOp-ul (100 nL total volume, 210 

coordinates from bregma: anteroposterior +0.7 mm, mediolateral 1.7 mm, depth 0.6 mm); and 211 

scAAV1-hSyn-Cre was injected into MOp-ll (100 nL total volume, anteroposterior -0.8 mm, 212 
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mediolateral 1.3 mm, depth 0.6 mm) in Ai14-tdTomato x Frt-GFP mice.  Following a 2 week post-213 

injection survival time, downstream targets across the entire brain and spinal cord were examined for 214 

Flp+/GFP+ and Cre+/Tom+ cell body labeling.   215 

 To label the axonal output of PN neurons that specifically receive input from upper limb- or 216 

lower limb-related MOp, scAAV1-hSyn-Cre was injected into MOp-ul (80 nL total volume, same 217 

coordinates as above) or MOp-ll (same coordinates as above) and AAV1-CAG-Flex-GFP was injected 218 

into PN (80 nL total volume, coordinates from bregma: anteroposterior -3.9 mm, mediolateral 0.4 mm, 219 

depth 5.5 mm) in Ai14 mice.  Following a 2 week post-injection survival time, animals were 220 

euthanized and the cerebellum was examined for GFP+ axons. 221 

 222 

Tetanus toxin expression  223 

To explore underlying mechanisms of AAV transneuronal release, tetanus toxin light chain was 224 

expressed in V1 (same coordinates as described above) of Ai14 mice using injections of AAVDJ-CMV-225 

TeNT-P2A-GFP (Stanford Viral Core, 5.7 x 1012 GC/mL, 100 nL total volume, n = 8 mice).  As a 226 

control, a separate group of Ai14 mice were injected with AAV1-hSyn-GFP-WPRE (Addgene, titer 227 

reduced to 3.2 x 1012 GC/mL, 100 nL total volume, n = 8 mice).  Following 2 weeks to allow for 228 

sufficient viral gene expression, scAAV1-hSyn-Cre was injected into the same location in V1 for each 229 

group (60 nL total volume).  After an additional 2 weeks post-injection, mice were euthanized and SC 230 

was examined for the presence of tdTomato+ cell body labeling.  To establish a time course for TeNT 231 

expression and its effect on anterograde transsynaptic spread of AAV1, we injected AAVDJ-CMV-232 

TeNT-P2A-GFP into V1 of Ai14 mice, as described above, and then followed up with injections of 233 

scAAV1-hSyn-Cre either within the same surgical procedure (co-injection), 2 days after initial viral 234 

injection, or 6 days after initial viral injection (n = 4 mice for each group).  All animals were 235 
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euthanized 2 weeks after receiving the second virus injection and SC was examined for the presence of 236 

tdTomato+ cell bodies. 237 

 238 

Virus injections for sparse labeling of neurons  239 

To achieve sparse labeling in a given Cre-expressing cell population, a co-injection strategy was used 240 

to obtain robust levels of YFP expression in only a few cells.  Co-injections consisted of a 1:1 mixture 241 

of high titer AAVDJ-EF1a-fDIO-YFP-WPRE (UNC Vector core, final titer 1.2 x 1013 GC/mL) and low 242 

titer AAV1-EF1a-DIO-Flp-WPRE (Vigene Bioscience, diluted within a final titer range of 7.5 x 108 – 243 

1010 GC/mL).  To establish a relationship between titer and the resulting number of labeled cells, 244 

AAV1-EF1a-DIO-Flp-WPRE was diluted to either 7.5 x 108, 109, or 1010 GC/mL and co-injected with 245 

AAVDJ-EF1a-fDIO-YFP-WPRE (50 nL total volume) in V1 of Ai14 x PV-Cre mice (Jackson 246 

Laboratories, stock # 017320, n = 4 mice for each titer).  Following a 2 week post-injection survival 247 

time, animals were euthanized and V1 was examined for YFP+ cell labeling.   248 

To achieve sparse labeling of both input- and genetically-defined cell populations, AAV1-249 

EF1a-DIO-Flp-WPRE was injected at reduced titer (1.5 x 1012 GC/mL, 80 nL injection volume) into 250 

ACA (coordinates from bregma: anteroposterior +0.5 mm, mediolateral 0.3 mm, depth 0.9 mm) in 251 

Ai14 x Vglut2-Cre mice (Jackson Laboratories, stock #016963).  This titer was chosen as previous 252 

results (Zingg et al., 2017) revealed the number of anterograde transsynaptically labeled cells in a 253 

given target region are reduced by 85-90% when injection titer is lowered from 1013 to 1012 GC/mL.  A 254 

test injection of scAAV1-hSyn-Cre (80 nL volume, 1.5 x 1013 GC/mL) in ACA of Ai14 x GAD67-255 

GFP mice revealed an average of about 8 GAD67-GFP+/Tom+ cells and 35 GAD67-GFP-/Tom+ cells 256 

(presumed excitatory) within a given 300 μm3 sample space of PAGdl.  A reduced titer injection of 257 

AAV1-EF1a-DIO-Flp-WPRE (1.5 x 1012 GC/mL, 80 nL injection volume) in ACA of Vglut2-Cre 258 

mice would then be expected to tag ~4 Vglut2-Cre+/Flp+ cells per 300 μm3 region of PAGdl.  To 259 
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robustly label these cells for morphological analysis, injections of AAVDJ-EF1a-fDIO-YFP-WPRE (30 260 

nL total volume, 2.5 x 1013 GC/mL) were targeted to the PAGdl (coordinates relative to bregma: 261 

anteroposterior -4.0 mm, mediolateral 0.6 mm, depth 2.3 mm).  Following a 2 week post-injection 262 

survival, animals were euthanized and PAGdl was examined for the presence of YFP+ cell bodies.  263 

 264 

Histology  265 

Following desired post-injection survival time, animals were deeply anesthetized and transcardially 266 

perfused with 4% paraformaldehyde.  Brains were extracted and post-fixed for 24 hours at 4˚C in 4% 267 

paraformaldehyde and then sliced into 150 μm sections using a vibratome (Leica, VT1000s).  The 268 

sections were serially mounted onto glass slides and coverslipped.  For some experiments, a 269 

fluorescent Nissl stain was added (Neurotrace 640, ThermoFisher, N21483) to reveal cell body 270 

location and cytoarchitectural information.   271 

 272 

Imaging and quantification  273 

All images were generated using a confocal microscope (Olympus FluoView FV1000).  To quantify 274 

cells labeled in the cerebellum following AAV1-Cre injection in PN or IO (Figure 1), coronal sections 275 

across the entire cerebellum were collected and the contralateral simple lobule (SIM) was selected for 276 

quantification as it exhibited strong and consistent labeling in all examined cases.  For each animal, 277 

10X magnification images were collected for 4 sections of SIM (from about -5.8 to -6.4 mm posterior 278 

to bregma) across the depth of the tissue (150 μm thickness, 15 μm z-stack interval).  TdTomato+ 279 

neurons were quantified in the molecular layer, Purkinje cell layer, and large GAD67-GFP+/Tom+ 280 

cells were identified in the granule layer.  To distinguish tdTomato+ granule cells from mossy fiber 281 

terminals, 40X z-stack images were collected throughout the granule layer and tdTomato+ cell bodies 282 

that co-localized with fluorescent Nissl stain were manually identified and counted.  Cell counts for all 283 
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4 sections were totaled for each animal and plotted as mean ± SD (n = 4 mice for both PN and IO).  To 284 

provide a quantitative estimate of viral leakage, we counted the total number of Nissl+ granule cells 285 

(average of 13,480 cells) and Purkinje cells (average of 472 cells) found in four sections of the SIM 286 

lobule.  Assuming the extreme case in which the virus may spread by leaking from any part of the axon 287 

in the target region, we applied the following formula that takes into consideration the relative 288 

probability of labeling each cell type given their differences in density: PN→CB % leakage = [(leaky 289 

labeled PCs)/(Total PCs)] / [(labeled GCs)/(Total GCs)] x 100 and IO→CB % leakage = [(leaky 290 

labeled GCs)/(Total GCs)] / [(labeled PCs)/(Total PCs)] x 100, where GC and PC refer to granule and 291 

Purkinje cells, respectively, and the values for “leaky labeled” and “labeled” cells are taken from 292 

tdTomato+ cell counts reported for each pathway in Figure 1I. 293 

To quantify the total number of cell bodies labeled in SC following virus injections in V1 294 

(Figures 3D and 6D), serial sections across the entire structure were collected and examined.  Regions 295 

with labeled cells were imaged at 10X magnification across the depth of the tissue (150 μm thickness, 296 

15 μm z-stack interval).  TdTomato+ cell bodies that co-localized with fluorescent Nissl stain were 297 

manually identified and counted.  298 

To provide an estimate of the efficiency of viral spread across different types of synapses 299 

(Figure 4), the percentage of tdTomato+ cells relative to Nissl+ cells was quantified within the axon 300 

terminal field in either SNr (for striatum injections) or VM (for SNr injections).  For diffuse 301 

neuromodulatory output targeting entire structures or cortical regions, the percentage of tdTomato+ 302 

cells was quantified in relation to the total number of Nissl+ cells in the LGNd (for DR injections) or 303 

the total number of tdTomato+ cells relative to Nissl+ cells within a 500 x 500 μm sample space in V1 304 

(for NDB and LC injections).  40X magnification images were used for quantification, and an average 305 

percentage was generated for each animal using at least 4 sample images in the target region (n = 4 306 

mice for each pathway).   307 
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To quantify the number of anterograde transsynaptically labeled cells in different segments of 308 

the spinal cord (Figure 5), six coronal sections (150 μm thickness) were selected at 450 μm intervals 309 

apart for each of the cervical, thoracic, and lumbar regions.  Sections were then imaged using a 310 

confocal microscope at a single z-plane at 10X magnification and tdTomato+ cell bodies were 311 

manually identified and counted.  Cell counts were plotted as mean ± SD for each spinal region (n = 1 312 

mouse for each of the 4 pathways tested).   313 

To compare the retrograde transport efficiency of AAV1-Cre with that of AAVretro-Cre 314 

(Figure 6H), three consecutive coronal sections through A1 (-2.5 to -3.0 mm posterior from bregma) 315 

were imaged at a single z-plane at 10X magnification, and tdTomato+ cell bodies were manually 316 

quantified within a fixed 1 mm2 region of interest centered on the highest density of labeling for each 317 

section.  The average number of cells per section was reported for each animal (n = 3 mice for each 318 

group).  Similarly, to quantify the number of anterograde transsynaptically labeled cells in IC 319 

following injections of either scAAV1-hSyn-Cre or AAVretro-hSyn-Cre in A1 (Figure 6I), three 320 

consecutive coronal sections through IC were imaged in a single z-plane at 10X magnification (-5.1 to 321 

-5.6 mm posterior from bregma).  TdTomato+ cell bodies were then manually quantified within a fixed 322 

1 mm2 region of interest to generate an average number of cells per section for each animal (n = 3 mice 323 

for each group). 324 

To provide an estimate of the difference in axonal projections to the cerebellum from MOp-ul-325 

versus MOp-ll-recipient PN neurons, the density of axon terminals was measured within the two major 326 

targets of each pathway (PRM and COP lobules, Figure 8).  Five consecutive coronal sections (150 μm 327 

thickness) through the posterior cerebellum (-7.1 to -7.8 mm from bregma) were imaged at 10X 328 

magnification for each mouse.  Using Photoshop, 3X the average background signal was removed 329 

from each image and the remaining signal was rendered binary.  The total number of pixels 330 

corresponding to axonal fluorescence was then quantified and expressed as a fraction of the total pixel 331 
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count in the granule layer of PRM or COP for each section.  The average density of axon signal in each 332 

lobule was determined for each pathway and reported as the mean ± SD for each group (n = 3 mice per 333 

group).    334 

To quantify the number of sparsely labeled YFP+/Tomato+ PV cells in V1 following co-335 

injections of AAV-fDIO-YFP and low titer AAV-DIO-Flp (Figure 9), serial sections through V1 were 336 

collected and imaged at 10X magnification across the depth of the tissue (150 μm thickness, 15 μm z-337 

stack interval).  The total number of YFP+/Tom+ cells were manually identified and counted for each 338 

of the titers tested (n = 4 animals each). 339 

 340 

Slice preparation and recording 341 

To compare the rate of synaptic connectivity between tdTomato+, and neighboring non-labeled 342 

neurons in IC, a 1:1 mixture of scAAV1-hSyn-Cre and AAV1-EF1a-DIO-hChR2-YFP (Addgene, 1.6 343 

x 1013 GC/mL) was injected into A1 of Ai14 mice (100 nL total volume, coordinates from bregma: 344 

anteroposterior -3.1 mm, mediolateral 4.5 mm, depth 0.7 mm).  Following a 2 week post-injection 345 

survival time, acute brain slices containing IC were prepared.  Following urethane anesthesia, the 346 

animal was decapitated and the brain was rapidly removed and immersed in an ice-cold dissection 347 

buffer (composition: 60 mM NaCl, 3mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 115 mM 348 

sucrose, 10 mM glucose, 7 mM MgCl2, 0.5 mM CaCl2; saturated with 95% O2 and 5% CO2; pH= 349 

7.4).  Brain slices of 350 μm thickness containing IC were cut in a coronal plane using a vibrating 350 

microtome (Leica VT1000s).  Slices were allowed to recover for 30 min in a submersion chamber 351 

filled with warmed (35 °C) ACSF and then to cool gradually to room temperature until recording.  The 352 

spatial expression pattern of ChR2-EYFP in each slice was examined under a fluorescence microscope 353 

before recording.  IC neurons were visualized with IR-DIC and fluorescence microscopy (Olympus 354 

BX51 WI) for specific targeting of both tdTomato+ neurons and nearby (within 150 μm) tdTomato- 355 
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neurons surrounded by EYFP+ fluorescent fibers.  Patch pipettes (Kimax) with ~4-5 MΩ impedance 356 

were used for whole-cell recordings.  Recording pipettes contained: 130 mM K-gluconate, 4 mM KCl, 357 

2 mM NaCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM ATP, 0.3 mM GTP, and 14 mM phosphocreatine 358 

(pH, 7.25; 290mOsm).  Signals were recorded with an Axopatch 200B amplifier (Molecular Devices) 359 

under voltage clamp mode at a holding voltage of –70 mV for excitatory currents or 0 mV for 360 

inhibitory currents, filtered at 2 kHz and sampled at 10 kHz.  1 μM tetrodotoxin (TTX) and 1 mM 4- 361 

aminopyridine (4-AP) was added to the external solution for recording only monosynaptic responses 362 

(Petreanu et al. 2009) to blue light stimulation (3-10 ms pulse, 3 mW power, 10 trials, delivered via a 363 

mercury Arc lamp gated with an electronic shutter).   364 

 365 

Statistical Methods  366 

All statistical analyses were performed using GraphPad Prism 6.  Samples were first determined to 367 

have normal distribution using the Shapiro-Wilk test.  To determine a significant association between 368 

anterograde transsynaptic labeling and synaptic connectivity (Figure 2D), Chi-square analysis was 369 

performed.  To test for a significant difference in the number of cerebellar cell-types labeled (Figure 370 

1I), the number of cells found SC in tetanus toxin experiments (Figure 3D), the number cells found in 371 

A1 or IC (Figure 6H-I), or the density of axon terminals in different cerebellar lobules (Figure 8), an 372 

unpaired Student’s t-test was used.  Differences between data sets were considered significant if p < 373 

0.05.  Results for all histograms are expressed as mean ± SD.   374 

  375 
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RESULTS 376 

Synaptic specificity of AAV transneuronal spread 377 

Previously, we observed that AAV1-Cre spreads only to first-order downstream neurons in expected 378 

target regions, does not leak from axons of passage, and labels neurons that show a high probability of 379 

receiving functional presynaptic input (Zingg et al., 2017).  These observations are suggestive of a 380 

transsynaptic mechanism of spread, however the extent to which AAV1 passes exclusively through 381 

synaptic connections remains uncertain (Figure 1A).  To provide a deeper understanding of the 382 

synaptic nature of AAV1 transport, we systematically characterized (1) the specificity of the spread to 383 

only expected cell-types in a well-defined circuit, (2) the probability of functional connectivity 384 

between labeled and non-labeled cells in a target region, and (3) whether AAV spread is dependent on 385 

synaptic vesicle release. 386 

 387 

Anatomical examination of synaptic specificity of AAV transneuronal spread 388 

To provide a broad estimation of the synaptic specificity of AAV1 transneuronal spread, we took 389 

advantage of two different unidirectional pathways that converge on distinct cell-types within the 390 

cerebellar cortex (Figure 1B).  Neurons in the pontine nucleus (PN) project to the granule layer of the 391 

cerebellum and form well-characterized connections with granule cells (Palay and Chan-Palay, 1974).  392 

On the other hand, neurons in the inferior olive (IO) send axons through the granule layer and 393 

terminate primarily onto the dendrites of Purkinje cells (Palay and Chan-Palay, 1974; Mathews et al., 394 

2012).  We therefore expected injections of AAV1-Cre in the PN to label granule cells, but not 395 

Purkinje cells, and injections in the IO to label Purkinje cells, but not granule cells.  To test this, we 396 

first injected self-complementary (sc)AAV1-hSyn-Cre, which is packaged with a double-stranded 397 

DNA construct (see Materials and Methods and Figure 6), into the PN or IO of Ai14 x GAD67-GFP 398 

mice (Figure 1C, 1F).  GAD67-GFP expression was used to facilitate identification of Purkinje cells 399 
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and molecular layer interneurons (MLIs), as well as large inhibitory neurons in the granule layer.  400 

Following a 2-week post-injection survival time, PN injections yielded numerous small 401 

tdTomato+/GFP- cells in the granule layer (presumed granule cells) along with some large 402 

tdTomato+/GFP+ neurons (presumed Golgi cells, see Kanichay & and Silver, 2008) (Figure 1D-E), 403 

while IO injections labeled Purkinje cells, MLIs, and large inhibitory neurons in the granule layer 404 

(Figure 1G-H).  To quantify this labeling, we focused on 4 consecutive sections of the contralateral 405 

simple lobule (SIM; see Materials and Methods) and counted the total number of labeled granule cells 406 

and Purkinje cells across all 4 sections for each animal (n = 4 animals for both PN and IO).  As 407 

expected, PN injections labeled a large number of granule cells (average 735 cells per animal), while 408 

IO injections labeled a negligible number of granule cells (average 13 cells per animal) (Figure 1I, 409 

upper).  Similarly, IO injections robustly labeled Purkinje cells (average 48 cells per animal), while PN 410 

injections labeled little or no Purkinje cells (average 1 cell per animal) (Figure 1I, lower).  Taking into 411 

consideration the difference in density of each cell population in the target region (see Materials and 412 

Methods), we estimated that for each pathway, the relative probability of nonspecific labeling was 413 

about 1 to 4% of innervated cells.  Thus, despite this potential for viral leakage, anterograde 414 

transneuronal transport was overall quite selective in labeling the expected post-synaptic granule or 415 

Purkinje cell populations.   416 

 417 

Functional characterization of synaptic specificity of AAV1 transneuronal spread 418 

To explore the association between anterograde transneuronally labeled neurons and functional 419 

connectivity, we injected a 1:1 mixture of scAAV1-hSyn-Cre and AAV1-EF1a-DIO-ChR2-YFP into 420 

the primary auditory cortex (A1) of Ai14 mice and performed slice recording from tdTomato+ neurons 421 

and neighboring tdTomato- neurons in the inferior colliculus (IC) (Figure 2A).  This pathway was 422 

selected given its unidirectional nature and robust transneuronal labeling of cells in the target region 423 
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(see Figure 6E-I).  Expression of channelrhodopsin2 (ChR2) was restricted to neurons that were co-424 

transduced by scAAV1-Cre and AAV1-DIO-ChR2, thus allowing us to activate the same presynaptic 425 

neurons that presumably transported scAAV1-Cre to its downstream targets (Figure 2B), although 426 

some additional fraction of Cre+/ChR2+ axons that did not have transneuronal spread occurring may 427 

be co-activated in this experimental design (see Discussion).  Using whole-cell recording, functionally 428 

connected IC neurons were identified by their LED-evoked excitatory synaptic responses (Figure 2C), 429 

which persisted in the presence of tetrodotoxin (TTX) and 4-AP (Petreanu et al., 2009).  Altogether, 430 

100% of the tdTomato+ cells recorded (28/28 cells) exhibited LED-evoked monosynaptic excitatory 431 

responses, whereas only 46% of neighboring tdTomato- cells (13/28 cells) responded to LED (Figure 432 

2D-E).  These results revealed a statistically significant association between tdTomato+ labeling and 433 

functional connectivity when compared with non-labeled neurons randomly recorded within the same 434 

region and functionally demonstrate that AAV1 preferentially spreads to synaptically connected 435 

neurons downstream of the injection site.    436 

 437 

Dependence on synaptic vesicle release 438 

How might AAV1 be released from synaptic terminals?  Previous studies have shown that, following 439 

uptake at the soma, about 14% of AAV-containing endosomes are actively trafficked down the axon in 440 

a kinesin-2 dependent manner (Castle et al., 2014a; Castle et al., 2014b).  It is possible that some of 441 

these may merge with endosomal compartments that give rise to synaptic vesicles, enabling co-release 442 

of AAV particles and neurotransmitter into the synaptic cleft (Figure 3A).  To examine the contribution 443 

of synaptic vesicle release in viral spread, we expressed tetanus toxin light chain (TeNT) in V1 444 

neurons using injections of AAVDJ-CMV-TeNT-P2A-GFP (or AAV1-hSyn-GFP as control) in Ai14 445 

mice (Figure 3A).  TeNT has been shown to completely block Ca2+-evoked synaptic vesicle fusion and 446 

transmitter release by cleaving VAMP2 (also known as synaptobrevin-2) (Schaivo et al., 1992; Schoch 447 
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et al., 2001; Yamamoto et al., 2003).  Cleavage results in improper SNARE complex formation 448 

specifically for synaptic vesicles, while presumably leaving other forms of vesicular fusion intact.  449 

Following a 2-week post-injection survival time to allow for TeNT expression, a second injection of 450 

scAAV1-hSyn-Cre was targeted to the same location in V1 (Figure 3B-C, top panel), and SC was then 451 

examined 2 weeks later for the presence of tdTomato+ cell bodies (Figure 3B-C, bottom panels).  452 

Remarkably, we observed a ~94% decrease in the number of transsynaptically labeled (i.e. tdTomato+) 453 

neurons in SC, as compared with control animals that received only GFP-expressing AAV1 injection 454 

followed by scAAV1-hSyn-Cre injection (Figure 3D).  The remaining fraction of labeled cells 455 

observed may be the result of incomplete co-transduction of starter cells with both viruses, and/or may 456 

reflect alternative vesicular mechanisms of release that contribute to viral spread.  This blockade of 457 

anterograde transsynaptic labeling was only significant if the TeNT virus was injected at least 2 days 458 

earlier than AAV1-Cre (Figure 3D).  Lastly, it is also worth noting that the reduction in labeling of SC 459 

neurons was accompanied by noticeable enlargements in TeNT-containing axon terminals (Figure 3C, 460 

bottom panel), which may reflect a compensatory change following complete block of synaptic vesicle 461 

release (see Woods et al., 2018).  Overall, these results provide additional insight into the synaptic 462 

specificity of viral spread and suggest that successful transduction of downstream neurons by AAV1 463 

may favor a synaptic mechanism of vesicle release.   464 

 Based on the three lines of evidence presented above, we conclude that AAV1 preferentially 465 

spreads to synaptically connected neurons in downstream targets, although this spread is not entirely 466 

perfect, as some fraction of labeling (estimated to be ~1-4% in Figure 1) may be the result of non-467 

specific viral leakage in the axon terminal region.  Given that the majority of cells appear to be post-468 

synaptic to the starter population in our experiments, however, we refer to the transneuronal spread of 469 

AAV1 as “transsynaptic” in remaining portions of the text.        470 

 471 
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Efficiency of AAV1 spread through inhibitory synapses 472 

We previously demonstrated that AAV1-Cre can spread from excitatory projection neurons to both 473 

excitatory and inhibitory postsynaptic cell-types (Zingg et al., 2017).  However, whether or not this 474 

transport occurs efficiently across other types of synaptic connections in the brain (e.g. through 475 

inhibitory or neuromodulatory pathways) remains to be determined.  To test this, we first examined the 476 

efficiency of anterograde transsynaptic spread from inhibitory neurons to downstream excitatory or 477 

inhibitory cell populations in Ai14 mice.  To avoid possible retrograde labeling from AAV1 injections 478 

(Rothermel et al., 2013; Aschauer et al., 2013; Zingg et al., 2017), only unidirectionally connected 479 

regions downstream of each injection site were examined.  To characterize the efficiency of spread 480 

from inhibitory-to-inhibitory cells, we injected scAAV1-hSyn-Cre into the striatum (Str), which 481 

contains GABAergic medium spiny neurons (MSNs) that project to inhibitory cells within the 482 

substantia nigra, pars reticulata (SNr) (Figure 4A, left two panels).  Following a 2-week post-injection 483 

survival time, numerous tdTomato+ cells were found intermingled with dense axon terminals in SNr 484 

(Figure 4A, middle panels), suggesting the potential for AAV1 to spread through inhibitory synapses to 485 

downstream inhibitory neurons.  We also observed tdTomato+ cells in the overlying substantia nigra, 486 

pars compacta (SNc, presumed dopaminergic neurons) (Figure 4A, third from left panel), however 487 

these were excluded from analysis as they provide strong projections to the Str and may therefore have 488 

been retrogradely labeled by AAV1-Cre.  This notion is supported by the observation that injections of 489 

GFP-expressing G-deleted rabies virus into the same region of the Str robustly back-labeled neurons in 490 

SNc, but not in SNr (Figure 4A, right panel).  To provide an estimate of the anterograde transsynaptic 491 

labeling efficiency from Str→SNr, we quantified the number of tdTomato+ neurons relative to the 492 

total number of Nissl+ neurons within the boundaries of the axon terminal field in SNr (see Materials 493 

and Methods).  We found on average ~41% of the cells within this region were tdTomato+ (Figure 4F, 494 

grey), suggesting comparable efficiency to previously reported excitatory projection neuron pathways 495 
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(Zingg et al., 2017).  In addition, using the same approach, we also tested AAV1 spread from 496 

inhibitory neurons in the SNr to presumed excitatory neurons in the ventromedial nucleus of the 497 

thalamus (VM), another known unidirectional pathway (Figure 4B).  Again, we found relatively 498 

efficient anterograde transsynaptic labeling in VM (~36% tom+/total Nissl+ cells; Figure 4F, light 499 

gray), providing further evidence that AAV1 may be used to transsynaptically tag diverse cell 500 

populations downstream of different classes of inhibitory projection neurons.  501 

 502 

Efficiency of AAV1 spread across neuromodulatory synapses 503 

To determine whether neuromodulatory cell-types support anterograde transsynaptic spread of AAV1, 504 

we performed similar injections in brain regions that contain cholinergic (ACh), serotonergic (5-HT), 505 

or noradrenergic (NE) cell populations and examined targets that were exclusively downstream for 506 

tdTomato+ cell bodies (Figure 4C-E).  Specifically, to reveal transsynaptic spread through cholinergic 507 

neurons, we injected the diagonal band nucleus (NDB) in the anterior basal forebrain, which projects 508 

strongly to V1 (Figure 4C, second and third from left panels; and see Huppe-Gourgues et al., 2018), 509 

but does not receive input back from V1 (Do et al., 2016).  Following injections of scAAV1-hSyn-Cre 510 

into the NDB, we observed sparse tdTomato+ neurons scattered throughout all layers of V1, including 511 

layer 1 (Figure 4C, right three panels).  This suggests AAV1 may have the capacity to spread post-512 

synaptically through cholinergic neurons, albeit much less efficiently than expected given the dense 513 

termination pattern in this target structure (Figure 4C, third from left panel).  Indeed, quantification of 514 

the number of tdTomato+ cells relative to Nissl+ cells within a given 500 x 500 μm region of V1 515 

revealed only ~0.65% labeling efficiency (Figure 4F).  Similarly, we also observed inefficient spread 516 

of AAV1 through serotonergic and noradrenergic cell populations. Serotonergic projections from the 517 

dorsal raphe (DR) to the dorsolateral geniculate nucleus (LGNd) or lateral entorhinal cortex (ENTl), 518 

two exclusively downstream targets (Ogawa et al., 2014; Weissbourd et al., 2014; Prouty et al., 2017), 519 
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produced almost no transsynaptic labeling (Figure 4D, right three panels), despite strong axonal 520 

innervation of these structures (Figure 4D, second and third from left panels).  Furthermore, 521 

transsynaptic labeling was completely absent in V1 following transduction of noradrenergic neurons in 522 

the locus coeruleus (LC) (Figure 4E), which diffusely project to most cortical areas, including V1 523 

(Polack et al., 2013; Schwarz et al., 2015).  Thus, while AAV1 appears to be capable of efficient 524 

spread through classically defined glutamatergic and GABAergic synaptic pathways, its application in 525 

various neuromodulatory systems may be limited.  526 

 527 

Transsynaptic categorization of input-defined spinal cord neurons 528 

We next asked whether AAV1 transsynaptic tagging could be applied in long-range projection 529 

pathways from the brain to the spinal cord.  To test this, we first identified several brain regions that 530 

contained spinal-projecting cell populations by injecting retrogradely transported AAV (AAVretro; 531 

Tervo et al., 2016) expressing Cre or GFP in the cervical and lumbar spinal cord, respectively, of Ai14 532 

mice.  Based on the retrograde labeling result (Figure 5A), we selected two cortical regions (lower-533 

limb-related primary motor cortex, MOp-ll; and lower-limb-related somatosensory cortex, SSp-ll) and 534 

two subcortical regions (lateral hypothalamic area, LHA; and red nucleus, RN) for injections of 535 

scAAV1-hSyn-Cre, as these regions received no or little input from the spinal cord (Figure 5B).  536 

Following a 2-week post-injection survival time (Figure 5C), robust tdTomato+ cell body labeling was 537 

observed in the spinal cord for each descending pathway (Figure 5D), suggesting a capacity for AAV1-538 

Cre to efficiently transduce neurons over long axonal distances.  Interestingly, the distribution of this 539 

postsynaptic labeling appeared to be regional and layer-specific for each pathway (Figure 5D-E), 540 

suggesting that different descending projections to the spinal cord recruit unique sub-populations of 541 

spinal neurons that may underlie their distinct functional roles.  These results further highlight the 542 
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specificity of anterograde transsynaptic AAV1 spread and reveal its potential use in dissecting the 543 

downstream circuit components of different brain-spinal projection pathways.  544 

 545 

Comparison between viruses, toxicity, and retrograde transport potential 546 

Our previous results indicated that AAV1, and to a lesser extent AAV9, are capable of anterograde 547 

transsynaptic transport, while other tested serotypes (AAV5, 6, 8) or virus types (CAV2) did not 548 

display this property (Zingg et al., 2017).  To provide a more comprehensive screen of anterograde 549 

transsynaptic transport across a variety of commonly used viruses, we injected equal volumes (60 nl) 550 

of adenovirus (Ad5-CMV-Cre), lentivirus (LV-CMV-Cre), baculovirus (BAC-CMV-Cre), G-deleted 551 

rabies virus (RV-Cre-GFP), AAVretro-Cre (Tervo et al., 2016), AAV-PHP.B-Cre (Deverman et al., 552 

2016), scAAV1-hSyn-Cre, or AAV1-hSyn-Flp into V1 of Ai14 mice (for Cre-expressing viruses) or 553 

GFP-expressing Flp-reporter mice (Frt-GFP, for AAV1-hSyn-Flp) (See Table 1).  Animals were 554 

euthanized 4 weeks following injection and the number of postsynaptically labeled cells in SC was 555 

quantified for each virus injection and plotted alongside previously reported data for additional viruses 556 

(Figure 6D; Zingg et al., 2017).  Besides AAV1 (and to a lesser extent AAV9), none of the tested 557 

viruses yielded any anterograde transsynaptic labeling in SC (Figure 6D), suggesting that AAV1 is 558 

unique in its capacity to efficiently spread to neurons downstream of an injection site.  In addition, we 559 

observed that AAV1-hSyn-Flp was capable of labeling comparable numbers of cells in SC as 560 

compared with Cre-expressing AAV1 constructs (Figure 6C, 6D), suggesting this approach may be 561 

applied interchangeably with AAV1 viruses expressing different forms of recombinase.   562 

Moreover, among the four AAV1 viruses tested, we observed a nearly two-fold increase in the 563 

number of anterograde transsynaptically labeled cells when using AAV1-hSyn-Cre-WPRE as 564 

compared with scAAV1-hSyn-Cre, AAV1-CMV-Cre, or AAV1-hSyn-Flp, which each lack the 565 

woodchuck hepatitis post-transcriptional regulatory element (WPRE) (Figure 6D; Table 1).  This 566 
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enhancer element can stabilize mRNA transcripts and increase the expression of AAV gene products 567 

by seven-fold (Loeb et al., 1999), however over-expression of Cre recombinase may become toxic to 568 

host cells at the injection site, as evident in Figure 6A (middle panel; also see Haery et al., 2019).  To 569 

avoid this complication, all experiments in this study used scAAV1-hSyn-Cre and AAV1-hSyn-Flp, 570 

which do not exhibit any signs of toxicity at the injection site and still yield large numbers of 571 

transsynaptically labeled cells (Figure 6A-C). 572 

Finally, in addition to anterograde transsynaptic spread, we previously observed that AAV1-573 

Cre has the capacity to be retrogradely transported to neurons presynaptic to the injection site, thus 574 

limiting its use to unidirectional, rather than reciprocally connected pathways (Zingg et al., 2017; and 575 

see Rothermel et al., 2013).  To better characterize the efficiency of each of these transport properties, 576 

we examined the retrograde and anterograde transsynaptic spread of AAV1 within the same pathway 577 

(Figure 6E-I), and compared it with that of a well characterized retrograde variant of AAV (AAVretro-578 

hSyn-Cre; Tervo et al., 2016).  Following injection into A1 or IC with either scAAV1-hSyn-Cre or 579 

AAVretro-hSyn-Cre at equivalent titer (2.8 x 1013 GC/mL, 80 nL total volume) in Ai14 mice, animals 580 

were euthanized (2 week post-injection survival time) and the number of retrogradely labeled 581 

tdTomato+ cells in A1 or anterograde transsynaptically labeled cells in IC were quantified (Figure 6H, 582 

6I).  The density of retrograde labeling in A1 was approximately 4 times greater for AAVretro-Cre 583 

compared with scAAV1-Cre (average of 180 cells/mm2 compared to 48 cells/mm2, respectively; Figure 584 

6H) and a broader labeling pattern across A1 was observed for AAVretro-Cre, indicating greater 585 

retrograde transport efficiency than scAAV1-Cre (Figure 6E, 6F, middle panels).  Alternatively, as 586 

expected, a large number of anterograde transsynaptically labeled neurons was observed in IC 587 

following injection of scAAV1-Cre, but not AAVretro-Cre, in IC (Figure 6G, 6I; average of 310 588 

cells/mm2 compared to 0 cells/mm2, respectively).  Overall, however, given the significant capacity for 589 

AAV1 to be transported retrogradely, as indicated in Figure 6F and 6H, caution must be taken to apply 590 
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AAV1 anterograde transsynaptic mapping only in well-established, unidirectionally connected 591 

pathways.       592 

 593 

Dual anterograde transsynaptic tagging of topographically defined cell populations  594 

As corticofugal output represents one of the largest and most straight-forward systems for applying 595 

anterograde transsynaptic tagging, we aimed to explore in greater detail its potential for accessing 596 

input-defined cell populations throughout the entire brain.  In particular, given the highly topographical 597 

nature of corticofugal output, we asked whether AAV1-Cre and AAV1-Flp could be used together to 598 

simultaneously reveal the topographic distribution of cells innervated by two functionally distinct 599 

cortical regions.  To test this, we injected AAV1-hSyn-Flp in the upper-limb-related primary motor 600 

cortex (MOp-ul) and scAAV1-hSyn-Cre into MOp-ll in a Flp- and Cre-reporter mouse (Frt-GFP x 601 

Ai14-tdTomato) (Figure 7A-B).  After 2 weeks, we then examined all subcortical targets for the 602 

presence of GFP+/Flp+ or tdTomato+/Cre+ cell bodies corresponding to output from either MOp-ul or 603 

MOp-ll, respectively.  The thalamus was excluded from analysis due to its reciprocal connectivity with 604 

each injection site, however topography was still evident in this structure (Figure 7C, top row, second 605 

panel from left).  Remarkably, several brain regions, including the striatum (Str), zona incerta (ZI), 606 

medial accessory oculomotor nucleus (MA3), anterior pretectal nucleus (APN), RN, PN, and SC, 607 

contained discrete, non-overlapping populations of GFP+ or tdTomato+ cells that subdivided each 608 

structure based on its input from upper- or lower-limb-related motor cortex (Figure 7C).  In addition, 609 

we also observed structures such as caudal periaqueductal gray (PAG), pontine reticular nucleus 610 

(PRN), and cuneate (CU) and gracile (GR) nuclei, that were preferentially labeled by one pathway, but 611 

not the other (Figure 7C, bottom two rows).   612 

Given this potential to subdivide certain structures based on their topographic input (Figure 8A), 613 

we next asked whether PN neurons defined by their unidirectional input from MOp-ul or MOp-ll might 614 
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in turn project to upper- or lower-limb-related portions of the cerebellum, thus bridging two 615 

somatotopically organized systems and providing some cross-validation for the specificity of these 616 

transsynaptically tagged subpopulations (Brodal and Bjaale, 1992; Kratochwil et al., 2017).  To test 617 

this idea, we injected scAAV1-hSyn-Cre into MOp-ul or MOp-ll and AAV1-CAG-Flex-GFP into the 618 

PN to Cre-dependently express GFP in each subpopulation of input-defined PN neurons (Figure 8B, 619 

8D).  We then examined the cerebellum for GFP+ axon terminals in each case.  Interestingly, we found 620 

that MOp-ul-recipient PN neurons projected primarily to the contralateral paramedian lobule (PRM), 621 

which has been shown to respond to forelimb stimulation in micromapping studies (Shambes et al., 622 

1978; Odeh et al., 2005) and has been shown to receive di-synaptic input specifically from the forelimb 623 

motor cortex via the pontine nucleus using multi-synaptic rabies virus tracing (Suzuki et al., 2012) 624 

(Figure 8C).  On the other hand, MOp-ll-recipient PN neurons projected strongly to the contralateral 625 

copula pyramidis (COP) lobule of the cerebellum, but avoided the PRM (Figure 8E), as expected based 626 

on previous functional and anatomical mapping studies (Atkins and Apps, 1997; Voogd et al., 2003; 627 

Odeh et al., 2005; Suzuki et al., 2012) (Figure 8F, 8G).  Together, these results provide evidence that 628 

AAV1-transsynaptic tagging may be broadly applied in various corticofugal pathways to 629 

experimentally access, map, and manipulate specific subpopulations of neurons defined by their 630 

topographic cortical input.  631 

 632 

Application in sparse labeling approaches for single neuron reconstruction 633 

To better characterize populations of neurons that receive input from a given pathway, it may be useful 634 

to recover their individual morphological and axonal targeting features.  Given the normally dense 635 

arrangement of these processes, this is greatly facilitated by using a method to sparsely label only a 636 

small number of cells at a time.  To achieve sparse labeling in a given Cre-expressing cell population, 637 

we reasoned that co-injections of a low titer Cre-dependent Flp-expressing virus (AAV1-DIO-Flp) and 638 
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a high titer Flp-dependent YFP-expressing virus (AAVDJ-fDIO-YFP) could be used to obtain robust 639 

levels of YFP expression in only a few cells (Figure 9A), similar to a recent study (Lin et al., 2018).  640 

To establish a relationship between titer and the resulting number of labeled cells, AAV1-DIO-Flp was 641 

diluted to a final concentration of either 7.5 x 108, 109, or 1010 GC/mL and co-injected with AAVDJ-642 

fDIO-YFP (1.2 x 1013 GC/mL, 50 nL total volume) in V1 of Ai14 x PV-Cre mice, which express Cre 643 

in parvalbumin (PV)+ cortical interneurons (Figure 9B).  At this injection volume, we found that titers 644 

around 7.5 x 109 GC/mL consistently labeled ~4 PV+ cells per animal, enabling recovery of cell 645 

morphology (Figure 9C), while titers around 7.5 x 108 GC/mL labeled only 1 cell in one out of four 646 

animals (Figure 9B, 9D).  Therefore, working around a concentration of 109 GC/mL and adjusting for 647 

the relative difference in starter population density, it may be possible to apply this approach to any 648 

given group of Cre-expressing neurons, including those labeled using anterograde transsynaptic spread 649 

of AAV1-Cre.  650 

Transsynaptic tagging may be applied in different Cre-expressing transgenic mice to access both 651 

input- and genetically-defined cell-types in a given downstream circuit (Zingg et al., 2017).  We 652 

therefore explored an additional means to achieve sparse labeling in cell populations that meet these 653 

criteria.  As a test system, we examined the projection from the anterior cingulate cortex (ACA) to the 654 

dorsolateral periaqueductal gray (PAGdl), which is unidirectional (Vianna and Brandao, 2003).  655 

Following injections of scAAV1-hSyn-Cre in the ACA of Ai14 x GAD67-GFP mice (Figure 9E, top 656 

panel), a mixture of transsynaptically labeled GABAergic (GFP+/tdTomato+) and presumed 657 

glutamatergic (GFP-/tdTomato+) neurons were observed primarily within the PAGdl (Figure 9E, 658 

bottom panels), suggesting descending projections from ACA may innervate both cell-types.  To select 659 

only glutamatergic neurons for analysis, similar injections may be performed in ACA of Vglut2-Cre 660 

mice using AAV1-DIO-Flp and a secondary injection of AAVDJ-fDIO-YFP within the PAGdl to label 661 

input-defined glutamatergic Cre+/Flp+ cells with YFP.  With high titer AAV1-DIO-Flp (e.g. >1013 662 
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GC/mL) and AAVDJ-fDIO-YFP, these injections are expected to label a large number of cells in 663 

PAGdl.  However, AAV1-DIO-Flp may be diluted to achieve less transsynaptic labeling, as we 664 

previously demonstrated that efficiency of spread is titer-dependent (Zingg et al., 2017).  In particular, 665 

previous results revealed that reducing viral titer from ~1013 GC/mL to ~1012 GC/mL reduces 666 

transsynaptic labeling efficiency by about 85-90%.  As our test injection of scAAV1-hSyn-Cre at 1013 667 

titer yielded an average of 35 GFP-/tdTomato+ cells (presumed glutamatergic neurons) per 300 μm3 668 

sample space of PAGdl, we expected that similar injections of AAV1-DIO-Flp at 1012 titer would tag 669 

~4 Vglut2-Cre+/Flp+ within the same sample region (see Materials and Methods for details).  This 670 

sparse population could then be targeted for robust YFP expression following local injection of high 671 

titer AAVDJ-fDIO-YFP (Figure 9F).  Following this protocol, we were able to label a single input-672 

defined glutamatergic neuron in PAGdl (Figure 9G-H).  Combined with methods for tissue clearing 673 

and whole-brain imaging, it may be possible to systematically reconstruct both local morphology and 674 

all long-range axonal projections for any given sparsely labeled group of input- and genetically-675 

defined cells.      676 

 677 

Discussion 678 

In this study, we provide a systematic characterization of the synaptic specificity of AAV1 679 

transneuronal spread and examine its transport efficiency throughout a diverse set of neural pathways.  680 

Overall, we find the virus to be highly selective in its transduction of postsynaptic neurons and broadly 681 

applicable in all pathways tested, with the exception of several neuromodulatory cell-types (i.e. 682 

serotonergic, cholinergic, and noradrenergic neurons).  In addition, we reaffirm the observation that 683 

anterograde transsynaptic spread is unique to AAV1 (and to some extent AAV9), following an 684 

expanded comparison with additional AAV serotypes and other common neurotropic viruses (Figure 685 

6D).  As expected, transsynaptic spread is not specific to Cre-expressing AAV1, per se, as shown by 686 
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Flp-expressing virus (AAV1-hSyn-Flp) in a Flp-reporter mouse (Frt-GFP; Sousa et al., 2009).  Thus, 687 

AAV1-mediated transsynaptic tagging may be expanded to include a variety of recombinase systems 688 

to facilitate intersectional approaches for accessing cell-types based on multiple criteria. 689 

Trans-synaptic spread of AAV1  690 

We intended to address the synaptic specificity of AAV1 spread from anatomical, functional and 691 

molecular aspects.  To anatomically test the synaptic specificity of AAV1 spread, we examined its 692 

capacity to exclusively label cell-types known to be innervated by either pontine or inferior olive 693 

afferents to the cerebellum (Palay and Chan-Palay, 1974; Kanichay and Silver, 2008; Mathews et al., 694 

2012).  Focusing on downstream Purkinje and granule cells, AAV1 transport through each of these 695 

pathways demonstrated a high degree of synaptic specificity, largely labeling either the expected 696 

granule cell population, but not Purkinje cells (PN pathway), or Purkinje cells, but not granule cells 697 

(IO pathway).  The observed labeling patterns were not entirely perfect, however, as indicated by the 698 

presence of small numbers unexpected Purkinje or granule cells for each respective pathway, and we 699 

estimated that about 1-4% of the downstream population may be attributed to leaky viral spread for a 700 

given pathway.   701 

In addition, we observed labeling of other cell-types in the cerebellar cortex following injections 702 

in either PN or IO.  In particular, PN injections labeled large GAD67-GFP+ neurons in the granule 703 

layer (presumed Golgi cells), which are known to receive synaptic input from PN mossy fiber afferents 704 

(Kanichay and Silver, 2008), and we observed MLI and presumed Golgi cell labeling following 705 

injections into the IO.  In the latter case, these two cell-types have been shown to be functionally 706 

coupled to olivary afferents through non-classical synaptic connections (Schulman and Bloom, 1981; 707 

Xu and Edgley, 2008; Nietz et al., 2017; Szapiro et al., 2007; Coddington et al., 2013).  For example, 708 

in slice recording experiments, Nietz et al. (2017) observed short-latency EPSCs in Golgi neurons 709 

following optogenetic activation of olivary axon terminals.  However, they further characterize this 710 
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signaling to be mediated by glutamate spillover, rather than classical synaptic transmission, based on 711 

the response kinetics and sensitivity to glutamate transporter blockade.  In this case, close apposition of 712 

transmitter release sites and Golgi cell dendrites permits short-latency functional responses, and may 713 

therefore allow AAV1 release and transduction of Golgi cells along a similar path.      714 

To functionally examine the transsynaptic spread of AAV1, we recorded from both labeled and 715 

neighboring non-labeled neurons in the target region to establish a statistical association between 716 

labeling and pre-synaptic connectivity, and between non-labeled neurons and a lack of pre-synaptic 717 

connectivity.  We found that all of the labeled neurons we recorded from were mono-synaptically 718 

connected to the presynaptic starting population, while only ~46% of neighboring non-labeled cells 719 

exhibited pre-synaptic input.  A caveat to this experimental design is that ChR2 may be expressed in a 720 

greater number of upstream neurons than the actual number responsible for transsynaptic transport of 721 

AAV1-Cre.  In addition, ChR2-labeled axons may collateralize extensively in the target region, 722 

whereas AAV1-Cre does not spread with 100% efficiency to label every possible post-synaptic neuron.  723 

This would result in some unlabeled neurons exhibiting a synaptic response, and the potential for over-724 

estimating true synaptic connectivity in labeled neurons.  The ideal experiment would be to test the 725 

spread of AAV1-Cre through a single ChR2-labeled neuron to establish a one-to-one correlation 726 

between the source of light-activated axonal input and the post-synaptically labeled cell population.  727 

Unfortunately, such an experiment is technically not feasible at this point in time.  Nonetheless, our 728 

recording results reveal a statistically significant association between post-synaptic AAV spread and 729 

pre-synaptic connectivity, suggesting AAV1 may favor a synaptic mechanism of transport.  730 

Lastly, the dependence of transsynaptic spread on synaptic vesicle release, as demonstrated by 731 

impairment of viral spread by TeNT expression in starting cells, suggests a predominately presynaptic 732 

mechanism of viral release.  Given this potential reliance on synaptic vesicle fusion for viral release, it 733 

would be interesting to know if neural activity is required for viral spread or if it is more efficient in 734 
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cells that exhibit higher firing rates or are tonically active.  Furthermore, as transsynaptic spread of 735 

AAV1 was not completely blocked by TeNT expression, the possibility remains that other vesicle 736 

release mechanisms that do not require VAMP2, such as fusion of multivesicular bodies (MVBs), can 737 

contribute modestly to transneuronal spread (Von Bartheld and Altick, 2011; Raposo and Stoorvogel, 738 

2013; Janas et al., 2016; Hessvik and Llorente, 2018).  These may release their contents 739 

extrasynaptically, or into the synaptic cleft following fusion with the presynaptic membrane in regions 740 

adjacent to active zones for synaptic vesicle docking (Janas et al., 2016).     741 

Together, our results collectively provide deeper insight into the synaptic nature of AAV1 742 

transneuronal spread and suggest that transport through transsynaptic mechanisms contributes to the 743 

majority of the observed labeling in each of the pathways examined here. 744 

Efficiency of trans-synaptic spread through diverse brain pathways 745 

Previously, we characterized the transsynaptic spread of AAV1 through glutamatergic projection 746 

pathways (e.g. corticofugal, retino-collicular, colliculo-thalamic).  Here we provide a more systematic 747 

characterization of AAV1 spread through pathways utilizing different types of synapses (e.g. inhibitory 748 

or neuromodulatory) or projecting over long axonal distances (e.g. cortex to spinal cord).  Our results 749 

indicate that AAV1 is capable of transducing both excitatory and inhibitory cell-types downstream of 750 

GABAergic projection pathways (Str → SNr, and SNr → VM) with efficiencies comparable to 751 

previously reported glutamatergic pathways (Figure 4F).  In addition, AAV1 transport through long-752 

range spinal-projecting populations yielded robust and regionally-specific labeling patterns in the 753 

spinal cord for each unidirectional pathway tested, suggesting that transport efficiency is not 754 

compromised by axon length.  On the other hand, injections in three different neuromodulatory cell 755 

populations (cholinergic, serotonergic, and noradrenergic) failed to yield efficient transsynaptic 756 

labeling in their respective unidirectional downstream targets.  Several factors may account for this 757 

lack of efficiency, including differential expression of extracellular receptors needed for AAV1 uptake, 758 
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differences in viral trafficking to axon terminals, and/or “volume” release of viral particles into the 759 

extracellular space via axonal varicosities rather than through classical synaptic contacts, which may 760 

reduce the probability of uptake by downstream neurons (Agnati et al., 1995; Arroyo et al., 2014).  761 

Overall, our results suggest that AAV1 is capable of efficient transsynaptic transport through a wide 762 

variety of excitatory and inhibitory projection pathways.  763 

Application and future directions 764 

In its current form, anterograde transsynaptic spread of any recombinase-expressing AAV1 may be 765 

used to gain experimental access to downstream cell populations that might otherwise be difficult to 766 

target due to their small size, laminar organization (e.g. ZI), and/or lack of identified genetic markers 767 

and corresponding transgenic mice.  Given the non-toxic nature of AAV, these populations may then 768 

be targeted for long-term expression of genetically encoded tools for mapping their connectivity and 769 

probing their functional role.  In addition, our results highlight the value of applying an anterograde 770 

transsynaptic approach, rather than a genetic or retrograde viral approach, in subdividing 771 

topographically organized brain regions based on their input.  These regions, such as the striatum or 772 

pontine nucleus, contain relatively homogeneous distributions of cell-types, however discrete 773 

populations within these structures may process different types of information based on the source of 774 

their cortical input (e.g. from upper-limb or lower-limb related motor cortex).  In turn, each population 775 

may have topographically unique output, as demonstrated in the cerebellar targeting of two input-776 

defined subregions of PN (Figure 8F).  Accessing these same populations using a retrograde viral 777 

approach, however, may not be feasible given the potential for divergent collateralization of their 778 

output (Figure 8A), and genetically specifying such input-defined populations may not be possible 779 

given the homogeneity of cell-types within the structure.  Lastly, we demonstrate that AAV1 780 

transsynaptic tagging may be used to catalog cell-types based on their input, morphology, and gene 781 

expression by incorporating the use of transgenic mice and techniques for achieving sparse labeling of 782 
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transsynaptically tagged neurons (Gouwens et al., 2019; Kim et al., 2017; Li et al., 2019; Winnubst et 783 

al., 2019).  784 

Given that AAV1 is also capable of retrograde transport (Aschauer et al., 2013; Rothermel et al., 785 

2013; Masamizu et al., 2014; Tervo et al., 2016; Zingg et al., 2017) (Figure 6F), its application as an 786 

anterograde transsynaptic tool must be limited to established unidirectional pathways.  In addition, 787 

there is currently no way to initiate AAV1 transsynaptic spread from a genetically specified starter cell 788 

population.  Resolving these two issues is therefore critical for expanding the application of this 789 

technique to reciprocally connected brain regions and refining its specificity as a circuit mapping tool.  790 

Future studies may seek to overcome these limitations by designing and exploring novel extracellular 791 

receptor and AAV capsid systems (Sun and Schaffer, 2018; Bedbrook et al., 2018) that enable 792 

conditional uptake and transsynaptic transport of AAV in genetically specified neurons, but not 793 

neighboring cell-types or afferent terminals.   794 
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Figure 1. Anatomical evidence for the synaptic specificity of viral spread.  1018 

(A) Illustration shows that following injection in an upstream brain region, AAV1-Cre is transported 1019 
down axons and may be released through the synapse to transduce post-synaptically connected neurons 1020 
(red cells, in Cre-dependent tdTomato background).  The extent to which extra-synaptic release of 1021 
virus may contribute to the local transduction of unconnected cell types (gray cells) remains unclear.  1022 

(B) Strategy for testing the synaptic specificity of viral spread in an anatomically defined circuit.  Post 1023 
synaptic labeling was examined in the simple lobule of the cerebellar cortex following injections in the 1024 
inferior olive or pontine nucleus (left panel).  Mossy fiber afferents from the pontine nucleus are 1025 
known to innervate granule cells but not Purkinje cells (right).  On the other hand, climbing fiber 1026 
afferents from the inferior olive pass through the granule layer and selectively innervate Purkinje cells, 1027 
but not granule cells.  Locations of cell bodies in different layers of the cerebellar cortex are indicated 1028 
by dashed lines (Molecular layer, Purkinje layer, or Granule layer). 1029 

(C) Approach for labeling neurons postsynaptic to mossy fibers in the cerebellar cortex (CB).  The 1030 
scAAV1-hSyn-Cre was injected into the pontine nucleus (PN) of Ai14 x GAD67-GFP transgenic mice.  1031 
Bottom panel, example injection site (red). Blue, fluorescent Nissl stain. Scale bar, 500 μm. 1032 

(D) A coronal section through simple lobule showing pontine afferents and postsynaptic neurons 1033 
labeled in the granule layer of the cerebellum (red).  GAD67-GFP+ Purkinje cells and molecular layer 1034 
interneurons are labeled in green.  Blue, fluorescent Nissl stain.  Scale bar, 250 μm.   1035 

(E) Higher magnification view of the dashed region shown in (D).  TdTomato+/GFP- granule cells 1036 
(red, co-stained with Nissl, blue, arrowheads) and mossy fiber terminals (red) were observed in the 1037 
granule layer, along with large GAD67-GFP+ neurons (yellow, asterisk).  Scale bar, 25 μm. 1038 

(F) Approach for labeling neurons postsynaptic to climbing fibers in CB.  The scAAV1-hSyn-Cre was 1039 
injected into the inferior olive of Ai14 x GAD67-GFP mice.  Bottom panel, example injection site 1040 
(red). Scale bar, 500 μm. 1041 

(G) Climbing fiber afferents and postsynaptic neurons (red) labeled in the granule, Purkinje, and 1042 
molecular layers of the simple lobule.  Most labeled neurons in the granule cell layer co-localized with 1043 
GAD67-GFP+ expression.  Scale bar, 250 μm.  Solid box shows close up of a molecular layer 1044 
interneuron (MLI).  Scale bar, 25 μm.    1045 

(H) Higher magnification view of the dashed region shown in (G). Cre+/tdTomato+/GFP+ neurons 1046 
were observed in the granule layer (yellow, asterisks), Purkinje cell layer (yellow, arrowhead), and 1047 
molecular layer (cells shown in G).  1048 

(I) Quantification of the total number of granule (upper) and Purkinje cells (lower) counted across 4 1049 
sections of the simple lobule for each animal injected in PN or IO (mean plotted for n = 4 animals for 1050 
each pathway).  Error bar = SD. ***p < 0.001, t-test.  1051 

 1052 

 1053 
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Figure 2. Verification of functional synaptic connectivity.  1054 

(A) Strategy for slice recording from transsynaptically labeled neurons in the IC (red) following co-1055 
injection of scAAV1-hSyn-Cre and AAV1-DIO-ChR2-YFP into A1.  1056 

(B) ChR2-expressing axon terminals (green) surrounding a tdTomato-labeled neuron and neighboring 1057 
non-labeled neurons (blue, Nissl stain).  Scale bar, 25 μm.  1058 

(C) Average LED-evoked excitatory (recorded at -70 mV) and inhibitory (0 mV) currents in an 1059 
example tdTomato+ IC neuron before (left) and after (right) perfusing in TTX and 4-AP. LED 1060 
stimulation is marked by a blue bar.  1061 

(D) Fraction of transsynaptically labeled (red) and neighboring non-labeled (gray) neurons showing 1062 
monosynaptic excitatory currents in response to LED stimulation.  ***p < 0.001, Chi-square test, 28 1063 
cells in each group.  1064 

(E) Summary of amplitudes of average monosynaptic excitatory currents evoked by LED for all 1065 
labeled (red) and non-labeled (gray) recorded neurons (neurons showing zero currents were excluded).  1066 
Error bar = SD. There is no significance, unpaired t-test. 1067 

 1068 

Figure 3. Tetanus toxin inhibition of viral spread.  1069 

(A) Experimental design and timeline of virus injections.  AAV trafficked to the synapse may be 1070 
released through synaptic vesicles in a VAMP2-dependent manner (upper).  Tetanus toxin cleaves 1071 
VAMP2, preventing synaptic vesicle fusion and potential release of AAV. 1072 

(B) Control experiment.  AAV1-hSyn-GFP injection in V1 followed by scAAV1-hSyn-Cre injection 1073 
two weeks later in Ai14 mice (top panel).  Two weeks after the second injection, GFP+ axons (green) 1074 
and anterograde transsynaptically labeled neurons (red cells) were observed in SC (middle panel, 10X; 1075 
bottom panel, 40X).  Blue, fluorescent Nissl stain.   1076 

(C) AAVDJ-CMV-TeNT-P2A-GFP injection in V1 followed by scAAV1-hSyn-Cre injection two 1077 
weeks later in Ai14 mice (top panel).  Two weeks after the second injection, GFP+/TeNT+ axons 1078 
(green) were found in SC, however very few transsynaptically labeled neurons (red cells) were 1079 
observed.  Scale bars (B and C): 500 μm, top panel; 250 μm, middle; 25 μm, bottom. 1080 

(D) Quantification of number of anterograde transsynaptically labeled cells in SC for each injection 1081 
timepoint (n = 8 mice for control and 14 day groups, n = 4 mice for the remaining groups).  Error bar = 1082 
SD.  ***p < 0.001, n.s., no significance, t-test.   1083 

 1084 

Figure 4. Efficiency of viral spread across different types of synapses. 1085 

(A) Anterograde transsynaptic spread of scAAV1-hSyn-Cre in Ai14 mice from inhibitory projection 1086 
neurons in striatum (left two panels, red, scale bar, 500 μm) to inhibitory neurons in the SNr (middle 1087 
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two panels, scale bars, 250 μm, left; 25 μm, right).  Retrograde labeling by Rabies-GFP injection in 1088 
striatum was restricted primarily to SNc (right panel, green, scale bar, 250 μm). 1089 

(B) Anterograde transsynaptic spread of scAAV1-hSyn-Cre from inhibitory projection neurons in SNr 1090 
(left two panels, red, scale bar, 500 μm) to presumed excitatory neurons in VM (right three panels, 1091 
scale bars, 500 μm, left; 250 μm, middle; 25 μm, right).   1092 

(C) Anterograde transsynaptic spread through cholinergic neurons (left panel).  Cholinergic cells in the 1093 
NDB project unidirectionally to the primary visual cortex (left second and third panels, green, scale 1094 
bars, 500 μm, left; 250 μm, right).  Injection of scAAV1-hSyn-Cre into the NDB sparsely labeled 1095 
neurons in V1 across different cortical layers (right three panels, red, scale bars, 500 μm, left; 250 μm, 1096 
middle; 25 μm, right).  1097 

(D) Anterograde transsynaptic spread through serotonergic neurons (left panel). Serotonergic neurons 1098 
in DR project unidirectionally to LGNd (left second and third panels, green, scale bars, 500 μm, left; 1099 
250 μm, right) and ENTl (data not shown).  Injection of scAAV1-hSyn-Cre into the DR labeled little 1100 
or no cells in LGNd or ENTl (right three panels, red, scale bars, 500 μm, left; 250 μm, middle; 250 1101 
μm, right). 1102 

(E) Anterograde transsynaptic spread through noradrenergic neurons.  Injection of scAAV1-hSyn-Cre 1103 
into the LC (left two panels, red, scale bar, 500 μm).  No labeling of cell bodies was observed in 1104 
downstream regions unidirectionally connected to LC, such as V1 (right panel, scale bar, 250 μm).  1105 

(F) Efficiency of transsynaptic spread across different types of synapses (# of tdTomato+ cells / # of 1106 
Nissl+ cells) in each target region shown in (A-E) (n = 4 mice each).  Data are compared with previous 1107 
results for excitatory projections from V1 to downstream excitatory (PN) and inhibitory (LGNv) cell-1108 
types (blue bars).  Error bar = SD.  1109 

 1110 

Figure 5. Application in descending pathways to the spinal cord. 1111 

(A) Retrograde labeling of spinal-projecting cortical and subcortical neuronal populations following 1112 
injections of AAVretro-hSyn-Cre (red) and AAVretro-hSyn-GFP (green) into the left side of the 1113 
cervical and lumbar spinal cord, respectively, in Ai14 mice.  Scale bars (A, B, and C), 500 μm.  1114 

(B) Lack of axonal projections from spinal cord to selected brain regions following cervical injection 1115 
of AAV1-hSyn-GFP (green) and lumbar injection AAV1-CAG-tdTomato (red).  1116 

(C) Corresponding injections of scAAV1-hSyn-Cre (red, 100 nL injection volume) into different 1117 
spinal-projecting brain regions (marked on top of panel A) in Ai14 mice. 1118 

(D) Different patterns of transsynaptic labeling at cervical, thoracic, and lumbar segments of the spinal 1119 
cord for each injection following a 2 week post-injection survival time.  Each column corresponds to 1120 
the injection site shown above in (C).  Scale bars, 250 μm.  Abbreviations: LHA, lateral hypothalamic 1121 
area; MOp-ll, primary motor cortex, lower limb; RN, red nucleus; SSp-ll, primary somatosensory 1122 
cortex, lower limb.  1123 
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(E) Quantification of the average number of anterograde transsynaptically labeled cells per coronal 1124 
section of cervical, C, thoracic, T, or lumbar, L, spinal cord for each injection (n = 1 mouse each).  1125 
Error bar = SD. 1126 

 1127 

Figure 6. Comparison of anterograde transsynaptic spread, toxicity, and retrograde transport potential.  1128 

(A) Injection of AAV1-hSyn-Cre-WPRE in V1 of Ai14 mice (top panel).  Over-expression of Cre may 1129 
result in cell death at the injection site, as seen by a reduction in Nissl stain intensity and irregular cell 1130 
morphology (middle panel).  Bottom panel, anterograde transsynaptically labeled neurons in SC. 1131 

(B) Injection of scAAV1-hSyn-Cre in Ai14 mice (top panel).  This virus lacks the WPRE enhancer and 1132 
shows no apparent toxicity in neurons at the injection site (middle panel).  Bottom panel, anterograde 1133 
transsynaptically labeled neurons in SC.  1134 

(C) AAV1-hSyn-Flp injection in Frt-GFP mice (top panel).  This virus also lacks the WPRE enhancer 1135 
and shows no apparent toxicity (middle panel).  Bottom panel, anterograde transsynaptically labeled 1136 
neurons in SC.  All injections 60 nL total volume, 4 week post-injection survival time.  Scale bars, 500 1137 
μm.   1138 

(D) Quantification of total number of cells labeled in SC for different Cre or Flp expressing viruses 1139 
injected into V1 (4 week post-injection survival, 60 nL injection, n = 4 mice each). Error bar = SD.    1140 

(E) Injection of AAVretro-hSyn-Cre in IC of Ai14 mice (left panel). Retrograde labeling in A1 (middle 1141 
panel), and close-up of dashed region (right panel).  Scale bars, 500 μm (left and middle panels), 100 1142 
μm (right panel).  1143 

(F) Injection of scAAV1-hSyn-Cre in IC of Ai14 mice (left panel). Retrograde labeling in A1 (middle 1144 
panel), and close-up of dashed region (right panel).  Scale bars, 500 μm (left and middle panels), 100 1145 
μm (right panel).  1146 

(G) Injection of scAAV1-hSyn-Cre in A1 of Ai14 mice (left panel).  Anterograde transsynaptic 1147 
labeling of cells in IC (middle panel), and close up of dashed region (right panel).  Scale bars, 500 μm 1148 
(left and middle panels), 100 μm (right panel).  1149 

(H) Quantification of retrograde labeling in A1 following injection of scAAV1-hSyn-Cre or 1150 
AAVretro-hSyn-Cre in IC (n = 3 mice for each group). All injections 80 nL total volume, 2 week post-1151 
injection survival time.  Error bar = SD. ***p < 0.001, t-test. 1152 

(I) Quantification of anterograde transsynaptic labeling in IC following injection of scAAV1-hSyn-Cre 1153 
or AAVretro-hSyn-Cre in A1 (n = 3 mice for each group). All injections 80 nL total volume, 2 week 1154 
post-injection survival time. Error bar = SD. *p < 0.05, t-test. 1155 
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 1159 

Figure 7. Accessing topographically precise, input-defined cell populations through corticofugal 1160 
pathways.  1161 

(A) Strategy for labeling cell populations that receive input from upper limb- (green) and lower limb- 1162 
(red) related primary motor cortex in Ai14 x Frt-GFP (Cre and Flp reporter) mice.  1163 

(B) Injection sites for AAV1-hSyn-Flp in MOp-ul (top panel, green) and scAAV1-hSyn-Cre in MOp-ll 1164 
(bottom panel, red) in an Ai14 x Frt-GFP mouse.  Scale, 500 μm.  1165 

(C) Anterograde transsynaptic labeling of cells that receive input from upper limb- (green) or lower 1166 
limb- (red) related primary motor cortex.  Many closely apposed, non-overlapping cell populations 1167 
were observed in mid- and hindbrain structures, including the PN (second row, right panel).  None of 1168 
the structures shown project back to motor cortex, with the exception of the thalamus (top row, third 1169 
panel from left), which may contain both retrograde and anterograde transsynaptic labeling of cell 1170 
bodies.  Scale bars, 250 μm.  Abbreviations: APN, anterior pretectal nucleus; CU, cuneate nucleus; 1171 
GR, gracile nucleus; IO, inferior olive; MA3, medial accessory oculomotor nucleus; MARN, 1172 
magnocellular reticular nucleus; PAG, periaqueductal gray; PN, pontine nucleus; PRN, pontine 1173 
reticular nucleus; RN, red nucleus; SC, superior colliculus; STR, Striatum; ZI, zona incerta. 1174 

 1175 

Figure 8. Forward mapping of topographically organized brain regions.  1176 

(A) Schematic diagram depicting the parcellation of brain regions (in Y) based on their topographical 1177 
input (from X) using an anterograde transsynaptic approach.  Secondary injections of AAV1-Flex-GFP 1178 
enable further mapping of axonal outputs (to Z) for any given input-defined subregion.  A retrograde 1179 
approach may not provide access to the same population due to collateralization of divergent outputs.  1180 

(B) Top, tdTomato expression at the injection site, MOp-ul, following first injection of scAAV1-hSyn-1181 
Cre.  Bottom, Cre+/GFP+ neurons are shown in PN following secondary injection of AAV1-hSyn-1182 
Flex-GFP in PN.  Scale bar, 250 μm. 1183 

(C) Axonal projections to the cerebellum from PN neurons defined by their input from MOp-ul.  1184 
Axons primarily target the contralateral parafloccular sulcus (PflS, top left panel) and the ventral 1185 
paramedian lobule (PRM).  Scale bar, 500 μm. 1186 

(D) Top, first injection in MOp-ll. Bottom, Cre+/GFP+ neurons in PN following secondary injection of 1187 
AAV1-hSyn-Flex-GFP in PN.  Scale bar, 250 μm. 1188 

(E) Axonal targeting in cerebellar cortex.  Output was primarily restricted to the copula pyramidis 1189 
(COP, top right and bottom panels), but also collateralize more sparsely to lobules III, IV,V (top left 1190 
panel).  Scale bars, 500 μm.  1191 

(F) Quantification of the density of axon terminals in PRM or COP for PN neurons defined by their 1192 
input from MOp-ul (blue) or MOp-ll (green; n = 3 mice for each group).  Values represent the fraction 1193 
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of fluorescent axon signal divided by the total area of the target lobule.  Error bar = SD.  ***p < 0.001, 1194 
t-test.     1195 

(F) Schematic summary of axonal projections to cerebellum from MOp-ul and MOp-ll-recipient PN 1196 
neurons (green and blue, respectively).  Posterior view of the cerebellum is shown.   1197 

 1198 

Figure 9. Application with sparse labeling approaches for reconstructing single neuron morphology.  1199 

(A) For a given Cre+ cell population (red), sparse labeling (green) may be achieved by co-injecting 1200 
AAV1-DIO-Flp at increasingly lower titers along with high titer AAVDJ-fDIO-YFP.  To establish a 1201 
titering curve, PV neurons in V1 were targeted with co-injections of AAVDJ-fDIO-YFP (final titer: 1.2 1202 
x 1013 GC/mL) and AAV1-DIO-Flp (final titers: 7.5 x 1010, 109, or 108 GC/mL) in PV-Cre x Ai14 1203 
mice.     1204 

(B) Examples of YFP cell labeling (green) achieved at each titer step. Red, PV-Cre+/tdTomato+ cells. 1205 
Blue, fluorescent Nissl.  Scale bar, 250 μm.  1206 

(C) 40X magnification of a YFP+ PV neuron labeled in (B, middle panel).  Scale bar, 25 μm.  1207 

(D) Quantification of the number of YFP+/PV+ cells labeled at each titer step (n = 4 mice each).  Error 1208 
bar, SD.  1209 

(E) Injection of scAAV1-hSyn-Cre in the ACA of GAD67-GFP x Ai14 mice transsynaptically labels 1210 
neurons in PAG.  Labeled cell density is greatest in the dorsolateral PAG (PAGdl, middle panel), and 1211 
both inhibitory (GFP+/tdTomato+) and presumed excitatory (GFP-/tdTomato+) cell-types are labeled 1212 
(bottom panel, 40X magnification).  Scale bars, 250 μm, middle panel; 50 μm, bottom panel. 1213 

(F) Strategy for sparse labeling of input- and genetically-defined cell populations.  AAV1-DIO-Flp 1214 
titer for injection in ACA is reduced to 1.5 x 1012 GC/mL to achieve sparse anterograde transsynaptic 1215 
labeling in PAGdl.  Individual Vglut2-Cre+/Flp+ neurons may then be targeted with an injection of 1216 
high titer AAVDJ-fDIO-YFP to specifically label glutamatergic neurons in PAGdl that receive input 1217 
from ACA.  1218 

(G) Example of a single Vglut2-Cre+/Flp+ neuron labeled in PAGdl (green).  An additional neuron 1219 
was found in the superior colliculus (arrowhead). Right panels, 40X magnification of YFP+ (green, 1220 
upper panel) and Vglut2-Cre+/Tom+ (red, lower panel) neuron in PAGdl.  Blue, fluorescent Nissl.  1221 
Scale bars, 250 μm, left panel; 25 μm, right panels.  1222 

(H) 40X magnification of local dendrites and axonal projection of the YFP+ PAGdl neuron shown in 1223 
(G).  Scale bar, 50 μm.  1224 
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 1 

Virus Titer Source Addgene 
Plasmid I.D. 

AAV1-hSyn-Cre-WPRE 2.5 x 1013 GC/mL Addgene 105553 
scAAV1-hSyn-Cre 2.8 x 1013 GC/mL Vigene Biosciences  
AAV1-hSyn-Flp 5.5 x 1013 GC/mL Vigene Biosciences 51669 
AAVretro-hSyn-Cre 1.5 x 1014 GC/mL Vigene Biosciences 105537 
AAV1-CMV-Cre 2.7 x 1013 GC/mL Addgene 105537 
AAV5-CMV-Cre 2.8 x 1013 GC/mL Addgene 105537 
AAV6-CMV-Cre 3.5 x 1013 GC/mL Addgene 105537 
AAV8-CMV-Cre 4.4 x 1013 GC/mL Addgene 105537 
AAV9-CMV-Cre 1.6 x 1014 GC/mL Addgene 105537 
AAVPHP.B-CMV-Cre  2.3 x 1013 GC/mL SignaGen  
CAV2-CMV-Cre 1.3 x 1012 GC/mL Montpellier Viral Core  
Adenovirus (Ad5-CMV-Cre) 3.0 x 1012 GC/mL Kerafast  
Lentivirus (LV-CMV-Cre) 1.0 x 108 GC/mL Cellomics Tech  
Baculovirus (BAC-CMV-Cre) 3.7 x 1010 GC/mL Uni. of Iowa  
G-deleted Rabies virus (RV-Cre-GFP) 8.6 x 108 GC/mL Salk Institute  
G-deleted Rabies virus (RV-GFP) 5.5 x 108 GC/mL Salk Institute  
AAV1-EF1a-DIO-Flp-WPRE 1.5 x 1014 GC/mL Vigene Biosciences 87306 
AAVDJ-EF1a-fDIO-YFP-WPRE 2.5 x 1013 GC/mL UNC Viral Core 55641 
AAV1-CAG-FLEX-GFP-WPRE 1.7 x 1013 GC/mL Addgene 51502 
AAVretro-hSyn-GFP-WPRE 1.7 x 1014 GC/mL Vigene Biosciences 105539 
AAV1-hSyn-GFP-WPRE 3.2 x 1013 GC/mL Addgene 105539 
AAV1-EF1a-DIO-hChR2-eYFP-WPRE 1.6 x 1013 GC/mL Addgene 20298 
AAVDJ-CMV-TeNT-P2A-GFP 5.7 x 1012 GC/mL Stanford Viral Core  
AAVretro-EF1a-Cre-WPRE 2.3 x 1013 GC/mL Salk Institute 55636 
 




