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Ascertaining cells’ synaptic connections
and RNA expression simultaneously with
barcoded rabies virus libraries

Arpiar Saunders 1,2,3 , Kee Wui Huang 4, Cassandra Vondrak 1,2,
Christina Hughes1,2, Karina Smolyar1,2, Harsha Sen 1,2, Adrienne C. Philson4,
James Nemesh1,2, Alec Wysoker1,2, Seva Kashin1,2, Bernardo L. Sabatini 4 &
Steven A. McCarroll 1,2

Brain function depends on synaptic connections between specific neuron
types, yet systematic descriptions of synaptic networks and their molecular
properties are not readily available. Here, we introduce SBARRO (Synaptic
Barcode Analysis by Retrograde Rabies ReadOut), a method that uses single-
cell RNA sequencing to reveal directional, monosynaptic relationships based
on the paths of a barcoded rabies virus from its “starter” postsynaptic cell to
that cell’s presynaptic partners. Thousands of these partner relationships can
be ascertained in a single experiment, alongside genome-wide RNAs. We use
SBARRO to describe synaptic networks formed by diverse mouse brain cell
types in vitro, finding that different cell types have presynaptic networks with
differences in average size and cell type composition. Patterns of RNA
expression suggest that functioning synapses are critical for rabies virus
uptake. By tracking individual rabies clones across cells, SBARRO offers new
opportunities to map the synaptic organization of neural circuits.

The mammalian brain contains hundreds of cell types that connect
with one another through synapses into intricate, and mostly
uncharacterized, neural circuits. Traditional approaches formeasuring
synaptic connections and networks—such as whole-cell electro-
physiological recordings and anatomical reconstructions from elec-
tron microscopy—sample only a few cells or small tissue volumes, do
not readily scale to many animals or genotypes, and do not ascertain
the molecular type and state of each cell.

Recent advances in single-cell transcriptomic profiling havemade
identifying cells and cell types within complex tissue routine1–4.
Togetherwith engineered proteins and viruses, additional cell features
such as protein expression1, developmental origin2,3, axonal projection
patterns4 and physical interactions5 can be decoded from RNA data. In
the nervous system, rabies virus spreads from cell-to-cell in a retro-
grade fashion, from a neuron’s dendrites into the axons of its

presynaptic partners6. Prevailing models suggest such transmission
events occur at synapses, likely due to the presence of viral
entry receptors7 and high rates of membrane turnover. While the
synaptic phenomenology of rabies virus transmission has
been used for decades to discover neural pathways8, inefficient con-
version of plasmid DNA into infective RNA-containing particles has
largely precluded using rabies and other lyssaviruses in genomic
applications9.

Here, we introduce SBARRO (Synaptic Barcode Analysis by Ret-
rograde Rabies ReadOut), which combines monosynaptic rabies virus
tracing10, viral genomic barcoding and scRNA-seq to generate high-
throughput descriptions of cell-type-resolved synaptic networks. In
SBARRO, encapsidated rabies virus genomes are distinguished by
unique, transcribed viral barcode sequences (VBCs), allowing thou-
sands of independent monosynaptic networks to be reconstructed in
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parallel by tracking paths of clonal infections which originate in indi-
vidual postsynaptic starter cells and spread to those cells’ presynaptic
partners.

Monosynaptic rabies virus tracing differs from labeling synapti-
cally connected brain cells with unmodified rabies virus in two key
respects10. First, starter postsynaptic cells are uniquely labeled and
functionalized to enable founder infections. Starter cell infection tar-
geting occurs through the over-expression of a fluorescently-tagged
exogenous receptor that selectively binds a non-native viral spike
protein in the rabies particlemembrane, conferring cell entry. SBARRO
takes advantage of a widely-used version of this technique, in which
the TVA receptor is fused to a red fluorescent protein11 and rabies virus
genomes encoding a green fluorescent protein are pseudotyped with
the cognate EnvA coat protein. Second, to limit rabies transmission to
cells directly synapsing on the postsynaptic starter cell, the rabies
glycoprotein gene is absent from the genome and is instead over-
expressed in trans in the starter cells. Thus only rabies virus particles
budding off of starter cell membranes are competent for uptake12.
Importantly, active rabies replication and transcription drives high
levels of viral RNA expression.

Unlike traditional monosynaptic tracing, in which fluorescence
microscopy is used to distinguish populations of starter and pre-
synaptic cells, with SBARRO, critical features of monosynaptic net-
works are encoded in each cell’s RNA and are read out at single-cell
resolution using high-throughput scRNA-seq (Fig. 1a). Because indivi-
dual founder infections clonally replicate in starter cells before
spreading into each presynaptic network, the presence of shared VBCs
canbeused to reconstructmanymonosynaptic networks in parallel by
tracking the infectivity path of each viral clone. In sampling cellular
RNAs alongside VBCs, our approach distinguishes postsynaptic from
presynaptic cell identities (via RNAs encoding the TVA receptor) and
cell types and molecular states (via thousands of host cell RNAs)5. In
genomics, rabies virus has been previously used in RABID-seq5, in
which rabies virus spread was used to infer putative direct physical
contacts betweenglia, a previously unknownanduncharacterized type
of rabies virus transmission.

Here we present a comprehensive experimental and analytical
framework for using SBARRO to discover structural and molecular
properties of cell-type-specific synaptic connectivity. We leverage
dissociated mouse brain cells grown into synaptic networks in vitro,
similar to systems used to identify synaptogenic molecules13,14 and for
which features of in vivo connectivity can remain15.Wediscover that, in
this system, cells of different types have presynaptic networks with
different average properties, including cell type composition and size.
Finally, we discover that rabies virus spread associates with a mole-
cular signature of synaptic maturation, suggesting that functioning
synapses, in addition to entry receptors, are critical for uptake of
rabies virus.

Results
Barcoding millions of rabies viral genomes
Synaptic tracing with barcoded rabies requires libraries of barcoded
rabies virus particles that have high numbers of unique barcodes
which are as uniform as possible in abundance, such that individual
viral barcodes are introduced into no more than one starter cell (in
an experiment) and can be used to define “unitary” clonal infectivity
paths (uCIPs; Fig. 1b). Historically, successfully creating negative-
stranded RNA viruses from cellular transfection of DNA plasmids
expressing viral proteins and genomes occurs with very low prob-
ability (~1 in 10,000 correctly transfected cells9) and multiple pro-
longed stages of viral replication are necessary to achieve high viral
titers. Inefficient rescue and disproportionate replication make
generating complex rabies libraries challenging. To generate
libraries encoding millions of barcodes, we developed molecular
and computational methods to introduce, retain, and quantify

barcodes in DNA plasmids and in rescued RNA genomes (Fig. 1c, d;
Supplementary Fig. 1, Supplementary Fig. 2 and Supplemen-
tary Data 1).

We first developed a PCR-based strategy to flexibly engineer
bipartite barcodes, generated through combinatorial diversity, into
circular DNA plasmids (Supplementary Fig. 1b), followed by transfor-
mation and plate-based growth conditions optimized to retain DNA
plasmid barcode diversity (Supplementary Fig. 2b, c). We also created
a rabies rescue system—achieving equivalent viral titers threefold fas-
ter than the current, field-standard protocol16—that minimized bar-
code loss and disproportionate amplification during viral replication
(Supplementary Fig. 2d). To assess viral barcode diversity and dis-
tribution, we used single-molecule sequencing (Fig. 1e and Supple-
mentary Fig. 1c), for which we developed analysis methods to identify
and correct for PCR and sequencingmutations (Supplementary Fig. 2b
and Methods).

We used this approach to generate an EnvA-pseudotyped rabies
library with a 20bp randomer encoded in the 3′ UTR of EGFP of SAD-
dG-B19 (EnvA-RVdG-EGFPVBC; Supplementary Fig. 1a). We compared
the total number of unique barcodes and their relative abundances
across each production stage (Fig. 1d–g and Supplementary Fig. 1a).
After PCR and circularization, nearly every sequenced plasmid con-
tained a unique barcode. This diversity was reduced by bacterial
amplification, though without substantially distorting representation
of the retained barcodes. Rabies rescue induced barcode loss and
abundance distortions and was mildly exacerbated by EnvA-
pseudotyping. Deeper sequencing of the final EnvA-RVdG-EGFPVBC
genomes (6.4 unique molecular identifiers (UMI) per viral barcode on
average) quantified the relative abundances of 1.29 million unique,
error-corrected barcodes (Fig. 1f).

To estimate the fraction of EnvA-RVdG-EGFPVBC founder infec-
tions that would be from viral particles with unique barcodes, we
randomly sampled barcodes from the sequenced genomes of the
infecting library and calculated the resulting number of unique bar-
codes (Fig. 1h). For these analyses,weused 50%uniquebarcodes as our
benchmark, though the actual number of unique founder infections
depends on properties of the infecting library and the number of
founder infections in the experiment. Sampling up to ~8900 library
genomes resulted in >50% unique barcodes; this could be increased to
15,500 library genomes byfiltering out the 88most abundant barcodes
in the library, and to 83,600 library genomes bymixing nine equivalent
libraries in silico (Supplementary Fig. 2e). These analyses suggested
that our optimized protocols have helped overcome inefficiencies that
previously limited rabies applications in scalable genomics research
and suggested uCIPs can be efficiently generated from thousands of
founder infections.

Characterizing the barcoded rabies library
To directly determine the relationship between our barcoded EnvA-
RVdG-EGFPVBC particles and the brain cells they infect, we infected
three replicate cell cultures derived from embryonic mouse cortex.
Infections were targeted to cells by recombinant adeno-associated
virus (rAAV) expression of TVA; the host cells lacked the G protein
necessary for rabies spread (Fig. 2a, b, Supplementary Data 2 and
Methods). After 72 h, we collected 60,816 transcriptomes (n = 6
scRNA-seq libraries each from a single culturewell) that captured both
the cellular RNAs and the barcoded region of EGFP mRNAs (Supple-
mentary Fig. 3 and Methods).

Naive analysis of barcode sequences from individual cells initially
suggested large barcode “families”withmany highly similar sequences
(Fig. 2c). Reasoning that such relationships were largely created by
PCR or sequencing errors, we developed an algorithm to collapse
families of highly similar barcode sequences into the single barcode
responsible for the putative founder infection (Methods). After col-
lapse, barcode sequences associated with different inferred founder
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infections in the same cells had the same distribution of similarity
relationships (edit distances) as random barcodes did. Furthermore,
therewere (1) similar numbers of UMIs covering the barcode and EGFP
transcript within the same cells and (2) independence in the number of
unique barcodes and barcode-associated RNA counts (Supplementary
Fig. 3a, b). All data presented hereafter have been computationally
collapsed in this way.

Cells in which we detected at least one viral barcode also tended
to have devoted a substantial fraction of their transcription to rabies
genes (% of total UMIs mean ± s.e.m., 15 ± 0.14), compared to cells that
did not have a barcode (0.3 ± 0.007%, a rate consistent with back-
ground due to ambient cell-free RNA). This suggests that barcode
ascertainment was sensitive, selective, and distinguished infected
starter cells (n = 17,283) from neighboring uninfected (n = 43,533) cells

Fig. 1 | Single-virion RNA tracking enabled by libraries of rabies virus particles
encapsidating millions of uniquely barcoded genomes. a Monosynaptic
SBARRO. Shapes indicate neuron type. A TVA-expressing starter cell (“S”, magenta
border) complemented in trans with rabies virus glycoprotein (G; orange text/fill)
are selectively transduced by EnvA-RVdG-EGFPVBC (green text/fill) in which G is
replaced by barcoded EGFP. G-complemented clonal particles spread a single ret-
rograde synapse into presynaptic cells (“P”, black border). Uninfected tan cells
make no starter cell synapses. Single-cell RNA profiles (dotted lines) inform (1)
synaptic groupings (from viral barcode (VBC) sharing, green); (2) Starter or pre-
synaptic status (from TVA mRNAs, magenta) and (3) host cell type (by capturing
thousands of cellular mRNAs, black). b Monosynaptic relationships are inferred
through unitary clonal infectivity paths (uCIPs). uCIPs are defined by VBCs suffi-
ciently rare in the infecting rabies library to seed single founder infections in starter
cells (magenta border). Example library-abundant (orange) or library-rare (blue)
VBCs. Abundant VBCs infect multiple starter cells and thus conflate presynaptic
networks one and two. Rare VBCs define a uCIP which corresponds to

monosynaptic network 2. c Viral particles are distinguished by a 20bp VBC in the 3′
UTR of EGFP. SBARRO libraries contain millions of uniquely barcoded genomes.
d Schematic of VBC diversity during rabies packaging. e Sequencing-based VBC
quantification using unique molecular identifiers (UMIs). f–h VBC diversity metrics
(color-coded as in d). f Unique VBCs at each packaging stage after down-sampling
to 0.67 million UMI counts (left) or with 8.2 million counts to more thoroughly
characterize the final EnvA pseudotyped library (right). The dotted “theoretical
limit” indicates a library in which every sampled VBC is unique. g Cumulative dis-
tribution of VBCs binned by “VBC abundance group” (AG) across packaging stages
(0.67M counts/stage). Counts for all VBCs sampledoncebelong to AG= 1; sampled
twice belong to AG = 2, etc. h The relationship between unique VBCs and total VBC
draws from the EnvA-RVdG-EGFPVBC library (8.2 M counts; blue line) and after
removing the 88 most abundant VBCs (dashed blue line). The dotted line shows
maximumdiversity inwhich every VBC draw is unique. Source data are provided as
a Source Data file.
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Fig. 2 | Properties of barcoded library infection revealed through single-cell
RNA profiling from mouse brain cultures lacking cell-to-cell viral spread.
a Experimental schematic. EnvA-RVdG-EGFPVBC library transduced starter cells
(+TVA) fromwhich the rabies virus could replicate but not spread to other cells (-G).
RNA profiles were captured (n = 60.8 K cells), including from rabies-infected cells
(n = 17.2 K), allowing a direct analysis between how viral genomic barcodes are
expressed in many single starter cells. b Representative image of dissociatedmouse
brain cell cultures (14 days in vitro) expressingTVA (magenta) andEGFP (green). TVA
expression was induced by a cocktail of two high-titer rAAVs (CAG-Flex-TVA-
mCherry: serotype 2–9, 2.2 × 1010 genomes/well; Syn1-EBFP-Cre: serotype 2–1, 6 × 109

genomes/well). Cultures consist of TVA-/EGFP-, TVA+/EGFP- and TVA+/EGFP+ cells.
c Inference of founder VBC sequences and accurate UMI-based counts from single
cell RNA profiles in light of subsequent barcode mutations. A dendrograms illus-
trating VBC sequence relationships (top) and UMI counts (below) before (left) and
after (right) “within-cell VBC collapse” for a single example RNA profile (Methods).
The mean (red dotted line) and two standard deviations (pink shading) expected

from the distribution of edit distances across 20 base pair barcode sequences.
d UMAP embedding of 60,816 scRNA profiles color-coded by molecular identity
(left) or VBC ascertainment status (right) following LIGER analysis (Methods). A
subset of infected scRNAprofiles (n = 2635) could not be definitively identified (light
green). e, f Comparison of single cell VBC properties ascertained from RNA profiles
of TVA+ neurons (n = 4222) or glia (n = 914; ***p < 2.2e−16, two-sided Kolmogorov-
Smirnov Test). Data from only the 1:10 EnvA-RVdG-EGFPVBC dilution (MOI ~ 1.5) are
shown (Methods and Supplementary Fig. 3e). e Cumulative distribution of unique
VBCs. f Total VBC UMIs (left) or % EGFP mRNA (right). g Critically evaluate the
performance of the EnvA-RVdG-EGFPVBC through a corpus of 17.2 K starter cell RNA
profiles. Left, for ascertained VBCs in the library (94%), the relationship between
library abundance and the number of independent starter cell infections. Right, for
library-absent VBCs (6%), the number of independent infections. VBCs observed in
more starter cell RNA profiles than expected based on quantitative library abun-
dance or library absence were flagged for exclusion (Methods). Source data are
provided as a Source Data file.
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(Supplementary Fig. 3c). Putatively infected cells (those cells for which
>1%of total UMIs came from rabies genes) forwhichwe failed todetect
a barcode tended to have very small RNA profiles (<500 UMIs). In
addition, <2% of cells with a barcode and a large RNA profile (>10,000
UMIs) lacked viral loads indicative of infection (<1% rabies RNA), sug-
gesting spurious viral barcode associations were rare.

Using the above data, we investigated whether the properties of
infection differed among starter cell typeswhichwe identified through
a clustering analysis that integrated rabies-infected and neighboring
uninfected cells (Fig. 2d andMethods). Consistent with our AAV-based
strategy to express the TVA receptor (Supplementary Fig. 4a), we
observed EnvA-pseudotyped rabies infections mainly in glutamatergic
neurons, interneurons and neural precursor cells and less frequently
observed in other glia types (astrocytes, polydendrocytes and oligo-
dendrocytes) and cells undergoing mitosis (Fig. 2d). Downstream of
infected TVA+ cells, analysis revealed clear differences in infection
properties: relative to infected glia, infected neurons tended to have
more founder infections (unique barcodes mean ± s.e.m.: Neurons, 1.6
± 0.02; Glia, 1.2 ± 0.02), far more barcoded rabies transcripts detected
per RNA profile (Neurons, 156.5 ± 4.0; Glia, 17.7 ± 6.4), and higher
percentages of EGFP per RNA profile (Neurons, 1.1 ± 0.03; Glia, 0.5 ±
0.04) (Fig. 2e, f). These infection properties were unrelated to quan-
titative differences in TVA receptor expression (Supplementary
Fig. 4b, c), suggesting they arose as a feature of intrinsic cell-type
specific molecular differences downstream of the exogenous entry
receptor following bath application of rabies virus.

In principle, the combination ofmultiple founder infections in the
same starter cell could help define uCIPs through coupled presynaptic
spread, but in practice, cell biological constraints might limit the
number of founder infections. To evaluate this, we leveraged the viral
barcodes to quantify the multiplicity of infection (MOI) at single-cell
resolution and to relate this to the titer of the infecting library (Sup-
plementary Fig. 3d, e). At the lowest titer we tried (MOI, ~0.15), more
than 97% of neuron and astrocyte RNA profiles were associated with a
single VBC (unique VBCs mean ± s.e.m. for neurons/astrocytes: MOI
~0.15, 1.07 ± 0.009/1.03 ± 0.01). Infections with 10-fold higher titer
resulted in more multiply infected cells (with two or more viral bar-
codes)(MOI ~1.5, 1.42 ±0.01/1.14 ±0.01).However, we sawonlyminimal
further increases at 100-fold higher titer (MOI ~15, 1.6±0.01/1.2 ±0.02).
At a biological level, these data suggest an intrinsic asymptote in the
number of founder infections individual cells will meaningfully sustain
—perhaps, for example, because cell-biological machinery are effec-
tively hijacked by the earliest founders. At an engineering level, these
results also suggested rabies virus titer-ranges for efficiently transdu-
cing starter cells with multiple viral barcodes.

Infecting and analyzing large numbers of starter cells in these
control, no-spread experiments helped us to better understand many
properties of rabies virus infections and barcoded rabies libraries. We
compared the EnvA-RVdG-EGFPVBC library abundances of 1.29 million
barcodes to their 28,755 founder infections distributed across
17,283 starter cells (Fig. 2g). Critically for later inferences, the abun-
dance of a barcode in the infecting library predicted the number of
cells it would infect (Fig. 2g). (A few barcodes that appeared to over-
perform this expectation were flagged for computational removal
from future analyses, Fig. 2g). In addition, some 6% of infections
involved viral barcodes that we had not detected by sequencing the
library, presumably because they were present at very low abundance
(Fig. 2g) (any of these that infected multiple cells in this “no-spread”
experiment were also flagged for removal from future analyses).
Intriguingly, a small number of barcode pairs consistently appeared
together in the same starter cells, even in distinct experiments (Sup-
plementary Fig. 3f). Because rabies particles do not have strict genome
size limitations9,17, we reasoned that barcode interdependence might
result from concatenated genomes. (These pairs were also flagged and
removed from future analyses; Methods). These analyses suggest the

abundance of barcodes in library genomes has considerable predictive
power in estimating the number of starter cell founder infections, but
also highlight examples in which individual barcodes or barcode pairs
defy expectations. Thus, each SBARRO infecting library should be
carefully evaluated in a large number of starter cells, as we describe
further below.

High-throughput reconstruction of monosynaptic relationships
We next sought to describe cell-type-specific synaptic wiring of an
in vitro culture. We focused on in vitro experiments because such
systems (1) have been used extensively to screen for genes and
molecules involved in synapse development; (2) can retain features of
cell-type-specific connectivity; and (3) have more easily recoverable
cells. To increase cell type diversity, we co-cultured cells dissociated
from embryonic cortex, striatum and caudal olfactory areas. We
sparsely seeded potential starter cells in each culture well by using the
Syn1-EBFP-Cre rAAV at low titer to recombine rAAVs encoding TVA
(CAG-Flex-TVA-mCherry) and the rabies glycoprotein (G; CAG-Flex-
B19G) at high-titer (Methods), thus enabling efficient EnvA-mediated
rabies founder infections and G-dependent presynaptic spread.
(Sparsity minimizes the opportunity for starter cells to become sec-
ondarily infected as presynaptic cells, which could in principle support
polysynaptic spread). Lastly, after 12 days in vitro, during a period of
prolific synaptogenesis18, starter cells were transduced with EnvA-
RVdG-EGFPVBC (MOI, ~1.5) (Fig. 3a and Methods). After another 72 h,
EGFP fluorescence was observed in putative presynaptic cells, many of
which were spatially clustered around each dual-labeled starter
cell and were interspersed with large numbers of uninfected cells
(Supplementary Fig. 5a, b). This spatial pattern of rabies spread was
consistent with the idea that the probability of neuronal connectivity
scales roughly with spatial proximity and suggested that presynaptic
networks innervating distinct starter cells were largely non-
overlapping. No transduction (EGFP+ cells) was observed without
TVA receptor expression, suggesting that all infections entered
experiments through starter cells.

We identified cell types in thousands of reconstructed mono-
synaptic networks, profiling RNA from EGFP+ cells from 22 distinct
culture wells (n = 3 cell culture replicates; Supplementary Fig. 5d and
Supplementary Data 2). To learn the molecular identities of each cell
and determine inwhatways the infected populationmight be different
from the total ensemble of cultured cells, we co-clustered scRNA
profiles from SBARRO experiments (n = 130,529 cells; mean UMIs,
17,622) and uninfected control cells (n = 147,854 cells; mean UMIs,
18,117) based on shared host-cell RNA signatures (Methods). Cultured
cell RNA profiles were from diverse and developmentally dynamic cell
populations (Fig. 3b, c). We identified four populations of glutama-
tergic neurons; polydendrocytes; oligodendrocytes; and neural pre-
cursor cells (NPCs) developing into astrocytes and several mature
GABAergic lineages (including three major interneuron populations,
two olfactory-related neuron types, and spiny projection neurons
(SPNs); Supplementary Fig. 6a-c). Neuronal identity assignments were
confirmed by an integrated analysis with scRNA profiles from adult
mouse neocortex19 (Supplementary Fig. 6d). Compared to the relative
abundance of control cells, rabies-infected cells were enriched among
mature interneurons (log2(rv/control) = 1.21), SPNs (0.94), glutama-
tergic neurons (0.83) and astrocytes (0.32), and depleted from devel-
opmentally immature cells (NPCs = −2.45; immature neurons = −2.44),
mature GABAergic olfactory types (−1.67), oligodendrocytes (−0.94)
and polydendrocytes (−0.91) (Supplementary Fig. 6e).

We detected putative synaptic networks as clonal expansion of
viral barcodes observed across cells (Supplementary Fig. 7a). Paired
anatomical/SBARRO datasets suggests that roughly 10% of infected
cells entered our single-cell analyses; the missing cells were likely lost
or destroyed during physical dissociation and FACS-enrichment or
remained unsampled after microfluidics-based RNA barcoding. Thus,
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synaptic networks are detectable yet contain only a small subset of the
cells associated with each network (Supplementary Fig. 5c–e).

We identified starter cells by their TVA expression (Supplemen-
tary Fig. 8a–d and Methods). Presynaptic and starter cells were com-
posed of similar cell types, but starter cells expressed a larger number
of unique barcodes (mean ± s.e.m.: starter, 4.3 ± 1; presynaptic, 2.8 ±
0.007, p < 2.2e−16, Kolmogorov–Smirnov Test; Supplementary
Fig. 8e,f), which is expected as some barcodes may fail to transit and
infect other cells in the analysis. Comparing FACS-based counts of
fluorescently labeled starter or presynaptic cells suggested that starter
cells failed to enter our analysesmore frequently thanpresynaptic cells

did (2.5% vs 25%; Supplementary Fig. 5c–e); this could reflect increased
fragility and loss due to prolonged infection, or insufficient ascer-
tainment of recombined TVA mRNAs. Thus, we expect many of our
identified synaptic networks to be “orphaned” from their starter cell.

We developed a statistical framework to filter one or more co-
expressed viral barcodes based on the (1) estimated number of foun-
der infections and the (2) barcode abundance in the infecting library
(Methods). We also excluded barcodes (n = 551) or barcode pairs
(n = 689) that (in the control experiments) infected or co-infected
more cells than expected based on their library abundance (Fig. 2g;
Supplementary Fig. 7b; Methods). For example, in an experiment
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estimated to contain 2484 total founder infections, we observed one
examplebarcode in anSPN starter cell and six diverse presynaptic cells
(Fig. 3d andSupplementary Fig. 7c). Basedon the lowabundanceof the
barcode in the infecting library (frequency = 3.5 × 10−6), we estimate
that this barcode had a <1% chance of participating in more than one
founder infection in this experiment. Thus this barcode passed our
threshold (of <10%) and defined a uCIP (Methods).

We retained n = 1810 of 5142 total viral barcodes, which alone
(27%) or as a pair (73%), enabled n = 9865 non-redundant uCIP infer-
ences of synaptic networks with ≥2 cells (n = 21,458 EGFP + scRNA
profiles; Fig. 3f). Inferred networks contained 2–52 cells (mean= 3,
median = 2), consistent with ~10% ascertainment of rabies-infected
cells in culture (Supplementary Fig. 5c, d). Inferred networks contained
predominantly neurons (79%) of diverse types, with smaller con-
tributions from astrocytes (15%) and polydendrocytes (5%). A minority
of these networks contained a clear starter cell (n = 365 or 3.7%), as
identified by a rabies infected cell with statistically significant enrich-
ment of Cre-recombined TVA transcripts (Supplementary Fig. 8). In
each of the remaining networks (n = 9500 or 96.3%), a starter cell was
not identified because starter cells were (1) destroyed during cell dis-
sociation and FACS; (2) not sampled during scRNA-seq library pre-
paration; or (3) lacked sufficient evidence for Cre-recombined TVA
receptor expression.

To determine whether the cell-type composition or the size of
presynaptic networks varied across postsynaptic cell types, we
focused on the 3.7% of networks with an identified starter cell (n = 365
of 9865 total networks). Presynaptic cell types differed according to
postsynaptic cell type, as pair-wise comparisons suggested quantita-
tive differences in presynaptic cell-type proportions between astro-
cytes versus neurons (p = 0.007–0.001, Chi-Square Test) and
glutamatergic neurons and interneurons versus SPNs (p =0.01 and
0.0002), but not between glutamatergic neurons and interneurons
(p > 0.05, Chi-Square Test; Fig. 3g).

The sizes of inferred presynaptic networks exhibited variance that
was partially explained by postsynaptic cell type (p = 0.048,
Kruskal–Wallis Test). Pair-wise comparisons revealed that glutama-
tergic neurons and astrocytes tended to have smaller presynaptic
networks than interneurons did (p = 0.018–0.022, Wilcoxon Test),
while SPNpresynaptic networks didnot detectably differ from thoseof
other cell types (n = 109 glutamatergic neurons, mean ± s.e.m. pre-
synaptic cells = 3.6 ± 0.4; n = 29 astrocytes, 3.7 ± 1.02; n = 61 inter-
neurons, 6.7 ± 1.0; n = 12 SPNs, 4.6 ± 1.1; Fig. 3h). Differences in
neuronal presynaptic network size appeared tobedriven in part by cell
subtypes (Fig. 3i, j and Supplementary Fig. 7d, e); while neuronal
subtype categories did not, as awhole, rise to predictive significance in
explaining variance in presynaptic network size (p = 0.08,
Kruskal–Wallis test), paired comparisons revealed that Grp +
glutamatergic neurons and Npy + interneurons tended to have small

(n = 50, mean ± s.e.m. = 2.7 ± 0.37 cells) and large (n = 20, mean = 8 ±
1.95 cells) presynaptic networks (p =0.004, Wilcoxon Test), respec-
tively. These results indicate that the number and molecular compo-
sition of putative presynaptic cells in an inferred network are
qualitatively similar across postsynaptic cell types at an early, pro-
miscuous stage of synaptogenesis in vitro, but highlight important
exceptions in which postsynaptic cell type biases the number
and classes of putative presynaptic partner cells. Differences in the
number of presynaptic partner cells might relate to dendritic size
differences in vivo. For example, compared to adult mouse neocortex,
Grp + glutamatergic neurons are most similar to L2/3 IT and L4/5 IT
subtypes found in superficial cortical layers, which tend to have
small dendritic arbors, while Nxph3 + glutamatergic neurons are most
similar to L6b, L5 NP and L6 CT subtypes found in deeper cortical
layers, which tend to have larger dendritic arbors19,20 (Supplemen-
tary Fig. 6d).

Postsynaptic RNAs associated with presynaptic networks
The formation and selective stabilization of synapses is shaped by
competitive processes driven by molecular variation within21 and
across cell populations22, yet many of the molecules remain unknown
and incompletely understood. We sought to use the data from
these experiments—in which synaptic connectivity inferences and
molecular properties weremeasured in the same cells—to analyze how
molecular variation associated with the properties of cell-type-specific
networks.

We first askedwhether presynaptic network size was explained by
infection magnitude or innate immune response in starter cells, since
these properties of infection could skew the results (Fig. 4a). We
separated starter cells into two groups based on presynaptic network
size, ranging from networks of 2–4 ascertained cells (“small”) or 7–52
ascertained cells (“large”) and four groups based on starter cell type
(Fig. 4b).We compared both the viral load (the fraction of total cellular
mRNAs from the rabies virus genome) and an aggregate innate
immunity expression score (n = 564 genes23) across these groups
(n = 144 scRNA profiles; Supplementary Fig. 9a). We found that, while
both infection metrics varied by starter cell type (viral load, p = 0.05;
innate immune expression score, p = 5.2 × 10−12, two-way ANOVA Test),
they did not associate with the presynaptic network size (viral load,
p =0.10; innate immune expression score, p = 0.16).

We next sought to find genes whose expression levels in starter
cells associated with the number of inferred presynaptic partner cells
(Fig. 3j). We hypothesized that differences in the expression of genes
promoting or restricting synaptogenesis or dendrite growth influence
the number of presynaptic cells innervating each starter cell. We
focused our comparisons at the most granular cell subtype level and
narrowedour testing to thosegenes sufficiently expressed and skewed
in aggregate across presynaptic network size groups (Methods). We

Fig. 3 | Massively parallel inference of cell-type-specific synaptic connectivity
using SBARRO. a Experimental schematic. The EnvA-RVdG-EGFPVBC library trans-
duced starter cells (+TVA/+G) from which individual virion clonally replicate and
undergo monosynaptic spread into presynaptic cells. scRNA-seq libraries were
prepared from either (1) SBARROEGFP+ cells (n = 22 culturewells from n = 3mouse
preparations; n = 130.5 K scRNA profiles) or (2) preparation-matched control cells
(n = 147.6 K scRNA profiles). b Sagittal brain schematic color-coded by region from
which cells were co-cultured. c UMAP embedding of scRNA profiles color-coded
and labeled by coarse molecular identity (left, Supplementary Fig. 6a) or SBARRO/
control status (right) following LIGER analysis. d An example SBARRO network
inferred through shared expression of the VBC assigned the name “immature-
ness_22”, a barcoded genome with <1% chance infecting >1 starter cell. The
“immatureness_22” network consists of an SPN starter cell and heterogenous col-
lection of putative presynaptic cells (color-coded as in c). e Horizontal bar plot
representing the cell types of the “immatureness_22” presynaptic network .
f Horizontal bar plots for n = 9865 SBARRO networks with ≥2 cells (left) and the

largest 100 networks (right). Of all networks, n = 365 networks (3.7%) included
starter cell assignments. g–i Properties of presynaptic networks. g Fractional cell-
type compositions from RV uninfected control wells (left) and presynaptic net-
works stratified by starter cell type (right). A subset of cell types observed in con-
trols (dotted vertical line) were never or rarely observed in presynaptic networks
and excluded from network analysis. Presynaptic cell type composition varies by
starter cell type (*p <0.05; **p < 0.01; ***p <0.001, Chi-Square Test). The number of
aggregated networks and total presynaptic cells are shown (networks/total cells).
Network data includen= 365 networks identified acrossn= 22 culturewells derived
n = 3 primary cell culture replicates. h Inferred presynaptic network sizes differ by
starter cell type (**p < 0.05, two-sided Wilcoxon Test). i UMAP embedding color-
coded and labeled by glutamatergic neuron and interneuron subtype (Supple-
mentary Fig. 6a, c). j Inferredpresynapticnetwork sizes by starter cell subtype (**p<
0.01; two-sided Wilcoxon Test). Boxes define the interquartile range and whiskers
delineate 1.5 times this range. Source data are provided as a Source Data file.
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used permutation to create negative-control distributions in which
each starter cell RNA profile was replaced by a randomly selected
presynaptic RNA profile of the same type.

Across eight starter cell subtypes, 13 genes exhibited differential
expression across presynaptic network size categories (p < 0.05, Wil-
coxon Test; Fig. 4c; Supplementary Fig. 9b, c). Though this did not
exceed the number of genes nominated in permuted analyses (mean ±
s.e.m. = 15.6 ± 1.3), independent biological evidence strongly sup-
ported roles for two of the most strongly differentially expressed
genes, both of which were more highly expressed in starter cells with
large networks (relative to cells with small networks) and have
described roles in promoting dendritic growth or synapse formation
through developmental loss-of-function or ectopic overexpression
experiments. Arpp21—which was upregulated in postsynaptic Pvalb +
interneurons with large presynaptic networks—encodes an RNA bind-
ing protein that promotes dendritic growth by activating translation of
target RNAs and whose cell-to-cell dynamic range might be extended
due to intronic-encoded inhibitory microRNA24. Cdh13—which was
upregulated in postsynapticTfap2d+ glutamatergic neuronswith large
presynaptic networks—encodes an atypical protocadherin, one of four
genes previously identified as driving synaptogenesis in a large-scale
neuronal RNAi screen13 (Fig. 4c). Interestingly, both Arpp21 and Cdh13
RNAs increase in expression as SPNs (Supplementary Fig. 9d) and

cortical neurons25 mature, suggesting that elevated expression in
“starter” neuronswith large presynaptic networksmight be a proxy for
a more-advanced developmental state. Thus, while these results are
suggestive, future analyses with cell-type-specific functional manip-
ulations would be needed to determine whether these genes have
causal roles.

Rabies transmission correlates with synaptic maturation
Accurate interpretation of how rabies-inferred synaptic networks
relate to actual synaptic connectivity and function is critically limited
by our incomplete understanding of the molecules and cellular pro-
cesses through which rabies enters, exits, and interacts with diverse
host brain cell types. To determine which RNAs and biological path-
ways contribute to rabies transmission, we leveraged asynchronous
development and variable rabies transmission in cultured cells to
identify gene expression patterns that correlated with increased
infectivity along the developmental trajectory stretching from neural
precursor cells into mature SPNs (Fig. 5a, b). We strictly ordered each
of the 32,503 scRNA profiles in pseudotime using Monocle326 and
confirmed the expected developmental processes through Gene
Ontology Biological Pathway (GOBP)27,28 enrichment analysis of co-
regulated genes (~25% of the coding genome; n = 7844 genes; Sup-
plementary Fig. 10a).

Fig. 4 | Postsynaptic RNA levels associated with rabies-based inferences of
presynaptic network size. a Schematic of postsynaptic starter cells with small
(brown triangle) or large (green triangle) numbers of presynaptic partner cells.
b Histogram of inferred presynaptic network sizes for n = 144 starter cell RNA
profiles belonging to one of four major cell types (glutamatergic neurons, inter-
neurons, SPNs or astrocytes). c, d Differential expression testing identifies Arpp21
upregulated in Pvalb interneurons (n = 9 small versus n = 7 large RNA profiles) and
Cdh13 as Tfap2dGlutamatergic neurons (n = 5 small versus n = 3 large RNAprofiles)
starter cells with large presynaptic networks. Left, Volcano plots illustrating results

from differential expression testing of starter cell subtypes in which UMI counts
were aggregated by inferred presynaptic network size category (Fisher’s Exact Test;
Methods). Genes passing corrected p value thresholds (p corrected < 0.05, blue
dots) were further tested for differences in single-cell scaled expression (two-sided
Wilcoxon Test; Methods) and those that pass this additional test (p uncorrected <
0.05, red dots) are labeled. Right, normalized expression levels (*p < 0.05. Arpp21,
p = 0.044; Cdh13, p = 0.026. Two-sided Wilcoxon Test). Boxes define the inter-
quartile range andwhiskers delineate 1.5 times this range. Source data are provided
as a Source Data file.
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Using just the uninfected cells, we identified n = 3309 genes with
RNA levels that correlated (r > 0.75) with developmental increases in
rabies transmission (Fig. 5c–e and Methods). Interestingly, Ncam1
mRNA was the only one of four described rabies receptors7,29,30 with

appreciable expression in these experiments and appeared in cells
before high rates of infectivity, suggesting NCAM1 protein alone is not
sufficient for rabies transmission (Fig. 5d). To discover which cellular
processes might endow infectivity, we performed GOBP with the gene

Fig. 5 | The developmental emergence of rabies transmission co-occurs with
the maturation of synaptic function. a UMAP embedding of scRNA profiles (n =
32,503) along a trajectory of development from immature neural precursor cells
(NPCs) tomature spiny projection neurons (SPNs). Left, color-coded by rabies virus
infected (i.e. SBARRO; n = 8837 profiles) or uninfected control cells from paired
cultures (n= 23,666RNAprofiles);Middle, pseudotime; Right, pseudotimebins (n=
10). b Example expression plots for four developmentally regulated genes. c For
each pseudotime bin, the percentage of scRNA profiles corresponding to rabies
virus infected SBARRO cells over the total number of all cells. d RNA levels across
pseudotime bins. Of four described rabies receptors8, Ncam1 (top) has the only
appreciable expression. Ncam1 expression precedes the major developmental
increase in rabies transmission. The subset of genes (n = 55 of 171) in the “synaptic
vesicle” SynGO category (bottom) whose RNA levels correlate with rabies virus
infectivity (n = 3309 genes total). eGene Ontology Biological Pathways (GOBP) and

Synaptic Gene Ontology (SynGO) analyses for rabies-infectivity correlated genes
(n= 3309;Methods). Left, analyseswere conducted on the correlated gene list (red)
aswell as two sets of control genes (eachwith 1000 replicates of n = 3309genes). In
the “Expression-matched” set (darkgray), geneswere selected from thematureSPN
metacell (pseudotime bin = 10) in a manner that matched expression levels of the
correlated genes. In the “Random” set (light gray), genes were selected at random
from those for which expressed RNA was detected. Statistical testing was per-
formed using one-sided Fisher’s exact test with false discovery rate correction
using default parameters for GOBP and SynGO. Categories with adjusted p-values <
0.05 were considered enriched. Uncorrected p-value distributions for n = 3 GO-BP
categories (middle) and n = 4 SynGO categories (right) for which the rabies-
infectivity correlated gene set was statistically enriched. Source data are provided
as a Source Data file.

Article https://doi.org/10.1038/s41467-022-34334-1

Nature Communications |         (2022) 13:6993 9



set we identified and compared the results to control gene sets sam-
pled at random or from expression-matched mature SPN profiles. We
identified selective enrichments in (1) “mitochondrial respiratory chain
complex assembly”; (2) “phagosome maturation”; and (3) “positive
regulation of synaptic transmission”, which were absent from control
gene sets (Fig. 5e and Supplementary Fig. 10b). To refine which
synaptic processes were implicated in infectivity, we queried synaptic
gene ontologies31 and identified selective enrichment for “synaptic
vesicle cycle” (for which n = 55 of 171 genes were correlated with
infectivity). This analysis suggests that, in addition to the expression of
viral entry receptors, operational synaptic transmission is critical for
inter-cell rabies transmission and nominates specific genes implicated
in the onset of synaptic transmission and rabies entry.

Discussion
Our understanding of how synaptic networks emerge during devel-
opment and how they are regulated by genetic and biological pro-
grams will benefit from measurements of synaptic connections that
are systematic, quantitative, and connected to detailed molecular
profiles of individual cells. Comprehensive characterization of the
synaptic organization of neural circuits is challenging with current
electrophysiological and anatomicalmethods, due to the small sizes of
synapses, expansive geometries of axons and dendrites, and lack of
knowledge of the cell subtypes involved. Such limitations have tended
to separate synaptic-network biology from other subfields of neu-
roscience that are adopting highly parallel approaches for character-
izing molecular repertoires32–35 or neural activity in many individual
cells36.

Here we demonstrate thatmany individual synaptic networks can
be reconstructed from scRNA-seq data, thus allowing direct con-
nectivity relationships to be inferred across thousands of individual
cells for which genome-wide RNA expression has also been ascer-
tained. Our data suggest that, during synaptogenesis in vitro, con-
nectivity is shaped by cell type in a quantitative rather than qualitative
way. Individual starter cells had considerable variance in their number
of presynaptic partners, which appeared unrelated to the degree of
infection or innate immune response, but was partially explained by
neuron type and gene expression patterns. We found that Arpp21 and
Cdh13 hadhigher expressionwithin starter cells withmorepresynaptic
partners. Interestingly, Cdh13—an atypical transmembrane protein of
the Cadherin superfamily—was previously identified as a key post-
synaptic gene driving both excitatory and inhibitory synaptogenesis
through a systematicRNAi screen13. In addition,Arpp21overexpression
or knock-out bidirectionally controls the size and complexity of pyr-
amidal neuron dendrites during postnatal development, likely by
potentiating the translation of bound mRNA species that promote
dendritogenesis24. These proof-of-concept observations suggest that
extant molecular heterogeneity may associate with different proper-
ties of a given cell’s presynaptic network and that SBARROanalyses are
a means to access and quantify such relationships.

We designed SBARRO to be adaptable to emerging single-cell
genomic technologies. For example, methods enabling single-cell
spatial transcriptomics37–39 or in situ sequencing40,41 will allow the
locations and anatomical properties of SBARRO cells to be mapped
in vivo without cell loss. Moreover, long-read RNA isoform
sequencing42,43 could address long-standing hypotheses for how
alternative splicing helps generate an extracellular adhesion code
between synaptically connected cells within and across cell types44.

Unknown features of rabies cell biology represent a current lim-
itation in the interpretation of SBARRO datasets. A detailed under-
standing of howour inferred, digitalmonosynaptic relationships relate
to extraordinarily diverse and highly dynamic synaptic structures
requires a comprehensive description of how rabies interacts with and
transits between host brain cells of different types. On one hand,
previous studies provide direct and circumstantial evidence that

suggest, at least to a first approximation, that rabies transmission
events are selective for synapses made directly onto infected
neurons45,46. Among postsynaptic neurons of the same class with spa-
tially intermixed dendrites, presynaptic labeling respects synapse-
selective motor arcs in the spinal cord47. Similarly, in primary visual
cortex, intermingled layer 2/3 glutamatergic neurons distinguished by
firing properties to visual cues, appear to inherit those selective
properties from presynaptic cells labeled by rabies infection48,49. On
theother hand, the efficiency of rabies transmission canbe very low for
certain cell-type-specific axons50 and appears to be modulated by
presynaptic firing rate51,52. Our correlative molecular data suggest
developmentally mature presynaptic function is critical for rabies
uptake in neurons (Fig. 5). However, the extent to which rabies egress
and entry exclusively use synapse-associatedprocesses; occur through
direct synaptic contacts; and are affected by neural activity across
diverse brain circuits, all remain to be firmly established52. Moreover, it
will be necessary to continue to study theways inwhich infection alters
host cells’ molecular programs, as these alterations could affect
synapse-associated processes53–56.

Rabies infection of non-neuronal cell classes, such as astrocytes
and polydendrocytes, is a minor yet clear feature of our in vitro
experiments and is also observed in vivo57,58. While both cell types
interact intimately with synapses, especially during development,
more experiments are necessary to understand the molecular
mechanisms underlying rabies transmission across non-neuronal
classes. Single-cell, single-virion inferences of these interactions may
offer valuable insight: RABID-seq5 analyses suggest rabies can be
transmitted from infected astrocytes into presumed physically adja-
cent microglia and that specialized host cell signatures are associated
and detectable with these interactions. What role synapses play in
these glial interactions is not clear (Microglia were not present in our
experiments in vitro).

SBARRO complements and extends other virus-based systems for
studying cell-type-specific axonal projections and cell population-
based synaptic connectivity. For example,MAPseq40 and VECTORseq59

enable anterograde and retrograde labeling of axonal projections,
respectively, in combinationwith transcriptional analyses of individual
cells. Herpes virus-based Connect-seq60 enables putative presynaptic
networks (which are not strictly monosynaptic) to be identified
upstream of individual Cre-expression postsynaptic cell populations
(but not individual cells). Similarly, Trans-seq61 enables a non-viral
anterograde labeling of cell populations in direct synaptic partnership
that can be used in conjunction with scRNA-seq. By combining rabies
barcoding with scRNA-seq and custom computationally analyses,
SBARRO enables many individual monosynaptic networks to be
sequenced in parallel from individual experiments and associatedwith
the transcriptional signatures of each cell in the network.

Mammalian synaptogenesis is particularly challenging to study
with traditional methods due to the many cell types and molecules
involved, its protracted nature in space and time, and intrinsic noise
that arises frombeing a competitive, cell-to-cell process. By facilitating
connectivity inferences and RNA sampling from the same individual
cells, we hope that fast, scalable, all-molecular approaches such as
SBARRO—which may be eventually deployed in non-destructive
ways62—can complement established connectomic technologies
based on super-resolution imaging of synaptic anatomy and lead into
new insights into the molecular specification and maintenance of
selective synaptic relationships.

Methods
Barcoding rabies virus plasmids and RNA genomes
Rabies virus rescue encapsidates RNA genomes from DNA templates.
Generating rabies virus particle libraries with millions of unique and
similarly abundant genomic barcodes presents a two-part challenge
not encountered when rescuing a single genomic species. First, a
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plasmid library carrying hyper-diverse barcoded DNA genomes is
created ab initio. Second, barcode loss and abundance skews must be
minimized during plasmid amplification (in bacteria) then in rabies
virus rescue and replication (in mammalian cell culture). To address
these challenges, custom protocols were developed to (1) introduce
barcode sequences into DNA plasmids using PCR (achieving near-
theoretical levels of plasmid-to-plasmid barcode diversity; Fig. 1g and
Supplementary Fig. 2a); (2) more uniformly amplify plasmid DNA
through optimized bacterial transformation and plate-based growth
conditions (Supplementary Fig. 2c); and (3) rescue rabies virus (with
native or pseudotyped coat proteins) in ways that mitigate distortions
in barcode representation, initially created by the very low-probability
of individual rescue events9 and then exacerbated by biases in viral
replication. Our 7–9 day protocol is three-fold faster and achieves
titers equivalent or higher than the field-standard published protocol
(1 × 108−9 IU/mL; Supplementary Fig. 2d)16,47. Details for each of the
three protocol steps are found in the sections below. Barcodes present
in DNA plasmids and RNA genomes were quantified through
sequencing-based approaches in which oligonucleotide probes con-
taining unique molecular identifier (UMI) sequences were hybridized
to barcode-adjacent sequences and then polymerase-extended
through the barcode region (Supplementary Fig. 1c and Supplemen-
taryTable 1); the resulting pairedUMI-barcode sequenceswereused to
count individual molecules. Inflation of barcode sequences and UMI
counts due to mutations arising during library amplification and Illu-
mina sequencing were accounted for (see description in Results) using
a custom algorithm for post-hoc mutation correction. See the “Quan-
tifying barcodes from plasmids and rabies virus genome” section
below for details.

PCR-based plasmid barcoding. To generate plasmid libraries in
which individual circular plasmids encode unique barcode sequences,
we developed a PCR-based molecular workflow in which a bipartite
barcode cassette can be targeted to arbitrary regions of a non-
barcoded plasmid template (Supplementary Fig. 1b). We applied our
system to the SAD-B19 genome plasmid in which the G gene has been
replaced by EGFP (cSPBN-4GFP, Addgene #5248716), targeting the
barcode cassette to the 3′ UTR of EGFP adjacent to the viral poly-
adenylation sequence63. To introduce each half of the barcode cas-
sette, whole-plasmid PCR was performed with forward and reverse
primers targeting the desired region. Each primer contains 3′ plasmid-
complementary sequence followed by a 5′ tail with 10 bps of random
nucleotides further flanked by a restriction cassettewhich includes the
PlutI (“GGCGCC”) restriction site (pSPBN-GFP Barcoding, Forward
Primer: B19_barcode_F, Reverse Primer: B19_barcode_R; Supplemen-
tary Table 1). During PCR (See “Barcoding PCR” protocol), each round
of primer hybridization and extension introduces a unique barcode,
resulting in a linear, double-stranded amplicon collection in which
unique 10 bp barcodes have been introduced into the 5′ terminus of
each DNA strand. The desired ~14.5 kb amplicons were size-selected
using standard low-gel agarose (Sigma-Aldrich, A9414) electrophoresis
and cleaned (Zymo Research, Gel DNA Recovery Kit #D4001), then re-
cleaned and concentrated to >200 ng/μl (ZymoResearch,DNAClean&
Concentrator-25 #D4033). To efficiently circularize the amplicons
using the barcode restriction cassette and to remove remaining tem-
plate plasmid and unwanted linear products, we developed a series of
enzymatic reactions that consecutively performed in the same tube,
saving time and avoiding DNA damage and loss due to repeated pur-
ification (See “Plasmid Circularization Protocol”). Briefly, DpnI digest
removes remaining methylated plasmid DNA; PlutI restriction and T4
ligation circularize the amplicons thus covalently bonding each of two
10 bp barcodes into a 36bp barcode cassette; and RecBCD selectively
degrades linear DNA over circularized plasmid containing non-
complementary barcode sequences, typically enriching the percen-
tage of circularized product ~3.5 fold (from ~20 ± 0.7% to 71 ± 4%, n = 6

experiments, ± denotes s.e.m.). “Barcoding PCR Protocol” (25μl total):
(1) Q5 High-Fidelity 2X Master Mix (NEB, #M0515), 12.5μl; (2) Forward
primer (B19_barcode_F), 1.25μl; (3) Reverse primer (B19_barcode_R),
1.25μl; (4) Template plasmid (cSPBN-4GFP, 0.4 ng/μl), 5; 5) Water (to
25μl). Cycle Conditions: (1) 98 °C for 30 s; (2) 98 °C for 10 s; (3) 72 °C
for 30 s; (4) 72 °C for 480 s; (5) Go to Step 2–4, 35 times; (6) 72 °C for
60 s. “Plasmid Circularization Protocol”, three steps. Step 1 = Digest
(50μl reaction): (1) PlutI (10,000U/mL, NEB R0713S), 0.5μl; (2) DpnI
(20,000U/mL, NEB R0176S), 0.25μl; (3) CutSmart Buffer (10x, NEB
B7204S), 5μl; (4) Linear Barcoded DNA, 500 ng; (5) Water (to 50μl).
Step 1 Cycle Conditions: (1) 37 °C for 1 h; (2) 80 °C for 20min (heat
inactivation). Step 2 = Ligation (spike-in, +5.1μl): (1) T4 DNA Ligase
(10,000 U/ml, NEB M0202T), 0.1μl (200 U); ATP (10mM, NEB
P0756L), 5μl. Step 2 Cycle Conditions: (1) 4 °C for 2 h; 2. 65 °C for
20min (heat inactivation). Step 3 = Circular plasmid enrichment
(spike-in, +8.8μl): (1) Exonuclease V (RecBCD, 10,000 U/ml, NEB
M0345L), 1μl; (2)NEBuffer 4 (10x,NEBB7004S), 1.4μl; (3) ATP (10mM,
NEB P0756L), 6.4μl. Step 3 Cycle Conditions: 37 °C for 1 h; 2. 70 °C for
30min (heat inactivation).

Amplifying barcoded DNA plasmids. Rabies virus rescue requires
tens ofmicrogramsof supercoiled rabies virus genomeplasmid for cell
transfection. To amplify and supercoil DNA plasmid libraries carrying
hyper-diverse barcodes in a manner that minimizes loss and skew of
barcoded plasmid representation, we transformed eight vials of che-
mically competent One Shot OmniMAX 2 T1R cells (ThermoFisher
Scientific, C854003) in parallel each with 200 ng of DNA from the
“Plasmid Circularization Protocol”. After 1 h of recovery growth, cul-
tureswere combined and 2ml of the cellmixturewas spread overn = 8
large plates (24.5 × 24.5 cm; Corning, CLS43111164) containing LB Agar
(Sigma-Aldrich, L2897) and Ampicillin (100μg/mL; Sigma-Aldrich,
A5354) and grown over night at 37 °C. Colonies were scraped from
eachplate with 15ml LB and pelleted through centrifugation (6000× g
for 15min at 4 °C). Plasmids were isolated from cell pellets using the
EndoFree Plasmid Maxi Kit (0.45 g cells/column; Qiagen, 12362).
Sequencing-based barcode quantification (see below “Quantifying
barcodes from plasmids and rabies virus genomes”) comparing plas-
mids prepared from pooled transformants grown on plates (as
described) versus liquid culture (250ml) demonstrated that plate-
based growth dramatically reduced overrepresentation of plasmid
barcodes (Supplementary Fig. 2c), presumably by homogenizing clo-
nal growth rates.

Rescuingbarcoded rabies virus libraries. De novo rescueof negative-
stranded RNA viruses requires transfection-based encapsidation of
positive-stranded RNA genomes with N, P and L proteins; the minimal
replication-competent nucleocapsid65; Genomes lacking the G gene
additionally require G protein such that replicating particles can
spread cell-to-cell16. Two properties of rescue create challenges for
generating particle libraries with millions of unique and uniformly
abundant genomes. First, cells in which rescue events occur are rare
(<1:10,000 transfected cells9), creating a limited number of cellular
environments in which encapsidation can occur. Second, state-of-the-
art packaging protocols serially infect fresh cultured cells to increase
viral titer; increasing, with each passage, the opportunities for indivi-
dual clones gain a replication advantage. To develop a rabies virus
rescue protocol for barcoded genomes, we first systematically char-
acterized how barcode abundances behaved after transfection and
each passage stage of a widely used protocol16. We observed that (1)
minimally and on average, hundreds of unique rabies virus genomes
were encapsidated per encapsidation-competent cell and that (2) viral
passages tended to reduce the number of unique barcoded genomes
and distort their relative abundances (Supplementary Fig. 2d). There-
fore, we increased the total number of encapsidation-competent cells
by optimizing large-scale rabies virus transfection and created a one-
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step rescue protocol capable of generating rabies virus libraries with
millionsof uniquegenomes at similarly high titers (~2.5 × 109 IU/ml) but
threefold faster (7–9 days) than published protocols16,47. Pseudotyping
with non-native coat proteins requires an additional 6 days. Specifi-
cally, poly-L-lysine (Sigma-Aldrich, P4707) coated T-225 flasks con-
taining 85–95% confluent HEK-293T/17 cells (ATCC, CRL-11268) were
each transfected (Xfect, Takara #631318) with a DNA cocktail con-
taining (1) the barcoded rabies virus plasmid library (131.36μg) and
CAG-promoter drivenplasmids for T7polymerase (23.66mg, Addgene
59926) and SAD-B19 helper proteins (N, 52.11μg, Addgene 59924; P,
30.15μg, Addgene 59925; L, 23.70μg, Addgene 59922; G, 20.26μg,
Addgene 59921). Cells were maintained with DMEM with GlutaMAX
supplement, pyruvate, high glucose media (Thermo Fisher Scientific,
10569010) supplemented with 5% fetal bovine serum (Thermo Fisher
Scientific, 10082147) and 1x antibiotic-antimycotic (Thermo Fisher
Scientific, 15240062) and incubated at 35 °C with 5% CO2. Five days
post-transfection, culture media was collected for either (1) unpseu-
dotyped rabies virus recovery or (2) EnvA pseudotyping. For EnvA
pseudotyping, BHK-EnvA cells (Columbia Univ. Zuckerman Virus
Core), initially grown in 15 cm dishes (Corning, 08-772-24) to 85–95%
confluence, were infected with filtered media (0.22 µm PES; Corning,
431097) from the transfected T-225 plates; cells are then rinsed, pel-
leted and re-plated first in 15 cm plates then again in T-225 flasks.
Specifically, following 6 h of incubation with particle-containing
media, cells from each plate are rinsed with two rounds of cold
DPBS (+Ca, +Mg), trypsinized with 5mL of trypsin-EDTA (Thermo
Fisher Scientific, 25300-054) for 30 s at 35 °C, pelleted with cen-
trifugation (300 × g, 4min) in DMEM+ 10% FBS and then re-plated in
15 cmplates and allowed to incubate overnight (~16–24 h) before being
re-plated in T-225 flasks with DMEM+ 5% FBS. T-225 plate media is
supplemented with 3–5mL of DMEM+ 5% FBS each day for 4 days
before being collected and concentrated. Specifically, collectedmedia
is incubated with benzonase nuclease (1:1000 dilution; Millipore
Sigma, 70664) for 30min at 37 °C and filtered (0.22 µm PES). For
ultracentrifugation (Beckman Coulter, SW32Ti rotor), 2mL of 20% (w/
v) sucrose in DPBS (-Ca, -Mg) is prepared in ultracentrifuge tubes
(Beckman Coulter, 344058) to which the divided EnvA-pseudotyped
viral media is added before pelleting (20,000 RPM for 2 h at 4 °C).
Residual media is removed and viral pellets are each resuspended in
15 µL of DPBS (-Ca, -Mg) on ice before orbital shaking at 4 °C for 8 h.
Volumes are then combined, aliquoted, and stored at −80 °C. Titers
were established by quantifying infected HEK-TVA and HEK-293T/17
cells in 12-well plates (80% confluence) using serial dilutions. To ensure
EnvA-pseudotyping was complete, <2 HEK-293T/17 cells per well were
tolerated following infection with 1 µL with full-strength sample.

Quantifying barcodes from plasmids and rabies virus genomes.
UMI-based counting of barcodes from DNA plasmids and RNA gen-
omes was accomplished with similar molecular (See “UMI-based
counting of genome and plasmid barcodes” and Supplementary Fig. 2)
and informatic workflows. RNA genomes were extracted using the ZR
Viral RNA kit (Zymo Research, R1041) from particles ascertained from
(1) end stage high-titer viral aliquots or (2) fromcell culturemedia used
for rabies virus rescue after PEG-based precipitation (Abcam,
ab102538) and quantified using the High Sensitivity RNA ScreenTape
assay (Agilent, 5067–5579). To count barcode abundances of indivi-
dual RNA genomes or DNA plasmids, an oligonucleotide (B19_UMI_F)
containing a SMRT PCR handle, 12 bp UMI and 33 bps of barcode-
adjacent homologous sequence were hybridized then polymerase-
extended through the barcode region. Remaining RNA genomes were
selectively digested using RNase H (New England Biolabs, M0297S)
and reactions were cleaned with Agencourt AMPure XP beads (1:1
volume; Beckman Coulter, A63881) retaining first-strand cDNA. The
UMI-tagged genomic cDNA or plasmid DNA strands were then selec-
tively amplified (14–18 PCR cycles; 16 median) using primers which

introduce the Illumina P5 (P5-TSO_Hybrid) and indexed P7 (P7i1-
L5UTR_seq) sequences. Amplicon libraries were sequenced on an
Illumina MiSeq or NextSeq550 using a custom primer (Read1-
CustomSeqB) to seed 110 Read 1 cycles. Base pairs (bp) 1–12 were
assigned as the UMI. The two 10 bp viral barcodes were informatically
extracted from the barcode cassette using a custom algorithms based
on local sequence alignment algorithm and (“TagReadWi-
thRabiesBarcodes” & “FilterValidRabiesBarcodes”). To account for
artifactual barcode sequences created by mutations acquired during
the library amplification and sequencing, we developed an algorithm
to identify and collapse “families” of barcodes with similar sequences
likely related through acquired mutations (“CollapseTagWithContext,
MUTATIONAL_COLLAPSE = true”). Specifically, after ordering bar-
codes most to least abundant, we considered each barcode as a “par-
ent” and identified “siblings” sequences within Hamming distance of 1
of the “parent” barcode. The process was then iterated for each new
“sibling” until no new “siblings” were discovered. The entire barcode
family was assigned the sequence of the “parent.”UMI-parent barcode
sequence pairs were then used to count each “parent” barcode in the
library (after collapsing UMI-barcode sequences in which the UMIs
associated with the same “parent” were Hamming distance <= 1). This
approach drastically reduced the inflation of barcode sequences and
counts due to library preparation and sequencing (Supplementary
Fig. 2b). UMI-based counting of RNA genome and DNA plasmid bar-
codes. RNA Genomes, four steps. Step 1: RNA Genomes - UMI Hybri-
dization (24μl reaction): (1) Rabies ssRNA genomes or dsDNA plasmid,
5–25 ng; (2) UMI oligo (10 μM; B19_UMI_F), 4μl. (3) dNTPs (10mM),
4μl; 4) Water (to 24μl). Cycle Conditions: (1) 72 °C for 4min; (2) 4 °C.
Step 2: RNAGenomes - Reverse Transcription (spike-in, +16μl): (1) 20%
Ficoll PM 400 (Sigma Aldrich, 26873–85-8), 4μl; (2) NxGen RNAse
Inhibitor (Lucigen, 30281-2), 0.5μl; (3) Maxima H-RT (Thermo Scien-
tific, EP0751), 2μl; 5x Maximal H-RT Buffer, 6μl; Water, 3.5μl. Cycle
Conditions: 1. 42 °C for 90min; 2. 85 °C 5min (inactivation). Step 3:
RNAGenomes –RNaseHTreatment (spike-in, +2μl): RNaseH (5000U/
mL, NEBM0297S), 2μl. Cycle Conditions: (1) 37 °C for 30min; (2) 65 °C
20min (inactivation). DNA Plasmids, one step: Step 1: DNA Plasmids -
UMI Hybridization & polymerization (50μl reaction): (1) dsDNA plas-
mid (5–25 ng); (2) 2x KAPA HiFi HotStart ReadyMix (Kapa Biosystems,
KK2602), 25 μl; (3) UMI oligo (10μM; B19_UMI_F), 2μl; (4) Water (to
50μl). CycleConditions: (1) 98 °C for 3min; (2) 68 °C30 s; 3. 72 °C20 s.
Illumina Adaptor PCR (50 μl reaction): (1) UMI-tagged DNA, 5μl; (2) P5
Primer (10μM; P5-TSO_Hybrid), 1μl; (3) P7 Primer (10μM; P7i1-
L5UTR_seq), 1μl; (4) 2x KAPA HiFi HotStart ReadyMix (Kapa Biosys-
tems, KK2602), 25μl; Water (to 50 μl). Cycle Conditions: (1) 98 °C for
30 s; (2) 98 °C for 10 s; (3) 72 °C for 30 s; (4) 72 °C for 60 s; (5) Go to
Step 2–4, 13–17 times; (6) 72 °C for 120 s.

Synaptic cell culture
Cells were dissociated from the cortex or striatumof embryonic day 16
(E16) C57Blk6/Nmousebrains andmaintained for 14 days in vitro (DIV)
following protocols approved by the Harvard Medical School (IACUC
protocol number 05155). rAAVs were transduced on DIV 5 to functio-
nalize “starter” cells. On DIV 12, EnvA-RVdG-EGFPVBC libraries were
transduced and infection was allowed to proceed for 72–96 h before
scRNA-seq libraries were generated. Pregnant C57Blk6/N dams
(Charles River Laboratories) were housed in a barrier mouse facility
(12 h light/dark cycle; room temperature with 40–60% humidity)
before being heavily anesthetizedby isoflurane inhalation, decapitated
and the brains of embryonic male and female pups (litter size = 4–9)
removed in ice-cold 1X Dissociation Media (“DM”; containing (in mM):
10.52 MgCl2 (Sigma-Aldrich, M2393); 10.53 HEPES (Sigma-Aldrich,
H3375); 1.32 Kynurenic Acid (Sigma-Aldrich, K3375) in HBSS (Thermo
Fisher Scientific, 14175079)) in which cortex or cortex and striatum
were dissected from each brain, pooled and incubated in sterile-
filtered (0.22μm; Corning, 431097) DM+ Papain/L-Cysteine (3.4 units
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Papain and 0.172 mM L-Cysteine; Worthington Biochemical,
LK003178) for 3–5min at 37 °C. Brain tissue is then washed twice with
2–3mL sterile-filteredDM+Trypsin Inhibitor (1mg/mL; SigmaAldrich,
T9253) and incubated in the third wash for 3–5min at 37 °C. DM+
Trypsin Inhibitor is replaced with 6mL of sterile-filtered “Plating
Media” (“PM”; containing: DMEM (ATCC, 30-2002) and 10% FBS
(ATCC, 30-2020)) in which digested brain volumes are titrated into
single cells with a pipetteman equipped with a 5mL pipet tip. Cell
concentration was measured by diluting cells 1 to 5 in PM, mixed with
an equal volume of 0.4% Trypan Blue (Thermo Fisher Scientific, 15250-
061), and quantified using the Countess II Automated Cell Counter
(Life Technologies). Each well of six-well cell culture treated plates
coated with 0.1% Poly-L-ornithine (3μg/mL; Sigma Aldrich, P4957)
were seeded with ~750K cells and maintained with sterile-filtered
neurobasal medium (Thermo Fisher Scientific, 21103049), supple-
mented with serum-free B-27 (Thermo Fisher Scientific,17504044),
GlutaMAX (Invitrogen, 35050061) and Penicillin:Streptomycin (VWR,
45000-652). For imaging experiments, cells were seeded on glass
coverslips (Fisher Scientific, 12–546) coated with 0.1% Poly-L-ornithine
and Laminin (5μg/mL; ThermoFisher Scientific, 23017015). OnDIV 5, a
cocktail of three rAAVs was used to functionalize starter cells. Our
starter cell strategy was designed to deliver consistent, high MOIs of
rAAV per starter cell while flexibly controlling the number of starter
cells in each culture through Cre delivery. Specifically, 1μl CAG-Flex-
TVA-mCherry (“TCB”; serotype, 2–9; titer, 2.2 × 1013 genomes/mL;MOI,
~2.9e4; UNC Vector Core) and 1μl CAG-Flex-B19G (serotype, 2–9; titer,
1.6 × 1013 genomes/mL; MOI, ~2.1e4; UNC Vector Core) were added to
each well along with 1μl of Syn1-EBFP-Cre (serotype, 2-1; titer, 6 × 1012

genomes/mL; MOI, ~8-0.08; Addgene, 51507-AAV1) delivered at full
strength or diluted 1:103−104. At DIV 12, 1μl of EnvA-RVdG-EGFPVBC
library (titer, 0.19–1.1 × 1010 IU/mL; Total cell MOI, 2.5–14.8) was added
to each well. Epifluorescence imaging was used to monitor the pro-
gress of infections, including starter cell locations and morphology
(based on TVA-mCherry fluorescence) as wells as rabies virus trans-
duction and spread from starter cells (based EGFP fluorescence). EnvA-
RVdG-EGFPVBC transduction was completely dependent on the TVA
receptor, since no EGFP fluorescence was observed in equivalent
experiments in which the CAG-Flex-TVA-mCherry rAAV was excluded.
To prepare cultures grown on coverslips, neurobasal medium was
removed and each culture well was rinsed three times with 1× PBS and
then fixed with fresh 4% paraformaldehyde at room temperature for
30min, followed by three rinses with 1× PBS. For fluorescence ima-
gining, coverslipswere slide-mounted and nuclei counterstained using
ProLong Gold Antifade (Thermo Fisher Scientific, P36934).

Sequencing single-cell mRNAs: host cell, rabies virus barcodes
and recombined rAAV
scRNA-seq libraries were generated using the Chromium Single Cell 3’
v2 or v3 Chemistry platform (10x Genomics), prepared following kit
guidelines, and sequenced to a depth of ~45K reads per cell (Illumina
NovaSeq 6000). Sequences were aligned using STAR v2.4.0a66 against
a composite genome consisting of GRCm38.81, barcoded cSPBN-4GFP
and rAAV accessory sequences (including the 3′ UTR and TVA-
mCherry, rabies G and Cre coding sequences) using a workflow similar
to that described for Drop-seq67. To create input cell suspensions, a
protocol developed for the adult mouse brain32 was adapted for
in vitro synaptic cultures. Culturewellswerefirst incubated for ~20min
at 37 °C with 1.8mL of DissociationMedia (DM) containing Papain and
Protease 23 until detachment of the cell monolayer. Cultures were
gently swirled and incubated for an additional 5min. Each well was
then supplemented with 1mL of DM before transfer into a 5mL
eppendorf tube in which cells were pelleted through centrifugation
(300 × g for 5min). The supernatant was removed and replaced with
1mL of ice-cold DM inwhich cells were titrated by successively smaller
bore polished glass Pasteur pipets. The cells were then re-pelleted and

resuspended in 0.5mL of DM before being filtered through a pre-wet
40μm cell strainer (Corning, 352340). For SBARRO experiments,
rabies infected cellswere enriched from total cell suspensions through
fluorescent activated cell sorting (FACS) using the MoFlo Astrios EQ
cell sorter (Beckman Coulter; 70μm nozzle) into 25μl of DM. RV-
derived EGFP fluorescence was used to gate for SBARRO cells. For
experiments in which distinct scRNA-seq libraries were created for
starter and presynaptic cells, mCherry fluorescence (driven by cre-
recombined rAAV genomes encoding TVA-mCherry) was used as an
additional gate to sort starter (GFP+/ TVA-mCherry+) or presynaptic
(EGFP+/ TVA-mCherry-) populations. Post hoc FACS analysis was per-
formed with FloJo software (BD Biosciences). For scRNA-seq libraries
downstream of FACS, 1.7K-33K cells (based on FACS counts) were
loaded per single-cell RNA capture reaction. To generate scRNA-seq
libraries for which total cell suspensions were used as input, cell con-
centrations were quantified using the Countess II Automated Cell
Counter (Life Technologies) and 10K–16K cells were loaded per single-
cell RNA capture reaction. Rabies virus barcoded EGFP and cre-
recombined TVA-mCherry rAAV 3′ mRNAs were independently
amplified (See “Selective mRNA Adaptor PCR” protocol; Rabies EGFP:
~255 bp amplicon, 10–14 cycles; rAAV TVA-mCherry: ~1125 bp ampli-
con, 34 cycles) from single-cell cDNA using primers that introduced
the Illumina P5 site (P5-TSO_Hybrid) and indexed P7 site onto bar-
coded 3′ EGFP (BC_Seq_P7i’x‘_GFP_v4c) or recombined TVA-mCherry
(P7’x‘_TCB_CreOn_v4). Barcoded EGFP and recombined TVA-mCherry
libraries were multiplexed and sequenced separately on an Illumina
NextSeq500 using a High Output 150 cycle Kit (Stock Read1 primer;
Library concentrations: EGFP, 1.8 pMwith 20% PhiX; TVA-mCherry, 0.4
pM with 50% PhiX; Cycle distributions: Read1 = 28, Read2 = 98,
Index = 8; Reads per library: EGFP, 43M-90M; TVA-mCherry, 121K-
8.6M). To generate integer counts of recombined TVA-mCherry
transcripts per cell, sequences generated from recombined TVA-
mCherry librarywere alignedusing STARv2.4.0a66 against a composite
genome consisting of GRCm38.81, the RVdG-EGFPVBC genome and
rAAV accessory sequences (including the 3′ UTR and TVA-mCherry,
rabiesG andCre coding sequences). The sequences ofUMIs associated
with each gene and cell barcodewere collapsedwithin an edit distance
of 2. To quantify the number of TVA-mCherry mRNAs derived from
cre-recombined rAAV genomes per cell, UMI counts mapping to the
TVA-mCherry coding sequence or the 3′ UTR were summed. To dis-
cover and quantify the RV-derived VBCs in the 3′ UTR of EGFP mRNA,
raw VBC sequences were informatically extracted from each read (as
described above for plasmids and viral genome sequences). To accu-
rately reconstruct and count VBCs in each single-cell, we leveraged the
single-cell nature of the data to informatically account for two types of
artifacts: (1) the inflation of barcode sequences generated by muta-
tions during library amplification and sequencing and (2) swapping of
non-adjacent VBC and cell barcode/UMI sequences due to strand dis-
placement during PCR amplification (“CollapseTagWithContext,
ADAPTIVE_EDIT_DISTANCE = true” & “BipartiteRabiesVirusCollapse”).
To account for mutations, we assumed that in individual cells, closely
related barcode sequences were likely to originate from mutations
introduced during library preparation or sequencing rather than
independent infections of rabies virus particles with similar 20 bp
genomic barcodes. Thus we evaluated Hamming edit distance rela-
tionships across all sufficiently abundant VBCs (Inclusion Threshold:
≥3 (“NoRG” experiments) or 5 (“SCC” Experiments)UMIs) foundwithin
each cell. From these edit distance distributions, many low-abundance
“sibling” VBCs with sequences similar to a single, more numerous
“parent” VBC were assigned the VBC of the “parent”; collapsing these
mutationally-related VBC “families” corrected the strong artifactual
correlation present in the raw data in which cells with more VBC UMIs
also tended to have more unique VBCs (Supplementary Fig. 3a)
reduced the number of included CBC-VBC counts by 82.4%. In the
single-cell cDNA, cell barcode/UMI sequences are separated from the
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VBC cassette by >20bps—including tracts of A/T homopolymers—
providing an opportunity for mispairing of critical barcode sequences
during PCR through strand-displacement or mispriming. To account
for mispairing events, in cells with multiple VBCs, we developed a
collapse algorithm based on fraction of shared UMI sequences (within
edit distance 2) shared across each pair of VBCs. For pairs with >50%
UMI sharing, the “sibling” VBC with fewer UMIs was assigned the VBC
of the more abundant “parent”, enforcing that CBC-UMI barcodes
should not be used by more than a single VBC. The ratio of within-cell
VBC collapse events due to UMI sharing versus total CBC-VBC counts
averaged 0.13 ± 0.02 (s.e.m.) across experiments; a correction which
reduced the number CBC-VBCs counts by an additional 1%. Taken
together, these two VBC collapse steps reduced included CBC-VBC
counts by 83.4% as compared to the rawdata— thus drastically altering
the inferred groupings of single cells into networks—and also shaped
within-cell VBCquantification, altering theUMI counts for ~15%of VBCs
(Change in VBC UMIs: mean, 5.7; median, 2). Selective mRNA Adaptor
PCR (50μl reaction): (1) 10x cDNA (~7–12 ng/μl), 1; (2) P5 Primer
(10mM; P5–10x_Hybrid), 1; P7 Primer (10μM; P7i’x‘-GFP or P7i’x‘-
TCB_CreOn), 1; Q5 High-Fidelity 2x Master Mix (New England Biolabs,
M0492L), 25; Water, 22. Cycle Conditions: (1) 98 °C for 30 s; (2) 98 °C
for 10 s; (3) 72 °C for 30 s; (4) 72 °C for 60 s; (5) Go to Step 2–4, (see
above for rabies virus or rAAV cycle number ranges); (6) 72 °C for 120 s

Identification, clustering, andanalysis of host cell scRNAprofiles
To discover the molecular identities of SBARRO cells, we first dis-
tinguished single-cell RNA libraries from background by leveraging
properties of both single-cell RNA and VBC data from individual
experiments. Specifically, using total single-cell RNA data, we identi-
fied cell profiles (1) exclusively associated with cell barcodes provided
by 10x Genomics (corresponding to v2 or v3 chemistry) and exhibiting
(2) large UMI counts and low fractions ofmitochondrial and ribosomal
transcripts32. In parallel, we used themutation-collapsed VBC data (see
above) to filter and retain those cell profiles with at least a single VBC
ascertainedwith≥3 (v2 chemistry) or≥5 (v3 chemistry)UMI counts.We
used the union of cell barcodes identified by RNA-based and VBC-
based methods to generate digital gene expression matrices (DGEs)
for each experiment. DGEs were input into a two-staged analysis
pipeline based on independent components analysis (ICA)32, a semi-
supervised approach for grouping scRNA profiles into clusters then
subclusters. scRNAprofiles corresponding to cell-cell doublets and cell
outliers were identified, flagged and excluded from downstream ana-
lyses using an IndependentComponents Analysis-basedmethod32. The
identities of clusters and subclusters were systematically annotated
based on molecular marker expression32,68. Prior to ICA analysis, DGEs
were pruned of (1) genes present on the rabies virus or mitochondrial
genomes and (2) small scRNA profiles (profiles with ≥500 UMIs (SCC
Experiment) or ≥50 genes (noRG Experiment) were retained) to pro-
mote high-quality clustering based on host cell nuclear gene expres-
sion. Additional DGEs (subject to the same gene and cell filtering
criteria) were also generated while including rabies virus genes to aid
in the downstream analyses of rabies virus expression (Supplemen-
tary Data 2).

To enhance molecular identification of cells in the SCC experi-
ments, an integrated analysis of SBARRO and control cell libraries was
performed using LIGER69. Control cells were sampled from total cell
suspension not subject to FACS and derived from physically adjacent
culture wells seeded with the same cell suspensions as SBARRO
experiments. Input DGEs for LIGER analysis lacked rabies virus and
mitochondrial genes and were filtered to remove “cell-cell doublet” or
“outlier” RNA profiles as identified by upstream ICA-based analysis.
LIGER alignment and clustering (factorization, k = 40, lambda = 3;
quantile alignment, resolution =0.4, knn_k = 20) results were visua-
lized with UMAP embedding and systematically annotated using
marker gene expression. Of the 130.5 K SBARRO scRNA profiles, 28.4 K

were grouped into three clusters (cluster 1, 8, and 13) which contained
cells of multiple classes and were defined by expression signatures
related to GO biological processes such as “cytokine-mediated sig-
naling pathway (GO:0019221)” (cluster 13; adjusted p value < 2.1 × 10−14)
or “PERK-mediated unfolded protein response (GO:0036499)” (cluster
8; adjusted p value < 0.001). To clarify themolecular identities of these
28.4 K cells, we re-aligned these SBARRO libraries to the control cells
from SCC7 and SCC8 using LIGER (factorization, k = 60, lambda = 3;
quantile alignment, resolution = 0.4, knn_k = 20). The resulting analysis
split SBARRO libraries across 32 (of 37 total) clusters which exhibited
molecular marker expression consistent with known cell populations.
Clusters were then systematically annotated in a manner consistent
with the initial LIGER analysis guided by the original and re-aligned
cluster identities of control cells. In total, we identified n = 20 “gran-
ular” cell populations which could be grouped into n = 11 “coarse”
populations. To identify and visualize genes differentially expressed
across granular populations, we used the FindMarkers() and DotPlot()
functions from Seurat70,71. To evaluate which cell populations were
sensitive or recalcitrant to rabies virus infection, for each population,
we performed a chi-square test comparing the number of SBARROand
control scRNA profiles to the dataset totals and used the resulting
residuals as a metric of enrichment or depletion. To determine the
relationship between the SBARRO molecular identities and cortical
neuron types from the adult mouse cortex, we used LIGER to jointly
analyze scRNA profiles from 78.8 K uninfected SBARRO control cells
and 57Kcells fromvarious neocortical regions ascertainedby theAllen
Institute19. We conducted separate analyses for glutamatergic and
GABAergic neurons using the same LIGER parameters (factorization,
k = 10, lambda = 30; quantile alignment, resolution = 0.2, knn_k = 400).

Transcriptional identification of starter and presynaptic cells
Starter cells are functionalized after Cre-mediated recombination
inverts TVA-mCherry and rabies virus B19G transgenes within the FLEX
rAAV genome into the sense orientation with respect to the CAG
promoter11,72. RNA-based identification of starter cells in a direct and
qualitativemanner is complicated using these vectors in the context of
3′ scRNA-seq since (1) low expression caused Cre mRNAs not to be
captured with high-probability in Cre+ cells (caused by the limiting
MOI of the Syn1-EBFP-Cre rAAV (~ 8 × 10−3 − 8 × 10−5); mild RNA Poly-
merase II recruitment with the Synapsin1 promoter; and lack of 3′
motifs to promote mRNA stability) and (2) the vast majority of scRNA-
seq reads that align to FLEX rAAV genomedo so in the 3′UTR, a region
unaffected by recombination. To overcome these limitations and
identify starter cells from scRNA profiles alone, we developed a pro-
tocol to selectively amplify and sequence only TVA-mCherry mRNAs
transcribed from Cre-recombined rAAV genomes (see “Selective
mRNA Adaptor PCR” above) and a downstream informatic approach
using thesedata to identify rare, candidate starter cells. Specifically, we
developed a binomial test with experiment-specific success rate
parameter (updated using an expectation-maximization-like
approach) to identify cells in which both recombined TVA-mCherry
UMIs (relative to total rAAVUMIs) and total rAAVUMIs (relative to host
cell RNAUMIs)were enriched in amanner unlikely to be due to chance
(Bonferroni-corrected p < 0.01). Properties of RNA expression that
distinguish identified starter cells from presynaptic cells in SBARRO
experiments—such as the ratio of recombined TVA-mCherry UMIs/
total rAAVUMIs—were observed in scRNA-seq libraries in which starter
cells were physically separated from presynaptic cells using FACS.

Cell-type-specific synaptic network inference using rabies virus
barcodes
To facilitate interactive analysis and discovery of cell-type-specific
SBARRO networks, we created an R Shiny program (“Terminal E”)
which allows dynamic filtering and plotting of VBCs and VBC-based
synaptic networks. Terminal E integrates data from VBC libraries and
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individual SBARRO experiments (organized into “collections” that
enable cross-experiment meta-analyses). Library-level data include
VBC abundances and user-defined, library-specific lists of single VBCs
or VBC pairs to exclude from network inference. SBARRO-level data
center around the properties of each cell in each experiment, which, at
minimum, include (1) VBC UMI counts; (2) molecular cell type iden-
tities; and (3) starter or presynaptic assignments. Inferred synaptic
networks are collections of cells which share one or more VBC which
are statistically likely to have entered those cells through clonal
replication and spread from a single starter cell infection. Terminal E
supports the inference of such networks through two stages of VBC
filtering. During the first stage, filters completely exclude VBCs from
network consideration. We only considered VBCs with ≥7 UMIs (SCC
experiments, v3 10x chemistry) or ≥3UMIs (NoRG Experiments, v2 10x
chemistry). We additionally removed those VBCs with high abun-
dances in genomes of the infecting library (FI trust score ≥5; see
below). We further identified specific VBCs for exclusion by (1) com-
paring their presence and abundance in rabies virus libraries to
behavior transducing 17 K starter cell scRNAprofiles (containing 28.8 K
founder infections) or (2) by comparing across n = 22 independent
SBARRO experiments. We excluded the named categories of VBCs
below based on the following criteria (Supplementary Fig. 7b):
1. “Felony” VBCs (n = 234). Absent from library but observed in >1 of

5015 starter cells (Fig. 2g).
2. “Misdemeanor” VBCs (n = 78). Present in library, but observed in

>2 starter scRNA profiles with library frequency <10−6 or observed
in >8 starter scRNA profiles with library frequency <10−5.5

(Fig. 2f, g).
3. “Cross Experiment” VBCs (n = 239) Absent from library but

observed in >1 of 22 independent SBARRO experiments.

In the second stage, VBCs or VBC sets are filtered such that those
retained were suitably rare enough to enter the experiment through a
single starter cell. Critical to this stage of experiment-specific VBC
filtering is an estimate of the total number of experiment-specific
founder infections starter cells; a subset of which lead to cell-to-cell
spread (spreading founder infections). To estimate the number of
spreading founder infections for each experiment, we developed an
analytical approached designed to mimic founder infections by
drawing samples of VBCs from the viral library. We created distribu-
tions describing the number of library draws (n = 10 replicates, with
VBC replacement) required to match the number of unique VBCs
observed in ≥2 cells present in each experiment; median values set the
experiment-specific founder infection estimates. To evaluate whether
each VBC or VBC set was suitably rare enough to be included for
network inference, we calculated and assigned an “founder infection
trust” (FI trust score). The “FI trust” score equates to the number of
spreading founder infections that could in theory occur for thatVBCor
VBC set before a second founder infection was expected (at a given
probability) by leveraging library VBC frequencies:

FI trustp = log 10ðpÞ= log 10ð1� f Þ

Where f is the frequency of an individual VBC in the library (or, for the
VBC set, the inferred frequency calculated by multiplying the fre-
quencies of each VBC member) and p is the probability of avoiding a
second occurrence of the VBCor VBC set. For a given experiment, VBC
or VBC sets that were retained to infer synaptic networks were those
for which FI trustp > experiment estimates for founder infections. For
SCC experiments, p =0.9. Inferred networks containing a single scRNA
profile assigned as a starter cell were then split into postsynaptic (i.e.
the starter) and presynaptic cells; networks lacking a starter cell were
starter-orphaned and all scRNA profiles were presumed presynaptic.
Terminal E facilitates the comparisons of presynaptic network size (the
number of presynaptic cells) and cell type composition across

postsynaptic starter cells of different types. After first stage filtering,
VBCs absent from the library were presumed to be rare and assigned
the lowest library frequency value to match library VBCs counted with
a singleUMI. After stratifying presynaptic networks by starter cell type,
presynaptic cell type compositions were compared using a Chi-Square
Test. Presynaptic network sizes were assigned to each scRNA profile
using described rules (Supplementary Fig. 7d) and presynaptic
network sizes were compared across starter cell types using a
Wilcoxon Rank-Sum test.

Postsynaptic RNAs associated with the number of presynaptic
partner cells
Postsynaptic RNA profiles from the SCC experiments identified by as
one of four abundant starter cell types (glutamatergic neurons, inter-
neurons, SPNs or astrocytes; n = 144) were binned based on their
inferredpresynaptic network size: small (2–4 cells);medium (5–6 cells)
or large (7 + cells). These bins approximate inflections in the total
distributionof presynaptic network sizes (Fig. 4b). Todetermine if viral
load was associated with presynaptic network size category, the frac-
tion of total cellular mRNA derived from all five rabies virus genes was
compared using aWilcoxonTest. A similar strategywas used to test for
differences in innate immune responses, using an aggregate expres-
sion score derived from the 564 genes (a subset of 646 total genes for
which we detected a transcript) curated as part of the mouse innate
immune response23. To identify candidate gene expression differences
associated with presynaptic network size, we compared starter cell
RNAprofiles associatedwith “small” and “large”presynaptic across cell
subtypes rather than types, to avoid confounds due to differences in
subtype compositions. Because these comparisons involved small
numbers scRNA profiles (range: 2–28 scRNA profiles; mean, 6.3;
median, 4) we used the following strategy to identify genes and con-
textualize how likely such differences were likely to arise by chance.
First, we used Fisher’s Exact Test to evaluate differences in UMI counts
across scRNA profiles aggregated by small or large presynaptic size
category. We considered only those genes with >=25 UMIs thus les-
sening the burden of multiple hypothesis testing and corrected our p
value cut <0.05 by the number of tests completedwithin each subtype
comparison. Second, for the genes which passed threshold, we used a
WilcoxonTest to determinewhether normalized RNA levels (removing
contributions from rabies virus mRNAs before normalization) differed
across the population of individual cells associated with each pre-
synaptic network size category, using p < 0.05 as our cutoff. To help
determine which of the genes we identified were likely due to chance,
we repeated this testing procedure for 100 permuted comparisons in
which each starter cell RNA profile was replaced by a presynaptic cell
RNAprofileof the same subtype chooseat random.Genes identifiedby
multiple permuted replicates in the same cell subtype were flagged as
potentially spurious and not considered further. Log fold expression
changeswere calculated after normalizing the number of gene-specific
UMIs by total UMIs for large and small presynaptic network categories
and then scaling the data to 100,000 transcripts after the addition of a
pseudocount.

Identifying mRNAs correlated with rabies virus transmission
across SPN development
Monocle326,73 was used to calculate pseudotime scores for scRNA
profiles of developing SPNs, from neural precursor cells to mature
neurons, after preprocessing (method = PCA; number of dimensions
= 10) and alignment SBARRO and control libraries (alignment_k =
3000). To identify modules of genes with similar expression levels
over pseudotime, all geneswere first tested for pseudotime-associated
expression using the graph_test() function Genes with q values = 0
were retained and modules identified using the find_gene_modules()
function with resolution = 0.001. Pseudotime-ordered cells were
grouped into 10 bins. For each bin, (1) the fraction of total cells that
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were SBARRO (rather than control) in origin were calculated and (2) a
meta-control cell was created by summing control cell UMIs and nor-
malizing such that mRNA expression values summed to 100,000.
Pearson correlations were calculated for each detected gene by com-
paring SBARRO fractions and normalized gene expression values
across the pseudotime bins. SBARRO-correlated genes (n = 3309) were
defined as those genes in which r ≥ 0.75. SBARRO-correlated genes
were tested for gene set enrichment using PantherGO27,28,74 via
EnrichR75 and SynGO31 and compared to two sets (n = 1000 replicate
gene selections/set) of n = 3309 control genes, selected either (1) from
expression-matched deciles built from the developmentally mature
SPNmeta-control cell (bin = 10) or from (2) at random from genes with
expressed RNA.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The raw and processed sequencing data reported in this paper are
available from the GEO repository (Accession Code: GSE214386). The
GRCm38.81 mouse genome build is publicly available (https://www.
ncbi.nlm.nih.gov/assembly/GCF_000001635.20/). PantherDB(17.0;
http://pantherdb.org/) and SynGO(release 20180731; https://www.
syngoportal.org/) Source data are provided as a Source Data file for
all main (Figs. 1–5) and Supplemental Figures (Supplemental Data
Figs. 1–10). Source data are provided with this paper.

Code availability
Software and core computational analysis to align and process scRNA-
seq reads are freely available: https://github.com/broadinstitute/Drop-
seq/releases. Other custom analysis code is available by request
because the code contains additional analyses not included in this
publication.
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