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Rabies-virus-based monosynaptic tracing is a widely used technique for
mapping neural circuitry, butits cytotoxicity has confined it primarily to
anatomical applications. Here we present a second-generation system

for labeling direct inputs to targeted neuronal populations with minimal
toxicity, using double-deletion-mutant rabies viruses. Viral spread

requires expression of both deleted viral genes in transin postsynaptic
source cells. Suppressing this expression with doxycycline following an
initial period of viral replication reduces toxicity to postsynaptic cells.
Longitudinal two-photonimagingin vivo indicated that over 90% of both
presynaptic and source cells survived for the full 12-week course of imaging.
Ex vivowhole-cell recordings at 5 weeks postinfection showed that the
second-generation system perturbs input and source cells much less

than the first-generation system. Finally, two-photon calcium imaging of
labeled networks of visual cortex neurons showed that their visual response
properties appeared normal for 10 weeks, the longest we followed them.

Monosynaptic tracing, or the labeling of neurons in direct synaptic
contact with atargeted neuronal population using a deletion-mutant
neurotropic virus, has become an important technique in neurosci-
ence since its introduction in 2007 (ref. 1) because it is the primary
available means of brain-wide identification of directly connected
neurons. Its core principles are as follows: (1) selective infection of a
targeted group of neurons with a deletion-mutant neurotropic virus

(whichinalmostallimplementations to dateisarabies virus (RV) with
theenvelopeglycoprotein gene G (National Center for Biotechnology
Information (NCBI) gene symbol RABVgp4) deleted fromits genome)
and (2) complementation of the deletion in trans in the targeted
starting cells so that the virus can fully replicate within them and spread,
as wild-type RV does, retrogradely (in the central nervous system?)
across those neurons’ input synapses to neurons directly presynapticto
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them. This system has contributed to many discoveries about the syn-
aptic organization of many systems in the mammalian nervous system.

Withafew exceptions, monosynaptic tracing has primarily served
simply as an anatomical tool for static identification of connected
neurons, because the first-generation (AG) rabies viral vectors that
itis based on are swiftly cytotoxic®™. This toxicity stems from the
fact that the deletion of just the glycoprotein gene leaves the viral
transcription and replication machineryintact. The virus still rapidly
expresses its genes at high levels and replicates the viral core to high
copy numbers®, perturbing endogenous gene expression’®, inhibiting
host cell protein synthesis’ and killing most infected neurons within
approximately 2 weeks**.

Several efforts have been made to engineer less-toxic or nontoxic
monosynaptic tracing systems. A first-generation system based on the
CVS-N2cstrain of RV appears to have lower toxicity than does the widely
used SAD B19 strain’. More recently, it was reported that adding a destabi-
lizationdomainto the C terminus of the viral nucleoproteinrendered the
virus nontoxic, allowing monosynaptic tracing ‘with no adverse effects
onneural physiology, circuit functionand circuit-dependent computa-
tions™ . We have since shown that those results were probably obtained
using reversion mutants that had lost the intended C-terminal addition",
although we also showed that the technique may be salvageable", and
theauthors of the original study have persevered with their approach'.
Fromourownlaboratory, we haveintroduced second-generation (AGL)
rabies viral vectors, which have the viral polymerase gene L (for large
protein; NCBIgene symbol RABVgpS5) deleted along with G, and showed
that they do not appear to perturb the structure or function of labeled
neurons’. However, no one has previously shown that these vectors can
spread between neurons. Although abaculovirus-based complementa-
tionsystem hasrecently beenreported, it was not shown towork either
invivo or otherwise®.

Here we show that second-generation (AGL) rabies viral vectors
canbe used for monosynaptictracing of inputs to genetically defined
populations of neurons, with the double deletion complemented by
expression of both deleted viral genesin transin the postsynaptic cells.

Results
Construction of a AGL-based monosynaptic tracing system
We planned for the second-generation monosynaptic tracing system
to use the same pseudotyping strategy’ used in the first-generation
one for targeting the initial RV infection to the postsynaptic starting
cells (or source cells, defining these as RV-infected cells expressing
the complementing gene(s) and therefore able to support viral rep-
lication). We began by making versions of our previously introduced
second-generation (AGL) rabies viral vectors* packaged with the avian
retroviral envelope protein EnvA, for selective infection of cells engi-
neered to express EnvA's receptor, referred to as TVA (tumor virus a)'**.
Whereas the first-generation system typically relies on an
adeno-associated virus (AAV) (referred to as a helper virus or helper
AAV) for expression of the deleted glycoprotein gene in trans in

the source cells'®", the polymerase gene that is also deleted in the
second-generation vectors is ~6.4 kb, too large?** for a straightfor-
ward extension of this approach. We also wanted expression of both
the polymerase and the glycoprotein to be regulatable, because we
anticipated that sustained expression and resulting viral replication
could be toxic to source cells.

We, therefore, generated a knock-in mouse line, TRE-CB (short
for TRE-tight-mCardinal-P2A-B19L), in which the genes for the RV
polymerase (SAD B19 strain) and the red fluorophore mCardinal**
are under the control of the tetracycline response element® in
the TIGRE locus®* ., To interface with this polymerase allele, we
developed a helper virus combination (now published for use with
first-generation RV'*?>*°) based on the Tet system. Specifically, one
AAV, AAV1-syn-FLEX-splitTVA-EGFP-tTA is Cre-dependent® (FLEX/DIO
design®”) and expresses TVA, the enhanced green fluorescent protein
(EGFP)***and the tetracycline transactivator (tTA), whereas asecond
AAV, AAVI-TREtight-mTagBFP2-B19G, expresses the RV glycoprotein
and the blue fluorophore mTagBFP2 (ref. 35) under the control of the
tetracycline response element. Our intent was that, when the helper
viruses were used in the TRE-CB mouse with Cre expressioninstarting
cells, the tTA expressed by the first AAV would drive expression both of
Gfromthe second AAV and of L from the knock-inallele. Note that the
use of tTA makes this a Tet-Off system so that the genes are expressed
by default, with optional administration of a tetracycline analog (for
example, doxycycline) acting to suppress their expression.

AGL viruses, by design, express genes at very low levels and are
thereforeintended to express recombinases, which allow many down-
stream applications even when expressed at low levels*. The viruses in
this study therefore encoded either Cre (codon-optimized for mouse™)
or Flpo (a codon-optimized version of the yeast recombinase FIp*”*®).
Another necessary component of the system was therefore ameans of
reporting Cre or Flpo activity, for which we used the Ail4 (ref. 39) and
Ai65F (ref. 28) mouse lines, in which recombination causes tdTomato
expressionin cells expressing Cre or Flp, respectively.

Based on our extensive prior experiments titrating these helper
viruses for use with first-generation RV to achieve high transsynaptic
spread efficiency in Cre mice but low background without Cre?**,
for this second-generation system, we used the same helper virus
concentrations and 7-d interval between AAV and RV injections as we
have previously described for the first-generation one, only varying
the survival time after RV injection.

Labeling inputs to corticostriatal projection neurons

We targeted corticostriatal cells in primary somatosensory cortex
(S1) using rAAV2-retro (ref. 40) injected into dorsolateral striatum
(Fig. 1), with helper AAVs and subsequently RVAGL injected into S1.In
one design (Fig. 1a), the rAAV2-retro expressed Cre, the helper AAVs
were Cre-dependentas described above and the RVAGL expressed Flpo.
These injections were done in the Ai65F reporter line (FIp-dependent
tdTomato) crossed to TRE-CB. In the other design (Fig. 1b), the

Fig.1|Second-generation monosynaptic tracing of inputs to corticostriatal
neurons. a,b, Corticostriatal neurons were retrogradely targeted by an AAV2-
retro expressing either Cre or Flpo injected in dorsolateral striatum, witha
Cre-or Flp-dependent helper virus combination injected in S1. EnvA-enveloped
AGLRV expressing either Flpo or Cre was injected in S17 d later. The mice were
crosses of the TRE-CB line described here with tdTomato reporter lines to report
the activity of RVs. ¢, Results using the FIlpo-expressing RV. At 2 weeks, few cells
were found ininput regions, whereas by 5 weeks, substantial numbers of labeled
cellswere found inipsilateral secondary motor and somatosensory cortices, in
contralateral S1, and ipsilateral thalamus, with or without doxycycline (note that
doxycycline suppresses expression of mTagBFP2 as well as the viral genes Gand L).
Scale bars: 200 pum, apply to allimages. d, Results using the Cre-expressing
RV.Imagesin cand d are representative of four independent experiments
thatyielded similar results. e,f, Counts of labeled cells in contralateral S1and

ipsilateral thalamus for RVAGL-Flpo (e) and RVAGL-Cre (f). Counts are the total
number of cells found in a series of every sixth 50-pm section spanning each brain
so that the true number of labeled neurons in the entirety of each brain would be
approximately six times the number shown here. Although the first-generation
Flp-dependent system at 2 weeks had on average labeled more neurons ininput
regions than any other condition (), almost no source cells were found in the
first-generation conditions at 2 weeks (Extended Data Fig. 3), suggesting that
almost all source cells had died by that point. g,h, Same data asin e and fbut with
the first-generation counts omitted and with the ranges of the y axes of the FIpo
and Cre versions set to the same value for each input region. Box plots depict the
mean (center), first and third quartiles (lower and upper box limits) and minima
and maxima (bottom and top whiskers). One-way ANOVAs were used for all data
analysis in this figure (e,f). **indicates 0.001 < p < 0.01; *indicates 0.01 < p < 0.05.
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rAAV2-retro expressed Flpo, the helper AAVs were Flpo-dependent
(that s, the first helper virus contained orthogonal Flp recognition
target (FRT) sites instead of lox sites) and the RVAGL expressed Cre
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instead of Flpo. These injections were done in the Ail4 reporter line
(Cre-dependent tdTomato) crossed to TRE-CB. Titers of AAV and RV
vectors were matched across the two designs (Methods). To test the
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effect of using the Tet-Off mechanism to suppress G and L expression
after aninitial period of unrestricted viral replication, in some condi-
tions we switched the mice to food containing doxycycline 2 weeks
after RVinjection (dox (food) conditions), whereas in others (the dox
(injection + food) conditions) mice also received doxycycline by intra-
peritonealinjection for 3 d beginning at the same time as dox food was
begun. Two to five weeks after RV injection, mice were perfused and
theresults were examined by confocal microscopy, with transsynaptic
spread efficiency quantified by counting labeled neuronsin contralat-
eral cortex and ipsilateral thalamus.

With the Flpo-expressing RVAGL, when all components were
included, there were labeled neurons in the input regions at two dif-
ferent survival times (2 and 5 weeks after RV injection), with or with-
out doxycycline (Fig. 1c,e,g; see Supplementary Table 1 for all cell
counts and statistical comparisons). This spread of the AGL virus to
input regions, increasing with time, was despite the fact that we were
unable to see clear mCardinal signal, suggesting very low expres-
sion of L under the conditions implemented (Extended Data Fig. 1).
First-generation control experiments using RVAG-Flpo with the 7-d
survival time that is typical for the first-generation system*** labeled
significantly more cellsinboth inputregions than any condition using
the second-generation RVAGL-Flpo (Fig. 1e; see Extended Data Fig. 2
forimages from control conditions).

The second-generation system using the RVAGL expressing Cre
instead of Flpo resulted in label in input regions that was not signifi-
cantly different than when using the corresponding first-generation
one (Fig. 1d,f,h), although many of the comparisons were under-
powered due to high variance and modest n (= 4 mice per condition
throughout our study).

Control experiments in which either G or Cre/Flpo was omitted
resulted in very few (at most four per series) labeled cells in input
regions in either contralateral cortex or thalamus (Fig. 1e-h and
Extended Data Fig. 2). This indicates that the apparent transsynaptic
spread was not due to trivial confounding effects, such as direct retro-
grade infection by the TVA-expressing helper AAV followed by infec-
tion of the resulting TVA-expressing axons by the RV, or simply direct
retrograde infection by residual RV coated with its native glycoprotein.
For more discussion of such possible confounds, see ref. 29.

Crucially, control experiments in which L was omitted (by using
double transgenics without the TRE-CB allele) resulted in no thalamic
label with either virus, no contralateral cortical label with RVAGL-FIpo
and at most four labeled contralateral cortical neurons withRVAGL-Cre
(Fig.1le-hand Extended DataFig. 2). Thisindicates that complementa-
tionwith both GandLisrequired for the AGL virus to replicate within
the source cells and spread to presynaptic ones.

Note that, although the first-generation RVAG-Cre at 2 weeks
postinjection had labeled more input neurons on average than any
other condition (Fig. 1f), almost no source cells were found at this time
point with either of the first-generation combinations (none in six of
eight mice, and two cells eachin two mice; Extended DataFig.3a,cand
Supplementary Table 1), suggesting that the first-generation system
had killed nearly all source cells by that point.

Representative whole-brain image series of labeled inputs
to corticostriatal neurons using the Cre-expressing first- and
second-generation rabies viral vectors are shown in Extended
DataFig. 4.

Labelinginputs in Cre mouse lines

We tested the systemin the following two widely used Cre mouse lines:
DAT-IRES-Cre*?*and PV-Cre*, crossed to TRE-CB and the FIp reporter line
Ai65F (Fig. 2 and Extended Data Figs. 5-8). In DAT-IRES-Cre, in which
Creisexpressedindopaminergic cellsinthe midbrain, weinjected the
viruses in substantia nigra pars compacta (SNc; Fig. 2a). In PV-Cre, in
which Cre is expressed in parvalbumin-expressing cells in cortex and
elsewhere, we injected primary somatosensory cortex (S1; Fig. 2d).

Inboth mouse lines, with or without doxycycline, we found spread
of RVtoregions knownto provideinput to the respective populations.
In DAT-IRES-Cre, we found labeled neurons in striatum (Fig. 2b) and
cortex. InPV-Cre, we found labeled neurons in thalamus (Fig. 2e) and
other cortical areas, among other locations. In both mouse lines, just
as with the corticostriatal experiments described above, there were
more neurons at a later time point (5 weeks following RV injection)
than at an earlier one (3 weeks; see Supplementary Tables 2 and 3 for
all cell counts and statistical comparisons). Because pilot studies had
suggested that survival times of 1or 2 weeks did not resultin substantial
spread and that survival times of 7 weeks and higher did not result in
much more spread than at 5 weeks, we only compared 3- and 5-week
survival times for this set of quantitative experiments.

Administration of doxycycline beginning 2 weeks after RV injec-
tion did not result in significantly different amounts of label in input
regions in either mouse line at either survival time, although these
comparisons were again underpowered. This was contrary to our
expectation that thisintervention, which was designed to reduce toxic-
ity tosource cells by shutting off viral replication after aninitial period,
could also reduce the efficiency of transsynaptic spread.

Comparison to the first-generation system in the same Cre lines,
however, showed that this implementation of the second-generation
one appeared to be far less efficient—matched experiments using a
first-generation virus, RVAG-Flpo (and in mice without the TRE-CB
allele), with a 7-d survival time, labeled 1.3-1.5 orders of magnitude
(-21xin DAT-IRES-Cre and ~33x in PV-Cre) more neurons in input regions
(Fig. 2¢,f).

The results of the control experiments with both mouse lines
were as expected—omission of any of G, L or Creresulted in almost no
labeled cells ininput regions (Fig. 2 and Extended Data Figs. 5and 6).

Mapping inputs to dopaminergic neuronsin aFlpo mouse line
Because the FIp-dependent version of the system using RVAGL-Cre
resulted in more labeled input neurons than the Cre-dependent one
using RVAGL-Flpoin the corticostriatal experiments (Fig. 1), we tested
the FIp-dependent system in DAT-P2A-FIpo mice (crossed to TRE-CB
and Ail4), againinjecting helper AAVs and RVsin SNc (Fig. 3a). We again
found the expected patterns of label at the injection site and in the
striatum and other input regions (Fig. 3b—d), and controls in which
either Gor Flpo were omitted resulted in very few (0-5) labeled cellsin
striatum (Fig. 3b,f,g). Without doxycycline, the numbers of labeled stri-
atal cells were not significantly higher with the Flp-dependent system
inthis mouse line than with the corresponding Cre-dependent condi-
tion in DAT-IRES-Cre mice (RVAGL-Cre in DAT-FIpo: mean 167 striatal
cells; RVAGL-Flpo in DAT-IRES-Cre: mean 76.75 striatal cells; P= 0.134,
n=4mice per condition; see Supplementary Table 4 for counts and
statistical comparisons). With doxycycline, the numbers were lower
thaninthe corresponding Cre-dependent condition, a difference that
was significant. The first-generation system did not label significantly
more striatal cells than did the second-generation system (Fig. 3b,e;
RVAGL-Cre 5 weeks no dox: mean 167 striatal cells; RVAG-Cre 1 week:
mean 511.5 striatal cells; P= 0.051, n =4 mice per condition). See also
Extended DataFig. 7 forimages of label in several input regions (amyg-
dala, external globus pallidus and nucleus accumbens) for both AG and
AGL viruses expressing Flpo and Cre, Extended Data Fig. 9 for source/
starter cell counts and ratios and Extended Data Fig.10 for whole-brain
image series for RVAG-Cre and RVAGL-Cre.

Longitudinal two-photonimaging of labeled networks

We conducted several experiments to assay the survival and physi-
ological status of neurons labeled with the second-generation
monosynaptic tracing system. In previous work, we used longitu-
dinal two-photon microscopy to show that neurons labeled with a
second-generation (AGL) RV stayed alive for as long as we imaged
them and also that it did not appear to perturb their visual response
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Fig.2|Second-generation monosynaptic tracing in Cre mice. a, Experiment
design for labeling inputs to dopaminergic cellsin SNc. The Cre-dependent
helper virus combination was injected into SNc of triple transgenic mice
(DAT-IRES-Cre x TRE-CB x Ai65F); EnvA-enveloped AGL RV expressing FIpo was
injected 7 d later. b, Labeled cells 5 weeks after RV injection, without doxycycline.
i-v, injection site in SNc, with many cells coexpressing tyrosine hydroxylase
(indicating the dopaminergic cells), EGFP (expressed by the first helper virus),
mTagBFP2 (expressed by the second helper virus) and tdTomato (reporting
activity of the Flpo-expressing RV). Scale bar iniii: 100 pm, applies to allimages;
vi, medium spiny neurons in striatum labeled by the AGL RV. ¢, Counts of labeled
striatal cells (total found in a series of every sixth 50-pm section spanning each
brain) in all conditions tested. d, Experimental design for labeling inputs to
parvalbumin-expressing cells in primary somatosensory cortex (S1) in PV-Cre

x TRE-CB x Ai65F mice. e, Example of labeled cells 5 weeks after RV injection,

EGFP (reports TVA and tTA)

ine hydrox Striatum

EGFP (reports TVA and tTA)

Thalamus

without doxycycline. i-v, injection site in S1, with many cells coexpressing
parvalbumin, reporters of both helper viruses and tdTomato reporting activity
ofthe RV.In addition to these source cells, many putatively presynaptic cells
expressing tdTomato are present. Scale bar iniii: 100 pm, applies to all images;
vi, relay neurons inipsilateral thalamus labeled by the AGL RV.f, Counts of
labeled thalamic cells (total found in a series of every sixth 50-um section
spanning each brain) inall conditions tested. The first-generation system labeled
many more cells than did this implementation of the second-generation system,
potentially due to the low efficiency of recombination by Flpoin these reporter
mice. Box plots depict mean, first and third quartiles and minima and maxima.
One-way ANOVAs were used for all data analysis in this figure. *indicates
p<0.001.Imagesinb and e are representative of four independent experiments
thatyielded similar results.

properties*. Because we had only used the Cre-expressing versions
of AG and AGL viruses for the longitudinal two-photon imaging work
from our previous publications*", we first conducted a similar set

of experiments using the Flpo-expressing RVAGL and confirmed
that it was similarly nontoxic (Supplementary Fig. 1). These findings
suggested that second-generation monosynaptic tracing should be
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no dox and first-generation conditions: one-way ANOVA, P=0.05095. ¢, Labeled
cells 5 weeks after RV injection, without doxycycline. Many cells at the injection
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apply to allimages. Images from c to g are representative of four independent
experiments that yielded similar results.
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both ‘dox’ and ‘no-dox’ groups. i, Aligned 12-week two-photon and postmortem
confocalimages from a ‘no-dox’ mouse. Scale bar: 20 um. j, Aligned 12-week two-
photon and confocal images from a ‘Dox’ mouse. Scale bar: 20 pm. k, Large-scale
confocalimage of labeled neurons in multiple visual cortical areas in the same
‘Dox’ mouse. Green rectangle indicates the FOV shown inj.Images fromb, c,i-k
arerepresentative of threeindependent experiments that yielded similar results.
1, Counts for each ‘no-dox’ mouse of the total number of imaged tdTomato*

cells (red), the number of cells that disappeared (black) and the number of cells
found by postmortem confocal imaging to have expressed both tdTomato and
mTagBFP2, considered surviving source cells (magenta). m, Counts for each
‘dox’ mouse of the total number of imaged tdTomato" cells (red), the number

of cellsthat disappeared (black) and the assumed number of total source cells
(magenta). n, Estimated source cell survival rates for ‘dox’ and ‘no-dox’ groups.

quite nonperturbative to labeled presynaptic neurons (which are only
infected with the AGL viruses and not the helper viruses), except per-
haps to the extent that toxicity to the postsynaptic source cells might
perturb cells presynaptic to them by trophic or other network effects.

We then conducted animaging experiment to assay how toxic the
full second-generation monosynaptic tracing system was to neurons,
including the source cells, in which G and L were provided (Fig. 4).

Similar to the experiments presented in Fig. 2d-f, we injected the
Cre-dependent helper virus combination into visual cortex of PV-Cre
x TRE-CB x Ai65F mice, followed by RVAGL-FIpo(EnvA) 7 d later. For
this set of experiments, we additionally implanted a headmount and
opticalwindow (Methods), and we imaged fields of view at or near the
injection sites on a two-photon microscope repeatedly over 14 con-
secutive sessions beginning at 2 d postinjectionand ending at 12 weeks
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Fig.5|Membrane properties of cells labeled by first- and second-generation
monosynaptic tracing. a,b, Experimental design. Beginning 35 d after RV
injection, labeled neurons (input cells, defined as pyramidal neurons expressing
tdTomato alone, or source cells, defined as neurons expressing both tdTomato
and mTagBFP2) were targeted for ex vivo whole-cell recording. For AAV-only
mice, so-called source cells denote neurons expressing mTagBFP2 and so-called
input cells denote nearby unlabeled pyramidal neurons. c-h, Membrane
properties of input cells (defined above). ¢, RMP; d, capacitance; e, rheobase
andf, input resistance (Rm) of input cells. AGL, 26 cells from four mice; control,
13 cells from three mice; AG, 22 cells from three mice; RMP, one-way ANOVA,
F(2,58) =0.35,P=0.71. Capacitance, one-way ANOVA, F(2,58) =4.924,p=0.011,
Dunnett’s multiple comparisons test, AGL versus control, P= 0.93, AG versus
control, *p =0.023. Rheobase, one-way ANOVA, F(2,58) =1.81,p = 0.17.Rm, one-
way ANOVA, F(2, 58) = 4.13, P= 0.021, Dunnett’s multiple comparisons test, AGL

versus control, p > 0.99, AG versus control, p = 0.060. g, Representative traces
ofinput cells’ firing in response to 250 pA currentinjection. h, Input cells’ firing
frequency in response to sequential current step injection. Two-way ANOVA,
F(2,52) =5.61, P=0.0062. Dunnett’s multiple comparisons test, AGL versus AAV
control, p=0.94, AG versus AAV control, *p = 0.031.i-n, Membrane properties
of source cells (defined above) in the AGL and control groups. Note that no
surviving source cells could be found in the AG group at this survival time. i, RMP;
j, capacitance; k, rheobase; I, Rm of source cells. AGL, 10 cells from four mice;
control, 19 cells from three mice; RMP, unpaired t tests (two-tailed), *p = 0.016.
Capacitance, unpaired t tests (two-tailed), p = 0.95. Rheobase, unpaired

ttests (two-tailed), p = 0.47.Rm, unpaired ¢ tests (two-tailed), *p = 0.040.

m, Representative traces of source cell firing in response to 450 pA current
injection. n, Source cells’ firing frequency in response to sequential current step
injection. Two-way ANOVA, F(1,27) =1.42, p= 0.24. Error bars: mean +s.e.m.

(Fig. 4a). Just as for the previous experiments, half of the mice were
given doxycycline beginning at 2 weeks postinjection.

We found that, with or without doxycycline, the majority of
tdTomato-labeled cells at the injection sites survived for the full
12 weeks of imaging in most mice. For the mice that did not receive
doxycycline and that therefore had G and L expressing throughout the
12-week experiment, 63.4% of labeled cells survived through the final
imaging session. For the mice that did receive doxycycline, however,
94.4% of labeled neurons survived (Fig. 4b—h and Supplementary
Fig.2; see also Supplementary Table 6 for cell counts). Again, despite
doxycycline administration, transsynaptic spread to other cortical
areas was still widespread in these mice (Fig. 4k).

Although the overall cell survival rate was high, we anticipated
that it would be lower for source neurons, in which G and L are pro-
vided and viral replication is therefore restored. To determine the
survival rate of source cells, the ideal approach would have been to
image both tdTomato (reporting activity of the Flpo expressed by
the RV) and mTagBFP2 (coexpressed with G by the second helper
virus)—neurons that expressed both fluorophores would be both
infected by the RVAGL and expressing G (and presumably L, because
both depend on tTA expression) and therefore competent hosts for
the RV to replicate within and spread to cells presynaptic to them.
However, because the two-photon microscope to which we had
access was unfortunately incapable of producing short-wavelength
light at sufficient power to allow imaging of mTagBFP2 in vivo, we
had torely onindirect measures to estimate the source cells’ survival
rates. Note that EGFP, which was coexpressed with TVA, isnot agood
indication of whether acellis asource cell, because, although some
of the cells expressing TVA would have been directly infected by
the EnvA-enveloped RV, only a subset of such cells also express G
(as reported by mTagBFP2; Supplementary Table 3) and L and are
therefore able to support replication and spread of the RV. In any

case, at the helper virus concentrations used”*°, the intrinsic EGFP
signalis quite weak and needs to be amplified withimmunostaining
to be clearly discernible.

Following longitudinal two-photonimaging of tdTomato-labeled
cellsover the full12 weeks, therefore, we perfused the mice, sectioned
the brains in a plane approximately parallel to the imaging plane and
thenimaged the same regions using confocal microscopy. This allowed
us to image both tdTomato and mTagBFP2 (for animals that had not
received doxycycline) and then align the confocal images with the
two-photon ones from the 12-week time point to identify the surviving
double-labeled source cells (Fig. 4i,j). For those animals that did receive
doxycycline, the blue channel contained little signal, as expected
(Fig. 4j). Our second goal for the confocal imaging, however, was to
confirm that transsynaptic spread in these mice used for two-photon
imaging had occurred, whichit had (Fig. 4k). For both dox and no-dox
conditions, we made the assumption that all cells that had died were
source cells, based on our finding that cells infected solely with
RVAGL-Flpo without complementation almost always survive (Sup-
plementary Fig. 1; see also ref. 4 for extensive characterization of the
nontoxicity of AGLRV).

In the mice that did not receive doxycycline, in which the surviv-
ing source cells (that is, those expressing red and blue fluorophores)
were visible by confocal microscopy (Fig. 4i), we estimated the source
cell survival rate in each mouse as the ratio of the number of cells in
the field of view expressing both red and blue fluorophores divided
by the sum of that number plus the number of cells that died in that
field of view (Fig. 41,n; see Supplementary Table 6 for cell counts and
calculations). For these no-dox mice, we obtained a survival rate of
53.2% of source cells.

Inthe mice thatdid receive doxycycline, in which surviving source
cellswere notidentifiable as such by postmortem confocal microscopy
because they no longer expressed mTagBFP2 (Fig. 4j), we made the
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Fig. 6 | Functional two-photonimaging of transsynaptically labeled neurons’
visual response properties over 10 weeks. a, The experimental design was
similar to that shownin Fig. 4 but with a Flp-dependent jGCaMP7s AAV injected
along with the RV. b, Following the virus injections, the injection site was imaged
on atwo-photon microscope while the awake mice were presented with drifting
grating stimuli of different orientations and TFs, repeatedly for 10 weeks after
RVinjection. ¢, Representative two-photon field of view of neurons expressing
jGCaMP7s (green channel) and tdTomato (red channel). Scale bar: 50 pm. Images
from care representative of two independent experiments that yielded similar
results. d, Tuning curves of ajGCaMP7s-expressing neuron obtained with drifting
gratings presented at 12 directions of motion and five TFs, repeated ten times
(mean AF/F + s.e.m.) at three different time points (left, week 3; middle, week 6

andright, week 10). e, Fraction of cells tuned at six different time pointsin two
mice. The number of tuned neurons does not decline with time, suggesting intact
response properties despite labeling by RVAG. f, Tuning patterns at week 10 of
11jGCaMP7s-expressing neurons showing clear preferred direction tuning, as
well as the tuning pattern of an untuned neuron, representative of roughly half
ofimaged cells. g, Direction tuning patterns of six individual cells recorded at
multiple time points (from week 1to week 10). The top two cells became visible at
week 1, the middle two appeared at week 2 and the bottom two cells appeared at
week 3. Tuning patterns remain stable over the entire imaging period. h, Single-
cell fluorescence time courses for 25 cells, showing activity over the first 120 s of
visual stimulation. Cells are ranked in descending order of total activity.
Scalebar:10s.

assumption that source cells made up the same percentage of total
tdTomato-labeled neurons in the fields of view in the dox mice as in
the no-dox ones because the experimental conditions were identical
apart from the switch to doxycycline 2 weeks after RV injection. This
gave us an estimated number of total source cells for each mouse. The
difference between that and the (small) number of neurons that had
disappeared over the course of the two-photon imaging gave us an
estimated number of surviving source cells. The ratio of the estimated
number of surviving source cells to the estimated total number of
source cellswas our estimate of the source cell survival rate (Fig. 4m,n;
see Supplementary Table 6 for cell counts and calculations). For these
doxycycline mice, we obtained an estimated survival rate of 92.3% of
source cells.

Ex vivo whole-cell recordings from input and source neurons

Tofurther assay the degree to which the second-generation monosyn-
aptictracing system perturbsinputand source neurons, we performed
whole-cell recordings inacute brainslices from miceinwhichinputsto
parvalbumin-expressing cortical neurons had been labeled (Fig. 5). As
with the anatomical experiments (Fig. 2), we injected Cre-dependent
helper viruses in primary sensory cortex of PV-Cre x TRE-CB x Ai65F
mice, followed by either RVAG-Cre(EnvA) or RVAGL-Cre(EnvA; or no
RV for AAV-only controls) 7 d later (Fig. 5a). Beginning 35 days after
RVinjection, we made slices from the injected brains and conducted
whole-cellrecordings fromlabeled input cells and source cells (Fig. 5b).
For the AAV-only control group, the so-called input cells were randomly
selected pyramidal neurons near the AAV-labeled neurons (Methods).
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In brains labeled by the second-generation system, we found
that the input cells did not differ from those of unlabeled neurons in
the AAV-only control mice in all five measured membrane properties
(Fig.5¢c-h, resting membrane potential (RMP), capacitance, rheobase,
input resistance and firing frequency), and that source cells differed
from so-called source cells in the AAV-only control mice (that s, cells
labeled by the helper AAVs) in two of the five measured membrane
properties (RMP and input resistance, Fig. 5i-n).

By contrast, inbrainslabeled by the first-generation system, those
input cells that remained at the time of recording (5 weeks after infec-
tion) differed from unlabeled control neurons in three of five meas-
ured membrane properties (capacitance, input resistance and firing
frequency; Fig. 5c-h; cf. ref. 4). Furthermore, no remaining source
cells could be found at allin the first-generation-labeled brains at this
long survival time.

Two-photonimaging oflabeled neurons’ visual responses
Finally, we conducted experiments designed to provide proof of con-
cept for long-term functional imaging of synaptically connected
networks of neurons (Fig. 6). We began by making a Flp-dependent
jGCaMP7sreporter AAV and conducted pilot studies in PV-Cre mice to
determine adilution that would not itself cause mass cytotoxicity due
to overexpression of jGCaMP7s (refs. 28,44) (Supplementary Fig. 3).
Wethen conducted an experiment similarin designto the structural
imaging study, except that the RV was mixed with the jGCaMP7s AAV
beforeinjection and headmount/coverslip implantation (Fig. 6a). We
imaged labeled neurons at or near the injection sites over a series of
sessions spanning 10 weeks. We imaged the jGCaMP7s signal while
the awake mice viewed a series of drifting grating stimuli (Fig. 6b,c).
We also imaged tdTomato fluorescence in the same fields of view
to confirm that jGCaMP7s expression was restricted to RV-labeled
neurons (Fig. 6¢). As shown in Fig. 6d-h, as well as Supplementary
Figs.3-5, we observed clear orientation tuning curves inmany of the
labeled neurons, with visual responses appearing to remain stable
across repeated imaging sessions over several months (Fig. 6d-h
and Supplementary Fig. 5). Following the full course of two-photon
imaging, we conducted postmortem sectioning and confocal imag-
ing to confirm that viral spread had occurred in the imaged mice
(Supplementary Fig. 6).

Discussion

We have shown here that it is possible to use nontoxic double-
deletion-mutant rabies viral vectors to label direct inputs to neurons
targeted based on either their extrinsic projections or their gene expres-
sion (using Cre or Flp lines) and that use of the Tet-Off system results
inrelatively little toxicity even to the source cells.

A drawback of the second-generation system introduced here
is its slow time course, necessitating multiweek incubation times
(Figs. 1-3). We presume that this is due to low L expression from the
TRE-CB allele given the low level of tTA expressed by the intention-
ally dilute Cre- or Flp-dependent helper virus®>*. This hypothesis
is consistent with our inability to detect clear mCardinal signal by
confocal microscopy (Extended Data Fig. 1) and may also explain the
high percentage of surviving source cells that we found. While a slow
time course is inconvenient, it may be the necessary price of preserv-
ing the source cells.

An interesting finding from the current study was that using an
RVAGL expressing Cre instead of one expressing FIpo resulted in higher
mean numbers of labeled cells under some conditions (Figs. 1-3),
although these comparisons were not statistically significant. Our
working hypothesis is that such a difference, if real, could be due to
adifference in the efficiency of the two recombinases®**>*¢, with Cre
more faithfully reporting the actual spread of the virus than Flpo when
the recombinases are expressed at low levels (for example, by AGL
RVs). A relative inefficiency of Flpo could also, however, cause lower

efficiency of the FIp-dependent helper virus combinationitself relative
tothe Cre-dependent one. Thisis consistent with the first-generation
system’s lower efficiency in the Flp-dependent corticostriatal exper-
iments than in the Cre-dependent ones (Fig. 1), as well as similarly
in DAT-P2A-Flpo mice (Fig. 3) than in DAT-IRES-Cre mice (Fig. 2). In
this study we simply matched the titers of the FIp-dependent com-
bination to those used for the Cre-dependent one, but titration and
further optimization of the Flp-dependent helper virus mightimprove
performance.

We note that, even apart from the RV and its complementing gene
products, several of the components of the system have the potential
to cause cytotoxicity, including tTA?*%*8, GCaMPs**** and even AAV
itself*’. These can be expected to contribute to the toxicity to source
cells, perhaps making it more remarkable that we found that so many
of them survived, albeit with some perturbation to their membrane
properties (Fig. 5).

Perhaps notably, our finding that AGL RVs do not spread
when not complemented by L expression in trans, even when G is
provided in trans, indicates that deletion of either L or G alone is
sufficient to prevent transsynaptic spread. This suggests the pos-
sibility of a third-generation monosynaptic tracing system, based on
single-deletion-mutant AL viruses*® complemented by expression in
transofjustL.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

All experiments involving animals were conducted according to
National Institutes of Health guidelines and approved by the MIT
Committee for Animal Care. Mice were housed 1-5 per cage under
a normal light/dark cycle, at 70 + 2 °F and 30-70% humidity, for
allexperiments.

Cloning

pAAV-syn-F14F15S-jGCaMP7s (Addgene, 178514) was made by cloning a
Flp-dependent FLEX arrangement of mutually incompatible FRT sites™
into pAAV-synP-FLEX-EGFP-B19G (Addgene, 59333) followed by the
jGCaMP7s (ref. 52) gene from pGP-CMV-jGCaMP7s (Addgene, 104463).

pAAV-syn-F14F15S-splitTVA-EGFP-tTA_v2 (Addgene, 183352)
was made similarly but with the tricistronic open reading frame from
PAAV-syn-FLEX-splitTVA-EGFP-tTA (Addgene, 100798) except for
the use of FRT sites instead of lox ones (and with a 2-bp frameshift
of the in-frame FRT site to prevent creation of a premature stop
codon). Note that this plasmid is a replacement for pAAV-synP-F14F
15S-splitTVA-EGFP-tTA, which was described in an earlier preprint of
this manuscript.

PAAV-syn-FLEX-tTA (Addgene, 178516) was made by cloning a
codon-optimized tet transactivator gene® into pAAV-synP-FLEX-
EGFP-B19G (Addgene, 59333).

pAAV-syn-Flpo (Addgene, 174378) and pAAV-syn-mCre
(Addgene, 178515) were made by replacing the FLEX cassette from
PAAV-synP-FLEX-EGFP-B19G (Addgene, 59333) with mouse-codon-
optimized genes for FIp*® and Cre®.

pCAG-hypBase was made by synthesizing afragment encoding the
hyperactive piggyBac transposase iPB7 (ref. 54) and cloningitinto the
EcoRland Notl sites of pCAG-GFP* (Addgene, 11150).

The piggyBac plasmid pB-CAG-B19L-IRES-mCherry-WPRE-BGHpA
(Addgene, 178518) was made by cloning the CAG promoter from
pCAG-B19G (Addgene, 59921), the SAD B19 L gene, the EMCV IRES*®,
the mCherry” gene and the woodchuck post-transcriptional regula-
tory element and bovine growth hormone polyadenylation signal
from pCSC-SP-PW-GFP (Addgene, 12337) into PB-CMV-MCS-EF1-Puro
(System Biosciences, PB510B-1).

The TLoop-style*®lentiviral transfer vectors pLV-TTBG (Addgene,
115232) and pLV-TTBL (Addgene, 115233) were made by replacing the
CMV promoter and EGFP gene in pCSC-SP-PW-GFP (Addgene 12337)
with the leaky tetracycline response element from pAAV-FLEX-hGTB
(Addgene 26196) followed by a tricistronic open reading frame
consisting of the genes for the improved tetracycline transactiva-
tor (itTA)*, mTagBFP2 (ref. 35) and either the glycoprotein or pol-
ymerase gene, respectively, of the RV SAD B19 strain, separated by
P2A elements.

Mouse strains

Mice used in this study were crosses (triple transgenic for DAT-IRES-Cre
and PV-Cre experiments, double transgenic for corticostriatal experi-
ments, double or single transgenic (either Cre-negative or L-negative)
for control experiments) of the following strains, all in a C57BL/6)
(Jackson Laboratory, 000664) background:

PV-Cre*, DAT-IRES-Cre*, Ail4 (ref. 39) and DAT-P2A-Flpo (ref. 60)
were purchased from Jackson Laboratory (017320, 006660, 007914
and 035436).

The Flp-dependent tdTomato reporter line Ai65F was obtained
in our case by crossing the Cre- and Flp-dependent tdTomato
double-reporter line Ai65D (ref. 27) (Jackson Laboratory, 021875) to
the Cre deleter line Meox2-Cre (ref. 61) (Jackson Laboratory, 003755)
and then breeding out the Meox2-Cre allele. An equivalent Ai65F line,
made using a different Cre deleter line, was described in ref. 28 and is
now available from Jackson Laboratory (032864).

The L-expressing mouse line TRE-CB (TRE-tight-mCardinal-
P2A-B19L, being distributed by Jackson Laboratory (036974))

was generated by cloning the genes for mCardinal® and the RV
(SAD B19) polymerase, separated by a picornavirus 2A element®, into
Ai62(TITL-tdT) Flp-in replacement vector (Addgene, 61576), to make
the Flp-in construct TRE-mCardinal-P2A-B19L Flp-in vector (Addgene,
178519). The lox-stop-lox sequence present in the original Flp-in vec-
tor was removed to make the new construct so that the tetracycline
response element TRE-tight®® drives mCardinal-P2A-B19L directly with
no dependence on Cre recombination. This plasmid was then used
for FLP-mediated targeted insertion into the TIGRE locus® in Ai99
embryonicstem cells as described®. Clones verified as containing the
correct insert were used for the production of knock-in mice by the
Koch Institute for Integrative Cancer Research at MIT. All subsequent
breeding steps were with mice of a C57BL/6) background.

Strains, sexes and ages (at the time of injection) of mice used by
the experiment were as follows (all in C57BL/6) background):

Corticostriatal tracing (Fig.1):

Ail4 het—10F, 2M, age range 6-11 weeks

Ai65F het—7F, 1M, age range 14-28 weeks

Ai65F homo—2F, 2M, age 17 weeks

Ail4 x TRE-CB het/het—18F, 6M, age range 8-13 weeks
Ai65F x TRE-CB het/het—13F, 11M, age range 6-26 weeks

Tracingin Cre mice (Fig. 2):

Ai65F x TRE-CB het/het—5F, 11M, age range 7-17 weeks

DAT-Cre x Ai65F het/het—4F, 4M, age range 8-11 weeks

DAT-Cre x Ai65F x TRE-CB het/het/het—13F, 15M, age range
5-9 weeks

PV-Cre x Ai65F het/het—4F, 4M, age range 6-7 weeks

PV-Cre x Ai65F x TRE-CB het/het/het—19F, 9M, age range
6-22 weeks

Tracing in Flpo mice (Fig. 3):

Ai65F x TRE-CB het/het—3F, 1M, age 7 weeks

DAT-Flpo x Ail4 het/het—2F, 2M, age range 7-19 weeks

DAT-Flpo x Ail4 x TRE-CB het/het—3F, 9M, age range 6-13 weeks

Structural two-photonimaging (Fig. 4):
PV-Cre x Ai65F x TRE-CB het/het/het—6M, age range 15-20 weeks

Whole-cell electrophysiology (Fig. 5):
PV-Cre x Ai65F het/het—8F, 1M, age range 28-47 weeks
PV-Cre x Ai65F x TRE-CB het/het/het—3F, 1M, age 6 weeks

Functional two-photon imaging (Fig. 6):

PV-Cre x Ai65F x TRE-CB het/het/het—2M, age range 10-14 weeks
Two-photon imaging of RVAG-Flpo and RVAGL-Flpo (Supple-
mentary Fig.1):

Ai65F het—3F, 4M, age range 7-29 weeks

Production of lentiviral vectors for making cell lines
Lentiviral vectors were made as described®* but with the VSVG expres-
sion vector pMD2.G (Addgene, 12259) as the envelope plasmid and with
the following transfer vectors:

pLV-TTBL (described above), to make the L-expressing lentiviral
vector LV-TTBL(VSVG),

pLV-U-TVA950 (Addgene, 115236), to make the TVA-expressing
lentiviral vector LV-U-TVA950(VSVG).

Production of cell lines

To make the L-expressing cell line BHK-B19L, BHK-21 cells (ATCC,
CCL-10) were transfected with pCAG-hypBase and pB-CAG-B
19L-IRES-mCherry-WPRE-BGHpA. The cells were expanded into two
15c plates, then resuspended and sorted on a BD FACS Aria to collect
the brightest 5% of mCherry-expressing cells.
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BHK-B19L-TVA950 cells were made by infecting BHK-BI19L cells
(described above) with LV-U-TVA950(VSVG) at a multiplicity of infec-
tion of approximately 100. Cells were then expanded and frozen in a
medium containing 10% DMSO for subsequent use.

The BHK-EnvA2-TTBL2 cell line, expressing both the EnvARGCD
fusion protein' and the RV polymerase, was made by infecting
BHK-EnvA2 cells® with the L-expressing lentiviral vector LV-TTBL(VSVG,
described above) at a multiplicity of infection of approximately 100.
The cellswere expandedintothree15 cm plates and thensortedonaBD
FACS Ariarunning BD FACSDivav.9.0 to collect those cells with the high-
est2% of bothgreen (EnvA) andblue (L) fluorescence. After expanding
the collected cells again, we observed that blue fluorescence was so
dimasto be difficult to detect by eye. We, therefore, sorted the cells a
second time, again retaining cells with the brightest 2% fluorescencein
both channels. The twice-sorted cells, now called BHK-EnvA2-TTBL2,
were expanded again and frozen in a medium containing 10% DMSO
for subsequent use.

Production and titering of adeno-associated viruses
AAV genome plasmids pAAV-syn-FLEX-splitTVA-EGFP-tTA (Addgene,
100798) and pAAV-TREtight-mTagBFP2-B19G (Addgene, 100799) have
beendescribed previously'. These genomes were packaged inserotype
1AAV capsidsby Addgene (52473-AAV1,100798-AAV1and100799-AAV1).
The two helper AAVs from Addgene were diluted in Dulbecco’s
phosphate-buffered saline (DPBS; Thermo Fisher Scientific, 14190-250)
tofinal titers of 7.22 x 10" gc ml™ for AAV1-syn-FLEX-splitTVA-EGFP-tTA
and 6.50 x 10" gc ml™* for AAV-TREtight-mTagBFP2-B19G, then com-
binedina50/50 ratio by volume before injection. AAVs from Addgene
were initially thawed and aliquoted in 20x% (5 pl) aliquots. To make
working dilutions, a 5 pl aliquot of undiluted virus was thawed
and diluted in DPBS (Thermo Fisher Scientific, 14190-250) to the
desired working dilutions (1:20 or 1:200)*°, pAAV-syn-FLEX-tTA
(described above) was packaged as serotype 1by the UNC Vector Core
with titer of 2.51x 10 gc ml™.

rAAV2-retro-syn-Cre, rAAV2-retro-syn-Flpo, AAV1-syn-
F14F15S-jGCaMP7s and AAV1-syn-F14F15S-sTpEptTA_v2 were made
by transfecting 8x15c plates (per virus) of HEK 293T cells using Xfect
transfection reagent (Takara, 631318). Briefly, plates treated with
poly-L-lysine solution were transfected with pAAV vector, pHelper (Cell
Biolabs, VPK-421), and the appropriate rep/cap plasmid (rAAV2-retro
helper (Addgene, 81070) or pAAV-RCI1 (Cell Biolabs, VPK-421)). Four
hours after transfection, the medium from plates was aspirated and
replaced with 15 mI DMEM (Thermo Fisher Scientific, 11995-081) con-
taining 2% fetal bovine serum (FBS; HyClone, SH30071.02) and antibi-
otic/antimycotic (Thermo Fisher Scientific, 15240-062). Seventy-two
hours after transfection, the supernatants were collected from each
plate andreplaced again with15 mI DMEM with 2% FBS and antibiotic/
antimycotic. Supernatants were stored in 50 m; tubes at 4 °C. One
hundred and twenty hours after transfection, cells and supernatants
were collected and transferred into sterile 50 ml tubes. Cells were
pelleted by centrifugation and washed with DPBS, and supernatants
were transferred into a sterile bottle for polyethylene glycol (PEG)
precipitation. Cells were lysed by four freeze/thaw cycles and stored
at —80 °C until the final thaw and purification steps. In total, 50 ml of
cold40%PEG8000in 2.5 MNaClwas added to 250 ml of clarified super-
natants and mixed thoroughly. This solution was incubated at 4 °C
overnight, then transferredinto sterile 50 mltubes and centrifugated
at4,000gfor30 minat4 °C.Supernatants were discarded and pellets
were resuspended in a total of 1 ml (150 mM) NaCl and 50 mM Tris
buffer. For the final purification steps, cell pellets were combined with
PEG-precipitated virus, treated with Benzonase nuclease (250 U pl™) for
30 minat37 °Cand then centrifugated at 7,188gfor 30 minat4 °C. The
clarified lysate was transferred to Optiseal tubes (Beckman, 361625)
containing layered gradients of iodixanol (15%, 25%, 40% and 54%
iodixanol solutions). Tubes were ultracentrifugated in a Beckman

70 Tifixed-angle rotor at 70,000 r.p.m. (217,000g at minimum radius
and 505,000g at maximum radius) for 1 hand 40 minat15°Cona WX
80+ centrifuge (Thermo Fisher Scientific). The layers containing the
virus were carefully removed from between the 40% and 54% iodixanol
layers, filtered through 0.22 pm polyethersulfone membrane syringe
filtersand concentrated in Amicon Ultra-15 Centrifuge Units (Millipore,
UFC910008), with three full buffer exchanges with DPBS to remove all
residual iodixanol. Each batch of the virus was concentrated to a final
volume of 250-300 pltotal, aliquotedin 5 plaliquots, stored at —80 °C
and titered by quantitative PCR.

Production of RVs

EnvA-enveloped AG RVs were made as described previously™>¢, using
genome plasmids pRVAG-4Flpo (Addgene, 122050) and pRVAG-4Cre
(Addgene, 98034).

EnvA-enveloped AGL RVs were rescued in 15 cm plates as
described* using genome plasmids pRVAGL-4FIpo (Addgene, 98040)
and pRVAGL-4Cre (Addgene, 98039). Supernatants from rescue plates
were passaged on15 cm plates of HEK 293T/17 cells (ATCC) transfected
with pLV-TTBG and pLV-TTBL (described above) using Xfect transfec-
tion reagent (Takara, 631318) according to the manufacturer’s proto-
col. Supernatants were titered on reporter cells* and used to infect
BHK-EnvA2-TTBL2 cells (described above) at a multiplicity of infection
of approximately two. Supernatants from these producer cells were
collected and purified as described®>®°.

Titering of RVs

Recombinase-expressing RVs were titered primarily on the reporter
cell lines 293T-FLEX-BC, 293T-F14F15S-BC, 293T-FLEX-BC-TVA and
293T-F14F15S-BC-TVA as described" but using threefold serial dilu-
tions, instead of tenfold dilutions, for higher precision. For the corti-
costriatal experiment, to directly compare viral titersin away that did
notdepend onthe efficacy of the encoded recombinases, we made the
BHK-BI9L-TVA950 cell line (described above), which expresses both
TVA, to allow infection by EnvA-enveloped viruses, and L, to allow
intracellular replication of AGL viruses so that infected cells could be
clearly labeled using immunostaining against the RV nucleoprotein.
BHK-B19L-TVA950 cells, as well as BHK-B19L cells, were infected with
threefold serial dilutions of RVAGL-Cre(EnvA) and RVAGL-FIpo(EnvA.
Three days after infection, cells were fixed with 4% paraformaldehyde
in PBS and immunostained with a FITC-conjugated anti-nucleocapsid
monoclonal antibody blend (Light Diagnostics Rabies DFA, EMD
Millipore, 5100) diluted 1:100 in 1% BSA and 0.1% Triton in PBS. Immu-
nolabeled cells were analyzed by flow cytometry to determine titers
as described®.

Thetiters of the RVs were determined to be as follows:
RVAGL-Cre(EnvA):

on293T-FLEX-BC-TVA950:1.28 x 10% iu ml™!
on293T-FLEX-BC (no TVA): 1.48 x10° iu ml™

on BHK-B19L-TVA950 with anti-N staining: 6.13 x 10% iu ml™
RVAGL-Flpo(EnvA):

on293T-F14F15S-BC-TVA950: 2.94 x 108 ju mI™
on293T-F14F15S-BC (no TVA): 3.26 x 10° iu mI™

on BHK-B19L-TVA950 with anti-N staining:7.67 x 10% iu mI?
RVAG-Cre(EnvA):

on293T-FLEX-BC-TVA950:1.24 x 10 ju mI™
on293T-FLEX-BC (no TVA): 4.02 x 10° iu mI™
RVAG-FIpo(EnvA):

on293T-F14F15S-BC-TVA950: 4.49 x 10° ju mI™
on293T-F14F155-BC (no TVA): 4.81 x 10° iu ml™*
RVAG-4Flpo(B19G):

on293T-F14F155-BC:1.86 x 10" ju ml!
RVAGL-Flpo(B19G):

on293T-F14F155-BC:1.86 x 10° iu mI™
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Stereotaxicinjections

Stereotaxic injections were made in anesthetized adult mice of both
sexes using a stereotaxic instrument (Stoelting, 51925) and a custom
injection apparatus consisting of a hydraulic manipulator (Narishige,
MO-10) with headstage coupled via custom adaptors toawire plunger
advanced through pulled glass capillaries (Drummond, Wiretrol II)
back-filled with mineral oil and front-filled with viral vector solution.
We have described this injection system in detail previously®.

For the corticostriatal experiments (Fig. 1), 200 nl of AAV2-
retro-syn-Flpo (1.16 x 10" GC ml™; Ail4 or Ail4 x TRE-CB mice) or
AAV2-retro-synP-mCre (1.48 x 10® GC ml ™, diluted to 1.16 x 10® GC mI™!
for matching to the Flpo version; Ai65F or Ai65F x TRE-CB
mice) was injected into dorsolateral striatum (anteroposterior
(AP) = +0.74 mm with respect to (w.r.t.) bregma, lateromedial
(LM) = 2.25 mm w.r.t. bregma, dorsoventral (DV) =-2.30 mm w.r.t
the brain surface). In the same surgery, 250 nl of helper virus mix-
ture (AAV1-syn-F14F15S-sTpEptTA_v2 (diluted to 7.19 x 10" GC mI™%;
Ail4 or Ail4 x TRE-CB mice) or AAV1-syn-FLEX-splitTVA-EGFP-tTA
(diluted to 7.22 x 10" GC mI™%; Ai65F or Ai65F x TRE-CB mice) mixed
with AAV1-TREtight-mTagBFP2-B19G (diluted to 6.50 x 10") in a
50/50 ratio by volume) was injected into S1BF, layer 5 DLS projection
region (AP =-1.55 mm w.r.t. bregma, LM =3.00 mm w.r.t. bregma,
DV =-0.75 mmw.r.t thebrainsurface). Seven days after AAVinjection,
250 nl of RVAGL-Cre(EnvA; 6.13 x 10%iu ml™ as titered by nucleopro-
tein staining on L-expressing cells; see above) or RVAGL-Flpo(EnvA;
7.67 x10% iu m1™, diluted to 6.13 x 10% iu mI™) or RVAG-Flpo(EnvA;
4.49 x10° iu mI™) or RVAG-Cre(EnvA; 1.24 x 10 ju m1?, diluted to
4.49 x10° iu ml™) was injected at the same cortical injection site as
the helper viruses. For no-G controls, DPBS was included instead of
AAVI1-TREtight-mTagBFP2-B19G.

For the anatomical experiments in Cre lines (Fig. 2), 300 nl of
helper AAV mixture (AAV1-syn-FLEX-splitTVA-EGFP-tTA (diluted
to 7.22 x 10" GC ml™) mixed with AAVI-TREtight-mTagBFP2-B19G
(diluted to 6.50 x 10" GC mI™) in a 50/50 ratio by volume; note that
these are the same dilutions as we have recommended previously®**°
but retitered by qPCR in our own lab) was injected into either pri-
mary somatosensory cortex or SNc (see below for stereotaxic coordi-
nates). Injection coordinates for SNc were as follows: AP =-3.00 mm
w.r.t. bregma, LM = +1.50 mm w.r.t bregma, DV =-4.20 mm w.r.t
the brain surface). Injection coordinates for somatosensory cortex
were as follows: AP =-0.58 mm w.r.t. bregma, LM =3.00 mm w.r.t.
bregma, DV =-1.00 mm w.r.t the brain surface. Seven days after AAV
injection, 500 nl (PV-Cre and DAT-IRES-Cre) of RVAGL-FIpo(EnvA;
7.67 x10% iu ml™) was injected at the same injection site as the AAVs.
The experiments in DAT-P2A-Flpo mice (Fig. 3) were done similarly
but using the Flp-dependent AAV-syn-F14F15S-EGFP-tTA_v2 (diluted
t0 7.19 x 10" GC mI™?) and RVAG-Cre(EnvA; 1.24 x 10" ju mlI™, diluted
t04.49 x10° iuml™).

For longitudinal two-photon imaging for comparison of
RVAG-Flpo(B19G) and RVAGL-FIpo(B19G), 200 nl RVAG-Flpo(B19G;
1.86 x 10" ju mI™) or RVAGL-Flpo(B19G;1.86 x 10° iu ml™) wasinjected
into V1 (AP =-2.70 mm w.r.t. bregma, LM =2.50 mm w.r.t. bregma,
DV =-0.26 mmw.r.t.brainsurface) into Ai65F mice. Glass windows com-
posed of a3 mm-diameter glass coverslip (Warner Instruments CS-3R)
glued (Optical Adhesive 61, Norland Products) to a 5 mm-diameter
glass coverslip (Warner Instruments CS-5R) were then affixed over the
craniotomy with Metabond (Parkell), and custom stainless steel head-
plates (eMachineShop) were affixed to the skulls around the windows.

For longitudinal two-photon structural imaging of live
monosynaptic tracing at the injection site, a 3 mm craniotomy
was opened over primary visual cortex (V1). In total, 300 nl of
AAV1-syn-FLEX-splitTVA-EGFP-tTA (diluted to 7.22 x 10'* GC mI™%; Ai65F
or Ai65F x TRE-CB mice) mixed with AAVI-TREtight-mTagBFP2-B19G
(diluted to 6.50 x 10™) in a 50/50 ratio by volume was injected into
V1 (AP =-2.70 mm w.r.t bregma, LM =2.50 mm w.r.t. bregma,

DV =-0.26 mm w.r.t. brain surface), followed by implantation of
windows as described above. Seven days after the injection of helper
AAVs, the coverslips were removed and 100 nl of RVAGL-Flpo (EnvA;
7.67 x10% iu mI™) was injected at the same site. Coverslips were reap-
plied and custom stainless steel headplates (eMachineShop) were
affixed to the skulls around the windows.

For functional imaging experiments, the V1 injection coordi-
nates were AP =-2.45 mm w.r.t bregma, LM =2.00 mm w.r.t bregma,
DV =-0.26 mm w.r.t. brain surface, and the RVAGL-FIpo(EnvA;
7.67 x 10® iu ml™) was mixed in a 50/50 ratio by volume with
AAV1-syn-F14F15S-jGCaMP7s (5.44 x 10 GC mlI™, diluted 1:10 in DPBS)
before injection of 200 nl of the mixture 7 d following the helper
AAVinjection.

Doxycycline administration

‘No-dox’ mice were fed with regular rodent chow throughout, while
‘dox (food)’ mice were switched to chow containing doxycycline
200 mg kg™ (Thermo Fisher Scientific, 14-727-450) beginning 2 weeks
after RVinjection and maintained on doxycycline chow until perfusion,
to suppress rabies viral polymerase and glycoprotein expression.
‘Dox (injection + food)’ mice, including those used for the structural
two-photonimaging experiment, also received intraperitoneal injec-
tions of 100 mg kg™ doxycycline every 12 h for 3 d, beginning 2 weeks
after RVinjection.

Invivo two-photonimaging and image analysis

For longitudinal two-photon imaging of live monosynaptic trac-
ing, injection sites were imaged on a Prairie/Bruker Ultima IV In Vivo
two-photon microscope driven by a Spectra-Physics Mai-Tai Deep See
laser withamode-locked Ti:sapphire laser emitting at awavelength of
1,020 nm for tdTomato. Mice were reanesthetized and mounted via
their headplates to a custom frame, with ointment applied to protect
their eyes and with a hand warmer maintaining body temperature.
One field of view was chosen in each mouse in the area of maximal
fluorescent labeling. The imaging parameters were as follows: image
size 1,024 x 1,024 pixels (565.1 pm x 565.1 um), 0.360 Hz frame rate,
dwell time 2.0 s, x1 optical zoom and z-stack step size 1 pm. Image
acquisition was controlled with Prairie View 5.4 software. Laser power
exitingthe 20x water-immersion objective (Zeiss, W plan-apochromat,
NA1.0) varied between 20 and 65 mW depending on focal plane depth
(Pockels cell value was automatically increased from 450 at the top
section of each stack to 750 at the bottom section). For the example
images of labeled cells, maximum intensity projections (stacks of
150-400 pm) were made with Fiji software. Cell counting was per-
formed with the ImageJ Cell Counter plugin. When doing cell counting,
week1tdTomato-labeled cells were defined as areference; the remain-
ingweek1cellswere the same cellsatalater time point thataligned with
week1reference cells but the not-visible cells at week 1 (the dead cells).
Plots of cell counts were made with Origin 7.0 software (OriginLab) or
Prism 9 (GraphPad Software).

For functional two-photonimaging of source cells, injection sites
inleft-hemisphere Vlwere chosen as theimaging area. Thisimaging was
performed using the same microscope (5.356-Hz frame rate, 1,024 x 128
pixels (565.1 um x 565.1 um), dwell time 0.8 s, x1 optical zoomand scan
angle 45°) withthe same objective and laser (at 920 nm) asin the struc-
tural imaging experiments. Laser power at the objective ranged from
10 to 65 mW. Calcium imaging data were acquired in supragranular
layers (100-200 pm deep). The animal was awake, head-fixed and the
animalbody was free to lay into a customized tube with some holes for
air circulation. No behavioral training or reward was given. To find the
same FOVs in subsequent weeks, surface vasculature map was drawn
on a notebook for each mouse under a microscope with light source
(LeicaM50), and an asterisk marker was put near the location of FOVs
inthis map for reference when doing the firstimaging session. The cell
body images from averaged data taken in the first session provided a
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template for fine alignment. Visual stimuli were generated in MATLAB
(R2015R version) with custom software based on Psychtoolbox 3.0.17
(http://psychtoolbox.org) and shown on the same liquid crystal display
screen as in the widefield mapping experiments. Each condition con-
sisted of 2 s of a full-field sine-wave grating drifting in one direction,
presented at 80% contrast with spatial frequency of 0.04 cycles/degree,
followed by 2 s of uniform mean luminance (gray). All permutations
of 12 directions (30° steps) and five temporal frequencies (TFs, 1, 2,
4, 8 and 15 Hz) were shown, in randomized order. The complete set
was repeated ten times, for a total stimulation period of 40 min per
FOV per session. Cells were then manually segmented, and single-cell
fluorescence traces were extracted by averaging the fluorescence of
all pixels masking the soma by Image]J (versions: 2-0-0-rc-69) software.
The mean AF/F over the full 2 s of each stimulus condition was used to
calculate orientation tuning curves, with background fluorescence
(F) in AF/F taken as the value of the trace immediately preceding a
condition, averaged over all conditions. The raw calcium traces from
cellswithinindividual FOVs (not across FOVs, given different imaging
conditions across animals and time points) were sorted by mean fluo-
rescence. For ‘tuned’ cellsin Fig. 4e, the counts are based on allimaged
neurons’individual tuning curves, plotted in MATLAB. Any cell showing
responsetoa preferred orientation (including narrowly tuned neurons
andbroadly tuned neurons) at any temporal frequency (1Hz,2 Hz, 4 Hz,
8 Hz or 15 Hz) was counted manually asatuned cell (see Supplementary
Table 7 for counts of tuned and untuned cells).

Brainslice electrophysiology

Coronal brain slices containing the S1 were collected from 12- to
32-week-old PV-Cre x Ai65F x TRE-CB het/het/het (AGL group) or PV-Cre x
Ai65F het/het (AG and AAV-only groups) for ex vivo patch-clamp record-
ings. Mice were anesthetized with isoflurane, perfused with anice-cold
cutting solution and decapitated using scissors. Brains were extracted
andimmersed inice-cold (0-4 °C) sucrose cutting solution containing
252 mM sucrose, 26 mM NaHCO;, 2.5 mM KCl, 1.25 mM NaH,PO,, 1 mM
CacCl,, 5 mM MgCl, and 10 mM glucose, which was oxygenated with
95% 0, and 5% CO,. The brains were trimmed, and coronal brain slices
(300 pm) were sectioned using a vibratome (VT1200, Leica). After sec-
tioning, slices for patch-clamp recordings were transferred toa holding
chamber containing oxygenated patch-clamp recording medium (aCSF)
containing126 mMNacCl, 2.5 mMKCl, 1.25 mM NaH,PO,, 1.3 mM MgCl,,
2.5 mM CaCl,, 26 MM NaHCO; and10 mMglucose, where they were main-
tained at 32 °Cfor 30 minbefore decreasing the chamber temperatureto
~20 °C. Slices were transferred one at a time from the holding chamber
to a submerged recording chamber mounted on the fixed stage of an
Olympus BX51WI fluorescence microscope equipped with differential
interference contrastillumination. Theslicesinthe recording chamber
were continuously perfused at a rate of 2 ml min™ with recording aCSF
at room temperature and continuously aerated with 95% 0,/5% CO,.
Whole-cell patch-clamp recordings were performed in the fluorescently
labeled PV+ neurons and principal neurons in the S1 and neighboring
S2 regions. The presynaptic principal neurons to PV cells in the AAV
control group were randomly selected based on the size, morphology
and accommodating firing pattern. Glass pipettes with a resistance of
4-8 MQwere pulled from borosilicate glass (ID1.2 mm, OD 1.65 mm) on
a horizontal puller (Sutter P-97) and filled with an intracellular patch
solution containing 130 mM potassium gluconate, 10 MM HEPES, 10 mM
phosphocreatine Na,, 4 mM Mg-ATP, 0.4 mM Na-GTP, 5 mM KCl and
0.6 mM EGTA; pH was adjusted to 7.25 with KOH and the solution had
a final osmolarity of 293 mOsm. Series resistance was continuously
monitored. Cells were discarded when the series resistance changed
more than 20%. Data were acquired using a Multiclamp 700B ampli-
fier, a Digidata1440A analog/digital interface and pClamp 10 software
(Molecular Devices). Data were analyzed with Clampfit 10 (Molecular
Devices). The membrane capacitance (Cm) and input resistance (Rm)
were calculated from amembrane seal test conducted in voltage-clamp

mode, inwhich100-ms, 5-mV voltage steps were delivered atafrequency
of 5Hz. To evaluate the action potential rheobase, al-s, positive current
was delivered in current-clamp mode at 10 pA steps. Rheobase was
defined as the minimum current required to depolarize the membrane
potential for action potential firing. Finally, to evaluate the relationship
between injected current and firing frequency, we delivered a series of
0.5s current pulses in the current clamp at 50 pA steps (50-250 pA for
principal cellsand 50-450 pA for PV cells). Statistical comparisons were
conducted withunpaired Student’s t test or with aone- or two-way analy-
sis of variance (ANOVA) followed by a post hoc Dunnett’s test as appro-
priate (P < 0.05with a two-tailed analysis was considered significant).

Perfusions and histology

Onetotwelve weeks (depending on the experiment; see main text) after
injection of RV, mice were transcardially perfused with 4% paraformal-
dehyde in phosphate-buffered saline. Brains not used for two-photon
imaging were postfixed overnightin 4% paraformaldehydeinPBSona
shakerat4 °Cand cutinto 50 pm coronal (Slinjections) or parasagittal
(SNcinjections) sections on avibrating microtome (Leica, VT-1000S).
Sections were collected sequentially into six tubes containing cryopro-
tectant so that each tube contained a sixth of the collected tissue. For
coronalsections, 15 rounds of sections were collected. For sagittal sec-
tions, 12 rounds were collected. Brains from mice used for two-photon
imaging were postfixed in 4% paraformaldehyde/30% sucrose in PBS
for 2 d onashaker at4 °C and then cut into 50 pm sections on a freez-
ing microtome in a plane approximately tangential to the surface of
the brain at the imaged location. Sections were immunostained as
described” with the following primary antibodies (as applicable) at
the following respective dilutions: chicken anti-GFP (Aves Labs, GFP-
1020;1:500), guinea pig anti-parvalbumin (Synaptic Systems, 195004;
1:1,000), sheep anti-tyrosine hydroxylase (Millipore, AB1542;1:1,000),
with secondary antibodies donkey anti-chicken Alexa Fluor 488 (Jack-
son ImmunoResearch, 703-545-155; 1:200), donkey anti-guinea pig,
Alexa Fluor 647 conjugated (Jackson Immuno Research 706-605-148;
1:200) and donkey anti-sheep, Alexa Fluor 647 conjugated (Jackson
ImmunoResearch 713-605-147; 1:200). Sections were mounted with
Prolong Diamond Antifade mounting medium (Thermo Fisher Scien-
tific, P36970) and imaged on a confocal microscope (Zeiss, LSM 900).

Cell counts and statistical analysis

Labeled neurons in striatum (in DAT-IRES-Cre mice), contralateral
cortexand thalamus (in PV-Cre mice and for the corticostriatal experi-
ments) and at the injection sites were counted either manually or with
the automated Cell Counter function in ImageJ, in every sixth 50-pm
section on an epifluorescence microscope (Zeiss Imager.Z2). Coronal
sections (corticostriatal experiments and PV-Cre) included sections
between 1.2 mm and -3.3 mm relative to bregma. Sagittal sections
(DAT-IRES-Cre) covered sections 3.6 mm to 0.0 mmrelative to Bregma.
Cellsexpressing EGFP, mTagBFP2 or both, along with tdTomato, were
counted by adding separate labels to each and then looking for overlap-
ping cells. Groups were compared using single-factor ANOVAsin Micro-
soft Excel for Mac version16.42. Symbols denoting significance levels
ongraphsareasfollows: ***P < 0.001;**0.001 < P<0.01;*0.01 < P< 0.05;
notsignificant = P> 0.05. Data distribution was assumed to be normal,
but this was not formally tested. No statistical methods were used to
predetermine sample sizes, but our sample sizes are similar to those
reported in previous publications®® and are as large as practical given
the large number of conditions tested.

Randomization. The data collection was not randomized. Animals
were assigned to the various experimental groups based on availability.
There was no randomization in the organization of the experimental
conditions. Data collection and analysis were not performed blind
to the conditions of the experiments. No animals or data points were
excluded from the analysis.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All cell counts and statistical analyses are provided in Supplementary
Information. The new plasmids described in this paper have been
deposited with Addgene with the accession given in Methods. The
TRE-CB mouse line is available from the Jackson Laboratory (acces-
sion 036974).
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AAV1-syn-FLEX-tTA into PV-Cre x Ai65F x TRE-CB

EGFP channel tdTomato channel

Excitation: 561nm laser

Alexa Fluor 647 channel Detection wavelength: 565nm-700nm

AAV1-syn-FLEX-splitTVA-EGFP-tTA into PV-Cre x Ai65F x TRE-CB

EGFP channel tdTomato channel

Excitation: 561nm laser

Alexa Fluor 647 channel Detection wavelength: 565nm-700nm

Extended Data Fig. 1| Intrinsic mCardinal fluorescence was not detected
by confocal imaging, suggesting very low L expressionin the conditions
implemented. Representative confocal images of injection sites in PV-Cre x
Ai65F x TRE-CB mice, showing lack of clear mCardinal fluorescence induced by
either of the laser lines (561 nm or 640 nm) flanking the excitation maximum on
the Zeiss LSM 900 confocal microscope. Because of the lack of fluorescence in
the channel otherwise used for AlexaFluor 647, specifically, we were able to

use that channel forimmunostaining for PV and TH (Figs. 2,3 and Extended

Nature Neuroscience

DataFigs. 5,6). a, Injection sites of a FLEX AAV expressing tTA without a
fluorophore, and b, injection sites of the FLEX AAV expressing TVA, EGFP, and
tTA, with survival times of 3 and 4 weeks in each case. Left: EGFP channel; center-
left: tdTomato channel; center-right: AlexaFluor 647 channel; right: ‘best case’
forimaging mCardinal: excitation with 561 nm and collecting all emitted light
between 565 nm and 700 nm. Scale bars: 200 pm, apply to all panels. Images
inthis figure are representative of four independent experiments that yielded
similar results.
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RVAG-Flpo(EnvA)

Contralateral Thalamus

1 week: no dox

Contralateral Thalamus

2 weeks: no dox

RVAGL-Flpo(EnvA)

5 weeks: no L

5 weeks: no G

5 weeks:
no Cre, no dox

Extended Data Fig. 2| Representative images of control experiments for
corticostriatal experiments. See Fig. 2 for explanation of experimental design
and quantification. a,b, First-generation controls (7 d and 14 d survival times).
c,d, Controls using second-generation viruses: noL, no G, and no Cre/Flpo
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comparison. Scale bars: 200 pm, apply to allimages. Images in this figure are
representative of four independent experiments that yielded similar results.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Counts of corticothalamic ‘source’ and ‘starter’ cells
and ratios of contralateral and thalamic cells to source and starter cells.
Counts are totals found in every sixth 50-pm section spanning each brain (n =4
independent experiments for each condition). Box plots depict the mean
(center), first and third quartiles (lower and upper box limits), and minima and
maxima (bottom and top whiskers). One-way ANOVAs were used for all data
analysis in this figure. a,b, Results using RVAGL-FIpo(EnvA). a, Counts of source
cells (left), defined as cells coexpressing tdTomato (marking activity of Flpo) and
mTagBFP2 (marking expression of G), and ratios of these numbers of source cells
to numbers of tdTomato+ cells in contralateral cortex (middle) and thalamus
(right). Note the near-absence of source cells in the first-generation conditions
attwo weeks, suggesting that most had died by this time point. Note also that

the low numbers of source cells in the second-generation conditions with
doxycycline could reflect either cell death or simply the intended suppression
of mTagBFP2 expression in these mice. For mice in which no source cells were
found (either because they had died or because mTagBFP2 was suppressed by
doxycycline), noratioisincluded onthe graphs. b, Counts and ratios of starting
cells, defined here as cells coexpressing tdTomato (marking activity of Flpo) and
EGFP (marking expression of TVA and tTA). ¢,d, Results using RVAGL-Cre(EnvA).
¢, Counts and ratios of source cells, defined here as cells coexpressing tdTomato
(marking activity of Cre) and mTagBFP2 (marking expression of G).d, Counts
and ratios of starting cells, defined here as cells coexpressing tdTomato (marking
activity of Cre) and EGFP (marking expression of TVA and tTA). **indicates
0.001<p<0.01; *indicates 0.01< p < 0.05.
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A

RVAGL-4Cre(EnvA): 5 weeks, dox

RVAG-4Cre(EnvA): 1 week, 1st gen

Extended DataFig. 4 | Series of whole-brainimages of labeled inputs to
corticostriatal neurons using first- and second-generation rabies viral
vectors expressing Cre. Images are tiled confocal images of every sixth 50-um
coronal section spanning most of the rostrocaudal extents of the brains.

a, Images from amouse labeled using RVAGL-Cre(EnvA) and associated AAVs
(see Fig. 1b for experimental design), with a 5-week survival time and with
doxycycline (administered in food only; see Methods). b, Images from a mouse

- - - Imm

labeled using RVAG-Cre(EnvA) and associated AAVs, with a1-week survival time.
While the numbers of labeled neurons were not significantly different in either
contralateral cortex or thalamus (see Fig.1and Supplementary Table 1), label is
brighterin the AGL case, presumably because of greater tdTomato accumulation
over the longer survival time. A similar difference can be seen when comparing
the AG-Creimages in Extended Data Fig. 2b (top set of images) to the AGL-Cre ‘5
weeks with dox (food)’ images in Fig. 1d (bottom set of images).
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Representative images of second-generation
monosynaptic tracing ofinputs to dopaminergic midbrain neurons

using RVAGL-FIpo. See Fig. 1 for explanation of experimental design and for
quantification. a, 3 weeks, no doxycycline, b, 3 weeks, with doxycycline in food,
¢, Sweeks, with doxycyclinein food, d, 3 weeks, with doxycycline in food and

injected, e, 5weeks, with doxycycline in food and injected. Control conditions
areshown here:f, first-generation (AG) system; g, noL; h,no G; i, no Cre, no
doxycycline;j, no Cre, with doxycycline. Note that omitting L gave very similar
results to omitting G. Images in this figure are representative of four independent
experiments that yielded similar results.
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Extended Data Fig. 6 | Representative images of second-generation doxycyclineinfood; d, 3 weeks, with doxycycline in food and injected; e, 5 weeks,
monosynaptic tracing of inputs to parvalbumin-expressing cortical with doxycycline in food and injected. Control conditions are shown here: f) first-
interneurons. See Fig. 1 for explanation of experimental design and for generation (AG) system, g) noL, h) noG, i) no Cre, no doxycycline, j) no Cre, with
quantification. a, 3 weeks, no doxycycline; b, 3 weeks, with doxycyclinein doxycycline. Again, omitting L and omitting G gave very similar results. Images
food (note that there is still blue fluorescence in this image, suggesting that, inthis figure are representative of four independent experiments that yielded

at one week after the mice were switched to dox food, the doxycycline has similar results.

not completely suppressed G and presumably L expression); ¢, 5 weeks, with
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Extended Data Fig. 7 | Examples of extrinsic inputs to dopaminergic cells Top row: RVAG-FIpo. Bottom row: RVAGL-FIpo. b, Neurons labeled using AG
labeled with first- and second-generation RV vectors expressing Flpo and and AGL rabies viruses expressing Cre along with associated helper viruses

Cre. a, Neurons labeled using AG and AGL rabies viruses expressing FIpo (seeFig.3a for experimental design). Top row: RVAG-Cre. Bottom row: RVAGL-Cre.
along with associated helper viruses (see Fig. 2a for experimental design). Scale bars:100 pm, apply to all images.
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Extended Data Fig. 8 | Counts of dopaminergic and parvabuminergic source/
starter cells and ratios of striatal and thalamic cells to source/starter cells
in Cre mice. Counts are totals found in every sixth 50-pum section spanning each
brain (n =4 independent experiments for each condition). Box plots depict the
mean (center), first and third quartiles (lower and upper box limits), and minima
and maxima (bottom and top whiskers). a,b, Results using RVAGL-FIpo(EnvA)

in DAT-IRES-Cre. a, Counts of source cells (left), defined as cells coexpressing
tdTomato (marking activity of Flpo) and mTagBFP2 (marking expression of G),
and ratios of these numbers of source cells to numbers of tdTomato+ cells
instriatum (right). Note that the low numbers of source cells in the second-
generation conditions with doxycycline could reflect either cell death or simply
theintended suppression of mTagBFP2 expression in these mice. Note also that

thereis no graph for the ratio of labeled striatal cells to source cells for the 5
weeks dox (inj + food)’ because no source cells were found for that condition
(thatis, doxycycline appears to have fully suppressed mTagBFP2 expression).

b, Counts and ratios of starter cells, defined here as cells coexpressing tdTomato
(marking activity of Flpo) and EGFP (marking expression of TVA and tTA).

c,d, Results using RVAGL-FIpo(EnvA) in PV-Cre. ¢, Counts and ratios of source
cells, defined here as cells coexpressing tdTomato (marking activity of Flpo) and
mTagBFP2 (marking expression of G). Note that again there is no graph for the
ratio of labeled contralateral cells to source cells for the ‘5 weeks dox (inj + food)’
because no source cells were found for that condition. d, Counts and ratios of
starter cells, defined here as cells coexpressing tdTomato (marking activity of
Flpo) and EGFP (marking expression of TVAand tTA).
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Extended Data Fig. 9 | Counts of dopaminergic and parvabuminergic source/
starter cells and ratios of striatal cells to source/starter cells using RVAGL-
Cre(EnvA) in DAT-P2A-FIpo mice. Counts are totals found in every sixth 50-pm
section spanning each brain (n = 4 independent experiments for each condition).
Box plots depict the mean (center), first and third quartiles (lower and upper
box limits), and minima and maxima (bottom and top whiskers). a, Counts of
source cells (left), defined as cells coexpressing tdTomato (marking activity of

(inj+food)
Cre) and mTagBFP2 (marking expression of G), and ratios of these numbers of
source cells to numbers of tdTomato+ cells in striatum (right). Note that the low
numbers of source cellsin the second-generation condition with doxycycline
could reflect either cell death or simply the intended suppression of mTagBFP2
expression in these mice. b, Counts and ratios of starter cells, defined here
as cells coexpressing tdTomato (marking activity of Cre) and EGFP (marking
expression of TVAand tTA).
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RVAGL-4Cre(EnvA): 5 weeks, no dox

RVAG-4Cre(EnvA): 1 week, 1st gen

Extended Data Fig.10 | Whole-hemisphere image series of labeled inputs

to dopaminergic neurons using first- and second-generation rabies viral
vectors expressing Cre. Images are tiled confocal images of every sixth 50-um
parasagittal section spanning the injected hemispheres. a, Images froma mouse

- imm

labeled using RVAGL-Cre(EnvA) and associated AAVs (see Fig. 3a for experimental
design), with a 5-week survival time and with doxycycline (administered in

food; see Methods). b, Images from a mouse labeled using RVAG-Cre(EnvA) and
associated AAVs, with a1-week survival time.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For longitudinal two-photon imaging of live monosynaptic tracing, injection sites were imaged on a Prairie/Bruker Ultima IV In Vivo two-
photon microscope controlled by Prairie View 5.4 software. Visual stimuli were generated in Matlab (R2015R version) with custom software
based on Psychtoolbox 3.0.17 (http://psychtoolbox.org). All confocal images were acquired with a confocal microscope (Zeiss, LSM 900). The
images for cell counts were acquired with an epifluorescence microscope (Zeiss Imager.Z2). Slice electrophysiology data were collected using
pClamp 10 software (Molecular Devices). Flow cytometry data were collected using BD FACSDiva v.9.0 software.

Data analysis For the example images of labeled cells, maximum intensity projections (stacks of 150-400 pm) were made with Fiji software. Cell counting
was performed with the Imagel Cell Counter plugin. Plots of cell counts were made with Origin 7.0 software (OriginLab, Northampton, MA) or
Prism 9 (GraphPad Software, San Diego, California). The statistical analysis was done using Microsoft Excel for Mac version 16.42. Confocal
images were analyzed using analyzed using ImageJ 2.0.0. Slice electrophysiology data were analyzed using Clampfit 10 software (Molecular
Devices).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All cell counts and statistical analyses are provided in Supplementary Information. The new plasmids described in this paper have been deposited with Addgene with
the accession numbers given in Methods. The TRE-CB mouse line is available from the Jackson Laboratory (accession number 036974).

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences
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Life sciences study design

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

Sample size Sample sizes for each type of experiment in this study are consistent with previously published work (e.g., PMID 37989085) and were the
maximum practical sizes given the large number of conditions tested and the constraintsof limited resources.

Data exclusions  Animal exclusions only affected the longitudinal experiments in this work, and the criteria were animal health/death. For two-photon
structural imaging experiments, one mouse in the no-dox group was excluded because of little label, ascribed to misaligned injections of

helper AAVs and RV.

Replication The number of times each experiment was repeated is indicated in the text and legend, and all experimental findings were reliably
reproduced.

Randomization  Mice were pseudorandomly assigned to each condition, with approximate balancing of sexes and ages across conditions, subject to the
availability of transgenic mice of the correct genotypes.

Blinding No blinding was used, as the lab members preparing the tissue were the same ones doing the quantification.

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
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines [1IX] Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[ ] Human research participants

[] Clinical data

XXXOXOOS

[ ] Dual use research of concern

Antibodies

Antibodies used Chicken anti-GFP (Aves Labs GFP-1020) 1:500, guinea pig anti-parvalbumin (Synaptic Systems 195004) 1:1000, sheep anti-tyrosine
hydroxylase (Millipore AB1542)) 1:1000, with secondary antibodies donkey anti-chicken Alexa Fluor 488 (Jackson Immuno
703-545-155) 1:200, donkey anti-guinea pig, AlexaFluor 647 conjugated (Jackson Immuno 706-605-148) 1:200, and donkey anti-
sheep, AlexaFluor 647 conjugated (Jackson Immuno 713-605-147)) 1:200.

Validation All antibodies are validated in our previous publication {Lavin et al., Front Synaptic Neurosci 12, 6 (2020)}.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK 293T/17 and BHK-21 cells were obtained from ATCC. The BHK-B19L, BHK-B19L-TVA950, and BHK-EnvA2-TTBL2 cell lines
were made in-house and derived from these two lines.

Authentication Cell lines obtained from ATCC authenticated by ATCC (Post-freeze viability using cell count using Trypan Blue stain method,
visual observation of morphology and growth properties, testing for mycoplasma contamination using Hoechst DNA stain
(indirect) method, agar culture (direct) method, and PCR-based assay, species determination: COI assay (interspecies),
sterility test (BacT/ALERT 3D) in iAST bottle (aerobic) at 32.5°C and iNST bottle (anaerobic) at 32.5°C).
Cell lines made in-house were derived from these ATCC-authenticated cell lines and extensively validated by testing their
ability to produce, or report activity of, viruses made from sequence-verified plasmids.

Mycoplasma contamination Cell lines obtained from ATCC were tested for mycoplasma contamination by ATCC. Cell lines were not subsequently tested
for mycoplasma contamination.
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Commonly misidentified lines  nNo commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals PV-Cre, DAT-IRES-Cre, DAT-P2A-Flpo, and Ail4 were purchased from Jackson Laboratory (catalog #s 017320, 006660, 035436, and
007914). C57BL/6J was purchased from Jackson Laboratory (catalog # 000664); Ai65F (Jackson Laboratory with catalog # 032864);
the L-expressing mouse line TRE-CB (TRE-tight-mCardinal-P2A-B19L) was generated by the Mouse ES Cell & Transgenic Facility at the
Koch Institute for Integrative Cancer Research at MIT using ES cells genetically modified by the authors.

Strains, sexes, and ages (at time of injection) of mice used by experiment were as follows (all in C57BL/6J background):
Corticostriatal tracing (Figure 1):

Ail4 het: 10F, 2M, age range 6-11 weeks

Ai65F het: 7F, 1M, age range 14-28 weeks

Ai65F homo: 2F, 2M, age 17 weeks

Ail4 x TRE-CB het/het: 18F, 6M, age range 8-13 weeks

Ai65F x TRE-CB het/het: 13F, 11M, age range 6-26 weeks

Tracing in Cre mice (Figure 2):

Ai65F x TRE-CB het/het: 5F, 11M, age range 7-17 weeks

DAT-Cre x Ai65F het/het: 4F, 4M, age range 8-11 weeks

DAT-Cre x Ai65F x TRE-CB het/het/het: 13F, 15M, age range 5-9 weeks
PV-Cre x Ai65F het/het: 4 F, 4M, age range 6-7 weeks

PV-Cre x Ai65F x TRE-CB het/het/het: 19F, 9M, age range 6-22 weeks
Tracing in Flpo mice (Figure 3):

Ai65F x TRE-CB het/het: 3F, 1M, age 7 weeks

DAT-Flpo x Ail4 het/het: 2F, 2M, age range 7-19 weeks

DAT-Flpo x Ai14 x TRE-CB het/het: 3F, 9M, age range 6-13 weeks
Structural two-photon imaging (Figure 4):

PV-Cre x Ai65F x TRE-CB het/het/het: 6M, age range 15-20 weeks
Whole-cell electrophysiology (Figure 5):

PV-Cre x Ai65F het/het: 8F, 1M, age range 28-47 weeks

PV-Cre x Ai65F x TRE-CB het/het/het: 3F, 1M, age 6 weeks

Functional two-photon imaging (Figure 6):

PV-Cre x Ai65F x TRE-CB het/het/het: 2M, age range 10-14 weeks
Two-photon imaging of RVAG-Flpo & RVAGL-FIpo (Supplementary Fig. 1):
Ai65F het: 3F, 4M, age range 7-29 weeks

Wild animals No wild animals were used in the study.
Field-collected samples  No field-collected samples were used in the study.

Ethics oversight All experiments involving animals were conducted according to NIH guidelines and approved by the MIT Committee for Animal Care.

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




Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology
Sample preparation For titering, HEK 293T cells were fixed in 1% PFA, resuspended, and analyzed on a BD LSR II. For sorting, the cells were
expanded into two or three 15c plates, then resuspended and sorted on a BD FACS Aria.
Instrument BD LSR II, BD FACS Aria
Software BD FACSDiva v.9.0
Cell population abundance Collected the brightest 2% or 5% of fluorescent protein-expressing cells.
Gating strategy See Supplementary Fig. S7. Gates are set by comparison with negative control wells of uninfected cells, with with the

uninfected cells in the mode on the left and infected ones in the one on the right in the selected region.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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