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Genetically modified rabies virus can map neural circuits retrogradely
from genetically determined cells. However, similar tools for anterograde
tracing are not available. Here, we describe amethod for anterograde
transsynaptic tracing from genetically determined neurons based ona
rationally designed protein, ATLAS. Expression of ATLAS in neurons causes
presynaptic release of a payload composed of an antibody-like protein,
AMPA FingR, which binds to the N terminus of GluAl, and a recombinase.

In the synaptic cleft, AMPA.FingR binds to GluAl, causing the payload to be
endocytosed into postsynaptic cells and delivered to the nucleus, where it
triggers expression of arecombinase-dependent reporter. In mice, ATLAS
mediates monosynaptic transneuronal tracing from random or genetically
determined cells that is strictly anterograde, synaptic and nontoxic.
Moreover, ATLAS-mediated tracing shows activity dependence, suggesting
thatit canlabel active circuits underlying specific behaviors. Finally, ATLAS
is composed of modular components that can be independently replaced
or modified.

Neural circuits underlying sleep’, interoception?, tactile sensory
processing’, sexual behavior*, digestion®and parenting® have been stud-
ied by identifying critical cellular components using activity-dependent
reportersandactivating those cells optogenetically or through sensory
stimulation. However, fully defining the anatomy and function of these
circuits requires the identification of cells upstream and downstream of
starter cells. This taskis difficult due to the heterogeneity of cell types
present in relatively small volumes of neural tissue’. Thus, classical
tracing methods using proteins such as wheat germ agglutinin and
horse radish peroxidase®, which are taken up by most neurons, cannot
be used to define most neuronal circuits precisely.

A genetically modified form of rabies virus was developed that
specifically infects neurons expressing the Avian sarcoma leucosis
virus receptor, TVA, enabling tracing from specific cell types’. Neural
circuits carry information from presynaptic to postsynaptic cells,
or anterogradely, but modified rabies virus infects neurons that are
presynaptic tostarter neurons, traveling retrogradely’. Inaddition, it is
engineered to jump asingle synapse, allowing for precise mapping™'.
Although modified rabies virus has been broadly used for tracing
circuits retrogradely®, there is currently no comparable method for
tracing circuits from genetically determined cells anterogradely. In par-
ticular, although two viruses have recently been used for anterograde

'Department of Biological Sciences, Dornsife College, University of Southern California, Los Angeles, CA, USA. 2Neuroscience Graduate Program,
University of Southern California, Los Angeles, CA, USA. *Howard Hughes Medical Institute, Department of Neurobiology, Harvard Medical School,
Boston, MA, USA. “Center for Neural Circuits and Sensory Processing Disorders, Zilkha Neurogenetic Institute, Department of Physiology and
Neuroscience, Keck School of Medicine, University of Southern California, Los Angeles, CA, USA. 5Section on Neuroanatomy, National Institute of Mental
Health, Bethesda, MD, USA. ®Department of Biomedical Engineering, Viterbi School of Engineering, University of Southern California, Los Angeles,

CA, USA. "These authors contributed equally: Jacqueline F. Rivera, Haoyang Huang. [</e-mail: darnold@usc.edu

Nature Methods | Volume 22 | May 2025 | 1101-1111

1101


http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-025-02670-x
http://orcid.org/0000-0003-2010-3931
http://orcid.org/0000-0002-8580-3843
http://orcid.org/0009-0008-4549-1567
http://orcid.org/0000-0003-0275-8651
http://orcid.org/0000-0003-0095-9177
http://orcid.org/0000-0001-7378-1440
http://crossmark.crossref.org/dialog/?doi=10.1038/s41592-025-02670-x&domain=pdf
mailto:darnold@usc.edu

Article

https://doi.org/10.1038/s41592-025-02670-x

tracing from nonspecific cells, an adeno-associated virus (AAV1) and
a genetically modified yellow fever virus (YFV), neither can mediate
tracing from genetically determined cells™ .

Here, weintroduce ATLAS (anterograde transsynapticlabel based
onantibody-like sensors), arationally designed protein that mediates
anterograde transsynaptic labeling from genetically determined cells.
ATLAS can be expressed specifically in Cre-expressing neurons in
transgenic animals and label neurons to which they project. Labeling
isstrictly anterograde, monosynaptic and activity-dependentin vivo.
Furthermore, we provide direct evidence that transneuronal labeling
mediated by ATLAS is exclusively transsynaptic. Finally, we show that
components of ATLAS can be independently replaced, demonstrat-
ing that it is a versatile platform that can be upgraded or modified to
perform specific tasks.

Results

Generating AF, abinder to the N terminus of GluA1

We used messenger RNA (mRNA) display, an in vitro selection
procedureV, to identify binders to amino acids 1-394 of Rat GluAl
fromalibrary of mRNA-protein fusions encoding the 10FNIIl domain
ofhuman FNI,with17 randomresidues engineered into the BC and FG
loops'®", We expressed the selected fibronectin clones in COS7 cells
with GluAl fused to ahemagglutinin tag (GluA1-HA) and Stargazin-V5.
Nonpermeabilized labeling of MYC showed that four fibronectin (Fn)
clones labeled the surface of COS7 cells colabeled for HA (Extended
DataFig.1). Following expressionindissociated cultures of cortical neu-
rons, clone Fn9.3 gave the most robust labeling (Extended Data Fig. 1).
Werefer to this clone as AMPA.FingR (AF; FingR stands for fibronectin
intrabody generated with mRNA display').

We generated AF-HA protein and found that it bound specifically
toaband colabeled with a GluAlantibody on awestern blot of neuronal
lysate (Fig.1a,b). To characterize AF further, we coexpressed asecreted
version of it, ss-AF-YFP (ss refers to the GluAl signal sequence), in dis-
sociated cortical neurons with PSD-95.FingR-tagRFP, which labels
postsynaptic sites'®. We found that AF labeling partially overlapped
with PSD-95.FingR-tagRFP, suggesting a perisynaptic localization
(Fig.1cand Extended DataFig.1). AF also colocalized with endogenous
clathrin, consistent with localization to endocytic zones (Fig. 1d). We
then tested whether AF-HA protein is endocytosed by adding it to the
medium of cortical neuronsin culture. We found that virtually all neu-
ronsdisplayed HA labeling (37 of 38, n = 5independent cultures, Fig. 1e)
within1h. Furthermore, the addition of 10 mg ml™ chlorpromazine, a
clathrininhibitor, significantly reduced HA labeling (4.2 + 0.8 versus
2.1+ 0.5, P=0.012, n=5 cultures, Mann-Whitney U-test, Fig. 1f), con-
firming that internalization was mediated by endocytosis. All values
are expressed asmean +s.e.m.

Since AF binds to GluAl receptors and is endocytosed postsyn-
aptically, we reasoned that we could make a transsynaptic tracer if
we targeted AF to synaptic vesicles by fusing it to the luminal domain
of the presynaptic protein, synaptobrevin 2 (VAMP2) (ref. 20). We
inserted a BACE1 (B-secretase) cleavage site (BACEcs)” between
AF and VAMP2 (to give VAMP2-BACEcs-AF), enabling endogenous
BACE to cleave AF from VAMP2, leaving it free to exit the lumen of
the synaptic vesicle on exocytosis. In addition, an ALFA-tag (At) was
added to label VAMP2 (ref. 22). To test our strategy, we substituted
super ecliptic pHluorin (SEP)*° for AF and coexpressed the resulting
plasmid (VAMP2-At-BACEcs-SEP, Fig. 1b) with PSD-95.FingR-tagRFP
in cortical neuronsin culture. The release fromacidic synaptic vesi-
cles into the neutral pH of the synaptic cleft is expected to cause a
sudden increase in the fluorescence of SEP, allowing it to be visual-
ized*. Following overnight expression of VAMP2-At-BACEcs-SEP
in neuronal cultures, we imaged SEP using widefield epifluores-
cence microscopy. We saw flashes of fluorescence lasting approxi-
mately 2-8 s (images taken at 1 Hz) appearing at points opposite
postsynaptic sites (Fig. 1g). This result is consistent with VAMP2

delivering SEP to synaptic vesicles, BACE cleaving off SEP, and SEP
being released into the synaptic cleft. We also fused AF to SEP and
expressed the resulting protein (VAMP2-At-BACEcs-AF-SEP, Fig. 1b)
inculture and observed flashes that were brighter and decayed with
alonger time constant (6 £ 2 versus 405+ 60 s, n =5 independent
cultures, Fig. 1h,i), a significant difference (P < 0.0001, ¢-test). This
result is consistent with AF binding to the postsynaptic membrane
following release and remaining until it is endocytosed. To further
test whether AF-SEP is released from synaptic vesicles, we examined
whether depolarization increases the number of release events.
We imaged the same cultures before and after adding 100 mM KCI
and counted the number of bright flashes corresponding to release
events. We found aroughly 15-fold increase in release events with KCI
(50 £ 6 versus 3 +1for control, P=0.02, t-test, n =5 independent
cultures; Fig.1j-1). Together, these results are consistent with AF-SEP
being released from synaptic vesicles, moving across the synaptic
cleft, binding to the adjacent postsynaptic neuron perisynaptically
and then being endocytosed.

Giventhat AF likely binds to the extracellular N-terminal domain of
GluAl, we tested whether the expression of ss-AF-YFP affects synaptic
transmission to hippocampal CAl neurons. We found that in cells in
hippocampal slices transfected with ss-AF-YFP using biolistics, the
amplitudes of evoked excitatory postsynaptic currents (eéEPSCs) of
AMPA (n=10, P=0.31, t-test), NMDA receptors (n=8, P=0.70, t-test)
and paired-pulse facilitation (n = 6, P = 0.19, t-test) were not signifi-
cantly different from control cells, consistent with the expression of AF
not affecting synaptic transmission (Fig. Im-p). All pairs of recordings
were made from distinct cultured slices and, thus, eachis a biological
replicate.

Transsynaptic tracinginvitro andin vivo

To generate a protein capable of mediating transsynaptic trac-
ing, we replaced SEP with Cre in VAMP2-At-BACEcs-AF-SEP to give
VAMP2-At-BACEcs-AF-Cre (ATLAS,., Fig.1b). Following expression of
ATLAS,., AF-Cre should be released into the synaptic cleft and then
bind to AMPA receptors at the postsynaptic membrane. Subsequently,
itneedstobe endocytosed and carried to the nucleus to provide genetic
accessto the postsynaptic cell (Fig. 2a). To facilitate this final step, we
added the DNA binding domain from CCRS5 (refs. 18,23) to the ATLAS
protein, as it contains a robust nuclear localization signal. To test our
strategy, we transfected ATLAS,,. into dissociated cultures infected
with AAV encoding a floxed green fluorescent protein (GFP) reporter
(AAVS8-DIO-GFP). We observed cells with GFP and Cre that were not
labeled with the starter cell marker, At, consistent with the transneu-
ronal transport of Cre and recombination of the floxed allele, implying
transport of Cre to the nucleus (Fig. 2b-e and Extended Data Fig. 2).
Furthermore, At-labeled presynaptic structures were found to be over-
lapping or immediately adjacent to dendrites belonging to each of
the GFP-labeled neurons (Extended Data Fig. 2). Thus, our results are
consistent with ATLAS,. mediating transsynaptic tracing and providing
genetic access to postsynaptic cells.

To test our strategy in vivo, we injected AAV8-ATLAS,,. into the
medial prefrontal cortex (mPFC) and AAV8-DIO-mCherry into the
striatum (Str) of an adult mouse (Fig. 3a). After 1 week, we found At
staining in mPFC and abundant mCherry staining in Str (Fig. 3b,c). In
contrast, there was negligible mCherry staining inacontrol experiment
without AAVS-ATLAS,,. (Fig.3d). Because the projection from mPFCto
Strisstrictly anterograde®, this resultis consistent with AAVS-ATLAS,,.
mediating the transsynaptic transport of Cre into the nucleus of the
postsynaptic cell, causing mCherry labeling.

Tracing from genetically determined cells

To mediate genetically determined tracing, we generated
AAVS8-DIO-ATLAS;,; (Fig. 1b), where expression of ATLAS is Cre-
dependent and the payload is FLP (Flip recombinase). To test this

Nature Methods | Volume 22 | May 2025 | 1101-1111

1102


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-025-02670-x

a Input: neuronal lysate b
AF-HA
; o
©
lB V'}v VAMP2-At-BACEcs-SEP
& £+
VAMP2-At-BACEcs-AF-SEP
=)= 8 sxcecs g
250 kD AAVB-ATLAS
150 kD o W oscees

100 kD AAV8-DIO-ATLAS;,»

AAV8-ATLASSNG,,

k m n
101 No KCl
= Recording set-up
8
a Stimulate Dual patching of
@ Schaffer CA1 pyramidal
w collaterals CA1 neurons
e KA A
0
Z
Lo, +KCl =
oy <
3
&
& CA3 N
2 Dentate
aQ gyrus
0

Os 100s

Fig.1|Mechanisms of release and uptake by ATLAS. a, Western blot of lysate
from cortical cultures. IB,immunoblot. b, DNA constructs for testing of ATLAS.
Arrows denote promoters. ¢, Live cultured neuron expressing ss-AF-YFP (green)
and PSD-95.FingR-tagRFP (magenta). Scale bar, 5 pm. d, Cultured neurons
expressing ss-AF-YFP fixed and colabeled for endogenous clathrin. Scale bar,
5um. e, Neurons exposed to AF-HA protein (green) for 1 hand colabeled for
endogenous MAP2 (magenta). Scale bar 25 pm. f, Same as e, but with the addition
0f 10 mg ml™ chlorpromazine to the culture medium. Scale bar, 25 pm. g, Release
of SEP from presynaptic sites in cultured cortical neurons expressing VAMP2-
At-BACEcs-SEP. PSD-95.FingR-tagRFP (magenta), SEP (green). Scale bar, 1 pm.

h, Same as g, but with VAMP2-At-BACEcs-AF-SEP. Scale bar, 1 um. i, 7 of VAMP2-
At-BACEcs-AF-SEP is significantly increased versus VAMP2-At-BACEcs-SEP (n =5,
unpaired two-tailed ¢-test with Welch’s correction).j, Adding 100 mM KCl to the
culture medium causes a significant increase in the frequency of release events
of VAMP2-At-BACEcs-SEP (n = 5, paired two-tailed t-test). k,1, Graphs of the
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differential (DF) of SEP fluorescence for VAMP2-At-BACEcs-AF-SEP with control
medium (k) versus with medium containing 100 mM KCI (I). Each spike denotes a
single release event and does not reflect the duration of visible SEP fluorescence.
m, Paired patch clamp recording of CAl neurons in hippocampal slices (n-p).
EC, entorhinal cortex. n, Biolistic transfection of CA1 pyramidal neurons

with ss-AF-YFP did not significantly affect AMPAR-eEPSC amplitude (n =10

pairs, P=0.31, paired, two-tailed t-test). Scatterplots show eEPSC amplitudes

for pairs of neighboring untransfected and transfected cells (open circles)

with corresponding mean + s.e.m. (filled circles). Insets show representative
current traces from control and transfected neurons with stimulation artifacts
subtracted. 0, Same as n for NMDAR-eEPSC amplitude (n = 8 pairs, P=0.70,
paired, two-tailed t-test). p, Right, bar graph shows mean + s.e.m. amplitude ratio
of second AMPAR-eEPSC versus first (n = 6, P= 0.19, paired, two-tailed ¢-test).
Left, representative current traces from control (gray) and transfected (orange)
without stimulation artifacts. Scale bar, 50 ms. NS, not significant.

construct, we traced the projection from the primary visual cortex
(V1) to the superior colliculus (SC), which is strictly anterograde®.
We coinjected Lenti-CamklI-Cre (a lentivirus expressing Cre spe-
cifically in excitatory neurons) and AAV8-DIO-ATLAS;,, into V1 and
AAVS8-fDIO-mCherryinto SC of wild-type mice. In addition to At stain-
ing in V1, we saw abundant staining for mCherry in SC (391 + 37 cells,
n=7samples from three mice, Fig. 3e-h and Supplementary Table 1)
and a small number of faint cells on the control (35 + 6, n = 6 samples
from three mice), which was subtracted from the previous count. All
cell counts are expressed as the number of cells per 0.1 mm unless

otherwise specified to allow for comparisons. An advantage of this
strategy is that lentivirus has no intrinsic retrograde or anterograde
transneuronal transport that could cloud the interpretation of the
results, unlike virtually every pseudotype of AAV®,

To test ATLAS tracing intransgenic Cre mouse lines, we examined
the projection from the dorsal lateral geniculate nucleus (dLGN) to
V1ina VIPR2-Cre line expressing Cre in neurons in the dLGN*., We
injected AAV8-DIO-ATLAS;,,into dLGN and AAV8-fDIO-mCherry into
V1. Staining of At was found specifically in the dLGN, and mCherry
staining in V1 (267 + 54 cells, n = 5samples from three mice) was dense
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Fig. 2| Schematic of ATLAS transsynaptic transport and testing in vitro.

a, ATLAS,. protein (VAMP2-At-BACEcs-AF-Cre) is expressed in a presynaptic
starter cell and (1) targeted to synaptic vesicles by a VAMP2 domain. (2) ABACE
cleavage site within the ATLAS proteinis cleaved before release. (3) A peptide
domain consisting of AF fused to Cre is released into the synaptic cleft and (4)
subsequently binds to the extracellular domain of postsynaptic GluAl. (5) Itis
internalized through endocytosis and transported to the endosome. (6) AF-Cre
moves to the nucleus, where Cre can catalyze the expression of a floxed reporter

gene. b, Cortical neuron in culture expressing ATLAS,. protein (arrow) following
transfection, stained with anti-ALFA-tag (At) nanobody. Four other neurons
shown (arrowheads) do not express At. ¢, Cre staining of the same neurons asinb
including aneuron expressing ATLAS,. (arrow), and four not expressing ATLAS,.
(arrowheads). d, GFP labeling of postsynaptic cells (arrowheads, green) following
infection of AAV8-DIO-GFP. e, Combined labeling of At, GFP and Cre showing
presynaptic (arrow) and postsynaptic neurons (arrowheads). Scale bars, 100 pm.

in layer IV and less dense in layers II/Ill and V (Fig. 3i-1), consistent
with known anatomy?. These results are consistent with ATLAS trac-
ing anterogradely from Cre-expressing neurons in wild-type and
transgenic mice.

Increasing efficiency of transsynaptic labeling with BACE
Tomeasure the efficiency of ATLAS tracing, we injected AAV8-ATLAS .
in mPFC and AAV8-DIO-mCherry in Str and counted the number of
labeled cells as before after 1 week of incubation. Initially, we observed
144 £ 17 labeled cells (n = 6 samples from three mice). One possible
inefficiency in our systemis that there may be insufficient endogenous
BACE in presynaptic cells to cleave all the AF-Cre from VAMP2. To test
this hypothesis, we coexpressed exogenous BACE with ATLAS,. and
measured the resulting efficiency. When we coinjected AAV8-BACE-HA
and AAV8-ATLAS,. into mPFC in equal amounts, it did not signifi-
cantly affect the number of postsynaptic cells labeled with mCherry
(180 £ 20 cells, n = 6 samples from three mice, P= 0.38, Tukey’s multi-
ple comparisons, Extended Data Fig. 3). However, when we injected
AAVS8-BACE-HA and AAVS-ATLAS,.ina5:1ratio (viral particles), we saw
asignificantincrease in the number of cellsin Strlabeled with mCherry,
compared toboth AAVS-ATLAS + BACE1:1(P=0.0027) and AAV-ATLAS
alone (286 +17, P=0.0002), n = 6 samples from three mice; Tukey’s
multiple comparisons test, Extended Data Fig. 3 and Supplementary
Table 1). With this ratio of BACE to ATLAS, we saw approximately 10%
of postsynaptic neurons labeled (Extended Data Fig. 3). Thus, when
supplemented with exogenous BACE, ATLAS labels cellsin the Strata
similar density to YFV*,

Labeling is transsynaptic

Given its design, it is likely that transneuronal labeling mediated
by ATLAS occurs exclusively through synapses. To test this hypoth-
esis in vivo, we asked whether transneuronal labeling could happen
from inhibitory neurons. Since the uptake of ATLAS is mediated by
GluAlreceptors, which are not found at inhibitory synapses, if we
expressed ATLAS in inhibitory neurons, any transneuronal labeling
would have to be nonsynaptic (Fig. 4a). Accordingly, we injected
AAVS8-DIO-ATLAS, ; and AAV8-fDIO-mCherry into V1 of an SST-Cre
mouse, where somatostatin-positive inhibitory interneurons express
Cre’®. When we examined labeling in the cortex after 2 weeks, we saw
483 cells labeled with mCherry and, of those, only 20 cells were not
colabeled with At (Fig. 4b-d and Supplementary Table 1, n =3 mice).
This labeling rate was less than the background rate measured over
anequivalent number of sections for control experiments where only
AAV8-fDIO-mCherry wasinjected into V1 (100 cells, n = 3 mice), consist-
entwithno transneuronallabeling above background. This resultleads
us to conclude that ATLAS labels postsynaptic neurons exclusively
through the transsynaptic transfer of proteins.

ATLAS tracing does not block synaptic transmission

To test whether ATLAS disrupts synaptic transmission, we coin-
fected AAV8-ATLASsn,. (Fig. 1b), AAV8-BACE-HA and AAVS-DIO-
Channelrhodopsin2 (ChR2)-GFPintothe mPFC and AAV8-DIO-mCherry
in the Str of wild-type mice. Since we found that ATLAS labels ~10% of
target neurons in this circuit (Extended Data Fig. 3), we reasoned that
it should be possible to find both labeled and nonlabeled cells that
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Fig. 3| ATLAS mediates transsynaptic tracingin vivo. a, Schematic depicting
injections of AAV8-ATLAS,. into the mPFC (cyan) and AAV8-DIO-mCherry

into the Str (red) to trace the unidirectional projection from the mPFC to Str.

b, ALFA-tag (At) staining of ATLAS,. in presynaptic cellsinmPFCin a wild-type
(WT) mouse. ¢, mCherry staining of postsynaptic cells in Str in the same brain
asb.d, Control braininjected only with AAV8-DIO-mCherry in Str. e, Schematic
depictinginjections of AAV8-DIO-ATLAS;, , and Lenti-CamklI-Cre into the
primary visual cortex (V1, cyan) and AAV8-fDIO-mCherry into the SC (red) to

Control

Control

Control

trace the unidirectional projection from V1to SC.f, At staining of ATLAS;, , in
presynapticcellsin V1in a wild-type mouse. g, mCherry staining of postsynaptic
cellsinSCinthe same brain asf. h, Control brain injected only with AAV8-fDIO-
mCherryin SC. i, Schematic depicting injections of AAV8-DIO-ATLAS;,, into the
dLGN (cyan) and AAV8-fDIO-mCherry into V1 (red) to trace the projection from
dLGN to VlinaVIPR2-Cre mouse.j, At staining of ATLAS;, , in presynaptic cells in
dLGN.k, mCherry staining of postsynaptic cells in the V1in the same brain asj.

1, Control braininjected with only AAV8-fDIO-mCherry in V1. Scale bars, 100 pum.

are synaptically connected to ChR2-expressing neurons to compare
whether ATLAS labeling affects the cell’s physiological properties. Four
weeks after the virus injection, we cut coronal slices of Str approxi-
mately 350 pm thick and incubated them in artificial cerebral spinal
fluid for in vitro slice recording. Whole-cell patch clamp recording
was performed to measure 470-nm optically evoked EPSC (eEPSC)
from striatal cells (Extended Data Fig. 4). To evaluate the potential
effect of ATLAS tracing on synaptic transmission, we compared the
striatal cells with and without mCherry expression. Robust evoked
EPSCswererecorded inmCherry-expressing cellswith an onset latency
of <5 msfollowing the light flash in eight out of eight cells (from three
mice), indicating that the presynaptic ChR2-expressing cells were

synaptically connected with mCherry-labeled cells (Extended Data
Fig. 4). Furthermore, when labeled postsynaptic cells were recorded
from, the amplitude of ChR2-evoked EPSCs exhibited a nonsignifi-
cantincrease compared with those of unlabeled cells (Extended Data
Fig.4,n=8labeled cells, n = 7 unlabeled cells from three mice for both,
P=0.28, t-test). Thus, ATLAS did not block synaptic transmission. In
addition, there were no significant changes in onset latency (P=0.22,
t-test) and time constant (P=0.78, t-test, Extended Data Fig. 4). This
resultis consistent with transsynaptic labeling with ATLAS not causing
detectable toxicity. Moreover, we verified that evoked currents are
monosynaptic through the sequential application of Tetrodotoxin,
which blocks action potentials and polysynaptic transmission, and
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Fig. 4| ATLAS does not mediate nonsynaptic transneuronal labeling and
transsynaptic labeling is specific. a, Schematic of possible nonsynaptic
pathways for transneuronal labeling from an SST* neuron. b, SST-Cre mouse
with AAV8-DIO-ATLAS;, , and AAV-fDIO-mCherry coinjected into V1. Labeling of
inhibitory presynaptic neurons with At. This experiment was performed in two
mice and bilaterally in one of the mice, for a total of three biological replicates.
¢, mCherry-labeled neurons from the same brainasina. d, Merged mCherry
and Atlabeling shows that all neurons labeled with mCherry are also labeled
with At. e, Schematic of configuration for whole-cell patch clamp recording
from random pairs of mCherry- or tdTomato-labeled and unlabeled striatal
spiny projection neurons following ATLAS-mediated tracing from V1 cortex.
EPSCs were generated as aresult of optical activation of inputs from the V1

cortex. f, Percentage of cells of different types with nonzero amplitude EPSCs
following exposure to blue light: 100% of mCherry-labeled neurons, 70% of
paired unlabeled neurons, -40% of random, unlabeled neurons. g, Comparison
ofaverage EPSC trace from all optically evoked EPSCs from mCherry*and paired
mCherry striatal spiny projection neurons. h, EPSC amplitudes of mCherry*
and mCherry neurons (n =10). Inten out of ten pairs, the amplitude of the EPSC
recorded from mCherry-labeled neuronis larger than that of the EPSC recorded
from the corresponding unlabeled neuron (Wilcoxon signed-rank test). Box plot,
the central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the
most extreme data points not considered outliers. Scale bar, 100 pm.

4-aminopyridine, which blocks K* channels and facilitates direct acti-
vation of presynaptic terminals.

Electrophysiology confirms specificity of ATLAS tracing

To test for the specificity of ATLAS tracing, we measured optogeneti-
cally evoked currents in the circuit from the primary visual cortex to
the Str”. We coinfected AAV8-ATLASsn,. (Fig. 1b) and AAV8-BACE-HA
inV1,and AAV8-DIO-mCherry/tdTomato in the dorsomedial Str (DMS).

Two weeks later, we injected AAV8-DIO-ChR2-GFP in the same area
in V1as the first injection to manipulate ATLAS-labeled presynaptic
inputs while minimizing expression competition between ATLAS and
ChR2. Histology 2 weeks after the second injection revealed efficient
expressionof At, HA, ChR2in Vland Cre-dependent mCherry/tdTomato
in DMS, consistent with the projection pattern of DMS-projecting V1
neurons (Extended Data Fig. 4). To compare V1 innervation between
ATLAS-labeled versus unlabeled postsynaptic neurons, we measured
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optically evoked EPSCs (0EPSCs) following a 2-ms flash of 473-nm
bluelightin acute brain slices prepared from mice injected with virus
4 weeks earlier (Fig. 4e). We performed sequential, paired whole-cell
recordings where we measured oEPSCs of an ATLAS-labeled (mCherry/
tdTomato®) and an unlabeled (mCherry/tdTomato~) neuron in the
same field of view (100 x 100 um; Fig. 4e-h). Ten pairs of cells (from
four mice) were recorded, in which ten out of ten labeled cells carried
acurrent, compared with seven out of ten unlabeled cells (Fig. 4f). To
assess the baseline connection probability of the VI-DMS circuit, we
randomly patched onto DMS neurons in striatal areas where we saw
prominent fiber labeling with GFP. Of the 17 random cells we patched
(n=3mice), 41% of cells were connected (7 out of 17, Fig. 4f). oEPSCs
recorded fromlabeled cells were significantly larger in amplitude and
total charge compared with those of paired unlabeled cells (ampli-
tude —134 + 38 versus —66 21 pA, P=0.0020, Wilcoxon signed-rank
test, total charge —0.121 + 0.03 versus —0.038 + 0.01 pC, P= 0.0020,
Wilcoxon signed-rank test, n =10 mice, plotted as absolute values in
Fig. 4g,h). Furthermore, in ten out of ten pairs, the current recorded
from the labeled cell had a larger amplitude than that from the unla-
beled cell (Fig. 4h). Together, theseresultsindicate that when ATLAS .
andaCre-dependent reporter are simultaneously expressed in differ-
ent brainregions, cells exhibiting Cre-dependent labeling are likely to
receive synaptic inputs from cells expressing ATLASsn,.. Furthermore,
they demonstrate that cells with stronger synaptic connections are
more likely to be labeled by ATLAS.

ATLAS is exclusively anterograde and monosynaptic
A limitation of many virally based anterograde transneuronal labe-
ling methods is that they also mediate labeling in the retrograde
direction', To determine whether ATLAS mediates retrograde labe-
ling in vivo, we injected AAV8-DIO-ATLAS;, , and Lenti-hsyn-Cre into
Strand AAV8-fDIO-mCherry into mPFC (Fig. 5a). Because the mPFC to
Str projection is unidirectional and lentivirus does not spread retro-
gradely, any labelingin mPFC would be due to retrograde transneuronal
labeling mediated by ATLAS. However, despite abundant At labeling in
Str, indicating that ATLAS was expressed at a high level, we found no
labeling above background in mPFC (20 + 4 cells for experiment,n =6
samples fromthree mice, versus 45 + 14 for control, n = 6 samples from
three mice, P= 0.11, t-test, Fig. 5Sb—e and Supplementary Table 1). These
data are consistent with ATLAS not mediating retrograde labeling.
To test whether ATLAS can mediate transsynaptic labeling that is
monosynaptic, a critical property for transsynaptic tracing results to
beinterpretable, we tried tracing the polysynaptic pathway from V1to
SC to the parabigeminal nucleus (PBG)". We injected AAVS-ATLAS,.
into V1 and AAV8-DIO-mCherry into SC and PBG (Fig. 5f). We found
AT labeling in V1 and abundant transsynaptic mCherry labeling in
SC (Fig. 5g,h) but no staining significantly above background in PBG
(3 £ 1cellsfor experiment, n =8 samples from three mice, versus19 + 3
for control, n = 6 samples from three mice, P= 0.35, one-way analysis
of variance (ANOVA) (Tukey’s test, Fig. 5i,n). Furthermore, when we
injected AAV8-ATLAS,. into SC, we saw abundant labeling in PBG
(181+ 30 cells, n=3 samples from three mice) that was significantly
above both background and labeling from V1to PBG (P < 0.0001 for
both, one-way ANOVA, Tukey’s multiple comparisons, Fig. 5j-n), dem-
onstrating that ATLAS is capable of tracing the SC to PBG pathway.
Thus, transsynaptic labeling mediated by ATLAS is exclusively antero-
grade and monosynaptic.

Activity dependence of ATLAS

Because ATLAS mediates transsynaptic labeling by releasing
AF-recombinase from synaptic vesicles, transsynaptic labeling is likely
activity-dependent. To test for activity dependence of transsynap-
ticlabeling in vivo, we injected AAV8-ATLASsn,. + AAV8-hHM3Dqg-
mCherry, an excitatory Dreadd*®, into mPFC and AAV8-DIO-GFP into Str
(Extended Data Fig. 5) in two mice. We then injected one mouse daily

with clozapine N-oxide (CNO) intraperitoneally but not the other. After
1week, we perfused the mice and performed immunocytochemisty. We
found abundant c-FOS labelingin the mPFC of the CNO+ mouse, which
overlapped with Atlabeling (Extended DataFig. 5 and Supplementary
Tablel).In contrast, there was negligible c-FOS labeling in the mPFC of
the CNO™ mouse (Extended DataFig. 5 and Supplementary Table1).In
addition, GFP labeling appeared to increase in terms of total fluores-
cence and number of labeled cells in the CNO* mouse (Extended Data
Fig.5). We then pooled these datawith those from similar experiments
using AAV8-ATLAS,. and found that CNO* mice had significantly higher
postsynaptic GFP labelingin the Str versus CNO- mice bothin terms of
the number of cells labeled (88 + 12 versus 52 + 7,n = 5mice, P= 0.0357,
t-test, Extended Data Fig. 5) and total fluorescence (38 + 4 versus
19 £ 2 a.u., P=0.0025, t-test, Extended Data Fig. 5). In contrast, the
number of presynaptic At stained cells was not significantly differ-
ent between CNO" and CNO™ mice (1,200 +100 versus 1,200 + 100,
P=0.7492, t-test, Extended Data Fig. 5). Thus, our results indicate
that the efficiency of transsynaptic labeling was significantly higher
in CNO" mice versus CNO™ mice, consistent with ATLAS mediating
activity-dependent transsynaptic labeling.

An alternate synaptic vesicle targeting domain

ATLAS is composed of multiple independent components, each of
which can, inprinciple, be modified or upgraded to improve efficiency
or alter function. We took advantage of this property to optimize the
VAMP2 component of ATLAS, which is responsible for presynaptic
targeting. Although VAMP2 is widely used as a presynaptic marker, it
can produce toxicity when expressed at a high level. Indeed, we saw
evidence of toxicity when ATLAS was expressed in the mPFC for 2 and
4 weeks (Extended Data Fig. 6). Accordingly, we exchanged the cyto-
plasmic domain of VAMP2 for a nanobody against Synaptotagmin 1
(SYTnb)* to give SYTnb-VAMP2A-At-BACEcs-AF-Cre (ATLASsN,.,
Figs. 1b and 6a), where VAMP2A consists of the lumenal and trans-
membrane domains of VAMP2. When we expressed ATLASsn,. in the
mPFC for 2 or 4 weeks, we saw no evidence of toxicity (Extended Data
Fig. 6). To test ATLASsn,., we transfected it into dissociated cultures
of cortical neurons while infecting them with AAV8-DIO-mCherry. We
saw abundant cells labeled with mCherry but not with At, indicating
they werelabeled transsynaptically (Fig. 6b). A closeup image of such
apostsynaptic cell revealed At labeling opposite its dendritic spines,
consistent with presynaptic labeling (Fig. 6b, inset).

Totest AAV8-ATLASsn,.invivo, weinjecteditand AAV8-BACE-HA
into the mPFC and AAV8-DIO-mCherry into the Str. After 2 weeks of
incubation, we saw expression of Atin the mPFC and abundantmCherry
labeling in Str (Fig. 6¢,d and Extended Data Fig. 7). The dorsal region
of postsynaptic mCherry labeling colocalized almost perfectly with At
labeling representing presynaptic termini (Fig. 6d and Extended Data
Fig. 7), consistent with ATLASsn mediating transsynaptic labeling.
To further test ATLASsn in vivo, we coinfected AAVS-ATLASsn,. and
AAV8-BACE-GFP in M1 cortex and AAV8-DIO-mCherry in the Str and
thalamus (Thal, Fig. 6e). After 2 weeks of incubation, staining of GFP
and mCherry revealed labeled presynaptic cells in M1 (Fig. 6f) and
postsynaptic cells in Str (Fig. 6g) and Thal (Fig. 6h). Overlap of GFP
and mCherrylabelingin Strand Thal (Extended Data Fig. 7) is consist-
ent with transsynaptic labeling. Furthermore, minimal background
was observed in the Str when AAV8-DIO-mCherry alone was injected
(Extended DataFig. 7).

Labeling of cortical to subcortical circuits

Tofurthertest ATLASsn, we used it to trace three additional pathways:
from the auditory cortex (Al) to the inferior colliculus, the mPFC to
the claustrum and the entorhinal cortex to the hippocampus, respec-
tively. In each case, we injected AAV8-ATLASsn.,. and AAV8-BACE-HA
into the presynaptic area and AAV8-DIO-GFP into the corresponding
postsynaptic area. After 2 weeks, we stained presynaptic cells for At
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Fig. 5| Transsynapticlabeling by ATLAS is exclusively anterograde and
monosynaptic. a, Schematic of the projection from mPFC to Str showing
injections of AAV8-DIO-ATLAS;, , and Lenti-hsyn-Cre (Str, cyan), and AAVS-
fDIO-mCherry (mPFC, red). b, At labeling of cells in Str. ¢, mCherry labeling of
cellsinmPFC in the same brainas b.d, mCherry labeling of cellsinmPFCin a
control mouse brain with aninjection of AAV8-fDIO-mCherry into the mPFC
only. e, Number of labeled postsynaptic cells following Str-mPFC labeling is not
significantly different from control mPFC (¢-test, n = 6, Str-mPFC; n = 6, control).
f, Schematic of the disynaptic pathway from V1to SC to PBG showing injection
of ATLAS,,. (V1) and AAV8-DIO-mCherry (SC and PBG) for f-h. g, At labeling of
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presynapticcellsin V1. h, mCherry labeling of postsynaptic cells in the superficial
gray layer of the SC (SCsg) from the same brainas g.i, mCherry labeling in PBG
from the same brain as fand g. j, Schematic of projection from SCsg to PBG
showinginjections of ATLAS,. (SCsg) and AAV8-DIO-mCherry (PBG). k, At
labeling of presynaptic cells in SCsg. I, mCherry labeling of postsynaptic cellsin
PBG from the same brain as k. m, mCherry labeling in PBG following injection of
AAV8-DIO-mCherryinto PBG only in a control mouse brain.n, Number of labeled
postsynaptic cells following SC-PBG labeling is significantly more than following
V1-PBG labeling (one-way ANOVA). Scale bars, 100 pm.

and postsynaptic cells for GFP. In each experiment, we found cells
with Atand GFP labeling, consistent with efficient transsynaptic labe-
ling (inferior colliculus, 173 + 13 cells, n = 8 samples from three mice;
claustrum, 71 + 14 cells, n = 7 samples from three mice; hippocampus,
132+ 30 cells, n =4 samples from two mice, Extended Data Fig. 8 and
Supplementary Table 1). Thus, ATLAS is capable of tracing multiple
different pathways.

In addition, to understand the time course over which trans-
synaptic labeling happens, we coexpressed AAV8-ATLASsn,. and
AAVS8-BACE-HA in the mPFC and AAV8-DIO-GFP in the Str and waited
4,7,14 and 21 days (n = 8 samples from four mice in each case) before
perfusing animals and staining for presynaptic and postsynaptic
labels. After 4 days, we found faint labeling of presynaptic cells with

At, although labeled cells were relatively abundant (534 + 114 cells,
Extended Data Fig. 9). In contrast, GFP-labeled postsynaptic cells
were very sparse at this time point (2 + 1 cells), and total GFP labe-
ling was minimal (3 £ 1a.u.). After 7 days, the number of presynaptic
cells labeled with At increased (1,150 + 300, Extended Data Fig. 9),
but not significantly (P=0.3279, one-way ANOVA). However, both
the number of labeled postsynaptic cells (52 + 7 cells) and the total
GFP label (35 + 3 a.u.) were significantly higher (P < 0.0001, ANOVA;
Extended Data Fig. 9). Thus, postsynaptically labeled cells become
visible between 4 and 7 days postinjection. After 14 and 21 days, the
number of labeled presynaptic cells (1,270 + 260 and 1,070 + 270
cells) was not significantly different from 7 days (P = 0.9874, P = 9943,
ANOVA; Extended Data Fig. 9). The number of postsynaptic cells
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Fig. 6 | Transsynaptic tracing with ATLASsn. a, Schematic of ATLASsn.

(1) Synaptotagmin nanobody (SYTnb) fused to the transmembrane domain

of VAMP2 (VAMP2A) targets ATLAS to synaptic vesicles. (2) AF-Cre s cleaved
from VAMP2A. (3) The synaptic vesicle fuses with the plasma membrane at the
presynaptic terminal. (4) AF-Cre is released into the synaptic cleft. (5) SYTnb-
VAMP2A-Atisrecycled back into the terminal, labeling the presynapticsite.

b, ATLAS tracingin dissociated cortical culture transfected with AAV8-ATLASsn,,
(labeled with At, cyan) and AAV8-BACE-HA and infected with AAV8-DIO-mCherry.
Scale bar, 10 pm. ¢, mPFC of the mouse injected with AAV8-ATLASsn,. (cyan)
andincubated for 2 weeks. This experiment was performed in three mice.

d, Str of the same mouse as in ¢, injected with AAV8-DIO-mCherry (red).

e, Schematic showing projections from the M1to Str and thalamus (Thal).

This experiment was performed in three mice. f, M1 of a mouse coinjected with
AAV8-BACE-GFP (green) and AAV8-ATLASsN,.. 8, Str of the same mouse asinf
injected with AAV8-DIO-mCherry showing mCherry-labeled neurons (red). This
experiment was performed in three mice. h, Thalamus of the same mouse asin f
and ginjected with AAV8-DIO-mCherry showing mCherry-labeled neurons (red).
i, Schematic showing pathway from the ventral CAlto the nucleus accumbens
(ACB) and then to the LHA in the rat. This experiment was performed in three rats.
Jj, Ventral CAlregion of aratinjected with AAV8-ATLASsn,. showing cell labeled
with At (cyan). k, ACB of the same rat as in jinjected with AAV8-DIO-tdTomato,
showing tdTomato-labeled neurons (red): aco refers to the anterior commissure.
1, LHA of the samerat asinjand k showing nerve terminals labeled with tdTomato
(red).Scalebars100 pminc,d,f,g,h, 500 pminj; 200 pumink,l.

labeled with GFP at 14 days (63 + 5 cells) was not significantly different
fromthe numberat7 days (P = 0.4514, ANOVA; Extended Data Fig. 9).
However, the cell number at 21 days (86 + 5 cells) was significantly
higher than at 14 days (P= 0.0116, ANOVA). The labeling intensity
increased significantly at 14 and 21 days versus 7 days (65 + 2 and
82+ 6a.u., P<0.0001, ANOVA; Extended Data Fig. 9). Thus, ATLAS
transsynaptic labeling increases notably in the first 7 days and at
a slower rate thereafter in terms of cell number, but increasesin a
relatively linear manner in total intensity. In contrast, labeling of
presynaptic cells is constant after the first week.

ATLAS mediates transsynaptic labeling in the rat

It is highly desirable for transsynaptic labeling techniques to work
in systems other than the mouse. Accordingly, we tested whether
ATLAS would work in the rat by injecting AAV8-ATLASsn,. and
AAV8-BACE-HA into the CAlregion of the ventral hippocampus and
AAV8-DIO-tdTomato into the nucleus accumbens (ACB, Fig. 6i), to
which the CAlneurons project. We observed At staining in CAl (Fig. 6j)
and abundant tdTomato-labeled cellsin ACB (115 + 11, n = 3 rats, Fig. 6k),
consistent with transsynaptic labeling. Finally, tdTomato labeling
of axons within the lateral hypothalamic area (LHA) (Fig. 61), which
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receives axonal projections from ACB*, confirms the postsynaptic
labeling of neurons within ACB.

Discussion

ATLAS is a rationally designed protein that mediates transsynaptic
tracing from genetically determined neurons via a precisely defined
mechanism. In contrast, viruses such asrabies, YFV, AAVs and the pro-
tein used inthe nonviralmethod Trans-Seq have modes of egress from
starter cellsand entry into recipient cells that remain mysterious'®**>%,
In addition, AAV], YFV, vesicular stomatitis virus (VSV) and herpes
simplex virus-1(HSV1) undergo ameasurable component of retrograde
transportinadditionto anterograde and have not been shown to medi-
ate tracing that is exclusively transsynaptic'* 6>+,

Because ATLAS protein does not have an intrinsic amplifica-
tion mechanism like rabies and similar viruses’, tracing using ATLAS
requires the expression of arecombinase-dependent reporter in the
postsynaptic cell. While this could be interpreted as a drawback, it is
also abenefit because amplification that occursinrabies or VSV infec-
tion is associated with toxicity®*. In the case of tracing using AAV1,
which also requires amplification, a transgenic mouse with a floxed
reporter transgene can be used instead of postsynaptic injections™.
Efficient and consistent transsynaptic labeling occurred in some but
not all cases when we expressed ATLAS,. in the ai75 floxed reporter
mice®®. Thus, broad regions containing postsynaptic target areas must
be identified a priori and injected with a floxed reporter, which is not
required for many virus-based transneuronal labeling techniques.
However, this should not be a difficult problem to surmount as regions
postsynaptic to specific cell types are easily identified by exogenously
expressing a presynaptic marker such as VAMP2 (ref. 39).

Our finding that 100% of postsynaptic striatal cells labeled fol-
lowing expression of ATLAS in V1 were synaptically connected to cells
expressing ChR2-GFP, which was coinfected with ATLAS, indicates
that postsynaptic cells with Cre-dependent labeling are likely to be
synaptically connected with presynaptic starter cellsin which ATLAS,.
isexpressed. Also, 70% of neurons not labeled with ATLAS but immedi-
ately adjacent to labeled cells were found to be connected to presynap-
tic cells expressing ChR2-GFP. This result could be due to many factors,
including the fact that transsynaptic labeling with ATLAS is not 100%
efficient. In addition, Cre-dependent expression of ChR2-GFP could
occur in neurons in V1 that are connected with starter cells through
local connections, leading to more widespread expression of ChR2-GFP
than of ATLAS. Incontrast to paired unlabeled neurons, ~40% of random
unlabeled cells chosen near labeled presynaptic terminals from Vlwere
found to be connected to those terminals. These data are consistent
with postsynaptic neurons labeled with ATLAS being connected to
labeled presynaptic neurons atarate considerably higher than chance.

Because ATLAS isaprotein, it canbe evolved to change its proper-
ties and improve performance similar to GCaMP*° or GRAB sensors*.
Forinstance, ATLAS, as described in this paper, works only for antero-
grade tracing from excitatory neurons. However, AF can, in principle,
be replaced by arecombinant binder to a neurotransmitter receptor,
such as a GABA (y-aminobutyric acid) or acetylcholine receptor, or
eventoareceptor foraneuromodulator, suchas dopamine or seroto-
nin. The resulting modified ATLAS could be used for tracing virtually
any neuronal circuit mediated by the corresponding neurotransmit-
ter-receptor combination. Also, because of its activity dependence,
ATLAS could be used to mark circuits that respond to specific stimuli,
especially if ATLAS tracing could be gated to occur during a particu-
lar time interval. Finally, it may be possible to modify ATLAS to label
circuit changes during events such as memory formation* or specific
developmental processes such as synaptic pruning®.

Online content
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Methods

AF production

Amino acids 1-394 of GluA1 grown in Sf9 (Spodoptera frugiperda)
cellswasused as atarget foran mRNA display selection, carried out as
described inref. 44. FingRs amplified from the ninth round of selection
were fused to aMyctagand coexpressed in Cos7 cells (ATCC, CRL-1651)
withss-GluAl-HA (ss, signal sequence of GluAl) and Stargazin-V5. Cos7
cells were stained live with anti-MYC antibody, then fixed, permeabi-
lized and stained for HA and V5. Fibronectins labeling the surface of
cells expressing GluAl and Stargazin were then expressed in dissoci-
ated cultures. Fibronectin 9.3-labeled endogenous GluAl and was
designated AF.

Plasmid constructs

The ss-AF-YFP consists of DNA encoding amino acids 1-18 of GluA1
inserted upstream of AF and yellow fluorescent protein (YFP). For
ATLAS constructs, VAMP2 complementary DNA (cDNA) was inserted
upstream of ALFA-tag (SRLEEELRRRLTE) followed by a BACEcs (p3-site
Amyloid Precursor Protein-cleaving enzyme 1) cut site (EISEVN-
LDAEFR). VAMP2-BACEcs-SEP has SEP downstream of BACEcs.
VAMP2-BACEcs-AF-SEP has AF and SEP downstream of BACEcs.
ATLAS,. has AF and Cre cDNA downstream of BACEcs. DIO-ATLAS,
has a Myc tag (EQKLISEEDL) followed by FLPI cDNA downstream of
BACEcs and nested LoxP sites on either side of the coding sequence.
GFP-HA-BACE1 plasmid was purchased (Addgene, no.165032), and GFP
was removed to make BACE-HA. The above sequences were ligated into
apAAV plasmid containing the human synapsin (hsyn) promoter and
awoodchuck hepatitis virus posttranscriptional regulatory element
(WPRE). Lenti-hsyn-Cre was purchased from Addgene (no. 86641),
and the hSYNI promoter was replaced with the CamKlla promoter to
generate Lenti-CamKII-Cre.

Dissociated cultures

Pups from timed pregnant Sprague Dawley rats (E19) were used for
cultured cortical neurons, prepared as in ref. 45. All procedures were
approved by the Institutional Animal Care and Use Committee of the
University of Southern California.

Protein purification

Human embryonic kidney 293T cells were transfected with the plas-
mid pCAG-ss-AF-3XHA-TEVcs-HALOTag and the secreted protein
AF-HA-TEVcs-HALOTagwas collected and incubated with HaloLink resin
(Promega, cat.no.G1914) overnight at4 °C. and then with tobacco etch
virus (TEV) protease (New England Biolabs, cat. no. P8112S) overnight
at 4 °C. Supernatant was collected and incubated with NEBExpress
Ni Resin (New England Biolabs, cat. no. S1428S) overnight at 4 °C to
remove the TEV protease. Purified protein was dialyzed into 20 mM
HEPES, 250 mM NaCl pH 7.4 and concentrated using the Amicon Ultra
centrifugalfilters (cat. no. UFC501096).

Endocytosis

Neuronal cultures were incubated with 1 mM purified AF-HA protein
for1hat 37 °C. Next, cultures were washed three times with 1x Hanks
Balanced Salt Solution containing 10 mM HEPES, fixed with 4% para-
formaldehyde and stained for anti-HA (Cell Signaling, cat. no. 3724S)
and anti-Map2 (Abcam, cat. no. ab5392).

Presynaptic release

Plasmids encoding VAMP2-BACEcs-SEP (1 pg) or VAMP2-BACEcs-AF-SEP
(1 pug) with BACE-HA (2 pg) were transfected into 15-18 day in vitro
(DIV) cultured neurons. Two days before transfection, cultures were
infected with AAV8-Cre and AAV8-DIO-PSD-95.FingR-TdTomato to
label postsynaptic sites. Neurons wereimaged 3 to 5 days later with or
without 100 mMKCI. Time-lapse imaging was performed for either 100
or 200 frames at an interval of 1,000 ms and an exposure of 500 ms.

Time constants were measured using curve fitting functions in Graph-
Pad Prism. Videos of SEP release events were generated using Image])
by taking the difference of adjacent image frames to eliminate back-
ground and SEP fluorescence beyond the initial frame after release.

Viruses

The following viruses were purchased from Addgene: AAV8-hSyn-
DIO-mCherry no. 50459, AAV8-EFl1a-fDIO-mCherry no. 114471,
AAV8-hsyn-DIO-eGFP no. 50457 and AAV8.hSyn.hM3D.mCherry no.
50474. All other viruses were generated in the Arnold laboratory using
standard methods.

Transsynaptic tracingin culture

Neuronal cultures (14 DIV) were transfected with plasmids for ATLAS
(1pg) and BACE-HA (2 pg) using the calcium phosphate method. Trans-
fectionwas followedimmediately by infection with AAV8-hsyn-DIO-GFP
andincubated for 7 days. Neurons were fixed and probed as described.

Immunocytochemistry for dissociated cultures

Neurons were stained using: anti-GFP, 1:10,000, Aves GFP-1020;
anti-MYC, 1:1,000, Novus Biologicals NB600-334; anti-Map2,
1:1,000, Abcam ab5392; anti-clathrin, 1:1,000, GeneTex GTX80218;
anti-mCherry, 1:1,000, Rockland M11217; anti-RFP, 1:1,000, Inv-
itrogen MA5-15257; anti-GluAl, 1:1,000, EMD Millipore ABN241;
anti-PSD-95, 1:3,000, NeuroMab 75-348; anti-HA, 1:1,000, Cell
Signaling 3724S; anti-Cre, 1:1,000, EMD Millipore MAB3120; Alexa
Fluor 488 goat anti-chicken, 1:1,000, Invitrogen A-11006; Alexa
Fluor 594 goat anti-rabbit, 1:1,000, Invitrogen A-11012; Alexa Fluor
594 goat anti-mouse, 1:1,000, Invitrogen A-11005; Alexa Fluor 647
goat anti-mouse, 1:1,000, Invitrogen A-21235; Alexa Fluor 647 goat
anti-rabbit, 1:1,000, Invitrogen A-21244; JF549 halotagligand, 1:1,000,
Janelia Farm; JF647 halotag ligand, 1:1,000, Janelia Farm; FluoTag-X2
anti-alfa 647,1:1,000, NanoTag biotechnologies N1502 AF647. Neu-
rons were mounted using Dapi-fluoromount-G (Electron Microscopy
Services, 17984-24).

Electrophysiology (testing of AF)

Allexperiments were performed in accordance with National Institutes
of Health (NIH) Guidelines for the Care and Use of Laboratory Animals,
andall procedures were approved by the Institutional Animal Care and
Use Committee of the University of Southern California. As previously
described, 400-um-thick rat organotypic hippocampalslice cultures
were prepared from male and female P6 to P8 Sprague Dawley rats*.
Sparse biolistic transfections were performed on DIV1 as previously
described**%. Next, 50 pg of mixed plasmid DNA encoding ss-AF-YFP
was coated on1-um diameter gold particles. Construct expression was
confirmed by YFP epifluorescence. Dual whole-cell recordings of CA1
pyramidal neurons were performed on DIV7-8 through simultaneous
recordings from a transfected neuron and a neighboring, nontrans-
fected control neuron. Synaptic responses were evoked by stimulating
with a monopolar glass electrode filled with artificial cerebrospinal
fluid (ACSF) in the stratum radiatum. AMPAR-evoked EPSCS (-eEPSCs)
were measured at -70 mV. NMDAR-eEPSCs were measured at +40 mV
and were temporally isolated by measuring amplitudes 150 ms after
the stimulus. For paired-pulse facilitation, paired pulses at 40-ms
interpulseinterval were delivered and the ratio of peak amplitudes was
analyzed to generate barplots depicting mean + s.e.m. Data analysis
was performed using Igor Pro v.9.

Animal preparation and stereotaxic surgery (mouse)

All procedures in Figs. 3, 4b-d, 5 and 6¢,d and Extended Data Figs. 3,
5,6,7a,b, 8 and 9 were performed in accordance with NIH Guidelines
for the Care and Use of Laboratory Animals and were approved by the
Animal Care and Use Committee at the University of Southern Califor-
nia. Male and female wild-type mice (C57BL/6),Jackson Laboratories,
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strainno.000664), Vipr2-Cre (Cre expressionin dLGN, Jackson Labo-
ratories, strain no. 031332) and Sst-IRES-Cre (Cre expression in soma-
tostatin interneurons, Jackson Laboratories strain no. 013044) mice
aged 2-6 months were used. For stereotaxic viral injection, mice were
anesthetizedinaninduction chamber containing 4% isoflurane mixed
with oxygenand transferred to a stereotaxic frame with a heating pad.
Then, 1.5% isoflurane was delivered throughout the procedure through
anose coneatarateof 0.5 min™. Injection coordinates based onref. 49
were used to mark the location where a small hole (0.5 mm diameter)
wasdrilled. Viruses were delivered through pulled glass micropipettes
using pressure injection via a micropump. Total injection volumes
ranged from 50 to 800 nl, at 20-60 nl min™. Following injection, the
micropipette wasleftin place for 15 minto minimize virus diffusioninto
the pipette track. Animals were administered Ketoprofen (5 mgkg™)
atthebeginning of the surgical procedure and againevery 24 hfor2 d
following surgery.

Injections of viruses (mouse)

For experiments in Figs. 3, 4b-d, 5, 6¢,d and Extended Data Figs. 3,
5,6,7a,b,8and 9, anterograde tracing experiments using ATLAS,,.,
400-600 nl of either ATLAS,. or ATLASsn,, virus was injected into
presynaptic cellsinthe PFC, Primary auditory cortex (Al) or entorhinal
cortex. AAV8-DIO reporter virus (400-800 nl), diluted to minimize
the background signal, was injected into postsynaptic cells in the Str,
ipsilateral claustrum, bilateral inferior colliculus or ipsilateral dentate
gyrus. The animals were euthanized 2 weeks following the injections.

Inexperiments with DIO-ATLAS;,,, transgenic VIPR2-Cre mice were
injected with AAV8-DIO-ATLASg, (600 nl, 1.0 x 10") at the ipsilateral
LGN. A second injection of AAV8-EF1a-fDIO-mCherry (600 nl, 5.0 x 10?)
was administered at the primary visual cortex (V1). The animals were
euthanized after 2 weeks. To test AAV-DIO-ATLAS,,, C57BL/6) mice were
injected withaviral mixture of AAV8-DIO-ATLAS, and Lenti-hsyn-Cre
atVland AAVS8-EF1a-fDIO-mCherry (600 nl, 5.0 x 12) in theipsilateral SC
and euthanized 2 weeks later. Transgenic SST-Cre mice were injected
with a mixture of AAV8-DIO-ATLAS,, and AAVS8-efla-fDIO-mCherry
(at1:1ratio based onviral particles) at V1 and euthanized 1 week later.

For testing the potential retrograde spread of ATLAS, AAV8-DIO-
ATLAS;,, and Lenti-hsyn-Cre were injected into Str of C57BL/6) mice,
and AAVS8-EF1a-fDIO-mCherry (800 pl, 5.0 x 10?) was injected into
mPFC. As the negative control, agroup of C57BL/6) mice was injected
with AAVS-efla-fDIO-mCherry (800 pl, 5.0 x 10?) inmPFC. All animals
were then euthanized 2 weeks following the injections.

Totest formonosynaptic tracing, C57BL/6) mice were injected with
AAVS-ATLAS,,. (600 nl, 1.0 x 10®) in V1 and AAV8-hsyn-DIO-mCherry
(400 nl, 1.0 x10™) in the PBG. As the positive control, C57BL/6]
mice were injected with AAVS-ATLAS,,. (600 nl, 1.0 x10*) in SC and
AAV8-hsyn-DIO-mCherry (400 nl, 1.0 x 10") in PBG. As a negative
control, wild-type mice were injected with AAV8-hsyn-DIO-mCherry
(400 nl, 1.0 x 10") at PBG. Animals were euthanized 2 weeks following
injections.

Totest supplementing ATLAS with BACE, mixtures with the follow-
ingratios of AAV8-ATLAS,.and AAV8-hsyn-BACE-HA:1:1ATLAS: BACE,
1:5ATLAS: BACE, or no BACE based on number of viral particles. These
were injected into the C57BL/6) mice in mPFC. AAV8-hsyn-DIO-GFP
(800 nl, 1.0 x 10®) in ipsilateral Str to visualize postsynaptic cells.
Animals were euthanized 2 weeks following injections. To exam-
ine the effect of incubation time on efficiency of ATLAS, C57BL/6)
mice were injected with a viral mixture of AAV8-ATLASsn,. and
AAV8-hsyn-BACE-HA (600 nl, 1:3 based on viral particles) in mPFC
and AAVS-hsyn-DIO-GFP (800 nl, 1.0 x 10%) in ipsilateral Str. Animals
were euthanized 4, 7,14 or 21 days following injections.

For testing the effect of neuronal activity on ATLAS tracing,
C57BL/6) mice were injected with AAV8-ATLASsn,. or AAV8-ATLAS,.,
AAVS8-hsyn-BACE and AAV8-hHM3Dg-mCherry (600 nl, 1:3:1based on
viral particles) in mPFC and AAVS-hsyn-DIO-GFP (800 nl, 1.0 x 10®) in

ipsilateral Str. CNO (200 pl, 1.1 mM) was administered to experiment
animals through intraperitoneal injection daily following viral injec-
tions. Animals were euthanized 7 days after viralinjections. A final dose
of CNO was administered 45 min before the perfusion.

To determine whether ATLAS shows toxicity compared to
ATLASsn, one group of C57BL/6) mice were injected with 600 nl of
AAVS8-ATLASCre and AAV8-hsyn-BACE (1:3 based on viral particles),
and the other group of mice were injected with 600 nl of viral mixture
of AAV8-ATLASsn(,. and AAV8-hsyn-BACE (at a1:3 ratio based on viral
particles) at mPFC. AAV8-hsyn-DIO-GFP (800 nl) wasinjected into the
ipsilateral Str of both groups. Animals were euthanized 14 and 28 days
followinginjections.

In all experiments listed above, presynaptic and postsynaptic
injections were performed during the same surgery. Bregma and
Lambda coordinates are in millimeters as follows: anteroposterior is
the distance from Lambda, mediolateral is the distance from midline
and dorsoventralis the distance from Lambda except for V1, Aland SC,
which use the distance from the surface of the cortex. mPFC (6.3, 0.3,
1.7);Str(5.1,1.8,3.4); dLGN (2.2,2.2,2.9); primary visual cortex (V1) (0.8,
2.4,0.6); primary auditory cortex (Al) (1.5,4.2, 0.6); SC (0.6, 0.8,1.2);
inferior colliculus (-0.7,0.8,0.6); PBG (0.1,1.8,3.3); claustrum (5.4, 2.5,
4.0); entorhinal cortex (0.0, 3.6, 3.6) and dentate gyrus (0.6, 2.8, 2.5).

Histology (mouse)

Mouse brains were perfused with 40 ml of phosphate-buffered saline
(PBS), then 40 ml of 4% paraformaldehyde in PBS (Figs. 3, 4b-d, 5,
6c,d and Extended Data Figs. 3, 5, 6, 7a,b, 8 and 9). The brains were
fixed overnightin 4% paraformaldehyde at 4°C and dehydratedin 30%
sucrose solution for atleast 48 h. Brains were embedded in tissue freez-
ing medium at —45 °C and sectioned to a thickness of 25-35 pm using
a cryostat. For immunohistochemistry, antibodies used were: rabbit
anti-RFP, Rockland (cat. no. 600-401-379), 1:1,000; chicken anti-GFP
antibody, AVES (gfp-1020, cat. no. NC9510598), 1:1,000; Fluotag-X2
anti-ALFA, NanoTag (cat. no. N1502-ALFA647-L), 1:1,000; mouse
anti-NeuN antibody, EMD Millipore (cat. no. MAB377),1:1,000, c-Fos
(cat.no.9F6) Rabbit mAb, Cell Signaling Technology (cat.no.2250T),
1:1,000; Alexa Flour 488-conjugated goat anti-chicken (A-11039) or
anti-mouse IgG (cat. no. A-28175), Thermo Fisher, 1:1,000; Alexa Flour
594-conjugated anti-rabbit IgG, Thermo Fisher (cat. no. A-11012),
1:1,000; Alexa Flour 647-conjugated goat anti-mouse IgG, Thermo
Fisher, 1:1,000 (cat. no. A-21235).

Quantification of transsynaptic labeling

Labeled presynaptic cells (At) and postsynaptic cells (GFP or mCherry)
were counted within an identical 1-mm?region of 25-pum-thick stained
sections of target regions. All sections examined were roughly equal
distance from the site of AAV injection. We quantified cells in two
representative sections, each 25 um apart. Then, the data from the
selected sections was pooled and multiplied by two to estimate the
number of labeled cells within 100 pm. To account for the back-
ground expression from spontaneous recombination by the DIO
reporter construct, we subtracted the cell counts from control experi-
ments fromthose in corresponding ATLAS experiments. To quantify
activity-dependent transsynaptic labeling, total GFP fluorescence
minus background was measured identically in Str in sections at
equivalent distances from injection sites using ImageJ. For the SST
experiment, At-labeled cells and mCherry-labeled cells were counted
withinanidentical 1 mm?region of 25-um-thick stained sections. The
number of mCherry* cells over the mCherry and At colabeled cells
was then calculated.

Stereotaxic surgery and histology (M1 to Str and Thal)

All experiments in Fig. 6e—h were performed in accordance with
NIH Guidelines for the Care and Use of Laboratory Animals, and all
procedures were approved by the Institutional Animal Care and Use
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Committee of NIH. The ATLASsn,. viral vector AAV8-SYTnb-VAM
P2A-At-BACEcs-AF-Cre and AAV8-BACE-GFP (1:1,200 nl) were injected
stereotaxically into the motor cortex of wild-type mice at (1.0, 2.0,
1.8) (Fig. 6e-h). They also received aninjection of a Cre-dependent
reporter vector: AAV8-Efla-FLEX-tdTomato (Addgene, 28306) into
the Str (0.5, 2.0, 4.0) and thalamus (-1.55, 1.5, 3.75). Following a sur-
vival time of 2 weeks, animals were perfused and 50-pm sections were
cut with a freezing microtome. The following antibodies were used
for immunocytochemistry: rabbit anti-RFP (cat. no. 600-401-379,
Rockland Immunochemicals), chicken anti-GFP (cat. no. A10262,
Invitrogen), goat anti-chicken 488 (cat. no. A32931, Invitrogen) and
goat anti-rabbit 555 (cat. no. A32732, Invitrogen). Sections were coun-
terstained with Neurotrace Blue 435 (cat. no. N21479, Invitrogen) and
coverslipped with Aqua-polymount (cat. no. 18606, Polysciences).
Slides with 12-15 coronal brain sections were imaged on a Zeiss
EpiFluorescence Microscope equipped with Xylis broad spectrum
LED illumination (Excelitas Technologies), a Hammamatsu Orca
Flash4.0 cameraand Ludl stage drive controlled by Neurolucida360
Imaging software (MBF Bioscience). Images were registered using
Neurolnfov.2022.1.1.

Animal preparation and stereotaxic surgery (rat)

All experiments were performed in accordance with NIH Guide-
lines for the Care and Use of Laboratory Animals, and all procedures
were approved by the Institutional Animal Care and Use Committee
of the University of Southern California. Male Sprague Dawley rats
(Envigo) weighing 300-400 g were injected with viruses delivered
using a micro-infusion pump (Harvard Apparatus) connectedto a
33-gauge microsyringe injector attached to a PE20 catheter and Ham-
ilton syringe. Flow rate was 5 pl min™. Injectors were left in place for
3 min postinjection. Viruses were incubated for 21 days after injection.
AAVS8-ATLASsn,. was unilaterally injected into the CAlv at: -4.9 mm
anteroposterior, +4.8 mm mediolateral, —7.8 mm dorsoventral (zero-
ing at skull site). AAV-pCAG-FLEX-tdTomato-WPRE (Addgene; cat. no.
51503) was unilaterally injected into the ACB: +1.2 mm anteroposte-
rior, +1.0 mm mediolateral, —6.75 mm dorsoventral (zeroing at dura).
Injection volume was 100 nl per site. For control experiments animals
wereinjected with AAV-pCAG-FLEX-tdTomato-WPRE unilaterallyinthe
ACB, butnoinjection was made in the ventral CAL. Photomicrographs
were acquired using a Nikon 80i (Nikon DS-QI1, 1,280 x 1,024 resolu-
tion, 1.45 megapixel) microscope under epifluorescence controlled
by NIS-Elements v.C6.10.01.

Histology (rat)

Following perfusion and fixation, Brains were sectioned into 30-pm
sections onamicrotome cooled with dryice, collected inan antifreeze
solutionand storedina-20 °C freezer. The following antibodies were
used for immunocytochemistry: Rabbit anti-RFP (1:2,000, Rockland
Inc.; cat. no. 600-401-379; Clonality: Polyclonal) and FluoTag-X2
anti-ALFA (1:1,000, NanoTag Biotechnologies; cat. no. N1502).

Quantification of activity-dependent transsynaptic labeling
For experiments to quantify transsynaptic labeling with and without
BACE, mCherry-expressing cells were counted within an identical
1-mm?region over four consecutive 25-pm stained sections of Str. For
experiments to quantify activity-dependent transsynaptic labeling,
total GFP fluorescence minus background was measured identically
in Str sections using ImageJ v.1.49b, Slidebook v.8 and Zen Micros-
copy v.3.11.

Electrophysiology (PFC to Str)

For experimentsin Extended DataFig. 4, wild-type C57BL/6) mice coin-
fected with AAVS-ATLASsn;, , AAVS8-BACE-HA and AAVS-DIO-ChR2-GFP
into the mPFC, and DIO-mCherry in Str were used for slice recording.
Details of the stereotaxic surgery are the same as in Figs. 3a-d and

6c,d. Four weeks following injections, animals were decapitated fol-
lowing anesthesia, and the brain was rapidly removed and immersed
inanice-cold dissection buffer (composition 60 mM NaCl, 3 mM KClI,
1.25 mM NaH,PO,, 25 mM NaHCO,, 115 mM sucrose, 10 mM glucose,
7 mMMgCl,, 0.5 mM CaCl,; saturated with 95% O, and 5% CO,; pH 7.4).
Coronal slices of 350 pm thickness were sectioned by a vibrating
microtome (LeicaVT1000s) and recovered for 30 mininasubmersion
chamber filled with warmed (35 °C) ACSF (composition 119 mM NacCl,
26.2 mMNaHCO;, 11 mMglucose, 2.5 mMKCI, 2 mM CaCl,, 2 mM MgCl,,
and 1.2 NaH,PO,, 2 mM sodium pyruvate, 0.5 mM VC). Str neurons
surrounded by GFP* fibers were visualized under a fluorescence micro-
scope (Olympus BX51 WI). Patch pipettes (~4-5 MQ resistance) filled
with a cesium-based internal solution (composition 125 mM cesium
gluconate, 5 mM TEA-CI,2 mMNacCl, 2 mM CsCl, 10 mM HEPES, 10 mM
EGTA, 4 mM ATP, 0.3 mM GTP and 10 mM phosphocreatine; pH 7.25;
290 mOsm) were used for whole-cell recordings. Signals were recorded
under voltage-clamp mode at aholding voltage of —=70 mV for excitatory
currents, filtered at 2 kHz and sampled at 10 kHz. Tetrodotoxin (1 uM)
and 4-aminopyridine (1 mM) were added to the external solution for
recording monosynaptic responses to blue light stimulation (5-ms
pulse, 3-mW power, 5-10 trials).

Surgery (V1to Str)

Experiments in Fig. 4e—h were performed in accordance with NIH
Guidelines for the Care and Use of Laboratory Animals, and all pro-
cedures were approved by the Institutional Animal Care and Use
Committee of Harvard Medical School. Injections were performed
throughapulled glass atarate of 30 nl min™. After injections, pipettes
were slowly withdrawn (less than 100 pm s™) at least 5 min after the
end of the infusion. Viruses were injected in two rounds of surgeries
to minimize expression competition between ATLAS viruses (that
is ATLASsnc,., BACE-HA) and Cre-dependent ChR2. Wild-type ani-
mals undergo the first round of surgery between 4 and 8 weeks of age
(Fig. 4e-h). Before the start of surgery, presynaptic virus cocktail was
prepared by mixing AAV8-hSyn-ATLASsn.,. and AAV8-hSyn-BACE-HA
in 3:1ratio (titer is 2 x 10" gc ml™ for both viruses). During surgery,
presynaptic virus cocktail was injected at three separate sites in V1.
In addition, AAV8-hSyn-DIO-mCherry or AAV9-CAG-DIO-tdTomato
was injected into two separate sites in Str. Then 14 days after the first
surgery, AAV8-hSyn-DIO-ChR2-GFP was injected at the same three V1
sites as the first surgery.

Coordinates of Vlinjection sites were as follows (coordinates are
relative to bregma and dorsoventral is relative to the brain surface,
below). Here, 300 nl of presynaptic virus cocktail (AAV8-ATLASsn,. and
AAV8-BACE-HA) wasinjected per site for the first surgery. Then 200 nl
of AAV8-hSyn-DIO-ChR2 was injected per site for the second surgery.

« Vlsitel:-2.75 mm anteroposterior, +2.5 mm mediolateral,
-0.65 mm dorsoventral

« Vlsite2:-3.80 mm anteroposterior, +2.9 mm mediolateral,
-0.65 mm dorsoventral

e Vlsite 3: -3.80 mm anteroposterior, +2.0 mm mediolateral,
-0.65 mm dorsoventral

Next, 500 nl of postsynaptic virus (Cre-dependent mCherry or
tdTomato) was injected at Str site 1 (anterior) while 400 nl of virus was
injected at Str site 2 (posterior).

« Strsite1: 0.70 mm anteroposterior, +1.60 mm mediolateral,
-2.22 mm dorsoventral

«  Strsite 2: -0.58 mm anteroposterior, +2.75 mm mediolateral,
-2.75 mm dorsoventral

Electrophysiology (V1to Str)
For experiments in Fig. 4e-h, brain slices were obtained from 2- to
3-month-old mice (both male and female) using standard techniques.
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The experiments closely followed the procedures outlined in previous
studies®*’. Mice were anesthetized using isoflurane inhalation and
subsequently subjected to transcardial perfusion with ice-cold ACSF
composed of the following (in mM): 125 NaCl, 2.5 KCI, 25 NaHCO,,
2 CaCl,, 1 MgCl,, 1.25 NaH,PO, and 11 glucose (final osmolarity of
300-305 mOsm kg™). The brain was removed from the skull, placed
inice-cold ACSF and 250-300-pm coronal brain slices were cut and ini-
tially placed in aholding chamber for 10 minat 34 °Cina choline-based
solution composed of (in mM): 110 choline chloride, 25 NaHCO;,
2.5KCl, 7 MgCl,, 0.5 CaCl,, 1.25 NaH,PO,, 25 glucose, 11.6 ascorbic
acid and 3.1 pyruvic acid. Following choline incubation, slices were
transferred to a second chamber with ACSF at 34 °C for a minimum
of 30 min. The chamber was subsequently shifted to room tempera-
ture for the duration of the experiment. All recordings were made
within 4-5 h of slicing. The temperature was maintained at 32 °C
and carbogen-bubbled ACSF was perfused at arate of 2-3 ml min™ for
all experiments.

Monosynaptically connected striatal neurons were identified by
their mCherry-positive or tdTomato-positive somata. Fluorescence-
negative neurons with GABAergic interneuron physiological proper-
ties (membrane tau decay <0.8 ms for both fast-spiking and persistent
low-threshold spiking subtypes; input resistance >500 MQ in persis-
tent low-threshold spiking subtype) were excluded from the analysis.

Striatal neurons were patched in whole-cell voltage-clamp con-
figurations using borosilicate glass electrodes (3-5 MQ) filled with
cesium-based (voltage clamp) internal solution to measure EPSCs. The
solution contained (in mM):135 CsMeS0O,, 10 HEPES, 1EGTA, 3.3 QX-314
(CI-salt), 4 Mg-ATP, 0.3 Na-GTP, 8 Na,-phosphocreatine, with pH
adjusted to 7.3 using CsOH, resulting in an osmolarity 0f295 mOsm kg ™.
Allrecorded neurons exhibited electrophysiological characteristics of
spiny projection neurons. All synaptic currents were recorded with a
cesium-based internal and monitored at a holding potential of =70 mV.
Fluorescent positive and negative neurons were patched as randomly
ordered sequential pairs, strictly within one field of view of each other.
ChR2-mediated synaptic currents from V1were optically evoked using
2-ms pulses of 473-nm light at light powers of 2 mW controlled through
anacousto-optic modulator.

To assess the baseline connection probability of VI-DMS circuit
viruses wereinjectedin Vlatidentical locations, titer and volume and
atidentical times as described above (see Surgery section for Fig.4e-h).
After 4 weeks, brain slices were obtained and patched in whole-cell
voltage-clamp configurations as described above. We first found the
field of view with maximal ChR2 fiber expressionin DMS and randomly
patched cells withinit. ChR2-mediated synaptic currents from Vlwere
optically evoked using as above.

Quality control criteria were a stable baseline membrane resist-
ance (variationinR,, <10%) and astable baseline resting potential with
median standard deviation of <0.5 mV across recordings. Optically
evoked EPSCs were analyzed post hoc using MATLAB v.2024a.

Statistics and reproducibility
Experimentsin Fig.1c were performedinthreeindependent cultures;in
Fig.1d, two cultures; in Fig.le-g, five cultures;in Fig. 1h, four cultures;in
Fig.1n, tenslices;inFig.1o, eightslices; inFig. 1p, six slices; in Fig. 2b-e,
inthree independent cultures. Experiments in Figs. 3l and 4b—-d were
performed in one mouse bilaterally and another mouse unilaterally.
Experimentsin Fig. 6b were performed in three cultures, in Fig. 6¢-h,
inthreemice andin Fig. 6j-1, in threerats.

Experimentsin Extended DataFigs.1a-h and 2a-gwere performed
intwo cultures; in Extended Data Fig. 6, in two mice; in Extended Data
Fig.7,inthree mice. All values are expressed as mean + s.e.m.

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

Data availability

Images used in quantifying transsynaptic experiments are avail-
able on the G-Node database at https://gin.g-node.org/Haoyangh/
ATLAS nature_method_2024.git. All original microscopic images are
available on request to the corresponding author, as these images
require additional annotation and context to be accurately inter-
preted. AAVS-ATLASsn,., AAVS-DIO-ATLASsn,, and AAV-DIO-BACE-HA
sequences and plasmids are available at Addgene, IDs 232351, 232352
and 232353. Source data are provided with this paper.
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GluA1-HA

A

AMPAFingR

Extended DataFig. 1| Testing of the AMPA.FingR. a. COS7 cells cotransfected
withss-Fn9.3-MYC, Stargazin-V5, and GluAl-HA. b. Permeabilized labeling of HA
insame cellsasin a. c. COS7 cells cotransfected with Fn6.5-MYC, Stargazin-Vs5,
and GluAl-HA. d. Permeabilized labeling of HAin same cells asin c. e., f. Labeling
following co-expression of ss-Fn9.3-MYC with GFP in cultured cortical neurons.
g., h.Lack of MYC surface labeling following co-expression of ss-Fn9.11-MYC with

GFPincultured cortical neurons. i. Live cortical neuronin culture expressing ss-
AF-YFP (green) and PSD-95.FingR-tagRFP (magenta). Figure 1cis a closeup of the
boxed region.j. DICimage of cell ini. k. Closeup of boxed areainj. Arrowheads
point to the same synapsesink., l.,and m.1. Closeup of boxed areaini. showing
ss-AF-YFP.m. Closeup of boxed area inishowing PSD-95.FingR-tagRFP. Scale bars
20 pmina.-h., 10 pmini.-m.
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a

Extended Data Fig. 2| Transsynaptic labeling in culture with ATLAS. (green) indicated by arrowhead, consistent with synaptic contacts between the
a. Presynaptic neuron labeled with At. b. Postsynaptic neurons labeled with GFP presynaptic neuronin a. and postsynaptic neuron 2in c. f. Closeup of boxed
insame experimentasina. c. Merge of a. and b. showing presynaptic neuron (At) region ffrom panel c. showing adjacent/overlapping presynaptic termini
labeled in magenta and postsynaptic neurons (GFP) labeled in green. d. Closeup (magenta) and dendrites or spines (green) indicated by arrowhead consistent
of boxed regiond from panel c. showing adjacent/overlapping presynaptic with synaptic contacts between the presynaptic neuronin a. and postsynaptic
termini (magenta) and dendrites or spines (green) indicated by arrowhead, neuron3in c.g. Closeup of boxed region g from panel c. showing adjacent/
consistent with synaptic contacts between the presynaptic neuronina. and overlapping presynaptic termini (magenta) and dendrites or spines (green)
postsynaptic neuronlinc.e. Closeup of boxed region e from panel c. showing indicated by arrowhead. Scale bars 100 pminc,10 pmind-g.

adjacent/overlapping presynaptic termini (magenta) and dendrites or spines
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Extended Data Fig. 3 | Improving the efficiency of ATLAS by co-expressing

BACE. a. mCherry (magenta) and endogenous NeuN (green) labeling in Strin experiment with aninjection of AAV8-DIO-mCherry only in Str. f. Expressing
mouse brain infected with AAV8-ATLAS,.in mPFC and AAV8-DIO-mCherryin ATLAS +BACE-HA 1:5in mPFC leads to significantly higher labeling density in Str
Str.b.Same asina. with al:1ratio (viral particles) of AAV8-ATLAS,.:BACE-HA than ATLAS alone or ATLAS + BACE 1:1. (Tukey’s multiple comparisons test).
injected into mPFC and AAV8-DIO-mCherryin Str. c. Same as in a. with 1:5 ratio Scale bars100 pm.

of AAV8-ATLAS,..BACE-HA injected into mPFC and AAV8-DIO-mCherry inthe

Str.d. Closeup of Str from same experiment as in c. e. Control staining from an
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Extended Data Fig. 4| ATLAS tracing does not disrupt synaptic transmission.
a.Schematic of configuration for whole cell patch clamp recording from Str
neurons following ATLAS-mediated tracing from mPFC. b. Example traces of
light-evoked EPSCs from mCherry-and mCherry+ striatal neurons following
optical activation of inputs from mPFC. c. Statistics comparing onset latency

of eEPSC between mCherry- (n =7 cells from 3 animals) and mCherry+
(n=8cells from 3 animals, mean +/- SEM) striatal neurons. Two-tailed unpaired
t-test, N.S., P =0.2251. d. Statistics comparing amplitudes of eEPSCs measured
inmCherry- (n =7 cells from 3 animals) and mCherry+ (n = 8 cells from 3 animals,
mean +/— SEM) striatal neurons. Two-tailed unpaired t test, N.S., P = 0.2766.

e. Statistics comparing time constants of eEPSCs measured in mCherry- (n=7
cells from 3 animals, mean +/- SEM) and mCherry+ (n = 8 cells from 3 animals)

ChR2-GFP

striatal neurons. Two-tailed unpaired t-test, N.S., P = 0.2342.f. Traces illustrate
the monosynaptic nature of the excitatory input to mCherry-labeled striatal
neurons. eEPSC was suppressed by TTX application and rescued by 4AP. g. High
magnification histological sections showing presynaptic expression patterns
in V1of BACE (upper left), Cre-dependent ChR2 (upper right), ATLASsN,.

(At, lower left), and merged (lower right), asin experiments in Fig. 4e-h. h. High
magnification histological sections showing postsynaptic expression patterns
inthe dorsomedial striatum of mCherry/tdTomato (upper left), Cre-dependent
ChR2 (upper right), and ATLASsn. (At, lower left), and merged (lower right), as
inexperimentsin Fig. 4e-h. Experimentsing.and h. were performed in 3 mice.
Scale bars100 pm.

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-025-02670-x

a b

c-FOS

g
Str

j

s
150 P =0.0357
[ )
5 100 *
E +
] ®e
2 s F °
8 [ ) [ )

o—TT
CNO- CNO+
Extended Data Fig. 5| See next page for caption.

GFP Flurosecence
in Str (a.u.)

-CNO

P =0.0025
1

CNO- CNO+

Cells/0.1mm? in PFC

1600

1400

1200

1000

T

800-

S
CNO- CNO+

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-025-02670-x

Extended Data Fig. 5|In vivo transsynaptic labeling with ATLAS is activity-
dependent. a. Coronal section from mPFC of mouse infected with AAVS-
ATLAS,. + AAV8-hHM3Dq-mCherry in mPFC and AAV8-DIO-GFP in Str,

stained after one week. b. Same section asin a. labeled for endogenous c-FOS
(green). c.Merge of a. and b. d. Closeup of marked regionin c. e. GFP labeling

of postsynaptic cells in Str. f. Closeup of marked regionin e. g.Str from same
mouse as a.-e. showing c-FOS labeling (red). h. Same section as g. showing

GFP labeling.i. Merge of g. and h. j. Coronal section from mouse asin a.

subjected tointraperitoneal injections of CNO. k. Same section asj. labeled for
endogenous c-FOS. 1. Merge of j. and k. m. Closeup of marked region inl. showing
colocalization of c-FOS and At (arrowheads). n. GFP labeling of postsynaptic cells

in Str. 0.Closeup of marked region in n. p. Str from same mouse as inj-r labeled
with c-FOS (red). q. Same section as p showing GFP labeling. r. Merge of p.and q.
s. Significantly more cells in Str were labeled with GFP in mice injected with CNO
vs. those without (n = 5, unpaired t-test, two-tailed). Each data point represents
abiological replicate in a different mouse. t. Intensity of GFP label in Str was
significantly greater in mice injected with CNO vs. mice without CNO (n=5,
unpaired t-test, two-tailed). Each data point represents a biological replicate
inadifferent mouse. u. The number of cells labeled with At in mPFC was not
significantly different in mice injected with CNO vs. in mice without CNO

(n=5, unpaired t-test, two-tailed). Each data point represents a biological
replicatein adifferent mouse. Scale bar 100 pm. Error bars depict mean +/- SEM.
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4 wk.

Extended Data Fig. 6 | Toxicity associated with ATLAS, but not ATLASsn. performed in two mice. c. Same as a. following expression for 4 weeks.

a. Coronal section of mPFC following expression of ATLASsn,. for 2 weeks. Degenerating processes (arrowhead) and swollen cell bodies (arrows) are
Toxicity is evidenced by degenerating processes (arrowhead) and swollen cell apparent. Experiments were performed in two mice. d. Same as b. following
bodies (arrow). Experiments were performed in two mice. b. Coronal section of expression for 4 weeks.

mPFC following expression of ATLASsn,. for 2 weeks. Experiments were
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Extended Data Fig. 7| Transsynaptic labeling of ATLASsn,. from the cortex
to the striatum and thalamus. a. Coronal section from striatum of mouse in Fig.
6c, d injected with AAV8-ATLASsn,. in medial prefrontal cortex and AAV8-DIO-
mCherryinthestriatum and incubated for two weeks showing At labeling of
presynaptic termini. b. Coronal section from striatum of same mouse asina.
showing mCherry-labeled neurons. c. Coronal section at the level of the striatum
of mouse braininjected with AAV8-ATLASsn,. + AAV8-BACE-GFP in the M1 cortex
and AAV8-DIO-mCherry in the striatum and thalamus. Sections were stained for
GFP (green), mCherry (red), and fluorescent Nissl stain (blue). d. Closeup of area
marked in c. showing overlap of projections from neurons expressing AAVS8-
BACE-GFP (green) and neurons expressing mCherry. e. Coronal section at the

level of the thalamus of the same mouse brain asin c¢. and d. showing projections
of neurons expressing BACE-GFP (green), neurons expressing mCherry (red) and
Nissl stain (blue). f. Closeup of area marked in e. showing overlap of projections
from neurons expressing AAV8- BACE-GFP (green) and neurons expressing
mCherry. g. Coronal section at the level of the striatum of a control mouse
injected with AAV8-DIO-mCherry in the striatumin anidentical manner to the
micein c.-f.but with noinjections in the cortex. Negligible mCherry labeling
(red) is visible in the striatum. Sections were also stained with Nissl stain (blue).

h. Closeup of area marked in g. showing negligible mCherry labeling. Scale bars in
a,b,d,f,andh100 um;inc,e,andgl mm.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| Transsynaptic labeling of ATLASsn,. from cortical

to subcortical areas. a. Coronal section from auditory cortex (A1) of amouse
injected with AAV8-ATLASsn,.and AAV8-BACE-HA in A1, and AAV8-DIO-GFPin
bilateral inferior colliculi (IC) and incubated for two weeks showing At labeling
of presynaptic neurons. b. Coronal section from the same mouse asin a. showing
GFP labeling in bilateral IC consistent with bilateral postsynaptic staining.
c.Closeup of areamarked inb. d. Coronal section from prefrontal cortex of a
mouse injected with AAV8-ATLASsn.,. and AAV8-BACE-HA in the prefrontal
cortex, and AAV8-DIO-GFP in the claustrum (Cl) and incubated for two weeks
showing At labeling of presynaptic neurons. e. Coronal section from the same
mouse as ind. showing GFP labeling in CI. f. Closeup of areamarkedine.

g. Horizontal section from entorhinal cortex of amouse injected with AAV8-
ATLASsn¢,. and AAV8-BACE-HA in the entorhinal cortex (EC), and AAV8-DIO-
GFPinthe hippocampus, and incubated for two weeks showing At labeling of
presynaptic neurons. h. Horizontal section from the same mouse as in g. showing
GFPlabeling of dentate granule cells in the dentate gyrus (DG) and cells in the
subiculum (Sub).i. Closeup of areamarked in h. j. Quantitation of labeling of
anterograde pathways. PFC-STR, Extended Data Fig. 3; PFC-CL, Extended Data
Fig.8d-f.; A1-1C, Extended Data Fig. 8a-c.; EC-Hp, Extended Data Fig. 8g-i.;
SC-PBG, Fig. 5j-1.; LGN-V1, Fig. 3i-1.; V1-SC, Fig. 3e-h. Each data point represents a
biological replicate in a different mouse. Error bars depict mean +/- SEM.

Scale bars100 pm.
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the same mouse as in e. g. Coronal section from PFC of an experiment similar to
thatina., c.,and e.incubated for 21 days. h. Coronal section of striatum from the
same mouse as in g.i. The number of cells labeled in the PFC between 4 days and
21days.j. The total intensity of GFP labeling in Str between 4 and 21 days. k. The
number of cells labeled with GFP in Str between 4 and 21 days. Each data point
represents a biological replicate in a different mouse. Scale bars 100 pum.

Extended Data Fig. 9| Time course of transsynaptic tracing from mPFC to
striatum. a. Coronal section from PFC of a mouse injected with AAV8-ATLASsN,.
and AAV8-BACE-HA in PFC, and AAV8-DIO-GFP in Str, and incubated for four
days. b. Coronal section from the same mouse asin a. c. Coronal section from PFC
of anexperiment similar to thatin a. incubated for 7 days. d. Coronal section of
Str from the same mouse as in c. e. Coronal section from PFC of an experiment
similar to thatina. and c.incubated for 14 days. f. Coronal section of Str from
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Reporting on sex and gender n/a

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was made. Sample size was based on prior studies in which similar analysis was performed (Zingg et al., 2017).
Data exclusions  No data was excluded

Replication All data was replicated at least once.

Randomization  Animals were randomized. Experiments on tissue culture cells had controls performed in the same cultures

Blinding Blinding was not possible due to telltale signs that a particular experiment was a control or not, such as thepresence or absence of At staining.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

XX X[
XXX

Dual use research of concern

Antibodies

Antibodies used Chicken anti-GFP, AVES (gfp-1020, NC9510598), 1:1000; Fluotag-X2 anti-ALFA, NanoTag (N1502-ALFA647-L), 1:1000; mouse anti-
NeuN antibody, EMD Millipore (MAB377), 1:1000, c-Fos (9F6) Rabbit mAb, Cell Signalling Technology (2250T), 1:1000; rat anti-
mCherry, Thermo Fisher (M112117, clone 16D7), 1:1000; Rabbit anti-RFP (1:2000, Rockland Inc., Limerick, PA, USA; Catalog
#:600-401-379; Clonality: Polyclonal), Rabbit anti-GluA1, EMD Millipore (ABN241); mouse anti-PSD-95, NeuroMab (75-348, clone
K28/74); mouse anti-Cre, EMD Millipore (MAB3120, clone 2D8), 1:1000; chicken anti-MYC, Novus Biologicals (NB600-334), 1:1000;
Alexa Flour 488-conjugated goat anti-chicken Thermo Fisher (A11006), 1:1000; Alexa Flour 488-conjugated goat anti-mouse 1gG,
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Validation

Thermo Fisher (A-11001), 1:1000; Alexa Flour 594-conjugated anti-rabbit 1gG, Thermo Fisher (A-11012), 1:1000; Alexa Flour 594-
conjugated anti-mouse IgG, Thermo Fisher (A-11005), 1:1000; Alexa Flour 647-conjugated goat anti-mouse 1gG, Thermo Fisher
(A-21235), 1:1000; Alexa Flour 647-conjugated goat anti-rabbit IgG, Thermo Fisher (A-21244), 1:1000;

all antibodies against tag peptides/proteins (GFP, RFP, anti-ALFA) were tested on neurons with and without the tag/peptide
expressed to determine whether there were any off-target effects. Anti-Neun was validated in over 20 studies listed at https://
www.merckmillipore.com/IE/en/product/Anti-NeuN-Antibody-clone-A60,MM_NF-MAB377?ReferrerURL=https%3A%2F%
2Fwww.google.com%2F&bd=1#documentation. anti-c-fos was validated by western blot and 1103 citations at https://
www.cellsignal.com/products/primary-antibodies/c-fos-9f6-rabbit-mab/2250?
srsltid=AfmBOogNLE9a7fKDYaKHvINIinKeVg7MTgpBwijgl5YVCUr2pKCoex8m. anti-GluA1 was validated by immunocytochemistry
and western blot at https://www.emdmillipore.com/US/en/product/Anti-GluR1-Antibody, MM_NF-ABN241. anti-PSD-95 was
validated by immunocytochemistry and western blot on knockout animals at https://neuromab.ucdavis.edu/datasheet/K28_74.pdf.
Anti-cre was validated with immunocytochemistry and references were listed at https://www.emdmillipore.com/US/en/product/
Anti-Cre-Recombinase-Antibody-clone-2D8 MM_NF-MAB3120#documentation

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

COS7 cells (ATCC, CRL-1651). HEK 293T cells (ATCC, CRL-3216)

cells were authenticated via morphological examination.

Mycoplasma contamination cells were tested for mycoplasma by the supplier https://www.atcc.org/products/crl-16517?

matchtype=b&network=g&device=c&adposition=&keyword=cos%207%
20cells&gad_source=1&gclid=CjwKCAiApsm7BhBZEiwAvIu2X-Vdqpi2 d6x7x4Kjx5u4A1vOR-DfS8UFAzkpTFKT-
WMgqFxRtZ_TsxoCTOMQAVD_BWE However, they were not independently tested in the investigator's lab.

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

sprague dawley rats, P6-P8; C57BL/6J mice, 2-6 months; Vipr2-Cre (Cre expression in dLGN, Jackson Laboratories, strain #031332),
and Sst-IRES-Cre (Cre expression in somatostatin interneurons, Jackson Laboratories strain #013044) mice aged 2—6 months. Mice
and rats were housed in a light-controlled (12 h light/dark cycle) environment with ad libitum access to food and water. Ambient
temperatures of 65-75 Deg F with 40-60% humidity were maintained for all animals.

n/a

Both sexes were used in all experiments. Sex-based data was not collected because because there was no apparent variation with
sex.

n/a
All experiments were performed in accordance with NIH Guidelines for the Care and Use of Laboratory Animals, and all procedures

were approved by the Institutional Animal Care and Use Committee of the University of Southern California, NIH, or Harvard Medical
School.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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