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MOTIVATION Astrocytes, a major type of cells in the brain, are heterogeneous and have distinct functions
in different circuits. Selective targeting of the astrocytes associated with specific neuronal circuits can
enable investigation of circuit-specific roles. This study provides a tool for targeting circuit-specific astro-
cytes based on a transneuronal virus.

SUMMARY

Astrocytes are integral components of brain circuitry. They enwrap synapses, react to neuronal activity, and
regulate synaptic transmission. Astrocytes are heterogeneous and exhibit distinct features and functions in
different circuits. Selectively targeting the astrocytes associated with a given neuronal circuit would enable
elucidation of their circuit-specific functions but has been technically challenging to date. Recently, we con-
structed anterograde transneuronal viral vectors based on yellow fever vaccine YFV-17D. Among them, the
replication-incompetent YFVANS'-Cre can selectively turn on reporter genes in postsynaptic neurons if the
viral gene NS1 is expressed in postsynaptic neurons. Here we show that without exogenous expression of
NST1 at the postsynaptic sites, locally injected YFVANS'-Cre selectively turns on reporter genes in astrocytes
in downstream brain regions. The targeting of astrocytes can occur across the whole brain but is specific for
the neuronal circuits traced. Therefore, YFVANS'-Cre provides a tool for selective genetic targeting of astro-

cytes to reveal their circuit-specific roles.

INTRODUCTION

Astrocytes are an essential component of synaptic communica-
tion besides providing physical and metabolic support to the
neurons. Structurally, astrocytic processes contact or enwrap
50%-95% of the synapses in the brain to form tripartite synap-
ses."” Developmentally, astrocytes contribute to synapse for-
mation, maintenance, and plasticity. Synapses in the brain are
formed primarily after astrogenesis; the molecules expressed
or released from astrocytes determine synaptic features, regu-
late synapse maintenance, and determine the capacity for syn-
aptic plasticity.>® Functionally, astrocytes have bidirectional
communication with neurons. They react to synaptic activities
and in turn modulate synaptic or neuronal activities.®® The im-
pacts of astrocytes on synapses can be either highly localized
through direct molecular or physiological interactions'®'" or
widespread by generation of calcium waves spreading across
the astrocytic network. '

Astrocytes are heterogeneous and have circuit-specific func-
tions.”""*71° Astrocytes, tiling the entire central nervous system,
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are one of the most abundant cell types in the brain. Despite the
“even” distribution, astrocytes in different brain regions or cir-
cuits have distinct features in morphology, gene expression pro-
files, and reactions to signal molecules.''*'®'” Consistent with
the impacts of astrocytes on local synapses, astrocytes exert
distinct influences on synapses in different circuits located in
the same brain regions.'®° Therefore, astrocytes are function-
ally coupled to the synapses of specific neuronal circuits and
play unique roles in these circuits.

Revealing the circuit-specific roles of astrocytes relies on
technologies that target and control astrocytes in a circuit-spe-
cific manner. Research on astrocytes has been facilitated in
recent years by the availability of genetic or viral tools to target
astrocytes.”?" Combining these tools enables monitoring or
manipulating astrocytes in a brain-region-specific manner.
Recently, adeno-associated virus serotype 1 (AAV1) was shown
to label astrocytes related to thalamus-cortex projections
through axon-astrocyte transfer,?? which represents a step for-
ward for targeting circuit-specific astrocytes. However, AAV1
can spread in both anterograde and retrograde directions, which
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makes it difficult to determine the direction and route of
spreading.?>~2° A generally applicable and efficient way to target
circuit-specific astrocytes is still lacking.

We recently developed a transneuronal viral system based on
a live attenuated vaccine for yellow fever that has been used in
medicine since 1930s: YFV-17D.%° YFV-17D is a positive-sense
RNA virus. Its RNA genome encodes a polypeptide that is further
cleaved into ten proteins. One of these proteins, NS1, is essential
for the replication of YFV-17D. We previously constructed a
replication-incompetent viral vector (YFVANS'-Cre) by deleting
NS1 and inserting Cre, a site-specific DNA recombinase, into
the genome of YFV-17D (Figure 1A). YFVANS'-Cre can spread
to the postsynaptic neurons to turn on reporter genes if we exog-
enously express NS1 in postsynaptic neurons to enable replica-
tion of YFVANS'_Cre. Surprisingly, here we find that in Cre
reporter mouse lines, YFVANS'_Cre, in the absence of postsyn-
aptic expression of NS1, selectively turns on reporter genes in
astrocytes in the postsynaptic sites. This therefore provides a
technology to achieve circuit-specific genetic control of
astrocytes.

RESULTS

Brain-wide targeting of astrocytes

We first examined the spreading of YFVANS'_Cre in the brain of a
Cre reporter mouse line, Ai9 mouse. Ai9 mouse carries the gene
of red fluorescent protein tdTomato under a ubiquitous CAG pro-
moter. A loxP-flanked STOP cassette inserted between the pro-
moter and tdTomato coding sequence renders the expression of
tdTomato in the presence of Cre.?” We injected helper adeno-
associated viruses (AAVs) into the primary motor cortex (Mo) of
Ai9 mice to mediate the inducible expression of NS1; the AAVs
are AAV-Syn-tTA (expression of tTA is driven by synapsin pro-
moter) and AAV-TRE-NS1 (expression of NS1 is driven by Tet
response element [TRE]) (Figure 1B). The inducible expression
of NS1 allows us to control the timing of the replication of
YFVANST_Gre: once YFVANS'-Cre reaches the postsynaptic sites,
we can turn off YFVANS'_Cre replication in the starter neurons so
that no extra virus is generated to harm cells. Because it takes
time for the helper AAVs to infect neurons and express NS1 to a
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sufficient level to support the replication of YFVANS'-Cre, we in-
jected the AAVs 2 weeks before YFVANS1-Cre. The mice ate
food containing doxycycline (Dox) before and after the injections
to restrict NS1 expression to a short time window (Figure 1C).%°
Two weeks later, we injected YFVANST_Cre into the same locus.
NS1 expression allows YFVANS'-Cre to replicate and spread to
postsynaptic sites. 8-14 days later, we fixed the brains for histo-
logical analysis. In our previous work on YFVANS1_Cre in combi-
nation with AAV reporter (e.g., AAV-Syn-DIO-jGCaMP7f), NS1
gene had to be expressed in the postsynaptic neurons to allow
the reporter gene (e.g., jGCaMP71) to turn on efficiently.?® Howev-
er, in Ai9 mice, without providing NS1 gene in the downstream re-
gions, we observed a large number of cells expressing tdTomato
throughout the brain (Figure 1D). These tdTomato-positive cells
were found in brain regions known to be downstream targets of
the motor cortex,?® such as the contralateral cortex, the dorsal
striatum, the nuclei in the thalamus, zona incerta, the subthalamic
nucleus, the midbrain reticular nucleus, the pontine nucleus, and
other brainstem structures. These cells were preferentially
distributed in the hemisphere ipsilateral to the injection site.

At the viral injection site Mo, where NS1 was expressed, tdTo-
mato-positive neurons were densely distributed together with
cells lacking the typical morphology of neurons. Some of these
tdTomato-positive cells expressed S1008, a marker for astro-
cytes (Figure S1). Outside the injection site, however, tdTo-
mato-positive neurons were only sparsely observed in the brain
regions receiving dense synaptic inputs from the Mo (such as the
dorsal striatum) and were barely detectable in other brain re-
gions. Most of the tdTomato-positive cells had the typical
morphology of protoplasmic astrocytes characterized by a high-
ly branched bushy arborization (Figures 1D-1F).?°"** Sometimes
these processes lined up the walls of the brain blood vessels in
endfoot-like structures (Figure 1F), another feature of astro-
cytes.®® These results indicate that YFVANS'-Cre can infect as-
trocytes associated with specific synaptic projections at the
whole-brain level.

To further examine the relationship between the distribution
patterns of these tdTomato-positive cells and motor cortex syn-
aptic projections, we injected SynaptoTAG2 AAV into the motor
cortex. SynaptoTAG2 expresses tdTomato to mark the infected

Figure 1. Locally injected YFVANS?

(A) Schematics showing the RNA genomes of YFV-17D and YFVANS'_Cre.

-Cre turns on reporter gene in astrocytes at whole-brain level

(B) Schematics showing the two helper AAVs for controlling the replication of YFVANS'-Cre.
(C) The experimental procedures. Mice ate food containing doxycycline (Dox) except from 2 days before to 6 days after injection of YFVANS'-Cre so that NS1 was

expressed only during the 8 days to allow YFVANS1_Cre to replicate.

(D) Expression of tdTomato (red) in the brain after injection of YFVANS'_Cre into the motor cortex (Mo) of Ai9 mouse. The helper AAVs were AAV-Syn-tTA and AAV-

TRE-NS1. Blue shows counterstaining with DAPI.
(E) Axonal and synaptic projections traced by SynaptoTAG2 AAV from Mo.

(F) High-resolution photos of the tdTomato-positive cells traced from the Mo by YFVANS'_Cre. The two photos on the right are high-resolution views of the

indicated areas in the second photo from the left.

(G) Density of tdTomato-positive astrocytes in each indicated brain region, normalized to that of the ipsilateral striatum. Data are presented as scatterplot showing
density measured from each brain image and bar graph showing mean + standard error of the mean (SEM). n = 6-25 images from five mice.

(H) Intensity of green fluorescence of EGFP-syb2 (in SynaptoTAG2) in each indicated brain region, normalized to that of the ipsilateral striatum. Data are presented
as scatterplot showing intensity measured from each brain image and bar graph showing mean + SEM. n = 17-21 images from five mice.

(I) Correlation between the averaged density of tdTomato-positive astrocytes and the intensity of EGFP-Syb2 in the brain regions listed in (G) and (H).

VAL, ventral anterior-lateral complex of the thalamus; MD, medial dorsal nucleus of thalamus; PO, posterior complex of the thalamus; VP, ventral posterior
complex of the thalamus; ZI, zona incerta; STN, subthalamic nucleus; int, internal capsule; MRN, midbrain reticular nucleus; PG, pontine gray; ipsi, ipsilateral;

cont, contralateral.
See also Figure S1.
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Immunohistochemistry of the brain sections from mice with YFVANS'_Cre injected into the motor cortex with antibodies for the markers of different cell types,
including S1008 for astrocytes, Olig2 for oligodendrocytes, NeuN for neurons, NG2 for NG2 glia (oligodendrocyte precursor cells), and TMEM119 for microglia.
Blue shows counterstaining with DAPI. Arrows indicate the tdTomato-positive cells labeled by immunostaining of cell-type markers. Scatterplots show quan-
tification of the percentage of tdTomato-positive cells that were immunoreactive to respective antibodies. Each blue dot represents the measurement from one
image. Red bars are the means. n = 25-31 images from three mice (for each mouse, 2-4 images were collected from each of the three brain regions: the striatum,

the thalamus, and the contralateral motor cortex).
See also Figures S2 and S3.

neurons and expresses EGFP fused with synaptobrevin-2
(EGFP-Syb2) to label synaptic terminals.”® The EGFP signal
was present in the same brain regions as those of tdTomato-
positive cells in Ai9 mice (Figure 1E). We counted the number
of tdTomato-positive astrocytes (traced with YFVANS'_Cre) in
each of the downstream brain regions and calculated the
average density by dividing the cell number by the area of the
brain region. These average densities positively correlate with
the average green fluorescence intensities of EGFP-Syb2
(traced with SynaptoTAG2) in the corresponding brain regions
(Figures 1G-1l). Moreover, these tdTomato-positive cells were
present in the regions receiving synaptic inputs from motor cor-
tex (marked by EGFP) but were rarely found in regions with
axonal bundles only (e.g., internal capsule in Figure 1D), sug-
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gesting that YFVANS'_Cre primarily infected cells associated

with synaptic terminals originating from the injection site.

Selective targeting of astrocytes

We conducted immunohistochemistry with antibodies of the
markers for the major brain cell types to confirm the identities
of these tdTomato-positive cells in Ai9 mice (Figure 2). As ex-
pected, outside the injection site only a small fraction (2.24%)
of these cells was positive for NeuN, a neuronal marker, and
they were mainly in the striatum. In other brain regions NeuN
was barely detected in the tdTomato-positive cells. On average,
93.7% of the cells were positive for S1008. Some tdTomato-pos-
itive cells (4.38%) were positive for Olig2, indicating that they
were oligodendrocytes. These oligodendrocytes were mainly
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A Tracing from PFC Tracing from Mo

B Tracing from PFC

¢ CellP’ress

Tracing from Mo

SynaptoTAG2 AAV SynaptoTAG2 AAV

YFVANS1_Cre i s YFVANS1Gre
Helper AAVs ‘Mo # Helper AAVs

Ai9 mouse

Figure 3. YFVANS'_Cre traces the astrocytes in two corticofugal pathways

(A) Synaptic projections traced by SynaptoTAG2 AAV from the PFC or motor cortex (Mo) to different areas in the striatum and thalamus. When SynaptoTAG2 AAV
was injected into the PFC, green fluorescence was observed in the dorsomedial striatum (DMS), the lateral posterior nucleus (LP), and zona incerta (ZI). When
SynaptoTAG2 AAV was injected into the Mo, green fluorescence was observed in the dorsolateral striatum (DLS), posterior complex of the thalamus (PO), and ZI.
(B) Traced astrocytes in corticofugal pathways originating from the PFC or Mo with YFVANS'_Cre in Ai9 mice.

The experiments were performed in three (A, left), four (A, right), three (B, left), and five (B, right) mice, respectively, and similar results were obtained.

See also Figure S4.

located in the corpus callosum or axonal bundles in gray matter.
Few tdTomato-positive cells were positive for NG2 (0.21%), a
marker for oligodendrocyte precursor cells, or TMEM119
(0.47%), a marker for microglia. These results indicate that with
the exception of a small fraction of neurons (in the heavily inner-
vated regions) or oligodendrocytes (in axonal bundles), YFVANST-
Cre selectively targets astrocytes in the downstream regions in
the absence of NS1.

We also examined the percentage of S100p-positive astro-
cytes that were tdTomato-positive in the brain regions down-
stream of the Mo. In the posterior complex (PO) of the thalamus
ipsilateral to viral injection site, on average 60.6% of S1003-po-
sitive astrocytes were positive for tdTomato; in the dorsolateral
striatum and midbrain reticular nucleus (MRN) regions the per-
centages were 40.1% and 14.0%, respectively (Figure S2).
These results are consistent with those in Figure 1, suggesting
that the fraction of astrocytes traced correlate with the level of
synaptic innervation from the starter neurons.

This preferential infection of astrocytes is in sharp contrast to
many other versions of the viral vectors derived from YFV-17D.
For comparison, we tested in the Mo YFVA°ME_mVenus, a pack-
aging-deficient version of YFV-17D we made to trace neuronal

connections (Figure S$3).?° Similar to our previous observations,
we detected mVenus-positive cells in the brain regions down-
stream of the Mo (Figure S3A). These mVenus-positive cells
had typical neuronal morphology (Figure S3B) and were barely
co-labeled with S1008 (Figure S3C). These results indicate that
with different experimental designs, these YFV-17D derived viral
vectors can be used to trace either neurons or astrocytes asso-
ciated with the starter neurons; and in both scenarios, a high
level of selectivity (for either neurons or astrocytes) can be
achieved.

Input specificity of astrocyte targeting
We next investigated whether the astrocytes labeled by
YFVANS!_Cre were specific to the neuronal circuits. Unlike the
neuron-neuron connections that can be analyzed with electro-
physiology, we compared the astrocytes traced from two adja-
cent brain regions to find out whether the labeling was confined
to their respective downstream regions (Figures 3, 4, S4,
and S5).

We first compared tracing from the prefrontal cortex (PFC)
with that from the motor cortex (Mo). These two cortical regions
selectively project to two distinct anatomical domains of the
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dorsal striatum, the dorsomedial striatum (DMS) and the dorso-
lateral striatum (DLS), to regulate distinct behavioral modes,
respectively.>* Similarly, PFC and Mo differentially innervate
two adjacent thalamic regions, the lateral posterior nucleus
(LP) and posterior complex (PO), respectively. These innervation
patterns were recaptured by tracing with SynaptoTAG2 AAV
(Figure 3A). We injected helper AAVs (AAV-Syn-tTA and AAV-
TRE-NS1) and later YFVANS1_Cre into the PFC or Mo, respec-
tively. In the striatum, the tdTomato-positive astrocytes were
observed primarily in the DMS when YFV2NS'-Cre was injected
into the PFC, whereas they were in the DLS when YFVANS'-Cre
was injected into the Mo (Figures 3B and S4). Similarly, in
the dorsal thalamus, the traced astrocytes were in the LP
when YFVANS'_Cre was injected into the PFC but in PO when
YFVANS!_Cre was injected into the Mo, suggesting that
YFVANST_Cre only infected astrocytes associated with the
neuronal circuits they traced.

We also checked the circuits from the entorhinal cortex to the
hippocampus. The inputs from the entorhinal cortex to the hip-
pocampus are arranged in a highly laminated fashion (Figure 4A).
In the CA1 region of the hippocampus, the entorhinal neurons
send inputs to stratum lacunosum moleculare (SLM) to innervate
the distal dendrites of the CA1 pyramidal cells and avoid the stra-
tum radiatum (SR), where the proximal dendrites of pyramidal
cells reside. In the dentate gyrus (DG), the molecular layer re-
ceives a majority of synaptic inputs from the entorhinal cortex
and mossy cells. The molecular layer can be further divided
into the outer, middle, and inner molecular layers (OML, MML,
and IML), which receive synaptic inputs from the lateral entorhi-
nal cortex (LEC), medial entorhinal cortex (MEC), and the mossy
cells, respectively. These innervation patterns can be recaptured
by SynaptoTAG2 tracing from LEC or MEC (Figures 4B and 4C)
or by injecting Cre-dependent AAV into calbindin-2 Cre mouse
(calbindin-2 is expressed by mossy cells) (Figure 4D).

We studied the astrocytes traced from LEC or MEC, respec-
tively. When YFVANS'_Cre was injected to the MEC, the labeled
astrocytes were mainly distributed in the MML (Figures 4E-
4G). Within the MML, especially the MML of the ventral hippo-
campus, a single layer of astrocytes was labeled, suggesting a
high level of circuit specificity. Similarly, when YFVANS'_Cre
was injected into the LEC, the labeled astrocytes were mainly
in the OML (Figure S4). These results further demonstrate that
the labeled astrocytes are associated with the traced neuronal
circuits.

We further examined whether YF -Cre worked with
other mouse lines. We conducted the same viral injections in
Ai6 mice that express the GFP ZSGeen1 upon the expression

VANS1
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of Cre. Similarly, we observed labeling of astrocytes in the re-
gions receiving synaptic inputs from the viral injection site
(Figures S5A and S5B), suggesting that YFVANS'-Cre could
turn on Cre-dependent gene expression in different mouse
lines. We also tested whether YFVANS'-Cre could turn on re-
porter genes carried by AAVs. We generated AAV5 expressing
hM3Dq fused with mCherry under the control of an astrocyte-
specific GfaABC1D promoter and injected it into the striatum.
To our disappointment, we barely detected mCherry-positive
astrocytes (Figures S5C and S5D). The results indicate that
YFVANS1_Gre cannot efficiently turn on an AAV reporter in the
postsynaptic brain regions. A possible reason for this is that
the AAV infection triggers the defense mechanisms of astro-
cytes, which makes these astrocytes resistant to YFV-17D
infection. In a recent study, AAV1-Cre was shown to trace as-
trocytes associated with a neuronal projection.?® Consistent
with this finding, we found that when AAV1-Cre was injected
into the MEC of Ai9 mice, the astrocytes in the MML became
positive for tdTomato (Figure S5E) while a large number of
granule cells were also tdTomato positive, indicating that
AAV1-Cre traced both neurons and astrocytes and that
AAV1-Cre may need to be combined with local injection of
AAV carrying an astrocyte-specific promoter to selectively
target astrocytes.

Tracing astrocytes from specific types of neurons

The brain has numerous neuronal cell types. Each type shows a
specific morphology, connectivity, and activity pattern. Since
the replication and transneuronal spreading of YFVANST_Cre
can be controlled by inducible expression of NS1, we tested
whether we could trace the astrocytes associated with the syn-
aptic projections from different neuronal cell types. We gener-
ated AAV vectors to express tTA under either CamK2 promoter
or DIx promoter, which drives gene expression selectively in the
forebrain glutamatergic or GABAergic neurons, respectively.®®
We tested these AAVs, in combination with YFVANS'-Cre, in
the lateral septum (LS), a brain region that is composed of pre-
dominantly GABAergic neurons.*® Glutamatergic neurons were
barely detected in the dorsal part of the LS where we injected
the viruses.’’” We first injected into the LS AAV-DIx-
SynaptoTAG, which traced the axonal and synaptic projections
of GABAergic neurons.*® Similar to previous reports, the most
prominent downstream targets of LS are medial septum, diag-
onal band nucleus (NDB), lateral hypothalamus, and the
CA3 region of the hippocampus (Figures 5A and 5D). In Ai9
mice when we used AAV-DIx-tTA to induce the expression
of NS1 to trans-complement YFVANS'_Cre, we detected

Figure 4. Input-specific tracing of astrocytes in entorhinal cortex-hippocampus circuits
(A) Schematics showing that three streams of axonal inputs, from lateral entorhinal cortex (LEC), medial entorhinal cortex (MEC), and mossy cells (MC), form
synapses at different layers in the CA1 and dentate gyrus (DG). SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum moleculare; OML/MML/

IML, outer/middle/inner molecular layer; GL, granule cell layer.

(B and C) Tracing with SynaptoTAG2 AAVs from the LEC (B) or MEC (C), respectively.

(D) Tracing axonal projection of mossy cells.
(E-G) Tracing astrocytes by injecting YFVANS'

-Cre into the MEC in an Ai9 mouse. Brain sections were immunostained with Calb2 (green) to outline the IML. Blue

shows counterstaining with DAPI. White dashed lines indicate the border between the CA1 and DG or the borders between OML, MML, and IML.
Each of the experiments shown in (B)~(D) and (E)-(G) were performed in three mice, and similar results were obtained.

See also Figures S4 and S5.
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Figure 5. Tracing astrocytes from specific neuronal cell types
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(A) Tracing synaptic projections from GABAergic neurons in lateral septum (LS) with AAV-DIx-SynaptoTAG.
(B) Tracing astrocytes with YFVANS_Cre from GABAergic neurons in LS in Ai9 mice. The helper AAVs, AAV-DIx-tTA and AAV-TRE-NS1, were used to express NS1

selectively in GABAergic neurons.

(C) Tracing astrocytes with YFVANST
(D) High-resolution image of the CA3 region shown in (A).
(E) High-resolution image of the CA3 region shown in (B).

-Cre from glutamatergic neurons in LS in Ai9 mice.

LS, lateral septum; MS, medial septum; NDB, nucleus of the diagonal band; LH, lateral hypothalamus.

See also Figure S6.

tdTomato-positive astrocytes in the major synaptic targets of
the LS (Figures 5B and 5E). Conversely, when we used AAV-
CamkK2-tTA to induce NS1 expression in glutamatergic neurons
in the LS, tdTomato-positive astrocytes (and neurons) were

8 Cell Reports Methods 3, 100653, December 18, 2023

mainly confined to the injection sites (Figure 5C). These local
astrocytes were likely directly infected by the injected
YFVANST_Gre but not by those transneuronally transported
YFVANST_Cre. We then tested the AAV-CamK2-tTA in the Mo,
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Figure 6. Reactive astrocytes in mice receiving viral injections
(A) Immunostaining of GFAP in a mouse receiving no viral injection.

(B) Expression of GFAP in Ai9 mouse receiving injections of helper AAVs (AAV-Syn-tTA and AAV-TRE-NS1) and YFVANS_Cre,
(C) High-resolution confocal images of the regions indicated by the numbers in circles in (B).

See also Figure S7.

a brain region rich in glutamatergic neurons. We detected tdTo-
mato-positive astrocytes in the downstream regions of the Mo
(Figure S6). These results indicate that by controlling NS1
expression in specific neuronal cell types, we can trace the as-
trocytes associated with the synaptic projections from these
cell types.

Impacts of viral infection on astrocytes

Astrocytes are sensitive to local damage or infection.®” It is
important to know whether viral infection and viral replication
trigger astrogliosis or alter astrocyte functions. Here we con-
ducted immunostaining of glial fibrillary acidic protein (GFAP)
as a way to monitor astrocyte reactivity. We injected helper
AAVs (AAV-Syn-tTA and AAV-TRE-NS1) and YFVANS'_Cre into
the Mo sequentially, fixed the brain with the same protocol
described above, and stained the sections for GFAP expression.
In most brain regions (including the cortex and striatum, thal-
amus) of intact mice that were not injected with viruses, the ma-
jority of cells had a low level of GFAP expression, albeit there
were some scattered cells with high-level GFAP expression
(Figures 6A and S7). In the brains injected with the helper AAVs
(AAV-Syn-tTA and AAV-TRE-NS1) and YFVANS'-Cre, GFAP

expression increased at the injection site (Figures 6B, 6C, and
S7D). These reactive astrocytes may be caused by local damage
introduced through stereotactic injection; the infections by
AAVs,*© and/or the infection by YFVANS'_Cre. GFAP expression
also increased in the region adjacent to the injection site, where
no or few tdTomato-positive cells were present (Figure S7F),
suggesting that at least in this area, the reactive astrocytes might
not be induced by the infection of YFVANS'-Cre. In the brain re-
gions downstream of the Mo, GFAP expression did not increase.
In these downstream regions, we compared the intensity of
GFAP immunostaining in the areas covered by tdTomato-posi-
tive astrocyte processes and the areas in the same images
that were not covered by tdTomato-positive astrocytes, and
found no difference (Figure S7E), indicating that YFVANS'-Cre
infection did not lead to reactive astrocytes in these downstream
areas that received synaptic innervation from the injection site
(the Mo).

DISCUSSION

While we have gained tremendous knowledge of brain circuitry
in recent years thanks to the technologies for selectively
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targeting neurons in different circuits, we are just beginning to
uncover the circuit-specific roles that astrocytes play, partly
due to the lack of tools. In line with their roles in synaptic trans-
mission, cognition, and emotion,*"*? astrocytes are also criti-
cally involved in the pathogenesis of multiple brain disorders,
such as amyotrophic lateral sclerosis (ALS), Alzheimer’s dis-
ease, autism spectrum disorder, and epilepsy.**>™*’ The astro-
cytes involved in a disorder may be located in various regions
but associated with a specific circuit (e.g., motor cortex-spinal
cord circuit in ALS). The lack of technology to target astrocytes
in a pathway-specific manner has also impeded the develop-
ment of effective therapies. Therefore, the brain-wide circuit-
specific targeting of astrocytes can be tools for in-depth
analysis of astrocyte functions and has the potential to be
developed into treatments for brain disorders.

Preferential targeting of astrocytes

We previously used replication-capable YFV-17D vectors (YFV-
mVenus) or the replication-incompetent vectors (YFVANS'-mVe-
nus or YFVANS'_Cre) to track neuronal projections.”® In these
experiments, neurons were almost exclusively labeled, similarly
to YFVASME_mVenus tracing in Figure S3. For the replication-
incompetent versions, we had to express NS1 in the postsyn-
aptic neurons; otherwise, the labeling would be very sparse
(for YFVANS1_Cre) or not detectable (for YFVANS'-mVenus).
Why does YFVANS'_Cre label almost exclusively astrocytes in
the brain regions downstream of the injection site in the re-
porter mice? These results clearly demonstrate that YFV-17D
can infect astrocytes. The lack of labeling of astrocytes by
the replication-capable YFV-mVenus therefore suggests that
YFV-17D cannot effectively replicate its genome in astrocytes
to generate fluorescent proteins at a detectable level. Without
replication, the small number of RNA viral genomes in a cell
may soon degrade and will not be able to sustain the expres-
sion of fluorescent proteins. The lack of effective replication
in astrocytes could be due to the antiviral machinery in astro-
cytes as shown in other flaviviruses.”® In the case of
YFVANS1_Cre, transient expression of Cre may be enough to
turn on the permanent expression of a reporter gene. How,
then, does YFVANS'_Cre effectively label astrocytes instead of
neurons in the absence of NS1? An astrocyte is frequently
associated with 100,000 synapses, about ten times more
than that of most neurons.*® Therefore, astrocytes, compared
to neurons in the same pathway, may collect more copies of
YFVANS1_Cre from the presynaptic neurons, which in turn ex-
press Cre to a sufficient level to turn on the reporter gene
without viral replication. In our early study with NS1 expressed
in postsynaptic neurons, the reporter gene was under a
neuronal promoter, hence YFVANS'_Cre labeled only neurons.
Therefore, by adjusting the experimental configurations,
YFVANST_Cre can be used to analyze either neuronal projec-
tions or circuit-specific astrocytes (Figure 7).

Trans-synaptic spreading vs. spreading by “accessible”
proximity

For decades, viruses have been used to map neuron-to-neuron
connectivity. Despite the proven value of these tools, their
exact routes and mechanisms of spreading in the brain remain
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unclear. On one hand, many viruses, especially rabies virus that
has been the most used and characterized, show a high fidelity
in tracking the synaptically connected neurons.”°" This level
of specificity apparently cannot be explained by simple diffu-
sion of virions in brain tissue. On the other hand, we lack strong
evidence supporting that the viral spreading relies on structures
or proteins specific to synapses. In fact, in addition to
YFV-17D, many “tracer” viruses, including rabies virus,”%°
pseudorabies virus,”* and herpes simplex virus type 1
(HSV 1),°°7°" infect glial cells. The majority of these glial cells
may not form synapses with neurons. How can we reconcile
these findings? One possibility is that the viruses indeed spread
by “proximity” as argued by many researchers®®; however, this
“proximity” is not just a short distance between axons and
postsynaptic sites; instead, it emphasizes the accessibility of
the axons to the postsynaptic sites. Most of the surfaces of
the neurons, including axons and dendrites, are in close con-
tact with glial cells. If the glial cells are infected but do not sup-
port the replication and release of new viral particles, they
restrict viral spreading between connected neurons.’® Our
data here support this restrictive role of astrocytes in the
spreading of YFV-17D vectors.

Advantages, limitations, and future improvements

This viral tool has a few advantages. First, it selectively targets
astrocytes in the postsynaptic regions. Using YFVANS'_Cre in re-
porter mouse lines expressing fluorescent proteins or calcium in-
dicators,’® we can examine the morphological or activity fea-
tures of the circuit-specific astrocytes. We can also prelabel
the astrocytes in a specific pathway to monitor their migration
or morphological plasticity when their associated neuronal pro-
jections are subjected to functional alterations or pathological
damage. Using it in reporter mice expressing effector proteins,
such as DREADDs or channelrhodopsin,®’ we can selectively
stimulate or silence these astrocytes with high temporal and
spatial precision. We can also use them in various conditional
knockout lines to determine the contributions of astrocytic genes
to synapse formation or synaptic functions.” Second, the tracing
of astrocytes is at the whole-brain level. It allows us to examine
the astrocytes in many brain regions, albeit associated with the
same starter neurons, simultaneously in the same animals. Third,
the presence of YFVANS'_Cre in astrocytes is transient. RNAs in
live cells have short life spans. Without replication, YEVANS'-Cre
RNA genome in traced astrocytes degrades soon after infection
and leaves minimal long-term impacts except turning on the in-
tended reporter genes. In the downstream brain regions, without
local surgical damage or AAV infection, astrogliosis or other
functional disturbances of astrocytes are minimized, making it
ideal for studying the roles of astrocytes in diseases. Further-
more, YFVANS'_Cre can trace astrocytes associated with spe-
cific presynaptic neuronal cell types when we restrict its replica-
tion to the particular neuronal type. With these advantages, this
tool can reveal circuit-specific roles of astrocytes.

Limitations of study

First, the surgery involves two sequential injections that require
accurate targeting in stereotaxic injections to ensure that these
two injections are in the same brain region. We may be able to
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optimize the interval between the two injections and the
dosage/timing of Dox to shorten the duration of the whole
experiment and achieve a desirable level of labeling of astro-
cytes. In the future, we may even test self-complementary
AAV vectors for expressing NS1. Self-complementary AAV vec-
tors can initiate the expression of the gene it carries (such as
NS1) quickly after infection,®? which may allow us to inject the
helper AAVs and YFV2NS'_Cre simultaneously in one mixture.
Second, this tool traces astrocytes “monosynaptically” associ-
ated with the starter neurons, but brain functions are mediated
by polysynaptic pathways. By optimizing the viral injection
scheme, it is possible to trace the astrocytes associated with
the second or third order of neurons connected with the starter
neurons if we further provide NS1 in these downstream neu-
rons. Third, we have been unable to efficiently turn on reporter

Postsynaptic
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Figure 7. Different experimental schemes for
tracing postsynaptic neurons or astrocytes
(A) Astrocytic processes enwrap neuron-neuron
connection to form tripartite synapses.

(B) When replication-capable YFV-mVenus or
YFVACME mVenus (with helper AAVs to express
complementary genes, C-prM-E) is injected into a
presynaptic region, it spreads to and infects post-
synaptic neurons as well as astrocytes. In post-
synaptic neurons, it replicates to express mVenus to
a detectable level, whereas in astrocytes, it cannot
generate detectable mVenus due to the lack of viral
replication.

(C) When replication-incompetent YFVANS'_Cre or
YFVACMENST_Gre is injected into a presynaptic re-
gion, with helper AAVs expressing NS1 injected into
both pre- and postsynaptic regions, both post-
synaptic neurons and astrocytes are infected. In
neurons, NS1 enables YFVANS'-Cre or YFVACMENST.
Cre to replicate and express Cre to a high level to
turn on an AAV reporter. Because the reporter gene
in the reporter AAV is controlled by a neuronal pro-
moter, the reporter gene is not expressed in astro-
cytes.

(D) When the replication-incompetent YF
Cre and helper AAVs expressing NS1 are injected
into a presynaptic region in reporter mice,
YFVANST_Cre infects both postsynaptic neurons
and astrocytes. In postsynaptic neurons, due to
the lack of NS1 it cannot replicate to express
sufficient Cre. However, astrocytes, due to the
large number of synapses with which they are
associated, can accumulate multiple copies of
YFVANST_Gre viral RNAs and express sufficient Cre
to turn on the reporter gene under a ubiquitous
promoter.

VANST_

genes carried by locally injected AAV un-
der astrocyte-specific promoter. This is
likely due to the defense mechanisms of
astrocytes triggered by AAV infection. Po-
tential solutions include shortening or
elongating the time window between re-
porter AAV injection and YFVANS'-Cre in-
jection (shortening the interval may allow
YFVANS. Cre to infect the astrocytes
before the defense mechanisms kick in; elongating the interval
may allow the defense mechanisms to subside by the time
YFVANS1_Cre infects the astrocytes) or pharmacological inhibi-
tion of cellular antiviral machinery. AAV reporters under astro-
cyte-specific promoters can be a convenient alternative to re-
porter mouse lines and allow this tool to be used in species
other than mice. These optimizations will further broaden the
applications of this method.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NeuN Sigma Cat# MAB377; RRID:AB_2298772

S1008 AbCam Cat# ab41548; RRID:AB_956280

Olig2 Sigma Cat# MABN50; RRID:AB_10807410

NG2 Sigma/Millipore Cat# AB5320; RRID:AB_91789

TMEM119 AbCam Cat# ab209064; RRID:AB_280034

GFAP Cell Signaling Cat# 12389; RRID:AB_2631098

Alexa Fluor 594- or Alexa Fluor 488-onjugated ThermoFisher Cat# A-11032; RRID:AB_2534091,

Secondary Antibodies Cat# A-11034; RRID: AB_2576217.
Cat# A28175; RRID: AB_2536161

Bacterial and virus strains

AAV-Syn-tTA Li, E. et al.”® Addgene 175280

AAV-TRE-NS1 Li, E. etal.?® Addgene 175279

AAV-DIx-tTA This paper GenBank Accession #: OR725555;
Addgene 210730

AAV-CamK2-tTA This paper GenBank Accession #: OR725557;
Addegene 210731

YFVANST_Gre Li, E. et al.?® Addgene 179952

YFVACME_mVenus Li, E. et al.”® Addgene 179953

pAAV-Syn-SynaptoTAG2 Li, E. et al.*® Addgene 175275

pAAV-DIx-SynaptoTAG Chen et al.*® GenBank Accession #: OR725556,
Addgene 210729

AAV1-Cre N/A Addgene, 105545-AAV1

Chemicals, peptides, and recombinant proteins

Doxycycline hyclate food Inotiv TD.01306

Paraformaldehyde (PFA) Electron Microscopy Sciences 19210

Deposited data

The raw data of microscopic images of brain sections This paper https://doi.org/10.5281/zenodo.10019905
and data used to plot the graphs

Experimental models: Cell lines

HEK293T cell ATCC CRL-3216

BHK-21 cells ATCC CCL-10

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: Ai9 The Jackson Laboratory 007909

Mouse: Ai6 The Jackson Laboratory 007906

Mouse: Calb2-Cre The Jackson Laboratory 010774

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Wei Xu (wei.xul@

utsouthwestern.edu).
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Materials availability

The AAV plasmids generated in this study, pAAV-CamK2-tTA and pAAV-DIx-tTA, are deposited to Addgene. The sequences are
deposited to GenBank. The plasmid IDs and accession numbers are listed in the key resources table. Other reagents reported in
this paper are available from the lead contact upon request.

Data and code availability
® The raw data of microscopic images of brain sections are deposited to Zenodo and will be publicly available as of the date of
publication. The DOl is listed in the key resources table. All data reported in this paper will also be shared by the lead contact
upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

6-24 weeks old male and female C57BL/6J mice (JAX# 000664), tdTomato reporter mice (Ai9 mice, JAX# 007909) and ZsGreen1
reporter mice (Ai6 mice, JAX# 007906), and Calb2-Cre mice (JAX# 010774) were group housed on a 12 h light/12 h dark cycle
with ad libitum access to food and water. Since our previous work does not show a difference of animals’ sex in YFV-17D tracing,
the sex of the mice was not accounted for in this study. Male and female mice were randomly assigned to experimental groups. An-
imal work was approved by and conducted under the oversight of the UT Southwestern Institutional Animal Care and Use Committee
and complied with Guide for the Care and Use of Laboratory Animals by National Research Council.

Cell culture
293T cells and BHK cells were used to generate AAV, YFVANS'_Cre (or YFVACME_mVenus), respectively. 293T and BHK cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% Fetal Bovine Serum (FBS).

METHOD DETAILS

Preparation of viral vectors

The helper AAVs (AAV-Syn-tTA, AV-CamK2-tTA and AAV-DIx-tTA) were packaged with AAV-DJ capsids.®® AAV5-GfaABC1D-DIO-
SypminiSOG2-mCherry was packaged with AAV5 capsids. Briefly, AAV vectors were co-transfected with pHelper and pRC-DJ into
AAV-293 cells. Cells were collected 72 h later, lysed, and loaded onto iodixanol gradient for centrifugation at 400,000 g for 2 h. The
fraction with 40% iodixanol of the gradient was collected, washed, and concentrated with 100,000 MWCO tube filter. The genomic
titer of virus was measured with quantitative real-time PCR (QRT-PCR). The titers of AAVs used for stereotaxic injection were in the
range of 1-2 x 10"® genome copies/ml. To generate YFV-17D stocks, plasmids were linearized with Xhol digestion and transcribed
with an SP6 in vitro transcription kit (MMESSAGE mMACHINE Kit, Ambion). In vitro transcribed viral RNAs, generated from linearized
plasmids encoding YFVANS1-Cre, was transfected into BHK cells (ATCC CCL-10) with TransIT-mRNA Transfection Kit (Mirus Bio,
Cat.# MIR 2225). Virus containing supernatant was concentrated, aliquoted, stored at —80C, and tittered by gRT-PCR. The titer
of YFVANST_Cre was 9.60X10'° genome copies/ml; the titer of YFVAME_mVenus was 3.12X10"! genome copies/ml.

Stereotaxic injections

Mice were anesthetized with isoflurane inhalation (1.5-2%). Viral solution was injected with a glass pipette at a flow rate of
0.10 pL/min. After the completion of injection, the glass pipette was left in place for 5 min before being retrieved slowly. We unilaterally
injected 0.50-0.75 pL of viral solution at each injection site unless stated otherwise. The coordinates for each of the injection sites on
the anterior-posterior direction from the bregma (AP), medial-lateral direction from the midline, and the dorsal-ventral direction from
the dura (DV) are as the following: Mo (+0.50, 1.50. 0.80), PFC (+1.25, 0.30, 1.25); LEC (—3.20, 4.60, 3.60); MEC (—4.80, 3.45, 2.75); LS
(+0.55, 0.45, 2.70) (In the AP direction, “+” denotes anterior to the bregma and “-“ denotes posterior to bregma).

Histology and immunohistochemistry

Mice were transcardially perfused with 10 mL of PBS followed by 30-40 mL of 4% paraformaldehyde (PFA) in PBS. The brains were
extracted and postfixed overnight in 4% PFA at 4°C, and cryoprotected in 30% sucrose. Brains were sectioned with a cryostat to a
thickness of 30 or 40-um. Free-floating sections were washed in PBS, incubated with DAPI (1 ng/ml) and mounted on slides. For
immunohistochemistry, the brain sections were washed in PBS three times and permeabilized in 2% Triton X-100 in PBS for 2 h.
The sections were then incubated for 2 h in PBS containing 10% horse serum, 0.2% bovine serum albumin and 0.5% Triton
X-100, followed by overnight incubation in a primary antibody diluted in PBS containing 1% horse serum and 0.2% bovine serum
albumin. The primary antibodies and their dilutions are: NeuN antibody (clone A60), Sigma MAB377, 1:1,000; S1008 antibody, Ab-
Cam ab41548, 1:500; Olig2 antibody, Sigma MABN50, 1:200; TMEM119 antibody, AbCam ab209064, 1:500; NG2 antibody, Sigma/
Millipore AB5320, 1:500; GFAP antibody, Cell Signaling 12389, 1:1000. After three washes in PBS, the sections were then incubated
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in the secondary antibody for 2 h, washed again and then mounted onto glass slides. The secondary antibodies and their dilutions are
Alexa Fluor 488- or Alexa Fluor 594-conjugated goat anti-mouse or goat anti-rabbit IgG (Thermo Fisher) 1:500. The whole-mount
brain sections were tile scanned with Zeiss AxioscanZ1 digital slide scanner with a 10X objective. The high-resolution images
were taken with ZEISS LSM 880 confocal microscope. The intensity of fluorescence of GFAP immunostaining, the intensity of native
green fluorescence of EGFP (of SynaptoTAG2, without immunostaining), and areas of the regions of interest were measured with Zen
software (Carl Zeiss Microscopy GmbH). The number of tdTomato-positive cells or the cells immunostained with antibodies (for
S1008, Olig2, NeuN, NG2, TMEM119, respectively) were manually counted. The density of positive cells (expressing tdTomato, or
immunostained with antibodies) was calculated by dividing the cell number by the area of the brain region.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as scatter and mean, or mean + standard error of the mean (SEM). Sample numbers (n) indicating the number of
brain images in each experiment are specified in the figures. The correlation between the densities of astrocytes and intensity of

EGFP-Syb2 (of SynaptoTAG2) in Figure 1 is conducted with linear regression. Statistical significance was analyzed with Mann-
Whitney test. p < 0.05 is considered statistically significant. “***” in the figures indicates p < 0.001.
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