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ABSTRACT

Astrocytes play key roles in brain function, but how these are orchestrated by transcription factors (TFs) in the adult brain and
aligned with astrocyte heterogeneity is largely unknown. Here we examined the localization and function of the novel astrocyte
TF Trpsl (Transcriptional Repressor GATA Binding 1) and the well-known astrocyte TF Sox9 by Cas9-mediated deletion using
Mokola-pseudotyped lentiviral delivery into the adult cerebral cortex. Trpsl and Sox9 levels showed heterogeneity among adult
cortical astrocytes, which prompted us to explore the effects of deleting either Sox9 or Trpsl alone or simultaneously at the
single-cell (by patch-based single-cell transcriptomics) and tissue levels (by spatial transcriptomics). This revealed TF-specific
functions in astrocytes, such as synapse maintenance with the strongest effects on synapse number achieved by Trpsl deletion
and a common effect on immune response. In addition, spatial transcriptomics showed non-cell-autonomous effects on the sur-
rounding cells, such as oligodendrocytes and other immune cells with TF-specific differences on the type of immune cells: Trps1
deletion affecting monocytes specifically, while Sox9 deletion acting mostly on microglia and deletion of both TF affecting mostly
B cells. Taken together, this study reveals novel roles of Trpsl and Sox9 in adult astrocytes and their communication with other
glial and immune cells.

1 | Introduction during development (Kang et al. 2012; Tiwari et al. 2018), their

roles in mature astrocytes and their involvement in astrocyte
Astrocytes are integral to numerous functions throughout the heterogeneity are largely elusive. For example, the TFs Sox9,
central nervous system. While the importance of transcription Nfia, and Nfib have been implicated in astrocyte specification
factors (TFs) is well documented in astrocyte fate specification (Deneen et al. 2006; Kang et al. 2012; Klum et al. 2018) and
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are still rather ubiquitously expressed in adult astrocytes (Sun
et al. 2017). Such pan-astrocyte TFs play unique and region-
specific roles in astrocytes during postnatal development
(Chengetal. 2023), in the intact adult brain (Huang et al. 2020;
Ung et al. 2021), in response to injury (Laug et al. 2019) or in
disease (Glasgow et al. 2017; Sardar et al. 2022). Interestingly,
Sox9 was shown to have a role only in specific brain regions,
while no role for Sox9 has been discovered yet in the cerebral
cortex (Cheng et al. 2023; Ung et al. 2021).

We therefore set out to explore the function of Sox9 in adult
cortical gray matter (GM) astrocytes at the single-cell level,
thereby considering possible cellular heterogeneity. We fur-
ther aimed to determine the role of a novel adult astrocyte TF,
Trpsl (Transcriptional Repressor GATA Binding 1 or Tricho-
Rhino-Phalangeal Syndrome Type I). Its expression has been
detected in adult astrocytes (Endo et al. 2022; Ohlig et al. 2021;
Sirko et al. 2015) and Trpsl and Sox9 are involved in similar
transcriptional cascades in other cell types, such as chondro-
cytes or hair follicle epithelial cells (Fantauzzo et al. 2012; Tan
et al. 2018). Trpsl was also predicted to be a TF driving both
astrocyte and oligodendrocyte fate during development (Weng
et al. 2019), but its protein localization in specific cell types,
expression levels, and function have not been examined in
the brain.

Importantly, no single cell deletion analysis has been performed
for any TF in astrocytes, despite their known heterogeneity
within and across brain regions (Bayraktar et al. 2020; Endo
et al. 2022; Lanjakornsiripan et al. 2018; Ohlig et al. 2021). Here,
we characterized the protein levels of Sox9 and Trpsl in the adult
mouse cortex GM, revealing a remarkable heterogeneity and
thus, raising the question of their function at single cell level. To
tackle this, we deleted Sox9 and Trpsl either alone or together
using a Cas9-mediated strategy, targeting specifically astrocytes
by pseudotyped lentiviruses and analyzed the effects by patch-
based single-cell RNA-sequencing (scRNA-seq). This revealed
TF-dependent alterations related to specific astrocyte functions,
such as regulation of synapse function and immune reaction.
As these changes pointed to non-cell-autonomous functions, we
also performed spatial transcriptomics (10xGenomics Visium,
stRNA-seq) in control and single- or double-TF-deleted condi-
tions, which revealed unexpected effects of astrocyte-specific
TF deletion in their surrounding onto other cell types, such as
oligodendrocytes as well as different cells of the immune system,
thus supporting the patch-based scRNA-seq analysis. Notably,
Sox9 and Trpsl seem to act often antagonistic, with the double
deletion abolishing effects of the single deletions. Thus, Sox9 and
Trpsl are involved in several functions of mature cortical astro-
cytes with widespread gene expression changes upon their loss,
placing them at the nexus of astrocyte-mediated homeostasis.

2 | Materials and Methods
2.1 | Animals
To characterize the expression of Sox9 and Trpsl in the adult

cortical GM by immunostaining, 2-5-month-old C57BL/6J mice
(Charles River Laboratories; Sulzfeld, Germany) were used.

R26-Cas9-Fezh mice (Platt et al. 2014, Jackson Laboratories;
Gt(ROSA)26Sortm1.1(CAG-cas9*-EGFP) Fezh/J, JAX stock
#024858) expressing Cas9-GFP in all cells constitutively were
used for Sox9, Trpsl deletion experiments. Animals were bred
as homozygotes and housed under specified pathogen-free con-
ditions and a 12:12h light/dark cycle, with 2-3 adult animals per
filter top cages. All experimental procedures were performed in
accordance with animal welfare policies and approved by the
regional authority (Regierung von Oberbayern, Germany).

2.2 | gRNA Cloning and Viral Vector Preparation

For cloning multiple gRNAs targeting the TFs, we used the
STAgR approach (Breunig et al. 2018). In brief, the gRNA-
insert and gRNA-vector fragments were generated by PCR
with gRNA-scaffold-Fwd and gRNA(rev)-hU6-Rev primers
(see Resources Table) as described in (Breunig et al. 2018).
The PCR-amplified gRNA-insert and gRNA-vector fragments
were purified using AMPure XP Beads and assembled into a
2X-STAgR or 4X-STAgR construct by use of Gibson assembly
(Gibson 2011). The assembled fragments were transformed
into chemically competent TOP10 Escherichia coli bacteria
and gRNA positive clones were selected by colony PCR and
the isolated plasmids were further verified by Sanger sequenc-
ing using StAgR_seq_fwd2 and StAgR_seq_rev primers. The
gRNA sequences were further sub-cloned into a lentiviral
construct as follows: gRNA containing sequences were cut
out from the STAgR plasmids by KpnlI or Afel+BsrBI diges-
tion and ligated into a similarly generated lentiviral sticky or
blunt end fragment (LTR-CMV-tdTomato-WPRE-LTR) using
T4 DNA ligase (incubated at 16°C overnight) and transformed
into chemically competent TOP10 E. coli bacteria. gRNA posi-
tive clones were selected by colony PCR and further verified by
Sanger sequencing using either of the following primers: len-
tiSeq_fwd,_StAgR_seq_fwd2, seqWPRE_Fwd, STAGRseq_
pLKOI_rev. The final assembled lentiviral constructs are as
depicted in Figure 2A.

The lentiviral production was carried out as described by
Heinrich et al. 2014, with the following differences. The gRNA
lentiviral plasmids were transfected into HEK293T cells along
with the pMokola-G plasmid (for pseudotyping) and pCM-
VdR8.91 packaging plasmid. The viral particles were harvested
from the medium 4 days later. The media was collected in 50 mL
tubes, spun down at 3500rpm for 5min, and filtered with a
0.45pum filter into a conical-bottom ultracentrifuge tube con-
taining OptiPrep. After ultracentrifugation at 24,000rpm for
2h, most of the supernatant was removed without disturbing
the OptiPrep interface, re-suspended thoroughly in cold TBS-5
buffer (now ensuring complete mixing with OptiPrep), and sub-
sequently subjected to a second round of ultracentrifugation at
24,000rpm for 2h. After discarding the supernatant, the viral
pellet was re-suspended in an appropriate volume of TBS-5 buf-
fer and stored at —80°C until further use. The titer of the Mok-
LVs was determined by infecting primary astrocyte cultures
with serial dilutions of the concentrated viral stock: the titer was
calculated based on the number of cells expressing tdTomato
3days after transduction, expressed as titer units per milliliter
(TU/ml).
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The gRNA sequences and primer sequences are:

gRNA sequences

g-Control (non-targeting sequence)
g-Sox9_exonl

g-S0x9_exon2

g-Trpsl_exonl

g-Trpsl_exon3

GCTGCATGGGGCGCGAATCA
GTACCCGCATCTGCACAACG
GCTGGTACTTGTAATCGGGG
TAGGACTGCATAATCGCACC
AGAGGGGCAGACATCCTACG

Primers for gRNA cloning

g-Sox9_exonl_Scaffold-fwd
g-Sox9_exonl_hU6_Rev
g-Sox9_exon2_Scaffold-fwd
g-Sox9_exon2_hU6_Rev
g-Trpsl_exonl_Scaffold_fwd
g-Trpsl_exonl_hU6_Rev
g-Trpsl_exon3_Scaffold_fwd
g-Trpsl_exon3_hU6_Rev
g-Control_Scaffold-fwd
g-Control_hU6_Rev

Primers for Sanger sequencing

GTACCCGCATCTGCACAACGGTTTTAGAGCTAGAAATAGCAAGTT
CGTTGTGCAGATGCGGGTACCGGTGTTTCGTCCTTT
GCTGGTACTTGTAATCGGGGGTTTTAGAGCTAGAAATAGCAAGTT
CCCCGATTACAAGTACCAGCCGGTGTTTCGTCCTTT
TAGGACTGCATAATCGCACCGTTTTAGAGCTAGAAATAGCAAGTT
GGTGCGATTATGCAGTCCTACGGTGTTTCGTCCTTT
AGAGGGGCAGACATCCTACGGTTTTAGAGCTAGAAATAGCAAGTT
CGTAGGATGTCTGCCCCTCTCGGTGTTTCGTCCTTT
GCTGCATGGGGCGCGAATCAGTTTTAGAGCTAGAAATAGCAAGTT
TGATTCGCGCCCCATGCAGCCGGTGTTTCGTCCTTT

StAgR_seq_fwd2
StAgR_seq_rev
STAGRseq_pLKOI_rev
seqWPRE_Fwd

lentiSeq_fwd

ACTGGATCCGGTACCAAGG
TTACGGTTCCTGGCCTTTTG
ACCAATGACTTACAAGGCAGC
TCCTTCTGCTACGTCCCTTC
ATCGTTTCAGACCCACCTCC

2.3 | Viral Injection in R26-Cas9-Fezh Mice

Adult (2-4 months old) animals homozygous for Cas9 were used
for lentiviral injection to achieve CRISPR-mediated deletion of as-
trocyte TFs. Briefly, animals were anesthetized and injected with
the Mok-LV virus at a titer of 1-5x10® TU/ml in one hemisphere,
Bregma: RC: —0.4 to —1.4mm; ML: —1.0mm; DV: —0.65mm. The
animals were killed 7 or 21 days after the Mok-LV injection by tran-
scardial perfusion with phosphate-buffered saline (PBS), followed
by 4% paraformaldehyde (PFA) in PBS. The brains from these an-
imals were removed and post-fixed for 24h in 4% PFA, following
which the 40 um thick sections were cut at the vibratome and the
brain slices were stored in PBS with sodium azide at 4°C until fur-
ther analysis by immunostainings. The animals used for Sox9 and
Trpsl characterization by immunostainings were perfused and
processed in a similar manner, but without any viral injections.

2.4 | Immunohistochemistry
For immunohistology, sections, stored in 1XPBS with sodium

azide, were washed with 1XPBS three times for 10min each; then,
they were pre-incubated for 90min in blocking solution (3% bovine

serum albumin, 0.5% Triton X-100 in 1XPBS). Primary antibodies
were diluted in blocking solution (as mentioned in the Resources
Table); the sections were incubated with the appropriate antibody
combination for 48h at 4°C. Then, the slices were washed with
1XPBS three times, 10min each washing. Then, slices were in-
cubated for 2h with the appropriate species- or subclass-specific
secondary antibodies and 4',6-diamidino-2-phenylindole (DAPI,
to label the nuclei) diluted in blocking solution. After washing
the slices in 1XPBS for three times, they were mounted with Aqua
Poly/Mount (Polysciences, Warrington, PA). For Trpsl, synapto-
physin, and Homer1 immunostainings, antigen retrieval steps with
0.01 M Sodium citrate (pH6) at 90°C for 20min was performed be-
fore incubation with the corresponding primary antibodies. The
following primary and secondary antibodies were used at the men-
tioned dilutions:

Primary Company/
antibody Dilution catalogue number
Rabbit anti-Sox9 1:1500 Merck/Millipore
(AB5535)
Rabbit anti-Trpsl 1:300 Abcam (ab209664)
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Primary Company/
antibody Dilution catalogue number
Mouse IgG1 1:300 Sigma (S2532)
anti-S1003
Goat anti-Sox9 1:500 AF3075-SP
Mouse IgG1 1:300 Sigma (G3893)
anti-Gfap
Mouse IgG1 1:500 Synaptic Systems
anti-Synaptophysin (SYSY101011)
Rabbit 1:500 Synaptic systems
anti-Homerl (SYSY 160003)
Goat anti-mcherry 1:1000 Acris/Origene
(AB0081-200)
Rabbit anti-RFP 1:1000 Rockland
(600-401-379)
Mouse IgG2a 1:250 Merck/Millipore
anti-Olig2 (MABNS50)
Rat IgG2a BrdU 1:300 Abcam (AB6326)
Rabbit Beasl 1: 500 SYSY 445003
Secondary Company/
antibody Dilution catalogue number
Donkey anti- 1:250 Life Technologies
mouse IgG A488 (A21202)
Donkey anti-goat 1:1000 Life Technologies
A594 (A-11058)
Donkey anti-rabbit 1:1000 Dianova, 711-165-152
Cy3
Donkey anti- 1:1000 Jackson (Biozol)
Rabbit IgG Alexa JIM-711-165-152
Fluor 647
Goat anti-mouse 1:1000 Life Technologies
IgG1 Alexa Fluor (A21121)
488
Goat anti-Mouse 1:1000 Invitrogen A21241
IgG2a Antibody,
Alexa Fluor 647
Goat anti-Rabbit 1:250 ThermoFisher
IgG (H+L) A405 (A-31556)
DAPI (nuclear 1:1000 Sigma, D9564
staining) (0.1 pg/mL)

2.5 | Quantification and Statistical Analysis
for Immunohistochemistry

Images were obtained using a Confocal laser scanning (Zeiss
LSM710) microscope and analyzed using ImageJ or Imaris (for
synapse analysis). Images for Sox9 and Trpsl characterization
in the adult cortex were taken as a tiled image at a magnifi-
cation of 25X to cover the entire cortical column in the so-
matosensory cortex area, with 12-20um thick z stacks. The

proportion of Sox9 or Trpsl positive (or double-positive cells)
was obtained by counting all the S1008+ astrocytes or Olig2+
oligodendroglial lineage cells. To understand the layer distri-
bution, the cortical GM was divided into five equal bins, with
bins 1, 2 corresponding to the upper cortical layers and bin 3 in
the middle and bins 4 and 5 corresponding to the deeper corti-
cal layers. The intensity of Sox9 and Trpsl was calculated for
all the cells in the cortical column, based on ROIs drawn for
DAPI signal. A cell was considered positive for Sox9 or Trpsl if
the normalized corrected total cell fluorescence was more than
0.3 and 0.15, respectively. Images for validation of Sox9, Trpsl
deletion after Mok-LV injection were taken as tiled images at
a magnification of 25X to cover the entire region of injection
along the cortical column, with 12-20um thick z stacks. The
proportion of infected cells (tdTomato+) cells expressing Sox9,
Trpsl, S1008, or Gfap was expressed as a percentage of gRNA-
tdTomato+ cells.

Confocal images for synaptic puncta analysis were taken at
a magnification of x40 (with a X2.5 zoom) with 4.5-7um
thick z stacks. Each image contained 1-3 infected astrocytes,
and at least five ROIs were imaged for each animal. The
images were deconvolved and the astrocyte surface was re-
constructed (based on the signal for tdTomato, i.e., gRNA in-
fected astrocytes or Aldh111-eGFP; see, e.g., Figures 4D1’-F1’
and S611’,J1’) on Imaris. Following this, the number of pre-
and post-synaptic puncta in the regions surrounding the astro-
cyte (within a distance of 0-1.5 um from the astrocyte surface)
were calculated with the “Spots” function on Imaris (see, e.g.,
Figures 4D2’,D3',E2’,E3,F2/,F3’ and S6F2’,F3',12,13’, J2/, J3').
Synapses were defined as post-synaptic puncta located within
0-0.2 um of the closest pre-synaptic puncta, a distance thresh-
old that reflects the typical synaptic cleft size of ~20-30nm
(e.g., see Figures 4D4,E4,F4 and S6F4,14,J4). The synapse
numbers were normalized to the volume of the reconstructed
astrocyte surface and represented as a Fold-change to the aver-
age of the g-Control condition in each batch of the experiment.

All statistical tests were performed with GraphPad Prism
9.5. Parametric One-way ANOVA with Tukey's test for com-
parison was performed if all the conditions in a comparison
passed Shapiro-Wilk test for normality. Otherwise Kruskal-
Wallis test with Dunn’s test for multiple comparisons was per-
formed. The exact test used for each graph is also mentioned in
the corresponding figure legends, all barplots are represented
as mean+SEM. Data in the figures are available at: https://
doi.org/10.5281/zenodo.14065517.

2.6 | Patch-Based scRNA-Seq (Patch-Seq)

Smart-seq2 based Patch-seq of astrocytes was performed using
a modified version of the protocol established for neurons
(Cadwell et al. 2017; Cadwell et al. 2016). Briefly, acute cortical
slices of 300 um thickness were obtained from animals injected
with g-Control, g-Sox9, g-Trpsl, or g-Sox9+ Trpsl Mok-LVs. At
7 or 21dpi, mice were decapitated and brain were rapidly re-
moved and placed in oxygenated N-methyl-D-glucamine-based
(NMDG) artificial cerebrospinal fluid (aCSF) solution contain-
ing the following (mM): 135 NMDG, 1.5 KCI, 1.5 KH,PO,, 25
choline-bicarbonate, 25 glucose, 0.4 ascorbic acid, 0.5 CacCl,
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and 3.5 MgCl, (pH7.2-7.4, 300-310mOsm). The brain slices
were cut using a vibratome (Leica Microsystems, VT1200S)
and then incubated for 30 min at 37°C +0.5°C in an oxygenated
aCSF solution containing the following (in mM): 125 NaCl, 2.5
KCl, 1 glucose 1.25 NaH,PO,, 1 glucose,2 CaCl, and 2 MgCl,
(7.2-7.4 pH, 300-310mOsm). The infected astrocytes (identi-
fied based on the signal for tdTomato in the Mok-LV construct)
were collected using a patch-clamp pipette and immediately
transferred to individual tubes containing a lysis buffer based
on (Cadwell et al. 2017). Subsequent reverse-transcription and
cDNA amplification steps were carried out using Superscript IT
Reverse Transcriptase (SSIIRT; Thermo Fisher Scientific, cat.
no. 18064014) and KAPA Biosystems HiFi HotStart Ready Mix
(Thermo Fisher Scientific, cat. no. NC0295239), respectively.
The generated cDNA was purified with Axygen AxyPrep mag
PCR clean-up kit (Thermo Fisher Scientific, cat. no. 14223151)
using a ratio of 0.6:1 (vol beads to vol PCR reaction) and the pu-
rified cDNA was checked by running 1 uL of the sample on an
Agilent Bioanalyzer or Qubit (Thermo Fisher), as per manufac-
turer's instructions. Samples with good quality cDNA (based on
assessments in Cadwell et al. 2017) were sent to the Laboratory
for Functional Genome Analysis (LAFUGA) at the Gene Center
Munich, where further downstream steps such as tagmentation
reaction and sequencing were carried out, similar to (Cadwell
et al. 2017). After sequencing, raw reads were de-multiplexed on
an in-house high-performance-cluster (HPC) using Je (version
2.0.2). The raw sequencing reads were aligned to the Ensembl
GRCm38 mouse reference genome using STAR aligner (version
2.7.1) with the GeneCounts parameter activated. See subsection
“Data analysis for scRNA-seq of cortical GM astrocytes, Patch-
based scRNA-seq (Patch-seq) and stRNA-seq” for details about
subsequent data analysis of these data. Data are available at
Gene Omnibus (GEO) ID: GSE279676.

2.7 | In Situ Hybridization

RNA in situ hybridization was performed using RNAscope
Multiplex Fluorescent Reagent Kit (ACD, 323110) accord-
ing to the manufacturer's instructions. Briefly, brain sections
were fixed in 4% paraformaldehyde at 4°C for 15min, ethanol-
dehydrated (Carl Roth #9065.4), treated with H,O, (ACD,
322381) and protease-permeabilized for 20min at 40°C. Brain
sections were then incubated for 2h at 40°C using the following
probes: Serpina3n (ACD, 430191-C2) and Cxcl10 (ACD, 408921-
C3). Signal was amplified according to the manufacturer’s in-
structions (user manual Cat. No.: 320293, Fluorophore Opal
520: Akoya Biosciences FP1488001KT and Opal 690: Akoya
FP1497001KT). Subsequently, sections were processed with
immunohistochemistry analysis as described above. The pri-
mary antibody used in combination with RNAscope was rab-
bit antibody to RFP (1:500) to detect gRNA-infected astrocytes
(tdTomato). The slices were stored at —20°C until imaging was
carried out either with an inverted Leica SP8 microscope using
the LASX software (Leica) at the core facility bioimaging of the
Biomedical Center (BMC) or Confocal laser scanning (Zeiss
LSM710) microscope. Images were acquired at a magnification
of x40 (with a X2 zoom) with 4.5-7 um thick z-stacks. The im-
ages were analyzed using ImageJ; the number of Serpina3n and
Cxcl10 puncta were counted within the area thresholded for the
signal of tdTomato (gRNA-infected astrocytes). The statistics

for comparison was performed with GraphPad Prism 9.5, where
Kruskal-Wallis test and Dunn's test for multiple comparisons
were performed.

2.8 | Spatial Transcriptomics (stRNA-Seq) Analysis

Animals injected with Mok-LV gRNAs were sacrificed at
7dpi; the extracted brains were embedded and snap-frozen in
an isopentane and liquid nitrogen bath as recommended by
10xGenomics (Protocol: CG000240). The brains were resected
to generate smaller samples (as shown in Figure 5B) at the
cryostat (Thermo Scientific CryoStar NX50) and 10 um thick
coronal sections of the dorsal brain were cut. The sections were
checked for the presence of infected cells (tdTomato+ cells)
briefly. After confirming that we were at the region of injec-
tion, two consecutive 10 um thick sections containing infected
cells were placed in one capture area each. The tissue was
stained using H&E staining and imaged with the Carl Zeiss
Axio Imager.M2m microscope using x10 objective (Protocol:
CG0001600). The libraries were prepared with Visium Spatial
Gene Expression Reagent Kits (CG000239) with 18 min per-
meabilization time and sequenced on an Illumina HiSeq1500
instrument and a paired-end flowcell (High output) accord-
ing to manufacturer protocol. Sequencing was performed in
the Laboratory for Functional Genome Analysis (LAFUGA).
Data were mapped against the mouse reference genome
mm10 (GENCODE vM23/Ensembl 98; build versions 1.2.0 and
2020A from 10xGenomics) with Space Ranger 1.2.2. Further
downstream analysis of this data was performed in RStudio
(Posit PBC) using the Seurat and Bioconductor packages. For
quality control, only spots with less than 30% mitochondrial
reads, less than 20% hemoglobin reads, and at least 250 de-
tectable genes were selected for further analysis. The four
samples were merged on Seurat and spots specific to the corti-
cal GM were selected based on the anatomical position. Data
were analyzed as explained below. Data are available at Gene
Omnibus (GEO) ID: GSE279677.

2.9 | Data Analysis for scRNA-Seq of Cortical
GM Astrocytes, Patch-Seq Based scRNA-Seq
and stRNA-Seq

All the scRNA-seq and stRNA-seq data were analyzed on
RStudio, using packages from Bioconductor and Seurat and
the GO analysis was performed with the enrichGO function
and simplified with the Rrvgo package to avoid redundant GO
terms. scRNA-seq for cortical GM astrocytes (10xGenomics) was
kindly provided by Bocchi et al. (in revision/accepted in princi-
ple). Cells annotated as cortical GM astrocytes in this dataset
were selected for downstream analysis, which resulted in 3150
cells. “FindClusters” function was used at a resolution of 0.5 and
this gave rise to six clusters with distinct gene expression pat-
terns. For Patch-seq-based scRNA-seq data and stRNA-seq data,
the cells were clustered with a resolution of 0.8. For compari-
son of our stRNA-seq data with response after SWI, we used the
scRNA-seq data set (10xGenomics) for cells from cortical GM at
5dpSWI (Koupourtidou et al. 2024). The module scores for each
of the annotated cell type were calculated based on the top 25
DEGs using the AddModulescore function in Seurat.
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2.10 | Other Resources

Software and algorithms

Resource Identifier

ImageJ https://imagej.net/
Downloads

Imaris 9.7.2 Access to software

provided by Core Facility
Bioimaging, Biomedical
Center, LMU (https://
imaris.oxinst.com/)

ZEN software, Zeiss https://www.zeiss.com/
microscopy/en_us/
products/microscope

software/zen.html

Microsoft Excel https://www.micro

soft.com/en-gb/

GraphPad Prism 9.5 https://www.graph
pad.com/
Affinity Designer 1.1 https://affinity.serif.

com/en-us/designer/

RStudio https://rstudio.com

R ggplot2 https://ggplot2.

tidyverse.org

Seurat (v4.3) https://github.com/satij
alab/seurat/blob/HEAD/

vignettes/install. Rmd

enrichGO (ClusterProfiler) https://bioconductor.

org/packages/release/
bioc/vignettes/clust
erProfiler/inst/doc/

clusterProfiler.html

Rrvgo https://www.micro
publication.org/journ
als/biology/micro
pub-biology-000811
3 | Results

3.1 | Adult Murine Cortical Astrocytes Show
Heterogeneity in Trpsl and Sox9 Levels

As Trpsl has been detected in astrocytes by several RNA-seq
studies, we first examined its protein levels along with Sox9 and
S100p (as a general marker for astrocytes) in the cerebral cortex
of young adult 2-3 months old mice (Figure 1A,B). First, we mon-
itored the distribution of immunopositive cells across a column
of the cortex GM, divided into five equal bins (Figure 1C), and
quantified the percentage Sox9+ S1008+ or Trpsl+ S1008+ as-
trocytes per bin (Figure 1D,E). Most S100 astrocytes were pos-
itive for Sox9 (76%, Figure 1F) and this was not significantly
different across the cortical layers (Figure 1D). Conversely, only
40% of the S1003+ astrocytes were positive for Trpsl, most of

which were also Sox9+ (Figure 1F). We also observed a trend
toward higher proportions of S1008— Trpsl double positive as-
trocytes in upper compared to lower bins (Figure 1E). While all
the Sox9+ cells in the cortical GM were positive for S1008 and,
hence, astrocytes (Figure S1A), only 35.5% of Trpsl+ cells were
S1008+ or Sox9+, suggesting that Trpsl may also label other
glial cells (Figure S1B). Therefore, we stained for Trpsl, Olig2,
and S10083 and found 50% of the Olig2 positive oligodendrog-
lial lineage cells to be Trpsl+ (Figure S1C). Conversely, 63% of
Trpsl+ cells were Olig2+, and 11% were S1003+ (together or
without Olig2; Figure S1D). These data suggest that Trpsl is
expressed in both astrocyte and oligodendrocyte lineage in the
adult brain, similar to the developing brain (Weng et al. 2019).

Next, we evaluated the expression of the proteins Sox9 and
Trpsl by measuring the fluorescence intensity of all the cells
within each bin of the cortical column. The normalized cor-
rected total cell fluorescence (CTCF) for either Sox9 or Trpsl
showed remarkable heterogeneity (as observed in the color-
coded dot plot; Figure 1C). The fluorescence intensity of all
the Sox9+ cells did not show considerable variation across bins
(Figure 1G). However, the cells positive for both Sox9 and Trpsl
had higher levels of Sox9 signal (in bins 2-5, with significantly
higher levels in bins 3 and 4). Conversely, Trpsl seems lower in
Sox9-Trpsl double positive cells compared to Trpsl-only posi-
tive cells (Figure 1H, in bins 2-5, with significantly lower levels
inbin 5, i.e., in the deeper layers (DL)). Overall, Trps1 seems less
abundant in the upper layers (UL, bin 1).

Given this heterogeneity at the protein level, we explored if
this could also be detected at mRNA level, or if this is entirely
posttranscriptional. Therefore, we analyzed the expression of
Sox9 and Trpsl in scRNA-seq dataset from our lab (10xGenom-
ics, Bocchi et al. (unpublished)) comprising cells from cortical
GM and white matter (WM), taken by means of a biopsy punch
without any specific selection for astrocytes. Subsetting GM as-
trocytes by the expression of known astrocyte genes (Astrocyte
score, Figure S1E; genes shown in Table S1) resulted in 3150
cells, which were almost negative for other glial lineage-specific
genes, such as Olig2 or SoxI0 for the oligodendrocyte lineage
and Tmem119 or Aif1 (Ibal) for microglia (Figure S1G). Among
the six astrocyte clusters (Figure S1E,H), considerable differ-
ences in the expression levels of the 2 genes were observed: for
instance, in clusters A and E both Sox9 and Trpsl are highly
expressed, while in other clusters their expression is highly vari-
able, with the lowest expression of Sox9 and Trpsl in cluster C
(Figure S1F). Together, scRNA-seq analysis of astrocytes iso-
lated from adult cortical gray matter supported the heterogene-
ity of Sox9 and Trpsl found at protein level.

3.2 | CRISPR Mediated Deletion of Trpsl and Sox9
in Astrocytes

Given this interesting heterogeneity, we explored the effects
of Sox9 and Trpsl deletion in cortical GM astrocytes at the
single-cell level. To this end, we used a CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats)/Cas9 medi-
ated strategy, delivering the respective gRNAs to astrocytes by
Mokola-pseudotyped lentivirus (Mok-LV) (Watson et al. 2002)
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FIGURE1 | Characterization of Trpsl and Sox9 protein in the cortical GM. (A) Micrographs of Sox9, Trpsl, and S1008 immunostaining in the
adult murine cortex. Scale bar = 50 um. (B) Magnification of areas highlighted in yellow boxes of the respective image in A; yellow arrowheads point
to cells positive for Sox9, Trpsl, and S1008; magenta arrowheads point to cells positive for Trpsl and S1008; white arrowheads point to cells positive
for only Trpsl. Scale bar =10 um. (C) Reconstruction of the distribution and intensity of Sox9 and Trpsl in a cortical column divided into 5 bins; Sox9
and Trpsl intensities are color-coded in red and blue, respectively. (D, E) Boxplots showing bin-wise percentage of S1003+ astrocytes expressing (D)
Sox9 and (E) Trpsl (n biological replicates =4; Data shown as IQR+ whiskers). (F) Percentage of Sox9 or Trpsl over S1008+ cells in the cortical GM
(n biological replicates =4, data labels indicate). Data shown as %Mean + SEM; all cells were considered, irrespective of bins or layers. (G, H) Boxplots
showing quantification for the normalized (G) Sox9 and (H) Trpsl intensity for cells positive for both Sox9+ Trps1+ cells or only Sox9+ or Trpsl+
cells across bins (n biological replicates =4. Data shown as IQR + whiskers). Statistics for comparison were analyzed by Two-way ANOVA (by fitting
a mixed model or Sidak's multiple comparison test), *p <0.05.

in transgenic mice ubiquitously expressing Cas9-GFP (Platt multiplexed (Breunig et al. 2018), thus allowing the regulation
et al. 2014). Two gRNAs per gene, targeting different exons, of either only Sox9, only Trpsl, or Sox9 and Trpsl simultane-
were cloned in the same lentiviral vector, to increase the knock- ously, together with the coding sequence for a fluorescent re-
down efficiency (Replogle et al. 2022). Furthermore, they were porter under a CMV promoter (Figure 2A). First, we confirmed
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the specificity of the virus to target astrocytes by injecting about
750nL of the control gRNA (g-Control) Mok-LV at a titer of 10°
infective particles per milliliter (TU/mL) into the somatosen-
sory cortex. This resulted in a substantial number of infected
cells in the injected region both at 7 or 21days post injection
(dpi, Figure 2B,C); more than 80% of the transduced cells
were immunopositive for the astrocyte markers S1008 or Gfap
(Figure 2D,E) at both time points, while a smaller fraction of the
infected cells was positive for oligodendrocyte lineage markers
like Olig2 (27%) or Bcasl (14%), but no cells were positive for
Ibal or CD45 (Figure 2D, Figure S2A). These results confirm
that Mok-LV targets astrocytes with high specificity and effi-
ciency (Watson et al. 2002).

We next injected Mok-LV expressing gRNAs against Sox9 (here-
after, g-Sox9) or Trpsl (g-Trpsl) or both (g-Sox9+Trpsl) and
examined their protein levels in the targeted astrocytes (ex-
amples in Figure S2B-D). Animals injected with g-Sox9 or g-
Sox9+ Trpsl showed a significant reduction in the number of
Sox9+ cells at 7dpi (Figure 2F,F’) and 21dpi (Figure S2H,J).
Notably, however, the percentage of Sox9+ cells was signifi-
cantly higher in the g-Sox9+Trpsl condition at the earlier time
point (Figure 2F’). Likewise, a significant reduction, with al-
most no Trpsl+ astrocytes, was found in animals injected with
g-Trpsl (Figure 2G,G’; Figure S2I,K), while Trpsl levels were
more variable in the g-Sox9+Trps1 injections (Figure 2G’), sug-
gesting limitations of multiplexing. Generally, the proportion of
Trpsl+ astrocytes among infected cells was more variable, con-
sistent with its expression in subsets of astrocytes.

Next, we wondered whether TF deletion would affect astrocytes'
morphology or pan-astrocyte marker expression. Most astro-
cytes showed a normal bushy morphology independent of the
experimental condition (Figure 2F,G). Although most infected
cells retained S1008 and Gfap protein at 7dpi (Figure 2H,I,
Figure S2B-E), we observed a slight decrease of S1008+ cells
over g-Sox9 cells at 7 and 21dpi (Figure S2B-E), which could
suggest either the loss of some g-Sox9 astrocytes or a downregu-
lation of S100f. Nevertheless, the overall analysis suggests that
these TF are not required for the maintenance of astrocyte iden-
tity in the adult cortex GM.

3.3 | Patch-Based scRNA-Seq Reveals Changes in
a Multitude of Astrocyte Functions After Deletion
of Trps1 or Sox9

To examine the consequences of Trps1 or Sox9 deletion in astro-
cytes at the single cell level, we performed a variation of Smart-
seq2-based Patch-seq of astrocytes (as in Cadwell et al. 2016;

Cadwell et al. 2017, but without physiological recording). We
chose Patch-seq, despite its relatively low throughput com-
pared with conventional FACS-sorted scRNA-seq methods,
because it presents several major advantages that we believe
to be crucial for answering our scientific question accurately.
Conventional scRNA-seq methods require the dissociation of
the tissue, which often causes physical damage and biological
stress to the cells, resulting in artefactual expression changes
and a bias toward specific cell subpopulations more resilient
to these procedures (Porter et al. 2020). On the other hand,
Patch-based scRNA-seq uses acute brain slices that are kept
vital in vitro and preserve the physiological connections and
activity of the cells. Additionally, the process of collecting the
cells from brain slices is carried out in seconds. Thus, Patch-
seq allows us to obtain a transcriptomic dataset that reflects
the more “natural” transcriptome of the cells. Furthermore,
Patch-based scRNA-seq allows to know the exact location of
the collected cell and, therefore, pair transcriptomes with spa-
tial context (Lipovsek et al. 2021). This is a crucial advantage
in our project, since it allows us to collect individual cells di-
rectly from their location within the brain parenchyma.

For this, individual astrocytes were collected with a patch-
clamp-like microelectrode in acute cortical slices of animals
injected with g-Control, g-Sox9, g-Trpsl or g-Sox9+ Trpsl
after establishing a so-called gigaOhm seal (Figure 3A). This
allowed to collect 40g-Control, 57g-Sox9, 45g-Trpsl, and
39g-Sox9+ Trpsl astrocytes across two time points (7 and
21dpi), over 5 biological replicates. For a systematic and com-
prehensive analysis, we also collected 56 astrocytes from the
intact cortex (not-injected) of Aldh111-eGFP animals, and per-
formed several controls, in which the patch pipette was briefly
in touch with the brain slices, but no cells were approached
with the microelectrode (slice-control). Among the collected
slice-controls, less than half (12 samples out of 30) had suffi-
cient RNA and passed the quality control steps (Figure S3A).
After batch correction the sequenced cells were distributed
among all the clusters (Figure 3B, Figure S3B), irrespective
of their condition (Figure 3C, Figure S5A) or the time point
(Figure S3C). Importantly, slice-controls were distributed
among several clusters (ps_bcl, ps_bc2, ps_bc4; Figures 3C,
S5A), excluding a specific contamination. Overall, the cells
could broadly be divided into four clusters (ps_bc0, ps_bcl,
ps_bc2, ps_bc4; Figure 3B). Thus, the deletion of Sox9 or
Trpsl did not have major effects on cell or subtype identity,
therefore allowing the examination of possible functional con-
sequences of their deletion in astrocytes.

Astrocytes from the intact brain were distributed mainly in clus-
ters ps_bc0, ps_bcl, and ps_bc3, revealing their heterogeneity

FIGURE 2 | CRISPR mediated deletion of Trpsl and Sox9 in adult cortical astrocytes. (A) Scheme for Mokola-pseudotyped lentivirus (Mok-LV)
constructs expressing control gRNA (g-Control) or gRNAs against Sox9 and Trpsl, injected into the adult cortex. Analysis was performed at 7 or

21dpi. (B, C) Micrographs showing overviews of the entire cortex thickness after g-Control injection and immunostainings for the astrocyte markers
S1008 or GFAP at 7 and 21 dpi (scale bars =50 um). (D, E) Barplots showing the percentage of g-Control cells immunopositive for S10083, Gfap, Olig2,
Bcasl, Ibal or CD45 at 7 and 21 dpi (n biological replicates = 3-4 for 7 dpi; n biological replicates = 3 for 21 dpi). Data are shown as Mean + SEM. (F, G)
Micrographs showing gRNA infected cells immunostained for (F) Sox9 or (G) Trps1 at 7 dpi (yellow arrowheads point to gRNA infected cells positive
for Sox9/Trpsl, white arrowheads point to cells negative for Sox9/Trps1, scale =20um). Bar plots in F’ or G’ show the percentage of Sox9+ or Trpsl+

among gRNA infected cells at 7dpi respectively (n biological replicates =3-4). One-way ANOVA with Dunnet's test for multiple comparisons was
performed (*p <0.05, **p <0.01, ***p <0.0005). (H, I) Barplots showing the percentage of gRNA infected cells immunopositive for (H) S1008 and (I)
GFAP at 7dpi in all conditions (n biological replicates =4 for 7dpi). Data are shown as Mean + SEM.
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Patch-sequencing of Trps1 and/or Sox9 deleted astrocytes. (A), Scheme for Patch-based scRNA-seq of gRNA infected astrocytes from

adult cortex. (B, C) UMAP plots depicting (B) clusters and (C) distribution of experimental conditions across the various clusters. (D) Stacked bar
plots showing the number of significantly up and downregulated genes (p <0.05) in g-Sox9, g-Trps1, and g-Sox9+ Trpsl condition in comparison to

g-Control. (E-H) Barplots depicting top 5 up- and downregulated pathways enriched in (E) g-Control astrocytes compared to intact astrocytes; in

astrocytes after (F) Sox9 deletion, (G) Trpsl deletion, (H) Sox9+ Trps1 deletion in comparison to g-Control. The number of genes enriched in each

pathway is shown as “Count”; enrichGO was performed on genes enriched in each condition with p-value <0.05, and further simplified with Rrvgo

package (see Table S3 for more details).

(Figure S5A). Cluster ps_bc2 appears to comprise almost only
cells with gRNA injection (irrespective of whether the cells were
from control or deletion conditions), suggesting that the cells
within cluster ps_bc2 may share a signature related to a response
to the mild injury of the Mok-LV injection. Consistently, GO anal-
ysis on significantly upregulated genes in g-Control cells com-
pared to intact astrocytes revealed the upregulation of terms like
“positive regulation of response to external stimulus,” “response

” <«

to interferon- gamma,” “antigen processing and presentation”
(Figure 3E). This indicated an injury response signature that
arises because of a mild injury during Mok-LV gRNA injection,
also reflecting the reaction to injection of viral vectors (see also
Mattugini et al. 2019, for reaction to different viral vectors).

To get a global overview of the effects of Sox9/Trps1 deletion,
we performed a pairwise comparison of the deletion conditions
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with the g-Control cells to understand the gene expression
changes irrespective of the time point. Indeed, the deletion of
each TF elicited profound changes in gene expression unique
to each condition (Figure 3D). Upon Sox9 deletion, 646 sig-
nificant differentially expressed genes (DEGs) were detected
(457 upregulated, 189 downregulated). While most of the
upregulated genes were exclusive to the Sox9 deletion condi-
tion (Figures 3D, S3D,E), most g-Sox9 downregulated genes
were also downregulated after Trpsl or Sox9+ Trpsl deletion
(Figure S3F), suggesting a common signature following the
deletion of either of these TFs. Trpsl deletion resulted in 767
significant DEGs (414 up-, 353 downregulated), many of which
were significant only in the g-Trpsl condition. Following g-
Sox9+ Trpsl deletion, fewer significant DEGs were detected,
most of which were downregulated (70%, 266 genes) only in
this condition (Figures 3D, S3F). These data suggest that Sox9
could be involved in the upregulation of the DEGs after Trpsl
deletion and, hence, these up-regulated genes are no longer
significant in the double deletion. Vice versa, Trpsl may help
upregulating, directly or indirectly, the DEGs that were up-
regulated upon the Sox9 deletion, as these upregulated DEGs
were strongly reduced in the double-deletion (Figure 3D).
However, it is important to bear in mind that protein loss was
much less clear in the double deletion, prompting caution in
the interpretation of these data.

While Sox9 is known as an activator of transcription (Kang
et al. 2012; Ohba et al. 2015), it can also repress genes by com-
peting for co-factors (Yang et al. 2023). Similarly, Trpsl was
initially identified as a transcriptional repressor (Fantauzzo
et al. 2012; Malik 2001), but could also induce transcription
(Fantauzzo and Christiano 2012; Witwicki et al. 2018; Wuelling
et al. 2020). Thus, both Sox9 and Trpsl may function as either
an activator or a repressor depending on the context. In addition,
by 7 and 21days after gRNA delivery, there is ample time for
indirect functions.

3.4 | Considering TF Heterogeneity Across Control
Cells for Comparison With TF-Deleted Cells

To determine if the heterogeneous expression of Sox9 and
Trpsl could affect the transcriptome analysis, we compared
the transcriptome of cells after evaluating the presence of
Sox9 or Trpsl transcripts. To this end, we first systematically

analyzed the reads mapped to the Sox9 locus in g-Sox9, g-
Sox9+ Trpsl and in g-Control and intact astrocytes. We were
able to systematically categorize the cells from our scRNA-seq
as Sox9 positive (classified as “OK”) or Sox9 negative, either be-
cause Sox9 was not detected (ND) or had a knockout (KO) due
to exon 1 and 2 loss, which were targeted by the Sox9-specific
gRNA sequences used. Sox9 transcript could be detected in
many control cells; likewise, a clear loss of exonl and exon2
could be found in most g-Sox9 astrocytes (Figure S5B,D).
Sox9+ or Sox9— cells were distributed over identified clusters,
though more Sox9+ cells were found in ps_bc0O and Sox9—
in ps_bc2 and ps_bc3 (Figure S5C). Sox9 could be detected
in half of intact Aldhl1l1-eGFP+ astrocytes and g-Control
cells; conversely, only in 25% of g-Sox9 and g-Sox9+ Trpsl
astrocytes had reads mapping all Sox9 exons. (Figure S5D).
On the other hand, Trpsl was not detected in most cells, in-
cluding the intact and g-Control conditions (Figure S5B,E).
Therefore, we compared Sox9-KO cells from g-Sox9 or g-
Sox9+ Trpsl conditions and the Sox9+ cells from g-Control
astrocytes. Interestingly, most genes were downregulated in
the Sox9- cells: 89% of the DEGs (770 genes) in g-Sox9 (Sox9
KO), and 93.6% of the DEGs (1188 genes) in g-Sox9+Trpsl
(Sox9 KO) cells (Figure S5F,G). Gene set enrichment analy-
sis (GSEA) revealed changes in pathways like “negative reg-
ulation of cell communication,” “chromosome organization”
in the g-Sox9 condition (Figure S5H) or changes in pathways
like “regulation of cellular catabolic process,” “carbohydrate
derivative biosynthetic process” in the g-Sox9+ Trpsl condi-
tion (Figure S5I). However, as we could detect Sox9 only in a
fraction of sequenced cells, while immunofluorescent analy-
sis revealed a reduction of Sox9 in most of the targeted cells
(Figure 2F), it is likely that other g-Sox9 astrocytes also lost
Sox9 expression. Therefore, we decided focus on the analysis
comprising all the cells (Figure 3).

3.5 | Comparison of DEGs With Direct Targets
of Sox9 and Trpsl

To further explore possible direct targets of Sox9 and Trpsl, we
overlapped the significant DEGs (Figure 3D) with the known tar-
gets of Sox9 and Trps1 based on chromatin-immunoprecipitation-
sequencing (ChIP-seq) data for Sox9 in chondrocytes (Ohba
et al. 2015) and Trps1 in breast cancer cells (Witwicki et al. 2018).
Notably, these TFs share a considerable number of target genes

FIGURE 4 | Effect of Sox9 and Trpsl deletion on injury response related gene expression and synapse numbers. (A) Representative images
showing the expression of Serpina3n and Cxcll0 detected by RNAscope in the region of Mok-LV injection at 7dpi. Infected cells are labeled by
immunostaining for the fluorescence reporter (tdTomato). White arrowheads indicate gRNA+ cells expressing Serpina3n and Cxcll0, magenta
arrowheads indicate cells express neither at detectable levels, yellow and cyan arrowheads indicate cells that express one of the two at higher
levels (Serpina3n high and Cxcl10 high cells respectively). Scale bars =20 um. (B, C) Violin plots indicating the thresholded area for the signal of (B)
Serpina3n and (C) Cxcli0 in individual cells; (B’ and C’) bar plots indicating the average value of each biological replicate (5-10 cells per animal, n
biological replicates=4 for g-Control, g-Sox9, g-Sox9+ Trpsl; n biological replicates =3 for g-Trps1; not significant). (D-F) Representative images
showing gRNA-tdTomato infected astrocytes (D1, E1, F1), their reconstruction on Imaris (D1, E1, F1’), immunostaining for presynaptic puncta
(D2, E2, F2), the spots considered as pre-synaptic puncta (D2’, E2’, F2’), immunostaining for postsynaptic puncta (D3, E3, F3), spots considered
as post-synaptic puncta (D3’, E3’, F3’), the spots considered as synaptic puncta (post-synaptic puncta co-localizing with pre-synaptic puncta, in
close proximity to gRNA infected astrocytes at a distance of 0-0.5 (in white) or 0.5-1.5um (in green) (D4, E4, F4). Scale bars=10um. (G) Violin
plots showing the fold change in the number of synaptic puncta in comparison to g-Control condition; each dot represents a ROI, with 1-3 infected
astrocytes in the frame (5-7 ROIs per biological replicate). (G’) Bar plots indicating the average value of each biological replicate (n biological
replicates =4 for g-Control, g-Sox9, g-Sox9+ Trpsl; n biological replicates = 3 for g-Trps1; not significant).
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(3293 genes, i.e., 53% of Trpsl targets were shared with 33.3%
of Sox9 targets, Figure S3G). For the DEGs between Sox9+ and
g-Sox9 KO cells (see above), we found 50% to be predicted Sox9
targets (Figure S57J). Likewise, among all g-Sox9 or g-Trps1 versus
g-Control cells more than 50% of the DEGs were predicted to be
either exclusive Sox9 targets (e.g., Gbp3, Gbp5, Ifi35) or common
predicted targets of Sox9 and Trpsl (e.g., Cdk14, Nfix, Cpe) in each
condition (Figure S3H, see Table S2 for the entire list of predicted
targets), further corroborating the choice to analyze all targeted
cells. Interestingly, Sox9 and Trpsl not only share Nfix, another
pan-astrocyte TF (Lozzi et al. 2020), as a target, but both also reg-
ulate it, suggesting that Sox9, Trpsl, and Nfi TFs act in a tran-
scriptional network. Conversely, very few DEGs were predicted
to be exclusively targets of Trpsl (around 10%, e.g., Lamb2, Pygl,
Tmem128), suggesting that more genes may be regulated by Sox9
or co-regulated by Sox9 and Trpsl in astrocytes. This was likewise
the case when we restricted the analysis to the 7dpi time point
to avoid even more indirectly regulated genes (50% of the DEGs
were predicted targets of Sox9). Thus, even considering all control
cells, some of which already have low levels of Sox9 or Trps1, our
differential gene expression analysis identified a high proportion
of direct target genes, providing confidence in this analysis.

3.6 | Synapse- and Immune-Related Gene
Expression Changes Upon Sox9 and/or Trpsl
Deletion

To gain more function-oriented insights into the consequences
of deleting these TFs, we performed gene ontology (GO) analysis
onsignificant DEGs (log2fold > 0.5; p-value < 0.05) in each condi-
tion. Interestingly, the analysis of downregulated genes revealed
an enrichment of genes associated to immune response, such as
“response to interferon-gamma,” “response to interferon-beta”
but also “regeneration” (i.e., Igtp, Gbp3; Figure 3F-H; Table S3)
in all three deletion conditions (g-Sox9, g-Trpsl and g-Sox9+
Trpsl). This may imply an attenuated injury response upon Sox9
and/or Trpsl deletion.

The analysis of genes that were significantly upregulated fol-
lowing TF deletion unraveled common and TF-specific path-
ways. For instance, synapse-related GO terms were significant
in g-Sox9 and g-Trpsl KO conditions (“synapse organization,”
“neurotransmitter transport,” or “secretion”), albeit with dif-
ferent enriched genes (Figure 3F,G; Table S3), thus suggest-
ing altered synapse functions in these conditions. Moreover,
genes associated to “gliogenesis” and “glial cell differentia-
tion” pathways were also upregulated (e.g., Fgfr3, Hes5, Nfix,
Zfp365 or Zfp365, Hesl for g-Sox9 and g-Trpsl respectively;
Figure 3F and Table S3). This suggests a possible partial dedif-
ferentiation of the astrocytes upon deletion of Sox9 or Trpsl,
as many of these genes are active in development or during
astrocyte maturation. Remarkably, many genes related to
metabolic functions were specifically upregulated in g-Sox9
astrocytes (Figure 3F). The simultaneous deletion of Sox9+
Trpsl upregulated genes related to GTPase activity and mor-
phogenesis (e.g., Rab6b, Rhobtb2, Plxnbl, Slc23a2; Figure 3H
and Table S3), but not previously mentioned pathways, further
suggesting an antagonistic effect of Sox9 and Trpsl. Overall,
both TFs seem to regulate aspects of synaptic functions, sig-
naling, and gliogenesis.

To better understand the dynamics of gene regulation, we then
focused on the early time point (7 dpi) separating the datasets
for 7dpi and 21dpi, previously analyzed together. At both time
points, fewer DEGs were observed in the g-Sox9+ Trpsl con-
dition, probably due to the above-described cross-regulation
and the lower efficiency in protein loss. GO analysis of the
DEGs specific to each condition and time point showed con-
sistent downregulation of immune response related pathways
(“response to interferon-gamma,” “response to interferon-
beta,” “antigen processing and presentation”; Figure S4A-F).
Interestingly, pathways related to “translation” and “signal
transduction by p53 class mediator” were only transiently
regulated in both g-Sox9 and g-Trpsl conditions at 7 dpi (see
Table S4). Taken together, Sox9 and Trpsl appear to converge
on common hallmarks of astrocyte function, such as synapse
and immune regulation, as well as sharing many direct targets
of gene regulation.

3.7 | Loss of Trpsl or Sox9 Triggers Alterations in
Inflammatory Response and the Synapses

Having identified both synapse and immune regulation as af-
fected pathways upon Sox9 and Trpsl deletion in astrocytes,
we decided to investigate genes involved in these processes.
First, we performed RNAscope for Serpina3n and CxclIO,
two genes associated to immune reaction and specifically up-
regulated by glial cells in response to injury (Koupourtidou
et al. 2024). Interestingly, in all conditions the expression of
these injury specific genes in astrocytes was heterogenous
(Figure 4A), with some cells expressing both (white arrow-
heads), none (magenta arrowheads) or one of the two at higher
levels (Serpina3n high- and Cxcli0 high-expressing cells; yel-
low and cyan arrowheads, respectively). In agreement with
the significant DEG analysis, a lower level of Serpina3n and
Cxcl10 was detected in the targeted astrocytes in all condi-
tions, despite a considerable variation between animals prob-
ably due to the strength of the injury elicited by the injection
(Figures 4B,C, S6A,B).

Next, we used immunostainings for Vimentin, which is highly
expressed in reactive astrocytes, G' but found downregulated
after Sox9 deletion in our dataset, and Clqa, which should be up-
regulated at the site of injection (Figure S6C). The fluorescence
intensity of Vimentin staining showed a trend toward decreased
levels in g-Sox9 astrocytes (Figure S6D). Conversely, Clqa im-
munostaining intensity was higher (as seen by the mean gray
value) in gRNA-injected regions in comparison to the corre-
sponding contralateral sides (Figure S6E), indicating an injury-
like response. However, we observed no differences between the
gRNA conditions.

To explore the effect of Sox9 and Trpsl deletion on synapses,
as suggested by GO analysis (Figure 3G for Trps1; Table S3 for
Sox9), we immunostained brain sections from different exper-
imental conditions for the pre-synaptic protein synaptophysin
and post-synaptic protein Homerl at excitatory synapses
(Figure 4D-F). Interestingly, in g-Trpsl and g-Sox9+Trpsl
injected brains, we found a trend toward the reduction in
the number of synapses (defined as closely associated pre-
and post-synaptic labeling) within 1.5um distance around
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astrocytes, when compared to the control (Figure 4G, G’), but
not when considering only presynaptic or postsynaptic spots
independent of their close apposition (Figure S6G,H). This
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this light-microscopic analysis counted many synapses that
are not in putative contact with the targeted astrocytes, these
data point a possible role of Trpsl and Sox9 in astrocytes for
synapse maintenance.

To assess whether the endogenous expression level of Sox9 in
the adult intact cortex correlate with the number of synapses in
the regions surrounding the astrocytes, we analyzed the number
of pre-, post-, and synaptic puncta in close proximity to astro-
cyte surface, reconstructed based on GFP from Aldh1l1-eGFP
mice (Figure S61,J). Although Sox9 intensity was heterogenous,
we could see no correlation between its protein levels, detected
by immunostaining, and the number of pre-, post-, or synaptic
puncta (Figure S6K-M), suggesting that Sox9 level is not the sole
predictor of synapse numbers.

3.8 | Non-Cell Autonomous Effects of Sox9
and Trpsl Deletion in Cortical Astrocytes Revealed
by Spatial Transcriptomics

The transcriptomic analysis suggested several functions of
Sox9 and/or Trpsl in astrocytes that could impact other cell
types, such as neurons and oligodendrocytes (GO analysis in
Figure 3, Table S3). To gain better and unbiased genome-wide
insights into how alterations of astrocytes lacking Sox9 and/or
Trpsl may affect the surrounding cells and tissue microenvi-
ronment, we performed spatial transcriptomics (10xGenomics
Visium, stRNA-seq) of the adult mouse cortex after injection of
g-Control, g-Sox9, g-Trpsl or g-Sox9+ Trpsl Mok-LVs. We chose
the 7dpi time point to analyze astrocyte response to the injury
and their reaction to the Mok-LV injection.

Brains of the animals injected with the Mok-LVs were dissected
at 7dpi and 10 um thick sections prepared at the cryostat. The
sections were briefly checked for the presence of infected cells
(tdTomato+ cells) in the expected injected region (somatosen-
sory cortex). Once in the region of injection, two consecutive
sections containing infected cells were placed in one capture
area. The region of injection for each condition was defined
based on the fluorescence images taken before tissue process-
ing (Figure 5B). These are referred to as g-Control, g-Sox9, g-
Trpsl or g-Sox9+4Trpsl injection and the remaining regions
are defined as the background regions for the respective ex-
perimental conditions henceforth. After quality control steps
to remove spots with low gene numbers, counts of high mito-
chondrial or hemoglobin reads (Figure S7A,B), we clustered
the filtered dataset to the cortex GM. This resulted in 11 clus-
ters, which were present in distinct anatomical regions, such

as the different cortex layers (Figure 5C, Figure S7C). These
spatial clusters were rather unique in terms of their gene ex-
pression signature (Figure 5D). Of particular interest were
clusters 0 and 4, which dominated the Mok-LV injection region,
but the representation of these clusters was dependent on the
condition in consideration (Figure S7D). The spots from the
g-Control and g-Sox9 injection were represented in clusters 0
and 4 at comparable levels. On the other hand, cluster 4 domi-
nated the region of g-Sox9+Trpsl injection with very few spots
of cluster 0 in this condition. In the g-Trpsl injection, cluster
4 was completely absent, and most spots were represented by
cluster 0. Thus, deleting Sox9 or Trpsl in astrocytes resulted
in gene expression differences at tissue level. Furthermore,
cluster 8 had features associated to injury and Sox9/Trps1 de-
letion, although it was more sparsely located and was charac-
terized by very few specific genes (Figure S7D,E).

GO analysis on DEGs in clusters 0 and 4 showed the enrichment
of genes associated to terms such as “antigen processing and pre-
sentation of peptide antigen” “synapse organization,” “ion trans-
port” and “microglial cell activation.” Furthermore, the GO term
“response to interferon-gamma” was significantly specific to clus-
ters 4 and 8, which dominated the g-Sox9+ Trpsl tissue: likewise,
genes involved in metabolism such as “cellular respiration,” “
tochondrial metabolism” were specifically upregulated only in the
cluster 0, found in g-Trpsl deletion, (Figure S7F and Table S5).
Overall, spatial transcriptomics independently supports the results
of our Patch-seq analysis (Figure 3), in particular that Sox9 and/or
Trpsl deletion in astrocytes affect the entire reaction of the corti-
cal tissue to injury and g-Trps1 deletion alone affected metabolic
pathways (Figure S4C).

mi-

Notably, the genetic ablation of Sox9 and Trpsl did not alter the
cortical layering: in fact, clusters 7, 5, 9, and 1 represented the
deep layers (DL), while clusters 2 and 3 represented the upper
layers (UL, Figure 5C), as confirmed by the expression pattern
of known or predicted UL and DL neuronal and astrocyte mark-
ers (Figure S7G). A prominent exception to this was in the tissue
of g-Sox9+Trpsl, where the cluster 10 replaced the UL cluster
2. Even though cluster 10 is in the same anatomical position as
cluster 2, it showed a unique gene expression signature, with
only 8% of the genes being common with cluster 2 (Figure S7H).
GO analysis of genes unique to this cluster showed the en-
richment of pathways, such as “cytoplasmic translation,” “an-
tigen processing and presentation,” “exocytosis” (Figure S71
and Table S5), pointing to possible widespread tissue level ef-
fects unique to the simultaneous deletion of Sox9 and Trpsl in
astrocytes.

FIGURE 5 | Tissue level effects of Sox9 and Trpsl deletion in cortical astrocytes explored by Spatial transcriptomics. (A) Scheme for Spatial

transcriptomics (10xGenomics Visium, stRNA-seq) in the cortex of adult mice injected with Mok-LV expressing gRNA. Cortices injected with either

g-Control, g-Sox9, g-Trpsl or g-Sox9+ Trpsl were manually resected and two consecutive sections with infected cells were placed in one capture area
each of a 10xGenomics Visium slide. (B) Spatial location of the gRNA injection region (defined based on the fluorescence signal in the images taken
before tissue processing steps) is highlighted for each condition; the remaining tissue is considered as background tissue for each condition. (C) Spatial
distribution of clusters for spots specific to cortical GM across all conditions, region of injection demarcated with a dotted line in each sample. (D) Dot
plot showing expression of top 5 genes for each of the spatial clusters. (E-H) Pie charts depicting overlap of (E) up- and (G) downregulated genes in
the injection regions after Sox9/Trpsl deletion in comparison to Control injection. Bar plots depicting top 5 (F) upregulated and (H) downregulated

pathways enriched in the injection regions after Sox9/Trpsl deletion in comparison to Control injection. The number of genes enriched in each

pathway is shown as “Count”; enrichGO was performed on genes enriched in each condition with p <0.05 and further simplified with Rrvgo package.

See Table S5 for more details.
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To get an overview of the transcriptomic differences in the areas
after the deletion of the TFs, we compared g-Sox9, g-Trpsl, and
g-Sox9+ Trpsl injected regions with their g-Control counter-
part (injected regions defined by fluorescent labeling). Overall,
we detected more downregulated than upregulated genes in
any pair-wise comparison (Figure 5E,G). Most of upregulated

A

Reactive astrocyte module
g-Control g-Sox9 g-Trps1 g-Sox9+Trps1

[ » ]
A Low  High

ey

DEGs were specific to one condition, with only very few genes
significantly upregulated in all three conditions (Figure 5E).
Likewise, only 4% of the downregulated genes were common to
all the conditions (Figure 5G). Intriguingly, the g-Sox9+ Trpsl
condition showed the highest number of downregulated genes,
followed by Trpsl deletion. Most of such downregulated genes

B scRNA-seq of cells after Stab wound injury in the cortical GM (5dpsw1)
Koupourtidou, Schwarz, et. al., 2024
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were distinct and not overlapping with the other conditions
(Figure 5G). Conversely, most of the downregulated genes in g-
Sox9 injected area were common to other conditions (Figure 5G),
thus suggesting that Sox9 deletion might trigger a more generic
tissue response.

Gene ontology analysis on the DEGs between the regions of
injection targeted by the different gRNAs provided interest-
ing insights: for instance, genes upregulated in the g-Sox9 and
g-Sox9+ Trpsl injection were associated to “oligodendrocyte
differentiation” (e.g., Oligl, Enpp2, Tspan2, etc.) (Figure 5F).
This suggests that the deletion of Sox9/Trpsl in astrocytes
may affect oligodendrocyte function or differentiation (see
below). On the other hand, genes related to “antigen process-
ing and presentation” were downregulated in g-Sox9 and g-
Trpsl injection (Figure 5H), revealing a dampened immune
response after the loss of Sox9, Trpsl. Overall, stRNA-seq in-
dependently supported the involvement of Sox9 and Trpsl in
regulating astrocyte functions at the synapse and in immune
reaction to the mild injury.

3.9 | Crosstalk Between Astrocytes and Other Cell
Types After Sox9 and Trpsl Deletion

To gain a deeper insight on how genetic manipulation of astro-
cytes affect other cell types, we employed gene module scores
(Hasel et al. 2021; Sadick et al. 2022). For example, the spots
in the UL and DL showed a higher score for the corresponding
modules of UL and DL neuronal markers (Figure S8A).

First, we computed the module score for genes known to be
specifically upregulated in reactive astrocytes (Table S7). As
expected, this score was significantly higher in all injected re-
gions in comparison to their corresponding background tissue
(Figure 6A,A’; Table S7 for the summary of injection-specific
changes; background is considered as the region outside the flu-
orescently labeled injection areas). Among the injected regions,
only the score of g-Sox9 area was significantly lower than the
g-Control injection.

The level of Gfap in astrocytes is a good measure of general tissue
pathology (Escartin et al. 2021; Hol and Pekny 2015). Therefore,
its protein level was examined by fluorescence intensity mea-
surement after immunostaining. Notably, the mean intensity
of Gfap-immunosignal increased threefold in the g-Trpsl con-
ditions at 7dpi (Figure S8B). As the expression dynamics could

differ between RNA and protein, we performed the same anal-
ysis at 21 dpi and found that cells from the g-Sox9 and g-Trpsl
showed a reduced Gfap intensity to half compared to g-Control
(Figure S8C). Overall, these data further supported a reduced
astrocyte reactivity upon Sox9 or Trpsl deletion in the region
after Sox9 and Trpsl deletion.

3.10 | Comparison to scRNAseq Data of Reactive
Glia After Brain Injury

To better link the changes in the stRNA-seq data to individual
reactive glial cell types, we took advantage of recently published
sc- and stRNA-seq dataset on stab wound-injured adult mouse
forebrain (Koupourtidou et al. 2024). Among the data, we con-
sidered 5days post stab wound (5dpSWI) as dataset to compare,
as it is closer to our time point of 7dpi. In addition to several
clusters of neurons, astrocytes, microglia, and oligodendrocytes,
other cell types were present in the dataset, including B cells,
NKT (natural killer T (NKT)/T cells) cells, border-associated
macrophages (BAM), dendritic cells (DC), vascular endothelial
cells (venous) (VECV), vascular smooth muscle cells (VSMCs)
(Figure 6B). This study also identified the presence of an injury-
specific spatial cluster using the same stRNA-seq analysis. We
first computed the module score for the top 50 genes of their
injury-specific cluster to verify that the published experimental
paradigm was comparable to ours. Indeed, we found that the ex-
pression of these injury-specific genes was significantly higher
in all the injected regions in comparison to the corresponding
background regions (Figure S8D,E), thus supporting the use of
the SWI data to leverage our experimental paradigm of Mok-LV
injection.

3.10.1 | Reactive Astrocyte Analysis

To understand if the deletion of Sox9, Trpsl, or both lead
to the presence of cell types different from those found in
5dpSWI scRNA-seq data, we computed module scores based
on the top DEGs for each of these annotated cell type clusters
by Koupourtidou et al. (2024). While the module score for re-
active astrocyte genes was significantly upregulated in all the
injection regions (Figure 6A,A’), the module scores for the var-
ious astrocyte clusters were largely unaltered (Figure S8F-I).
Only the g-Sox9 injected region showed a significant down-
regulation in two astrocyte clusters (4_Astrocytes and 10_
Astrocytes), while g-Trpsl injected region scored slightly

FIGURE 6 | Altered immune response after Sox9, Trpsl deletion. (A) The extent of “Reactive astrocyte module” gene expression in different

conditions shown in (A) Spatial Feature plots and (A’) Violin plots (stratified based on region of gRNA injection and corresponding background
tissue) respectively. (B) UMAP plot depicting distribution of cells collected 5days post stab wound injury (dpSWI) in the cortex GM, clusters are
color-coded according to the cell type annotation (Koupourtidou et al. 2024). (C-K) Violin plots depicting module scores for (C) 1_Microglia, (D)
5_Microglia, (E) 11_Microglia, (F) 26_B cells, (G) 13_Macrophages/Monocytes, (H) 29_Monocytes, (I) 19_BAM, (J) 27_DC, (K) 16_NKT/T cells.
Module scores computed based on the top 25 DEG for each of the annotated cell type clusters present in the 5dpSWI scRNA-seq of Koupourtidou
et al. (2024). Statistics for comparing module scores A/, (C-K) done using Kruskal-Wallis test and Dunn's multiple comparison. Significance for
comparisons (in A’) of the injection regions with the corresponding background tissue depicted with lines and * above; significance for comparisons
of experimental injection regions with the control-injection (A’, C-K) depicted with * above the respective violins; *p <0.05, **p <0.005, ***p <0.0005,
**¥%p <0.0001. Refer to Table S7 for the list of genes used for module score calculation and a summary of the changes in different conditions.
BAM =border-associated macrophages, DC =dendritic cells; dpSWI=days post stab wound injury, NKT=natural killer T cells. (L) Dot plots
showing the expression of genes in the stRNA-seq data contributing to injury response (also differentially expressed in patch-based scRNA-seq),

e

significant DEGs in comparison to g-Control injection are denoted by “*” above the corresponding dots.
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higher in one of the astrocyte clusters (8_Astrocytes). In sum-
mary, this analysis indicated an ongoing overall reactive state
of astrocytes which cannot be attributed to a specific astrocyte
subcluster.

3.10.2 | Microglia and Immune Cell Analysis

Next, we computed module scores for microglia and other
immune cell types to understand the effects of astrocyte ma-
nipulation on these cell types. All injected regions showed a
significantly elevated microglia module score (for all three
microglia substrates), as well as increased module scores for
other immune cells such as B cells, monocytes, macrophages,
T cells, BAM and DC in comparison to the corresponding
background regions, indicating that this is an injury specific
response (see Table S7.2 for summary). Notably, the score of the
g-Sox9 condition was significantly lower than the g-Control
injection in all the microglia cluster modules (Figure 6C-E,
Table S7.1), but not the g-Sox9+Trpsl injected region. Thus,
the reduced immune response in astrocytes upon Sox9 de-
letion (Figure 3E-G) may also be due to reduced microglial
activation.

Among the other immune cells that respond to injury, we
found an increase in B cell representation in g-Sox9+Trpsl
injection, as highlighted by high B cell module (Figure 6F,
Table S7.1). Only the g-Trps1 injected region showed attenu-
ated score for monocytes module (Figure 6G,H) and only g-
Sox9 injected region showed attenuated score for the BAM
module (Figure 6I), while both g-Sox9 and g-Trpsl injected
regions showed a significant reduction in DC module in com-
parison to the g-Control injection (Figure 6J). The module
score of NKT/T cells (Figure 6K) was not significantly altered
in any of the experimental conditions. Furthermore, many
genes related to immune response that were significantly
downregulated in the Patch-seq analysis were also downregu-
lated in the stRNA-seq data (Figure 6L).

In summary, Sox9 and Trpsl seem to contribute to regulate
communication with various immune cells after the injury
caused by viral vector injection, which is reduced upon deleting
these TFs.

3.10.3 | Oligodendrocyte Cell Analysis

Module scores for the various oligodendrocyte lineage clus-
ters recapitulated the effects observed earlier in the GO term
analysis, namely the increased oligodendrocyte differentiation
(Figure 5F). Only the g-Trpsl injected region showed a slightly
elevated score for the OPCs module (oligodendrocyte precursor
cells, Figure S87). Interestingly, both g-Sox9 and g-Sox9+ Trpsl
scored significantly higher in the modules for committed oligo-
dendrocyte progenitors (COPs, Figure S8K) and mature oligo-
dendrocytes (MOL, Figure SSL).

Taken together, these data demonstrate changes in immune
cell responses at tissue level, depending on the manipulated
TFs and possible effects on oligodendrocyte differentiation
as well. To explore if there is an increased proliferation or

presence of newly differentiated oligodendrocytes, we per-
formed Sox9, Trpsl deletion along with BrdU incorporation
(Figure S9). Indeed, the number of Bcasl+ cells (recently
differentiated oligodendrocytes) as well as the number of
BrdU+/Bcasl+ cells are doubled in the g-Trpsl condition
(Figure S9D-G). Conversely, no obvious trend toward any
changes was observed for the number of Olig2+ cells (oli-
godendrocyte progenitor population) incorporating BrdU
(Figure S9H-K).

Both Patch-seq and stRNA-seq analysis show that the astrocyte-
specific deletion of Sox9 and/or Trpsl triggers a multitude of
non-cell autonomous effects, shaping the injury response by
attenuating astrocyte, microglia and immune cell reactions in
various combinations, and affecting oligodendrocyte differenti-
ation, which may be beneficial for repair.

4 | Discussion

Here, for the first time, we elucidated the functions of the
novel astrocyte TF Trpsl in the brain. Using astrocyte-specific
deletion followed by single-cell and tissue-wide transcrip-
tomic analysis, we showed that Trpsl in astrocytes affects
synapse maintenance as well as astrocyte reaction to a mild
injury. Interestingly, Trpsl deletion in astrocytes also acts in
a non-cell-autonomous manner, as it affects oligodendrocytes
and specific immune cells, such as monocytes. Deletion of the
pan-astrocyte TF Sox9 in astrocytes revealed similar roles in
regulating genes involved in synapse function and the im-
mune reaction of astrocytes, with intriguingly distinct effects
on other immune cells. Consistent with these TFs acting in a
transcriptional network in other cell types, we found a large
overlap of known target genes to be regulated by Trpsl and
Sox9 and fewer genes regulated when both factors were de-
leted, but also surprising effects on immune cells only upon
deletion of both TFs. This highlights their potential cross-
regulation and functional interaction within the same mo-
lecular pathways and, thus, identified a novel transcriptional
regulome of specific astrocyte functions in the adult cerebral
cortex.

4.1 | Heterogeneous Expression of Trpsl and Sox9
in Cortical GM Astrocytes

Here we show the localization and function of Trpsl as a
novel TF in astrocytes. Notably, Trpsl protein was detect-
able in a subset of astrocytes (40% of S1008+/Sox9+) with a
bias to deeper cortex layers. Astrocyte diversity at the level
of cortical layers has already been characterized (Bayraktar
et al. 2020; Lanjakornsiripan et al. 2018) and is influenced by
neurons when establishing the layers. While the layer-specific
function of Trpsl in astrocytes is still unknown, its effects on
synapse maintenance, as discussed below, may be most promi-
nent in deep layer cortex neurons. Moreover, we also observed
Trpsl in about half of Olig2+ cells of the oligodendrocyte lin-
eage in the adult brain, reminiscent of its role as transcrip-
tional regulator of both astrocyte and oligodendrocyte fate in
development (Weng et al. 2019). It is also worth noting that
Trpsl protein levels are highest in the deep layers with the
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highest myelination in the cortex (Palomero-Gallagher and
Zilles 2019; Rowley et al. 2015). Taken together, Trpsl is ex-
pressed in a subset of adult astrocytes, which endows them
with specific properties.

In contrast to Trpsl, Sox9 was expressed in most but not all as-
trocytes (between 60% and 90%) throughout the cortex, even
though with varying intensities throughout the cortical column
(Figure 1C,D,F). Remarkably, the heterogeneity at the protein
level is mirrored by heterogeneity at the mRNA level observed
among cortex GM astrocytes. Thus, eventhough Sox9 is often
considered a “pan-astrocyte” marker, its expression varies across
astrocytes, raising the question of whether such heterogeneous
expression has any functional relevance.

4.2 | Trpsl and/or Sox9 Deletion Sheds Light on
Their Functions in Cortical GM Astrocytes

CRISPR/Cas9-mediated gene deletion is a powerful tool to ex-
plore gene function, but its cell-type-specific targeting is essen-
tial to explore cell-autonomous effects. Indeed, we demonstrated
that Mokola pseudotyping of lentiviral vectors is an efficient way
to achieve astrocyte-specific targeting, as most cells infected
with the g-Control were immunopositive for the astrocyte mark-
ers S1003, Gfap and Sox9 at 7 and 21 dpi (Figure 2D,E). CRISPR/
Cas9-mediated deletion of Sox9 and Trpsl was efficient, as most
cells no longer expressed the protein targeted by CRISPR dele-
tion and such loss was complete by 7 dpi (Figure 2F,G).

Patch-seq revealed that Trpsl deletion resulted in a comparable
number of up- and down-regulated genes, which is consistent
with the versatile role of Trpsl both as a transcriptional repres-
sor (Fantauzzo et al. 2012; Malik 2001) and activator (Fantauzzo
and Christiano 2012; Witwicki et al. 2018; Wuelling et al. 2020).
Conversely, Sox9 deletion resulted in more upregulated genes,
which is not consistent with its main role as a transcriptional ac-
tivator (Kang et al. 2012; Ohba et al. 2015). However, our analy-
sis was done 7 days after gRNA injection, thus providing enough
time for indirect gene regulation, and Sox9 can act as a repressor
aswell (Leung et al. 2011; Yang et al. 2023). In addition, the over-
lap of the DEGs with ChIP-seq data of Sox9 and Trpsl, albeit
from different cell types (Ohba et al. 2015; Witwicki et al. 2018),
was remarkably large, with more than 50%, thus suggesting that
many direct targets are still regulated at 7dpi (Figure S3H).

Notably, Sox9-Trpsl simultaneous deletion resulted in fewer
DEGs, with the least number of upregulated genes, hinting at a
possible cross-regulation, such as, for example, Sox9 required to
activate the targets de-repressed by Trps1. However, these results
may also reflect the less efficient protein loss in this condition.
Nevertheless, the deletion of both factors also suggests specific
effects on B cells, not apparent in the single deletion at spatial
transcriptomic level. In the hair follicle epithelium, Trpsl nega-
tively regulates Sox9 expression (Fantauzzo et al. 2012), while in
chondrocytes, Sox9 induces Trpsl expression (Tan et al. 2018),
highlighting the notion that these TFs cross-regulate each other
in different ways in different tissues. Here, we show that the de-
letion of Sox9 and Trps1 in adult brain astrocytes also exhibit in-
teracting effects and partial overlapping functions, with similar
GO terms detected in Sox9 and Trpsl low-expressing astrocytes.

A common effect of deleting either Sox9 or Trps1 was the upreg-
ulation of genes related to gliogenesis (i.e., Fgfr3, Hes5, Zfp365
or Hesl, Zfp365; Figure 3F, Table S3). This may serve to stabilize
glial identity, thus maintaining astrocyte identity even in the
absence of Sox9 or Trpsl. Furthermore, the loss of either Sox9
or Trpsl showed effects on synapse-related gene expression (g-
Sox9, Table S3; g-Trpsl, Figure 3G). This suggests functional al-
terations at the synapses and/or regulation of synapse numbers,
as astrocytes have been implicated in synapse formation, main-
tenance and even pruning (Allen and Eroglu 2017; Chung, Allen,
and Eroglu 2015; Lee et al. 2021). To examine the synapses, we
quantified the number of synaptic puncta in close proximity to
the infected astrocytes (Figure 4D-G). This revealed a reduction
of synaptic punctae upon Trpsl or Sox9-Trpsl double deletion,
albeit not reaching significance between different animals (see
limitation of the study below). The role of Sox9 at synapses may
affect other aspects, such as shown in previous work in the ol-
factory bulb, where it regulates astrocyte response to inhibitory
neurons during development (Cheng et al. 2023).

Another common effect of Sox9 and Trpsl deletion was
the downregulation of immune response-related pathways
(Figure 3F-H). Indeed, we could detect a non-significant
reduction in the expression of Serpina3n and Cxcl10, which
are typically upregulated in all glial cells under inflamma-
tory conditions (Koupourtidou et al. 2024), following the
deletion of Sox9 and Trpsl (Figure 4B,C). Astrocyte-specific
Serpina3n expression exacerbates neuroinflammation in an
epileptic mice model (Liu et al. 2023), and the human ortho-
logue has been implicated in blood brain barrier dysfunction
(Kim et al. 2022) and even in Alzheimer's disease progression
(Nilsson et al. 2001; Padmanabhan et al. 2006). Cxcl10 has
been identified as a gene expressed in a unique subset of astro-
cytes that upregulate interferon response after inflammation
and such astrocytes are also enriched in Alzheimer's disease
and multiple sclerosis (Hasel et al. 2021; Prakash et al. 2024).
Thus, the impact of Sox9 and Trpsl loss on key genes in-
volved in distinct inflammatory reactions underscores a pos-
sible contribution to astrocyte-mediated neuroinflammatory
processes.

Taken together, single-cell analysis revealed some functions
of Trpsl and Sox9 in astrocytes of the cerebral cortex, the later
previously missed at the tissue level. This shows that Sox9 and
Trpsl play multiple common roles, including those on synaptic
contacts and immune response.

4.3 | Astrocyte-Specific Trpsl and/or Sox9 Deletion
Triggers Non-cell Autonomous Effects and an
Imbalance in Glial and Immune Cell Response

Astrocytes are integral to the tripartite synapse communica-
tion and, hence, can act in a cell-autonomous and/or non-cell-
autonomous manner at synapses. Additionally, astrocytes signal
to many other cell types, especially after injury (Kim et al. 2022;
Koupourtidou et al. 2024). To explore non-cell-autonomous ef-
fects in our mild injury condition, we performed spatial tran-
scriptomic analysis, which revealed novel and widespread tissue
level changes upon Sox9 and/or Trpsl deletion in astrocytes.
Among the injury-responsive spatial clusters, cluster 0 was
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characterized by the higher expression of known reactive glial
genes (e.g., Gfap, Serpina3n, Vim), while cluster 4 was charac-
terized by expression of genes such as Igtp, Cxcl10, which are
involved in the interferon response (Figure 5D). Similar to the
results of Patch-seq, stRNA-seq indicated dampened immune
responses in the tissue region, where Trpsl or Sox9 was deleted.
RNAscope shed the downregulation of Serpina3n and Cxcl10
upon either Trpsl or Sox9 deletion (Figure 4A-C), demonstrat-
ing reliability of both these datasets.

In contrast, Sox9-Trpsl double deletion showed an increased im-
mune activation in the cortex, a notably different response to the
single deletions. It is tempting to speculate that the simultaneous
Sox9 and Trpsl deletion (g-Sox9+Trpsl injection) leads to a re-
duced ability of astrocytes to coordinate the immune response,
which either results in or is compensated by the activation of
other cells, such as microglia and invading monocytes, thus caus-
ing a broader immune response in that region. Indeed, the latter
seems to be more plausible, as the comparison of our stRNA-seq
data after astrocyte-specific Sox9 and/or Trps1 deletion with the
scRNA-seq data of cells from cortical GM after a stab wound in-
jury (Koupourtidou et al. 2024) revealed an increased expression
of B cell-specific genes in the tissue after both Sox9 and Trpsl
deletion. On the other hand, in g-Sox9 or g-Trpsl single deletion
the tissue had significantly reduced expression of genes enriched
in microglia, monocytes, T cells or DCs (see Table S7 for sum-
mary). Intriguingly, however, there is surprising specificity: Sox9
deletion affects microglia gene expression, while Trpsl deletion
affects monocyte gene expression. It will be very interesting to
explore the signaling pathways mediating this astrocyte-specific
effect on immune cell responses in an injury condition.

A further notable observation is that astrocyte-specific Sox9
or Sox9+ Trpsl deletion elicited a prominent increase in rep-
resentation of oligodendrocytes gene expression (18_COPs
and 7_MOL) as well as the upregulation of GO terms such as
“oligodendrocyte differentiation.” In zebrafish brain injury, in-
creased OPC proliferation and accumulation at the site of injury
are regulated by the immune response pathways (TIr2, Cxcr3)
(Sanchez-Gonzalez et al. 2022). Reactive astrocytes may also in-
fluence the rate of oligodendrocyte differentiation via endothe-
lin-1/Ednrb signaling (Hammond et al. 2015). Thus, the effects
of the manipulation of astrocytes on oligodendrocyte differenti-
ation, as monitored by Bcas1+ cells incorporating BrdU, may be
mediated via the immune cells or by direct signaling.

Taken together, our work shows that the manipulation of few
astrocytes can have profound effects on other glial and immune
cells, highlighting the key role of the novel astrocyte transcrip-
tion factor Trpsl in this process, as well as revealing a previ-
ously unknown role for Sox9, not only in postnatal development
or other brain regions (Cheng et al. 2023; Ung et al. 2021), but
also in the adult cortex astrocytes. This was unraveled by the
mild injury condition elicited by the Mok-LV injection, which
challenges the astrocytes such that the consequences of TF dele-
tion are more prominent and sheds light on astrocyte functions
that are compromised in the absence of key TFs like Sox9 and
Trpsl. Likewise, Rbpj-k knockdown in cortical astrocytes had
an observable effect only when combined with a SWI (Zamboni
et al. 2020), and cortical astrocytes may, in general, be more
resistant to gene perturbations (at least in the context of genes

like Rbpj-k, Sox9, and Nfia that have been studied so far). At the
molecular level, we found a surprising overlap in the function
and effects elicited by Sox9 and Trpsl deletion, corroborating
the functional interactions of these TFs, which have also been
observed in other tissues (Shibata et al. 2016; Tan et al. 2018).
Taken together, the novel astrocyte TF Trps1 aligns functionally
with Sox9 in regulating predominantly synaptic and immune
functions in mildly reactive astrocytes.

4.4 | Limitation of the Study

While the mild injury caused by the viral vector injection into
the cerebral cortex revealed some phenotypes affected by Trpsl
and Sox9 deletion, this is also at the same time the limitation of
the study. On one side because it cannot assess the function of
these TFs in an entirely intact and homeostatic brain environ-
ment; on the other side because it introduces a notable variabil-
ity between the injections in the different animals. Therefore,
many of the strong trends (doubling or triple the number of cells)
are not statistically significant across animals.
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