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In brief

Senescent cell states arise across brain-
barrier cell types during development but
diverge in duration and function.
Endothelial cells and macrophages enter
a transient, inflammatory state, whereas
choroid plexus epithelial cells maintain a
persistent, non-inflammatory state
supporting long-term barrier function.
These cells are required for brain-barrier
formation and function.
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SUMMARY

Establishment of the blood-brain barrier (BBB) and blood-cerebrospinal fluid (CSF) barrier requires precise
coordination between diverse cell types to protect and nourish the brain. Here, we identify developmentally
programmed p21* senescent cells that exhibit divergent senescence-associated features across these two
brain interfaces in mice. In the choroid plexus (ChP), epithelial cells adopt a lifelong, non-inflammatory senes-
cent state associated with CSF production and blood-CSF barrier integrity. In contrast, vascular endothelial
cells and brain-resident macrophages transiently exhibit pro-inflammatory senescence profiles during brain
vascularization, with reciprocal signaling linked to angiogenic patterning and extracellular matrix assembly.
The ablation of p21™ cells during mid-gestation disrupts brain vascular patterning and ChP integrity, which re-
sults in hemorrhage, impaired CSF production, and ventricular collapse. These findings indicate that embry-
onic senescent cells adopt divergent transient and long-lived states that support brain-barrier formation and
homeostasis, thus reframing the prevailing view of persistent senescence beyond solely a pathological state.

INTRODUCTION

Cellular senescence is a multifaceted program with roles in
development, aging, and disease.’> While traditionally viewed
as a stress-responsive growth arrest, it is increasingly recog-
nized as a physiological mechanism in development and regen-
eration.®® During embryogenesis, transient senescent cells
contribute to tissue remodeling in the limb, kidney,
endolymphatic sac, and placenta.®>*° These cells exhibit canon-
ical hallmarks, including cyclin-dependent kinase inhibitor 1
(Cdkn1a/p21) expression, cell-cycle arrest, lysosomal dysfunc-
tion, and a senescence-associated secretory phenotype
(SASP), which enables them to influence local environments in-
dependent of proliferation or apoptosis.’*’ Through SASP,
they secrete factors that remodel tissue environments and influ-
ence neighboring cell behavior.>*"® In the brain, by contrast,
cellular senescence has been associated with aging and neuro-
degeneration, where it contributes to cognitive decline.®'° Addi-
tionally, emerging evidence implicates cellular senescence in
neurodevelopmental disorders, which includes autism spectrum
disorder (ASD), microcephaly, and Down syndrome (DS).""'~"®
However, whether senescence-associated cell states are a
component of normal neurodevelopment remains unclear.
Brain morphogenesis requires a series of spatially and tempo-
rally coordinated events that generate diverse cell types and

specialized structures critical for its function. Neuroepithelial
cells of the neural tube give rise to neurons, astrocytes, oligoden-
drocytes, ependymal cells, and choroid plexus epithelial (ChPe)
cells of the brain."*"> During mid-gestation, invasion of the neu-
ral tube by vascular endothelial cells (VECs), macrophages, and
pericytes facilitates the establishment of the blood-brain barrier
(BBB), a structure that protects neural tissue and regulates the
delivery of nutrients and signaling molecules from the blood.''®
Simultaneously, the neural tube gives rise to the long-lived
choroid plexus (ChP), a structure composed primarily of epithe-
lial cells.’® 2% The ChP forms the blood-cerebrospinal fluid (CSF)
barrier and is responsible for the production of CSF, a fluid crit-
ical for brain development, homeostasis, and waste clear-
ance.'® 19202324 Although the molecular and cellular processes
driving BBB and blood-CSF barrier formation are well studied, it
remains unclear whether specific subsets of barrier-forming cells
adopt analogous, cell-type-specific functional states that collec-
tively contribute to barrier development.

Here, we identify developmentally programmed p21* senes-
cent cell populations linked to brain-barrier formation and func-
tion. During mid-gestation, senescent cells emerge in three key
populations of the mouse brain: ChPe cells, VECs, and brain-
resident macrophages. These cells display classical senescence
hallmarks, including a shared transcriptional signature, SASP,
lysosomal dysfunction, and cell-cycle exit. In addition to these
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Figure 1. p21 is expressed in Cajal-Retzius (CR) cells, choroid plexus epithelial (ChPe) cells, vascular endothelial cells (VECs), and brain-
resident macrophages during embryonic development

(A) p21 (yellow) and DAPI (blue) in E11.5-E18.5 mouse brain. Scale bars, 1 mm and 100 pm (inset).

(B) Quantification of p21* cells in cortical hem (CH), lateral ventricle (LV), and 4™ ventricle (4V) choroid plexus (ChP); n = 3-4 biological replicates/timepoint.
Mean + min. and max. values.

(C) Uniform manifold approximation and projection (UMAP) of 283,323 cells from E8.0-E18.0 mouse brain, with Cdkn7a expression (blue).

(D-H) p21 (yellow) with lineage markers: (D) Tbr1 (magenta) and Reln (cyan) at E13.5. Scale bars, 200 pm and 50 pm (D’). (E) Agp1 (magenta) in E13.5 LV ChP.
Scale bars, 100 pm and 10 um (inset). (F) Dll4 (cyan) and CD31 (magenta) in E15.5 cortex. Scale bar, 20 pm. (G) Iba1 (cyan) in E13.5 CH. Scale bar, 20 pm. (H)
CD206 (magenta) and Iba1 (cyan) in E15.5 cortex. Scale bar, 20 um. *p < 0.05, *p < 0.01, and ***p < 0.001 by Brown-Forsythe and Welch’s one-way ANOVA with

multiple comparisons.
See also Figure S1; Tables S1 and S2.

shared features, each cell type displays distinct molecular pro-
files and functional roles. In ChPe cells, senescence is character-
ized by a non-inflammatory secretory state and upregulation of
epithelial and barrier-related genes. Remarkably, this state per-
sists into adulthood, which suggests that it can contribute to
the specialized, non-renewing functions of epithelial barrier cells.
In contrast, VECs and brain-resident macrophages enter a tran-
sient embryonic senescent state marked by inflammatory SASP,
enriched receptor-ligand interactions, and coordinated angio-
genic patterning and extracellular matrix (ECM) deposition. Us-
ing both pan- and cell-type-specific ablation of p21* cells in vivo,
we dissect the contributions of these populations to brain devel-
opment. Pan-lineage p21* ablation reveals that these cells are
collectively important for vascular patterning, ChP integrity,
and CSF regulation, whereas macrophage-specific p21* abla-
tion highlights a selective role in supporting vascular morpho-
genesis. Our findings support a model in which embryonically
programmed senescent cell states occur in the brain in tempo-
rally distinct modes, with transient states contributing to devel-
opmental remodeling and vascular patterning, and persistent
states supporting the lifelong maintenance of ChP structure
and function.

RESULTS
Spatiotemporal expression of p21 in specialized brain
cell types during neurodevelopment

Elevated expression of p21 is a hallmark of cellular senes-
cence, which includes programmed embryonic senescence
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during mid-gestation.®>* In sequential sagittal cryosections
from whole embryonic day (E) 13.5 mouse embryos
(Figure S1A; Video S1), we identified that p21* cells were
highly abundant in the developing ChP of the lateral ventricle
(LV) and fourth ventricle (4V), and in the adjacent cortical hem
region, as they appeared in over 80% of tissue sections
(Figure S1B). All three regions showed enrichment of p21*
cells with distinct temporal patterns between E10.5-E18.5
(Figures 1A and 1B). In the cortical hem, the number of p21*
cells peaked at E12.5-E13.5 and disappeared by E18.5. In
contrast, p21* cells in the LV and 4V ChP peaked at E13.5-
E14.5 and remained elevated at later stages. We also
observed scattered p21* cells outside these high-density re-
gions across all time points (Figures S1C-S1F).

To identify the specific brain cell types that express p21 during
neurodevelopment, we utilized a previously published single-cell
RNA-sequencing dataset (scRNA-seq)”® spanning E8-E18 of
the developing mouse brain. Of the 51 transcriptionally distinct
clusters (Table S1), four had a significant proportion (>10%)
that expressed p21 (Cdkn1a) (Figure 1C; Table S2). This included
Cajal-Retzius (CR) cells (Trp73, Reln, Calb2, and Tbr1), ChPe
cells (Cfap126, Cfap52, Pifo, and Foxj1), VECs (Ly6c1, Cldn5,
Fit1, and Pecam1), and brain-resident macrophages (Trem2,
Aif1, Spi1, Csflr, Mrc1, and P2ry12) (Figures S1G-S1J). We
confirmed p21 expression in T-box brain transcription factor
(Tbr1*) CR cells in the embryonic cortical hem (Figure 1D),
aquaporin-1 (Agp1*) ChPe (Figure 1E), cluster of differentiation
31 (CD31%) endothelial cells that frequently co-expressed
delta-like canonical notch ligand 4 (DII4*; Figure 1F), and both
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Iba1* microglia in the brain parenchyma (Figure 1G) and Iba1*/
CD206"* border-associated macrophages (BAMs; Figure 1H).

Embryonic p21* brain cell types exhibit hallmarks of
cellular senescence

Cell-cycle arrest in senescent cells is predominantly accom-
plished through the upregulation of cyclin-dependent kinase
(CDK) inhibitors p21 and p16.2° However, embryonic senes-
cence is p21-dependent and p16-independent.>* Consistent
with this, Cdkn2a (p16)-expressing cells were not detected in
the embryonic brain scRNA-seq dataset (Figure S1K), and sub-
sequent analyses therefore focused on p21* cells. Since p21 is
not a specific marker of cellular senescence,®**’~*° and no sin-
gle marker defines this state,***' we used a multidimensional
approach to characterize whether the p21* embryonic brain
cell types are indeed senescent. We first defined a senes-
cence-associated transcriptional signature (SaTS) using estab-
lished in vitro models of mouse cellular senescence, including
those induced by ionizing radiation (IR), doxorubicin (DOX), repli-
cative exhaustion (REP), or oncogene-induced senescence
(OIS; Figure S2A; Table S3).°>*® Across these models, we
observed a shared gene expression pattern marked by the
downregulation of cell-cycle, DNA-replication, and protein-
translation genes (1,315 genes), and the upregulation of inflam-
matory-response, lysosome-function, cytokine-production,
lipid-catabolism, and vesicular-transport genes (1,203 genes;
Figures S2B and S2C; Table S3). The signatures showed strong
directional concordance with established senescence gene
sets®*®° (Figure S2D; Table S3), which confirmed that SaTS cap-
tures the core transcriptional features of cellular senescence.

We next compared p21™ transcriptional programs to SaTS in a
cell-type-specific manner. For neuroepithelial lineage cells (CR
and ChPe), we compared p21* cells to their progenitors, and
for VECs and brain-resident macrophages, cell types that origi-
nate outside of the brain, we compared p21* to p21~ cells.
Next, we performed a permutation test (10,000 randomized per-
mutations) to assess whether the differentially expressed genes
(DEGs) identified in p21* cells are similar to SaTS. Across all cell
types, p21* cells showed significant transcriptional similarity to
senescent cells, with a strong directional correlation (o < 1074
between the up- and downregulated genes identified in the
p21* populations and SaTS (Figures 2A and S2E). Analysis of
shared SaTS genes revealed that downregulated genes were
broadly conserved across all four p21* cell types, thus support-
ing a common suppression of proliferative and translational pro-
grams (Figure S2F). Consistent with this program, p21* cells
downregulated genes related to cell cycle and protein translation
(Figure 2B), p21* cells lacked expression of Ki67 (Figures 2C-2H
and S2G), and p21* ChPe cells had reduced protein synthesis
(Figures S2H and S2I). In canonical in vitro models, DNA damage
is a key upstream trigger of p21-mediated senescence.” Howev-
er, similar to previous reports of embryonic senescence,>* we
found no evidence of DNA damage or apoptosis in p21* cells
(Figures S2J-S2M).

The upregulated SaTS genes exhibited substantial cell-type
specificity, with p21* VECs and macrophages enriched for im-
mune-associated signatures, VECs and ChPe cells enriched
for lipid-catabolism genes, CR cells enriched for vesicle-medi-
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ated transport and endoplasmic reticulum organization, and
ChPe cells uniquely enriched for cilia and galactosidase activity
genes (Figure S2F). We investigated lysosomal dysfunction, a
hallmark of senescence characterized by increased SA-
p-galactosidase (SA-p-gal) activity at pH 6.0°° and lipofuscin
accumulation.®” All four p21* cell types transcriptionally upregu-
lated lysosomal genes (Figure 2B); however, the functional
markers of lysosomal dysfunction, SA-p-gal and lipofuscin,
were only present in p21* ChPe cells, VECs, and macrophages
and were absent in CR cells (Figures 21-2M and S2N).
Additionally, p21* ChPe cells, VECs, and macrophages, but
not CR cells, upregulated key SASP-related pathways such as
cytokine production and secretory vesicles (Figure 2B). Accord-
ingly, the upregulated genes in these cell types were enriched for
genes encoding secreted factors (Figure S3A; Table S3).°8 To
directly assess overlap with SASP, we curated a list of SASP
genes defined as secreted factors upregulated in at least one
in vitro model of cellular senescence (Table S3). Upregulated
secreted genes in p21* VECs, macrophages, and ChPe cells
significantly overlapped with the SASP gene set, with 77.3% in
p21* VECs (Fisher's p = 1.17 x 1072%; Figure 2N), 88.5% in
p21* macrophages (p = 8.33 x 1078% Figure 20), and 73.4%
inp21* ChPe cells (p =5.25 x 1072"%; Figure 2P), thus supporting
the presence of a SASP-like profile. Although the cell types
shared some SASP features, each exhibited a distinct secretory
signature with upregulated factors involved in shared functional
modules such as ECM remodeling, cell communication, and
angiogenesis (Figures S3B-S3E). p21* macrophages upregu-
lated a strong pro-inflammatory profile, which included canoni-
cal cytokines and chemokines such as /li1a/b, II6, Tnf, and
Ccl2/3/4/7 (Figures 2Q and S3C). p21* VECs displayed a
partially overlapping inflammatory signature characterized by
Cxcl1/2, Mmp9, and Isg15 expression (Figures 2N and S3D). In
contrast, p21* ChPe cells upregulated a distinct set of trophic
secreted factors, 92% of which overlap with the most abundant
factors enriched in the embryonic CSF*° (p = 2.2 x 10~ '), which
includes Igf2, Apoe, Adamts1, and Timp3 (Figures 2N, S3E, and
S3F), thus pointing to divergent signaling across cell types.
Together, these findings demonstrate that embryonic p21*
ChPe cells, VECs, and brain-resident macrophages exhibit key
hallmarks of cellular senescence, whereas CR cells do not
(Table 1). While vascular and immune populations exhibited a
classical pro-inflammatory SASP, ChPe cells adopt a distinct
secretory transcriptional profile tailored to their functional
output. In contrast, p21* CR cells displayed a similar transcrip-
tional state but lacked the cellular hallmarks of senescence. In
fact, genes upregulated in p21* CR cells were involved in
neuronal differentiation and migration (Figure S3G), and p21
expression within the cortical hem was inversely correlated
with mature CR markers Tbr1 and Reln (Figures 1D and S3H),
which suggests that transient p21 expression in these cells plays
arole in differentiation”® rather than a bona fide senescent state.

Spatiotemporal dynamics of embryonic senescence in
the brain

While we identified p21* senescent cells in epithelial, immune,
and vascular compartments, their developmental trajectories re-
mained unknown. We generated an inducible lineage tracing
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Figure 2. p21* ChPe cells, VECs, and brain-resident macrophages exhibit hallmarks of senescence

(A) Correlation of senescence (DOX, OIS, IR, or REP) with p21* CR, ChPe, VEC, and brain-resident macrophage (Mac) cell transcriptional signatures.

(B) Gene Ontology (GO) enrichment of SaTS and shared genes.

(C-H) Ki67 (magenta) and p21 (yellow) staining and quantification in E12.5 CH (C), E12.5 ChP (E), and E15.5 thalamus (G); n > 100 cells, 3 replicates. Scale bars,
100 pm (C) and (E) and 50 um (G).

(land J) p21 (yellow) and SA-B-gal (magenta) in E11.5-E18.5 and quantification (percentage DAPI) in CH, LV, and 4V ChP; n = 3-4 replicates. Scale bars, 1 mm and
100 pm (inset).

(K) p21 (yellow), lectin (cyan), and lipofuscin (magenta) in E15.5 cortex. (Inset) Single z. Scale bars, 50 pm and 10 pm (inset).

(L) p21 (yellow) and lipofuscin (magenta) in E15.5 LV ChP. Scale bar, 50 pm.

(M) p21 (yellow) and lipofuscin (magenta) in E15.5 CH. Scale bar, 50 pm.

(N-P) Overlap of SASP factors across cell types.

(Q) SASP gene log,fold-change heatmap in p21* cells. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by unpaired two-tailed Student’s t test (D), two-way
ANOVA followed by Sidak’s multiple comparisons test (F) and (H), Brown-Forsythe and Welch’s one-way ANOVA with multiple comparisons (J), or hypergeo-
metric test (N)—(P). Data are represented as mean + SD (D), (F), and (H) or mean + min. and max (J).

See also Figures S2 and S3; Table S3.
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Table 1. p21* ChPe cells, VECs, and brain-resident macrophages
exhibit core features of senescence

Senescence hallmark CR ChPe Macrophage VECs
Transcriptional signature 17 17 17 7
Cell cycle arrest/exit 17 4 v %
Lysosome: SA-p-gal/lipofuscin - v v 4
SASP - I I I d

Summary of findings from analysis of core senescence features in embry-
onic p21* Cajal-Retzius (CR) cells, ChPe cells, brain-resident macro-
phages, and vascular endothelial cells (VECs).

system by placing a tamoxifen-responsive Cre recombinase
(Cre-ERT2-2A) downstream of the Cdkn1a/p21 promoter (p21-
CreERT2). Crossed with the Ai9 reporter mice,* this system en-
ables temporal labeling of p21-expressing cells with tdTomato
(tdT) following tamoxifen exposure (Figure S4A). In the absence
of tamoxifen, we did not detect any tdT* cells, thus confirming
the specificity of our system (Figure S4B). Daily tamoxifen injec-
tion between E11.5-E15.5 labeled a substantial proportion of
p73* CR cells (~80%-90%), ChP cells (~80%-90%), and lectin*
vasculature (~60%-80%) at E18.5 (Figures S4C-S4E). In
contrast, we observed that only ~15%-20% of Iba1* brain-resi-
dent macrophages were tdT* at E18.5 (Figure S4F).

To gain a better understanding of the spatiotemporal dy-
namics of senescence entry, we performed tamoxifen injections
across three developmental windows representing early (E9.5-
E11.5), mid- (E12.5-E13.5), or late- (E14.5-E15.5) mid-gesta-
tional phases and assessed tdT* cells at E18.5 and postnatal
day 21 (PND21; Figure S4G). At PND21, we detected tdT" cells
distributed throughout the brain, with an increased frequency
in the mid- and late-injection windows (Figure S4H). tdT* cells
displayed diverse morphologies, including neuronal, macro-
phage, vascular, and epithelial types (Figure S4l), which is
consistent with immunostaining and scRNA-seq analysis
(Figure 1).

We validated the lineage tracing system using CR cells, which
exhibit well-defined temporal dynamics.*"** At E18.5, tdT*/p73*
cells were identified in both cortical and hippocampal marginal
zones (Figures S4J and S4L) and expressed Reln (Figure S4M).
As expected, cortical CR cells were absent by PND21, whereas
hippocampal tdT*/p73™ cells remained (Figures S4K and S4L),
thus recapitulating the known temporal patterns of CR cell gen-
esis and confirming that our system reliably captures regionally
and temporally accurate p21 expression during brain
development.

Analysis across early, mid, and late windows revealed distinct
temporal expression of p21™* cells across ChPe cells, VECs, and
brain-resident macrophages. During the early window (E9.5-
E11.5), labeling was sparse in most lineages (Figures 3B, 3E,
and 3G). In the ChP, tdT* labeling was detected prior to ChP
morphogenesis (~E11.5-E12.5)*° in ~10%-25% of ChPe cells
(Figures 3A and 3B), which suggested an early onset of p21
expression in a subset of progenitors. VECs exhibited minimal la-
beling at this stage (~2%-18% of lectin® area; Figures 3C-3E),
which was predominant in the hindbrain, where vascular devel-
opment initiates earliest (~E10).**** Similarly, p21* brain-resi-
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dent macrophages (tdT*/Iba1*) were sparse, with < 5% being
detected throughout the brain during the early labeling window
(Figures 3F and 3G). These observations indicate that a limited
fraction of cells within the brain exhibit senescence-associated
p21 expression during early neurodevelopment.

By the mid-window (E12.5-E13.5), p21* cell labeling
expanded in all three cell types. ChPe cell labeling rose to
~50% (Figure 3B), which coincided with rapid epithelial expan-
sion and functional maturation. VEC labeling increased in the
hindbrain and thalamus (~25%-30%) and remained low in the
forebrain (~5%; Figure 3E), thus mirroring the rostrocaudal
progression of angiogenesis and initial BBB formation.**~*®
A corresponding rise in labeled brain-resident macrophages in
this window was reminiscent of the regional and temporal in-
crease in VEC labeling (Figure 3G). The late window (E14.5-
E15.5) captured peak p21 labeling across all lineages. ChPe
tdT* labeling remained high (~50%) and at similar levels through
PND21 (Figures 3A and 3B) without substantial changes in ChP
size (Figure S4N). At PND21, we observed extracellular budding
of tdT* LV ChPe cells (Figure S40), which supports their role in
CSF secretion and vesicle-based signaling.”” Late-window
VEC and brain-resident macrophage labeling increased across
all three brain regions: VEC labeling in the forebrain, thalamus,
and hindbrain rose to ~20%, 40%, and 30%, respectively
(Figure 3E), which coincides with ongoing vascular remodeling
during BBB maturation.“®*® tdT* VECs co-expressed the nu-
clear marker ETS-related gene (ERG) (Figure S4P), thus confirm-
ing their endothelial identity. Brain-resident macrophage labeling
also peaked during this window to ~10% of Iba1™* cells, particu-
larly in the thalamus and hindbrain parenchyma (Figure 3G).
Together, these patterns indicate that p21* senescent cells
emerge in a spatially and temporally defined manner alongside
the development of the brain’s barrier systems.

Persistent senescence in the postnatal ChP

Early studies suggested that embryonic senescent cells are tran-
sient, as they appear during key developmental windows before
immune-mediated clearance.®>* However, subsequent lineage
tracing studies indicate that some senescent cells can escape
clearance, re-enter the cell cycle, and contribute to adult tis-
sues.”® We failed to detect tdT*/EdU* (ethynyl-2’-deoxyuri-
dine-positive) cells that reentered the cell cycle at E12.5
(Figure S4Q). Similarly, tdT* cells labeled during early, mid, or
late windows in the forebrain and hindbrain did not express
Ki67 at E18.5 (Figures S4R-S4V), which indicated that p21* cells
of the brain do not re-enter the cell cycle during embryogenesis.
Additionally, LV and 4V tdT* ChPe cells lacked Ki67 at E18.5 and
PND21 (Figures S4W and S4X), which aligned with the embry-
onic origin and low turnover of the ChP.*?

Lineage tracing showed that most embryonic p21* ChPe cells,
VECs, and brain-resident macrophages remain until at least
three weeks after birth (Figures 3B, 3E, and 3G), but it is unclear
whether these cell types retain senescence markers postnatally.
We detected tdT*/p21*/SA-B-gal* and tdT*/p21*/lipofuscin®
ChPe cells at PND21 following late-window tamoxifen labeling
(Figures 4A and 4B). In contrast, neither p21, SA-p-gal, nor lipo-
fuscin were detected in tdT*/lectin* VECs or tdT*/lba1* brain-
resident macrophages postnatally (Figures 4A and 4B).
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Figure 3. Embryonic p21* cells emerge in discrete brain regions and are retained into the postnatal period

(A) Agp1 (magenta) and tdT (cyan) in PND21 LV ChP after late-window tamoxifen labeling. Scale bars, 100 pm and 20 um (A’).

(B) tdT* cells (percentage ChP DAPI area) in the LV (left) and 4V ChP (right) at E18.5 and PND21, n = 3.

(C and D) CD31 (magenta) and tdT (cyan) in E18.5 (C) and PND21 (D) forebrain after late-window tamoxifen labeling. Scale bar, 100 pm.

(E) tdT™ cells (percentage lectin® area) in forebrain, thalamus, and hindbrain at E18.5 and PND21, n = 3.

(F) CD206 (yellow), Iba1 (magenta), and tdT (cyan) in E18.5 midbrain after late-window tamoxifen labeling. Scale bars, 100 pm (F) and 20 pm (F’) and (F”).

(G) tdT* (percentage Iba1™* cells) in forebrain, thalamus, and hindbrain at E18.5 and PND21, n = 3. *p <0.05, *p < 0.01, ***p < 0.001, and ****p < 0.0001 by two-way

ANOVA followed by Tukey’s multiple comparisons test.
See also Figure S4.

Moreover, we detected SA-p-gal*/p21* ChPe cells in a
12-month-old brain (Figure 4C).

Collectively, these findings highlight the divergent spatiotem-
poral dynamics of embryonic p21* cells of the brain. While
ChPe cells retain senescence markers postnatally, vascular
and macrophage populations show transient embryonic senes-
cence during the key stages of BBB development. To investigate
how these populations influence barrier development, we next
examined their transcriptional profiles, cell-cell interactions,
and performed targeted ablation during mid-gestation.

Interplay between embryonic senescent brain-resident
macrophages and vascular cells
The transcriptional state of p21* VECs and brain-resident mac-
rophages revealed shared upregulation of SASP-related path-
ways, including inflammation, cytokine signaling, and angiogen-
esis (Figures 5A and 5B). p21* brain-resident macrophages
upregulated genes linked to motility, cytokine production, and
angiogenesis (Bmp2, Hgf, ll1b, II6, Tnf, and Cxcl10), while p21*
VECs expressed genes important for BBB development (Kdr,
Cldn5, Icam1, Msfd2a, and Ocln) and pericyte/macrophage
recruitment (Mcam, Pdgfb, Csf1, 1134, and S1pr1), which is
consistent with a transient pro-angiogenic state.
Receptor-ligand analysis®° revealed reciprocal enrichment of
ligands and their cognate receptors between p21* VECs and
p21* brain-resident macrophages (Figure 5C; Table S4). For
example, endothelial Csf7 and //34 could act on macrophage
Csflr to promote recruitment,”’ while macrophage-secreted
b could bind endothelial //7r1 to stimulate migration,®%:®
thus suggesting a functional synergy. Spatially, tdT*/Ibal*
brain-resident macrophages were more frequently localized
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near tdT* vessels at E18.5 compared with tdT /Iba1* brain-resi-
dent macrophages (Figures 5D and 5F), an association that was
no longer observed at PND21 (Figures 5E and 5F), which is
consistent with a transient developmental interaction.

Given the role of brain-resident macrophages in angiogenic
sprouts,*®°**° we asked whether the p21* state was enriched
within vascular tip cells. p21*/Cd31* cells co-expressed the tip
marker DIlI4 and localized near vessel sprouts (Figure 1F), where
tip versus non-tip populations (39% versus 11%, respectively,
p =1.26 x 107%%) were enriched for p21* cells, and the transcrip-
tional profile of tip cells correlated with p21* VECs (p < 10~%) and
overlapped with SaTS (Figure S5A; Table S3). Analysis of an in-
dependent embryonic endothelial dataset®® confirmed the
enrichment of p21* cells in tip populations across tissues (brain,
37% tip cells versus 17% non-tip cells, p = 2.8 x 1078, non-
brain, 12% tip cells versus 6% non-tip cells, p = 1.9 x 1079),
and SaTS enrichment was observed in both brain and non-brain
tip populations (Figure S5A). The proportion of p21* cells was
higher in brain tip cells (37% p21*) than in non-brain tip cells
(12% p21*, p = 2.2 x 107 '%). Together, these data support a
conserved association between tip cell states and p21-associ-
ated senescent-like transcriptional programs, with enhanced
representation in brain vasculature.

Embryonic p21* cells participate in brain-vasculature
patterning

Given the spatiotemporal enrichment of embryonic senescent
p21* cells in regions undergoing specialized barrier formation
during embryogenesis, we explored the role of p217 populations
in the developing vasculature and ChP. We crossed p27-
CreERT2 with a Cre-inducible diphtheria toxin A (iDTA) mouse
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Figure 4. Embryonic p21* ChPe cells retain senescence marker expression into adulthood, while senescence is transient in embryonic VECs
and brain-resident Macs

(A and B) SA-p-gal (magenta; A) or lipofuscin (magenta; B), tdT (cyan), and p21 (yellow) in PND21 LV ChP after late-window tamoxifen labeling. Scale bars, 100 pm
and 20 um (A”), (A”), (B), and (B”).

(C) SA-p-gal (magenta) and p21 (yellow) in 12-month-old LV ChP. Scale bars, 200 pm (C) and 50 um (C’).
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(A and B) GO analysis of upregulated genes in p21* VECs (A) and brain-resident macrophages (Mac) (B).

(C) Receptor-ligand interactions between p21* VECs and Mac.

(D-F) Mac (Iba1, magenta) and tdT (cyan) vessel proximity in the hindbrain at E18.5 (D) and PND21 (E) after late-window tamoxifen administration, n = 111-507, 3
replicates. Scale bar, 50 pm.

(G) Lectin (magenta) and Ki67 (cyan) in E15.5 midbrain-hindbrain boundary (MHB) and cerebellum. Scale bars, 200 pm and 50 pm (G’) and (G”’).

(H-J) Vessel area fraction (H), branchpoint # (I), and valency (J) in E15.5 MHB CD31* vasculature, n = 6.

(K) Ki67* cells (percentage lectin® area) in E15.5 cerebellum, n = 3.

(L-N) CD31 (magenta), laminin a4 (Lama4; cyan), and collagen IV (CollV; yellow) staining and quantification in E15.5 MHB. Scale bars, 50 pm and 20 pm (L).
(O and P) Lectin (magenta) and Iba1 (cyan) staining and distance quantification in E18.5 hindbrain, n = 157-280 cells, 3 replicates. Scale bar, 50 pm.

(Q-S) CD31 (magenta), cleaved-caspase-3 (CC3; yellow), and Iba1 (cyan) staining and quantification in E16.5 MHB; n = 3. Scale bars, 100 pm and 20 um (Q').
(T-V) Vessel area fraction (T), branchpoint # (U), and valency (V) in E16.5 CD31* vasculature, n = 6. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by
hypergeometric test (C), two-way ANOVA followed by Sidak’s multiple comparison test (F) and (P), and unpaired two-tailed Student’s t test (H)~(K), (M), (N), and
(8)-(v).

See also Figures S5 and S6; Table S4.

model®” for specific ablation of p21-expressing cells. Daily growth, swelling, and hemorrhaging (Figure S5B). p21-iDTA*
tamoxifen administration (E11.5-E15.5) caused embryonic brains were smaller than controls (Figures S5C-S5H), with a sig-
lethality by E18.5 in Cre*/DTA"* (p21-iDTA") but not Cre /DTA* nificant reduction in p73* CR cells (Figures S5 and S5J), which
(control) embryos, and this was accompanied by severe devel- confirmed the effective ablation of p217 cells with this system.
opmental defects, including craniofacial anomalies, stunted Additionally, p21-iDTA* brains showed abnormal progenitor
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populations in the cortex (Figures S5K-S5N) and hippocampus
(Figures S50-S5Q), which is consistent with prior studies of
CR cell ablation®®®° provides a proof of principle for the efficacy
of our p21-targeted ablation system.

The BBB serves as a critical interface between the vasculature
and neural tissue, thus restricting the entry of blood-borne cells
and solutes into the brain parenchyma.'® Disruption of this bar-
rier during development can lead to vascular leakage and subse-
quent neurodevelopmental abnormalities.®” At E18.5, over 75%
of p21-iDTA* brains had some degree of meningeal or cerebral
hemorrhage (Figures S6A and S6B), and we detected the
leakage of red blood cells outside vessel lumina, which is consis-
tent with compromised vascular integrity (Figures S6C-S6E). At
E15.5, p217* cell ablation led to region-specific changes in
vascular patterning, which included elevated vessel coverage
in the cortex, dorsal midbrain, and midbrain-hindbrain boundary
(MHB), that was accompanied by increased branching and
reduced vessel network complexity (valency) specifically at the
MHB (Figures 5G-5J and S6F-S6H). Endothelial proliferation
was increased (Figure 5K), and ECM components laminin o4
and collagen IV were elevated in the midbrain and MHB
(Figures 5L-5N, S6l, and S6J), which suggests that p217 cells
play arole in restraining proliferation and are associated with co-
ordinated vascular remodeling and matrix deposition. Moreover,
after the ablation of p217 cells, brain-resident macrophages
were farther away from blood vessels in p21-iDTA* hindbrain
relative to controls (Figures 50 and 5P), thus suggesting that
p21* brain-resident macrophages preferentially associate with
the developing vasculature.

To assess whether p21* brain-resident macrophages are
required for proper brain vascularization, we crossed p27-CreERT
with Csf1°* mice (p21-Csf1r).5? As Csf1r is essential for macro-
phage survival,®® its removal is anticipated to specifically deplete
p21* macrophages while sparing p21* VECs, ChPe, and CR cells.
Daily tamoxifen administration (E11.5-E15.5) led to increased
apoptosis and a reduced number of Iba1* cells in multiple brain re-
gions at E16.5 (Figures 5Q-5S, S6K, and S6L). Unlike p21-iDTA",
no overt hemorrhage or stunted growth was observed in p21-
Csf1rembryos (Figure S6M). However, we detected altered vessel
patterning that was most prominent in the MHB at E16.5, which
included reduced vessel density and network complexity
(Figures 5Q, 5T-5V, and S6N-S6P) with no difference in basement
membrane deposition (Figures S6Q-S6S).

Pan- and macrophage-specific ablation of p21* cells revealed
distinct but complementary roles in regulating vascular expan-
sion and patterning. Loss of all p217 cells resulted in increased
vessel area, altered branching complexity, elevated endothelial
proliferation, and enhanced basement membrane components,
whereas selective depletion of p21* macrophages reduced
vessel growth and branching.

Embryonic p21* cells contribute to blood-CSF barrier
development and function

ChPe cells are specialized secretory epithelial cells with abun-
dant apical microvilli and cilia that contribute to CSF sensing
and homeostasis.?*®* They regulate CSF composition through
ion channels and transporters at the blood-CSF interface.?%°%%°
Genes upregulated in both SaTS and p21* ChPe cells were en-
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riched for processes supporting these functions, including cilio-
genesis, ion transport, and cell adhesion (Figures 6A, S3E,
and S7A), which indicated that senescence-associated gene
expression aligns with epithelial barrier function and fluid regula-
tion. Upregulated genes were involved in cilium assembly and
ventricular flow (Rsph9, Dnah2, Ulk4, Kif3a, and Ccdc39),°”~"°
adhesion and polarity (Ocln, Cldn1/2/3, Pixnb2, and Tjp2/3),""
and epithelial-endothelial signaling (Vegfa/b, Pdgfa, and
Angpti2),>""? as well as anti-apoptotic, metabolic, and trans-
port-related genes (Bcl2/1, Bcl6, Lpin1, Pld1, Sic22a17, and
Sic1a2). Together, these observations indicate that p21* ChPe
cells engage senescence-associated features that support
epithelial function in non-regenerating tissues.

To assess the functional contribution of p21* ChPe cells, we
ablated p21* populations between E11.5-E15.5 using the p21-
iDTA* system. This resulted in edema and fluid accumulation
around the head and neck regions by E15.5 (Figures 6B and
S7B). At E18.5, ChP size was reduced in both the LV (~44%)
and 4V (~42%), accompanied by reduced ventricular area
(~41%; Figures 6C-6E, S7C, and S7D). Magnetic resonance im-
aging (MRI) analysis revealed reduced ventricular fluid (~45% in
LV and ~30% in 4V; Figures 6F and 6G) and increased extracra-
nial fluid accumulation (Figures 6F, 6H, S7E, and S7F), thus indi-
cating disrupted fluid homeostasis that likely reflects both
impaired CSF regulation and systemic effects of widespread
p21* cell ablation. Since CSF production requires vascular deliv-
ery of plasma-derived solutes and their active transport through
ChPe water and ion channels,”® we examined these compo-
nents following ablation. Expression of Agp1, a water channel
essential for CSF secretion, was reduced in the LV ChP of
p21-iDTA* embryos at E18.5 (Figures 6l and 6J). Additionally,
we observed a significant reduction in Cd31* endothelial cells
in the LV ChP (Figures 6l and 6K), which is consistent with a
compromised vascular supply. Notably, collagen IV intensity
was also reduced in the ChP (Figures 6L and 6M), which is indic-
ative of an impaired ECM integrity that is contributing to barrier
dysfunction.

Barrier integrity at the blood-CSF interface depends on epi-
thelial polarity, adhesion, and ECM interactions.?® Correspond-
ingly, senescence-associated adhesion and polarity-associated
genes were enriched in p21* ChPe cells (Figure 6A; Table S3).
Following ablation, plexin B2 (PIxnb2) and integrin p1 were
reduced (Figures 6L, 6N, and S7G), and ZO-1/F-actin organiza-
tion was altered (Figure S7H). Increased erythrocyte accumula-
tion in the ventricle (Figures S7I and S7J) further indicated
compromised barrier integrity. Together, these findings indicate
that p217 cells support epithelial organization and blood-CSF
barrier function.

DISCUSSION

Embryonic senescence and brain-barrier development

Our findings reveal p217 populations across ChPe cells, VECs,
and brain-resident macrophages that exhibit features of cellular
senescence during brain-barrier formation, with lineage-specific
implementations that address the distinct physiological de-
mands of the BBB and blood-CSF barrier. ChPe cells maintain
a persistent non-inflammatory state associated with barrier
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Figure 6. Embryonic p21* cell ablation results in aberrant blood-CSF barrier formation and function

(A) GO enrichment of SaTS and shared genes in p21* ChPe cells.

(B) Control and p21-iDTA* embryos at E15.5. Arrowhead indicates fluid accumulation under the skin.

(C) Nissl-stained E18.5 forebrain. Scale bar, 1 mm.
(D and E) LV ChP area (pmz; D) and length (um; E), n = 4.

(F-H) MRI representative images and analysis. Representative region of interest (ROI) used for signal intensity measurements (H) is indicated with red circles.

Scale bar, 1 mm.

(G) LV volume (mm®) from control and p21-iDTA* MRI, n = 6.

(H) MR signal intensity in identical control and p21-iDTA* ROI, n = 6.

() Agp1 (magenta) and CD31 (cyan) in E18.5 LV ChP. Scale bar: 50 pm.
(J and K) Agp1 intensity (J) and CD31 area (K) per LV ChP, n = 4.

(L-N) Plexin-B2 (yellow), CollV (cyan), and integrin p1 (magenta) staining and quantification in E18.5 control and p21-iDTA* LV ChP, n = 3-4. Scale bars, 100 pm
and 50 pm (L). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by unpaired two-tailed Student’s t test.

See also Figure S7.

support, whereas VECs and brain-resident macrophages tran-
siently adopt pro-inflammatory senescence states linked to
paracrine signaling and tissue remodeling. Accordingly, the
ablation of all p217 cells resulted in severe structural and func-
tional defects, including cerebral hemorrhage, ventricular
collapse, and abnormal vascular patterning, which underscores
the importance of p21* populations for brain-barrier integrity.
These findings support a model in which senescence is not a bi-
nary cell fate, but a modular program whose features are selec-
tively deployed in a context-dependent manner to influence tis-
sue development and barrier formation.

Endothelial tip cells are enriched for p21 expression and
display transcriptional features overlapping with senescence
programs, which is consistent with a senescence-like angio-
genic state associated with restrained proliferation and coor-
dinated sprouting. In parallel, p21* macrophages localize
near p21* endothelial cells and upregulate angiocrine and ma-
trix-remodeling factors. Selective ablation of p21* macro-
phages reduced vessel density and branching complexity, in
contrast to the hypervascular phenotype observed following
pan-p21™* cell ablation. These outcomes indicate complemen-
tary roles for distinct p21* populations: p21* endothelial
cells are associated with sprouting behavior and features of
vessel maturation, whereas p21* macrophages provide local
patterning and remodeling cues, potentially through SASP-
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associated factors.”*””” Notably, the transient nature of tip
cells, together with similar states in macrophages, supports
context-dependent and reversible engagement of senes-
cence-associated features that are integrated with angiogenic
and remodeling processes, rather than representing a fixed
terminal state.

Lifelong ChP senescence: Redefining a physiological
state

The persistence of senescent ChPe cells into late adulthood
challenges the prevailing binary view of senescence as either
transient and beneficial during development or chronic and dele-
terious in adult tissues. "% Unlike classical senescence, which is
typically associated with chronic SASP-driven inflammation and
tissue degeneration, ChPe cells appear to refine the secretory
phenotype into a stable, non-inflammatory state that supports
long-term physiological function. By entering a senescent state
early in development, ChPe cells may acquire defining attributes
suited to the demands of the brain-CSF interface, which include
stable cell-cycle exit in a largely non-regenerative niche, rein-
forcement of barrier integrity through enhanced ECM, dynamic
cilium organization, trophic signaling, and solute transport.
These features suggest a solution to a fundamental biological
challenge: how a post-mitotic, highly secretory epithelium main-
tains functional stability over decades in the absence of cellular
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turnover. While transient developmental senescence has been
described in multiple embryonic contexts,®>* no somatic cell
population has previously been shown to retain senescence as
a lifelong physiological state. The persistence of senescence
markers without inflammatory or degenerative signatures indi-
cates that ChPe cells maintain a regulated, beneficial senescent
state. Understanding how this is achieved may hold clues for tar-
geting senescence in disease contexts where secretory profiles
become maladaptive.

Reconciling senescence in development and aging

Our findings support a framework reconciling the duality of
senescence in development and aging.® Rather than arising as
a distinct pathological state in aged tissues, many of the defining
features of cellular senescence appear to derive from mecha-
nisms originally used during embryogenesis to coordinate tissue
patterning, barrier formation, and long-term structural stability.
In aging, senescent cells accumulate across numerous popula-
tions in the brain, including microglia, astrocytes, oligodendro-
cytes, endothelial cells, and ChPe cells, where they contribute
to neuroinflammation, barrier dysfunction, and cognitive
decline.”'%"8 8" |n neurodegenerative disorders, the clearance
of senescent cells improves cognitive function and reduces
neuropathology,®®%®" which reinforces the view that senes-
cence contributes to age-related brain dysfunction. Simulta-
neously, core features of senescence, including SASP-driven
signaling and ECM remodeling, can serve constructive func-
tions. In vitro senescence models consistently upregulate bar-
rier-associated pathways, including ECM components, junc-
tional proteins (claudins, occludin, and ZO-1), transporters,
and ciliary factors. During development, these features are de-
ployed in a controlled, time-limited manner within distinct cell
types. This convergence suggests that barrier-associated func-
tions are a prominent feature of senescence-associated tran-
scriptional programs, with regulated deployment contributing
to brain-barrier formation.

Clearance of senescent cells improves outcomes in aging and
neurodegenerative models,”'%%%8" yet the removal of senes-
cent epithelial cells can impair barrier integrity and promote pa-
thology.®” Taken together with our findings, these observations
suggest that therapeutic targeting of senescent cells may require
careful consideration of lineage-specific functions and the con-
texts in which these cells persist. In this framework, senescence
is a context-dependent process that supports development and
homeostasis when appropriately regulated but becomes detri-
mental when chronically engaged or unresolved. Defining line-
age-specific senescence programs, such as the apparent un-
coupling of inflammatory SASP factors from barrier-supportive
secretory functions in ChPe cells, may therefore enable more
precise therapeutic strategies.

Limitations of the study

This study relies on p21 expression to identify and genetically
ablate senescent cells during embryonic development. While
p21 is a well-established marker of senescence in develop-
mental contexts,®* its expression is not exclusive to senescent
cells; therefore, pan-ablation of p217 cells may introduce off-
target effects unrelated to senescence. In addition, the p21-
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driven ablation strategy eliminates entire cells rather than selec-
tively perturbing senescence-associated molecular programs,
which limits our ability to distinguish whether the observed phe-
notypes arise from the senescence program itself or from the
loss of other essential cellular functions. Additionally, the pan-
p21* cell ablation approach lacks cell-type specificity, which re-
sults in the simultaneous ablation of multiple p21* populations,
including VECs, ChPe cells, macrophages, and CR cells, as
well as p217 cells outside the brain. Consequently, develop-
mental phenotypes of pan-p21* cell ablation such as hemor-
rhage, barrier disruption, and vascular-patterning defects
cannot be definitively attributed to any single population and
may include indirect systemic effects. Finally, as all experiments
were performed in mice, species-specific differences may influ-
ence the extent to which these findings generalize to human
brain development and disease.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
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Materials availability
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Data and code availability
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-p21 Abcam Cat# ab188224, RRID:AB_2734729
Mouse anti-Reelin Millipore Cat# MAB5364, RRID:AB_2179313

Guinea pig anti-Tbr1
Mouse anti-Agp1
Goat anti-Dll4

Goat anti-Cd31

Rat anti-Cd31
Guinea pig anti-lbail
Goat anti-Cd206

Lycopersicon Esculentum (Tomato)
Lectin (LEL, TL), DyLight 594

Lycopersicon Esculentum (Tomato)
Lectin (LEL, TL), DyLight 649

Rat anti-Ki67-APC

Rabbit anti-Collagen IV
Goat anti-Laminin a4
Mouse anti-phospho-H2A.X (S139)
Rabbit anti-ERG

Rat anti-mCherry

Rabbit anti-p7S3

Rat anti-Ter119

Rabbit anti-Tbr2

Goat anti-Sox2

Rabbit anti-ZO-1

Sheep anti-Plxnb2

Rat anti-Integrin p1 (Cd29)

Synaptic Systems

Santa Cruz Biotechnologies
R&D Systems

R&D Systems

BD Biosciences

Synaptic Systems

R&D Systems

Vector Laboratories

Vector Laboratories

Thermo Fisher Scientific
Novus Biologicals
R&D Systems
Millipore

Cell Signaling
Invitrogen

Abcam

R&D Systems
Abcam

R&D Systems
Invitrogen

R&D Systems

BD Biosciences

Cat# 328 005, RRID:AB_2620072
Cat# sc-32737, RRID:AB_626693
Cat# AF1389, RRID: AB_354770

Cat# AF3628, RRID: AB_2161028
Cat# 550274, RRID: AB_393571

Cat# 234 308, RRID: AB_2924932
Cat# AF2535, RRID: AB_2063012
Cat# DL1177, RRID: AB_2336416

Cat# DL1178

Cat# 17-5698-80, RRID: AB_2688056
Cat# NB1206586, RRID: AB_789360
Cat# AF3837, RRID: AB_2249744
Cat# 05-636, RRID: AB_309864
Cat# 97249, RRID: AB_2721841
Cat# M11217, RRID: AB_2536611
Cat# ab776999, RRID: AB_776999
Cat# MAB1125, RRID: AB_2297123
Cat# ab216870, RRID: AB_2943124
Cat# AF2018, RRID: AB_355110
Cat# 617300, RRID: AB_138452
Cat# AF5329, RRID: AB_2166425
Cat# 550531, RRID: AB_393729

Chemicals, peptides, and recombinant proteins

Tamoxifen

EdU

O-Propargyl-Puromycin (OPP)
32% Paraformaldehyde
Fluoromount-G

Sigma

Invitrogen

MedChemExpress

Electron Microscopy Sciences
Electron Microscopy Sciences

Cati# T5648
Cat# A10044
Cat# HY-15680
Cat# 15714-S
Cat# 17984-25

Critical commercial assays

CellEvent™ Senescence Green Detection Kit
TUNEL

Click-iT™ EdU Cell Proliferation Kit for
Imaging, Alexa Fluor™ 488 dye

Click-iT™ Plus OPP Alexa Fluor™ 488
Protein Synthesis Assay Kit

Invitrogen
Roche
Invitrogen

Invitrogen

Cat# C10850, RRID: SCR_018827
Cat# 11684795910
Cat# C10337

Cat# C10456

Deposited Data

Mouse embryonic brain single-cell RNA-seq
Embryonic endothelial cell single-cell RNA-seq
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SRA: PRJNAG37987
GEO: GSE216970
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: Organisms/strains

BG_Cg_Gt(ROSA)ZGSorth(CAG-thomato)HZe/J
B6.129P2-Gt(ROSA)26Sor™! CTALKky/
B6.Cg-Csf1rm!24weyy

JAX Mice and Services
JAX Mice and Services
JAX Mice and Services

RRID: IMSR_JAX:007909
RRID: IMSR_JAX:009669
RRID: IMSR_JAX:021212

Oligonucleotides

sgRNA to generate p21-CreERT2: This paper N/A
GACATCACCAGGATTGGACA

Primers for Cre genotyping: This paper N/A

F: TGACCAGAGTCATCCTTAGCG;

R: AATGCTTCTGTCCGTTTGCC

Primers for p21 genotyping: This paper N/A

F: CATGGTGTGGTGGAAAAGCA;

R: AGAGACAACGGCACACTTTG

Software and algorithms

Fiji/imageJ ImageJ RRID: SCR_002285
NIS Elements Imaging Software Nikon https://www.microscope.healthcare.nikon.com/

R

Seurat v5
Cell Ranger
DESeq2

corrplot
Horos
GraphPad Prism

R Core Team
Hao et al.®®
10x Genomics

Love et al.®*

Wei and Simko™
Horos Project
GraphPad

products/software/nis-elements

https://r-project.org/
RRID: SCR_016341
RRID: SCR_017344

https://bioconductor.org/packages/release/

bioc/html/DESeqg2.html

https://github.com/taiyun/corrplot

Horosproject.org
RRID: SCR_002798

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All animal procedures were carried out in accordance with NIH guidelines and approved by the University of California, San Diego
Institutional Animal Care and Use Committee. Animals were maintained in a pathogen-free vivarium on a 12 h:12 h light:dark cycle
(light on: 6:00 am — 6:00pm) with food and water ad libitum. Vivarium temperature was maintained between 18 and 23C and humidity
between 40% and 60%. Animals were group housed and experimental animals were drug- and procedure naive prior to use in this
study except for the experimental manipulations described below. Mice of both sexes were used for experiments. Pregnant Swiss-
Webster mice were purchased from Charles River Laboratories. Ai9 (JAX#007909), iDTA (JAX#009669), and Csfirfo¥/flox
(JAX#021212) mice were purchased from Jackson Laboratories. Cdakn1a®®£72 mice were generated by microinjection of donor
template (Integrated DNA Technologies) and Cas9 protein (Integrated DNA Technologies) complexed with single guide RNA (sgRNA,
Integrated DNA Technologies) targeting the Cdknia/p21 promoter into pronuclear stage embryos (C57BL/6NHsd) that were im-
planted into a foster female. sgRNA sequence information can be found in key resources table.

Mouse genotype was confirmed by PCR using primer pairs provided by Jackson Laboratories with the exception of Cdkn1a
mice, which were genotyped using Cre primers and custom primers to differentiate between homozygous and heterozygous copies
of the CreERT cassette (Key resources table).

For timed pregnancy, the morning that vaginal plugs were detected was considered EO.5. 5-ethynyl-2’-deoxyuridine (EdU; Invitro-
gen) and O-propargyl-puromycin (OPP; Invitrogen) incorporation assays were performed by intraperitoneal (IP) injection of pregnant
dams with EAU (10mM, Invitrogen) or OPP (50 mg/kg, MedChemExpress) for 1 h prior to embryo collection. For tamoxifen labeling
experiments, tamoxifen (Sigma, T5648) was prepared in 100% ethanol solution (20 mg/mL) and stored at -20°C. Prior to use, 400 pL
corn oil (Sigma, C8257) was added and the solution was placed at 65°C to evaporate ethanol for 1 -2 h. 150 pL of tamoxifen in corn oil
was injected into pregnant dams (~25 mg/kg) in the late afternoon ~16:00. A high proportion (> 95%) of pregnant dams administered
tamoxifen during the gestational period experienced difficulty giving birth (dystocia). To overcome this and examine postnatal
offspring, terminal C-sections were performed at E19.5 and embryos were transferred to foster female mice (BALB/c) with recently
born litters (P1 - 5).

CreERT2
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For DTA and Csf1r®/fox experiments, control littermates (Cre iDTA* or Cre Csf1r"®1°%) were used to account for tamoxifen
toxicity and transgene leakiness. To assess hemorrhage frequency, we developed a qualitative 5-point scale where 0 represents
no hemorrhage (visibly clear brains) and 5 indicates extensive hemorrhage with blood pooling within brain tissue.

METHOD DETAILS

Tissue collection and processing for immunostaining and histology

Adult mice were given a lethal dose of anesthetic (isoflurane overdose) followed by transcardial perfusion with PBS (pH 7.4) followed
by PBS with 4% paraformaldehyde (Electron Microscopy Sciences, 15714). Pregnant dams were euthanized by isoflurane overdose
or carbon dioxide asphyxiation. Whole embryos (E10.5 — E14.5) or dissected brains (E15.5 — PND21) were drop fixed in 4% PFA for
24 - 48 h prior to dehydration in 30% sucrose until tissue sank. Tissue was cryopreserved in optimal cutting temperature (O.C.T) com-
pound (Tissue-Tek) and cryosectioned (Epredia NX70) in sagittal or coronal orientation at 20 um thickness directly onto microscope
slides. Tissue was dried on slides for 1 — 2 h or overnight and stored in slide boxes with desiccant at -20C. In some cases, adult brain
tissue was sectioned using a vibratome (Leica VT1000 S) at 40 pm thickness. Free-floating sections were stored in PBS/0.02% so-
dium azide at 4C.

Immunostaining and histology

For immunostaining, cryosections were incubated with primary antibody diluted in PBS/0.3% Triton-X 100 (in some cases, 5%
normal donkey serum was used as a blocking agent) overnight at 4°C, washed in PBS, and incubated with secondary antibody
for 1 -2 h at room temperature in the dark. Free-floating sections were incubated with primary antibody for 48 h. Sections were coun-
terstained with DAPI (Sigma) and mounted with Fluromount-G (Invitrogen). For SA-B-gal detection, immunostaining was performed
first followed by incubation with CellEvent™ Senescence probe (C10850) at 37°C for 3 h. Terminal deoxynucleotidyl transferase-
mediated dUTP-X nick end labeling (TUNEL) staining was performed prior to immunostaining according to manufacturer’s instruc-
tions (Roche, 11684795910). For EAU detection, Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye (C10337) was
used according to manufacturer’s instructions. For OPP, Click-iT™ Plus OPP Alexa Fluor™ 488 Protein Synthesis Assay Kit (C10456)
was used according to manufacturer’s instructions, with antibody staining following the Click-iT reaction. Some antibodies (yH2AX
and Reln) required antigen retrieval prior to detection for optimal signal. Briefly, tissue sections (cryosections or free-floating) were
incubated in 1X citrate buffer (pH 6.0, Sigma) at 90 — 95°C for 20 minutes prior to immunostaining. Nissl staining was performed by
incubating cryosections in 0.1% cresyl violet for 8 minutes prior to dehydration and mounting. Lipofuscin detection was performed
using an optimized Sudan Black B protocol ®” with minor modifications, including an incubation time of 30 minutes followed by exten-
sive washing prior to primary antibody incubation.

Confocal imaging and analysis

A Nikon AX confocal microscope with 4X (air), 20X (air), and 60X (oil immersion medium) objectives and NIS Elements Imaging Soft-
ware were used for all imaging acquisition. Identical imaging settings were used for all comparative experiments. Image processing
and analysis was performed using Fiji image processing software (Imaged). For quantification, desired regions were cropped in Fiji
and run through pre-built macros. At least 2 — 5 images per region per biological replicate were averaged for each representative data
point. Unless otherwise specified, collapsed z-projections of identical distance and number per condition were used for image
analysis.

p21 and SA-p-gal quantification

Images were cropped by DAPI staining morphology to contain only regions of interest, using the Developing Mouse Brain reference
atlas from Allen Brain Institute (developingmouse.brain-map.org) as a guide. For SA-B-gal quantification, DAPI and SA-p-gal were
thresholded to create binary images of each stain. The area of each channel was then measured; DAPI area was used to normalize
SA-p-gal area for each image. For p21 quantification, p21 was thresholded, watershed, and p21* cells were counted using the
analyze particles function in Fiji.

tdTomato quantification

For the whole brain tdTomato (tdT) region analysis, the brain was manually divided into 11 regions: the cerebellum, 4V choroid plexus,
hindbrain, midbrain, hypothalamus, thalamus, hippocampus, cortex, olfactory bulb, cerebral nuclei, and LV choroid plexus. DAPI and
tdT were thresholded to create binary images. The area of each channel was then measured and the DAPI area was used to normalize
tdT area for each image.

Vascular cells

Inthe Cd31 or Lectin channel, the subtract background and despeckle functions were used to denoise images. The channel was then
thresholded to create a binary mask and the area was taken. tdT was thresholded to create a binary mask that was overlaid onto the
Cd31 or Lectin mask such that only Cd31 or Lectin that overlapped with tdT remained (Cd31*/tdT* or Lectin*/tdT* area). Cd31*/tdT*
or Lectin™/tdT* as a percentage of total Cd31* or Lectin® area was calculated and presented as a histogram.
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Macrophage cells

DAPI, Iba1, and tdT were thresholded to create binary masks of each channel. Iba1 was then masked by DAPI, such that only the
Iba1* nucleus remained. The Iba1* nuclei were counted using analyze particles and a mask was produced that was subsequently
masked by tdT* cells such that only lba1*/tdT* nuclei remained for quantification using analyze particles. Iba1*/tdT* cells as a per-
centage of total Iba1™ cells was calculated and presented as a histogram.

Choroid Plexus
Images were cropped to only contain AQP1* choroid plexus tissue. DAPI and tdT were thresholded to create binary mask images.
DAPI area was measured and used to mask tdT, so only tdT that overlapped with DAPI remained to quantify tdT* (% DAPI area).

CR cells

p73 and tdT were thresholded to create a binary mask image. PND21 p73 staining had higher background than at E18.5, so prior to
thresholding, the subtract background function was used for PND21 images. Additionally, as there were many more closely packed
p73* cells at E18.5, watershedding was applied to the p73 binary mask. p73* cells were counted using analyze particles and applied
to tdT to determine p73*/tdT™ cells, which were presented as a proportion of total p73* cells.

Quantification in p21* and p21° cells

DAPI, p21, and the other channel (Ki67, TUNEL, yH2AX, OPP) were initially thresholded to create a binary image of each stain. The
p21* binary image was then duplicated and inverted to create a p21~ binary image. DAPI was masked by the p21* binary image and
the number of p21* cells were counted using analyze particles. A copy of the initial DAPI mask was masked by the p21~ binary image
and the number of p21° cells were counted using analyze particles. For Ki67 quantification, the counted particles (p21* or p21°) were
then masked by Ki67 to determine p21*/Ki67* and p217/Ki67* cells. The proportion of cells that were Ki67* was calculated by dividing
the p21*/Ki67* or p217/Ki67* count by the p21* or p21~ cell count, respectively. For TUNEL, yH2AX, and OPP, a similar pipeline was
used, however, the intensity (mean gray value) of those signals were quantified in p21* and p21- cells, and the relative intensity was
determined by dividing the average p21* signal intensity by the average p21° signal intensity per image.

Ki67 quantification of tdT* and tdT" cells
In ROI of identical size (for forebrain and hindbrain) or cropped LV and 4V ChP, DAPI, tdT, and Ki67 was thresholded to create binary
mask images. Ki67* cells that overlapped with tdT*/DAPI* signal or with tdT/DAPI* signal were identified and the proportion of Ki67*/
tdT or Ki67*/tdT" cells relative to DAPI area were scored and presented in histogram format. Since Ki67* cells were rare in ChP tis-
sue, adjacent forebrain or hindbrain proliferation indices were used for comparison.

Iba1*/tdT* and Iba1*/tdT distance to tdT* vasculature quantification: Iba1*/tdT* and Iba1*/tdT" brain-resident macrophages were
identified and the distance from the Iba1* signal to the closest tdT* blood vessel (identified by tdT morphology) was quantified using
the line function.

Blood vessel morphology analysis

Blood vessel quantification was accomplished by analyzing Cd31 signal using the REAVER analysis program.®® Specifically, images
were pre-processed in Imaged to crop to identical ROl and binarized. These images were then analyzed in REAVER using the
following parameters: an averaging filter size of 200 pixels to smooth the image and enhance larger structures, a minimum connected
component area of 100 pixels to filter out small, irrelevant details while still capturing smaller vessel portions, a wire dilation parameter
of 0 to focus solely on existing features, and a vessel thickness threshold of 2 to accurately identify and analyze vessel-like structures.
Measurements for vessel area fraction, vessel length, vessel diameter, number of branchpoints, number of segments, and valency for
all samples were recorded.

Laminin a4, and Collagen IV intensity in Cd31* blood vessels
Regions were cropped to identical ROl and the Cd31 channel was used to generate a mask under which mean Laminin a4 and
Collagen IV signal intensity were measured.

Cresyl violet quantifications

For measurements of cortical length, midbrain length, cerebellum length, whole brain length, hippocampal area, LV and 4V ChP
length, and LV area, cresyl violet-stained sections were imaged and the freehand selection (ventricle and hippocampal area) or
line tools (all other measurements) in imagedJ were used.

Progenitor cell quantifications (DAPI cortical layers, Sox2 and Tbr2 in cortex and hippocampus): Cortical images were rotated such
that the ventricular zone was parallel to the bottom of the image and identical regions of 300 pm in width were cropped. Based on
DAPI morphology, the ventricular/subventricular zone (VZ/SVZ), intermediate zone (IZ), subplate (SP), cortical plate (CP) and mar-
ginal zone (MZ) were measured using the line tool in imaged. For Tbr2 and Sox2 area in the cortex, both channels were thresholded
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to generate binary masks. Then, the area of Tbr2* or Sox2* signal was quantified and divided by the total cortical length. For Tbr2
quantification in the suprapyramidal and infrapyramidal layers of the hippocampus, those regions were cropped and Tbr2* cells were
manually scored.

Signal intensity (Aqp1, PIxnb2, Integrin 1) and Cd31 area in the ChP

LV ChP structures were cropped based on DAPI morphology using the freehand selection tool in imagedJ. DAPI was thresholded to
generate a binary mask, and the total DAPI area per ChP was quantified. Mean signal intensity was calculated per ChP image and
divided by the total DAPI area per ChP image to obtain a mean intensity per ChP area. For Cd31 area, Cd31 was thresholded to
generate a binary image and Cd31 area was quantified and divided by the total DAPI area of the ChP to obtain Cd31* area (% LV
ChP area).

Bulk and single-cell RNA-sequencing analysis

Bulk RNA-sequencing analysis to identify SaTS and SASP

RNA-sequencing data generated by Sturmlechner et al.>> and Marin et al.*>* was obtained from the Gene Expression Omnibus under
accession GSE117278 and GSE202032. Differential expression analysis was performed using DESeq2.%* Genes were considered
significantly differentially expressed if they had a p.adj. < 0.05 and |log2FC| > 0.3. To identify SaTS, we intersected the up- and
down-regulated DEG lists and extracted genes that were shared across all four in vitro senescence models. To identify SASP,
secreted factors®® were extracted from genes upregulated in at least one mode of senescence (DOX, IR, OIS, REP).

We compared SaTS to senescence gene sets identified in two independent studies.>**® For the cellular senescence signature
identified in Chatsirisupachai et al., human genes were converted to mouse using BioMart.?® For SenMayo, the mouse gene list
was used.

Single-cell RNA-sequencing analysis: Read alignment and data processing

Single-cell RNA-sequencing data generated by La Manno et al.>® was obtained in FASTQ format from the Sequence Read Archive
(SRA) under accession PRINA637987. FASTQs were run through Cell Ranger (v7.2.0) to align reads to the mouse genome (mm10)
and generate feature-barcode matrices. Resulting matrices were input into the R program Seurat (v5.3.0)° and merged into a Seurat
object. Cells with fewer than 2,000 unique molecular identifiers (UMIs) or mitochondrial DNA exceeding 5% were excluded from the
dataset, resulting in a final Seurat object of 283,323 cells. Normalization, feature selection (2,500 features), data scaling and linear
dimensionality reduction (PCA) were performed following the standard Seurat workflow. Batch correction was applied using the Har-
mony algorithm (https://github.com/immunogenomics/harmony) using the ‘batch’ designation in the sample metadata.?® Clustering
and Uniform Manifold Approximation and Projection (UMAP) were performed on batch-corrected data. We ran ‘Find all markers’ to
identify highly expressed transcripts in each cluster (Table S1) and manually annotated and curated the clusters with respect to major
class, subclass, and spatial location using the previously published dataset®® as a guide (Table S2).

Single-cell RNA-sequencing analysis: Differential expression analysis

The single-cell dataset was subset into two groups based on Cdkn1a/p21 expression level: p21* cells (75™ percentile, normalized
expression = 1.484812) and p217° cells (normalized expression = 0). Aggregate count matrices were generated for each sample in
each group (p21* and p21) by averaging expression of each gene across all cells within a sample (original 10X run). Differential
expression analysis was subsequently conducted using DESeq2,?* with each sample serving as a biological replicate. For differential
expression analysis of specific clusters, the corresponding UMAP cluster was isolated (using “subset” in Seurat) followed by sep-
aration of p21* (75" percentile, normalized expression = 1.818654 (cluster21), 1.926037 (cluster22), 1.478045 (cluster31), and
2.364703 (cluster39)) and p2171 (expression = 0) and assigned to ‘pseudoreplicates’ (n = 3) to serve as biological replicates, as splitting
by original sample resulted in too few cells per replicate. A subset of cluster 31 cells resembled neuronal cells (Tubb3, Eomes/Tbr2,
Reln, Tbr1, NeuroD1/2), therefore to gain insight into the ChPe-specific p21* signature, we removed that subcluster from ChPe anal-
ysis. ChPe and CR cells arise from roof plate neuroepithelial cells.*’*"~%° We identified a presumptive ChPe and CR progenitor cell
cluster (cluster35) based on marker gene expression (Rspo1/2/3, Lmx1a, Msx1, Id1/3, Hes1, Wnt1, Wnt3a).>* Genes were considered
differentially expressed if they had a p.adj. < 0.05 and |log2FC| > 0.3 (at least 10 normalized counts in any pseudoreplicate).
Single-cell RNA-sequencing analysis: Analysis of endothelial tip cells

The vascular endothelial cell cluster (cluster 21) of the La Manno et al. dataset was isolated and tip cells were identified using ‘Add-
ModuleScore’ (DIl4, Esm1, Kdr, Angpt2, Cxcrd, and Apin®>°" with 90™ percentile score threshold). Differential expression analysis
was performed using the strategy described above in tip and non-tip (all other endothelial) cells. To expand the dataset to non-
CNS populations, we used single-cell RNA-sequencing data of endothelial cells isolated from multiple embryonic (E9.5, E12.5,
and E15.5) organs including brain, heart, lung, liver, kidney, and small intestine®® (GSE216970) processed in Seurat (v5.3.0).%°
Normalization, feature selection (2,500 features), data scaling and linear dimensionality reduction (PCA) were performed following
the standard Seurat workflow. Samples were integrated with the anchor-based CCA workflow to correct for batch effects, followed
by clustering and UMAP visualization. Endothelial cells were isolated using FeaturePlot inspection and marker-based annotation
(Etv2, Pecam1, Cdhb5). Brain endothelial cells were isolated using ‘AddModuleScore’ (SIc38a5, Tfrc, Slc7a5, Mfsd2a, Tgfb, Gkn3)
and by matching the reported 1,024 cell endothelial cluster.®® Tip cell identification, p21* classification, and differential expression
analysis were performed as described above, with tip cells compared to p21~ non-tip cells in each group. A Fisher’s exact test was
used to determine statistical significance in p21* population enrichment.

|-33
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Gene ontology analysis

Gene ontology analysis was performed using either a custom in-house analysis pipeline or GOgy_a With two unranked lists of genes
(target and background lists) followed by REVIGO visualization to remove redundant GO terms and generate a scatterplot with un-
biased reduction of GO terms in semantic space (x, ¥). For custom analysis, genes annotated to specific GO categories were isolated
from the Gene Ontology Resource®®°® and randomized permutation tests were performed (see Permutation Tests in Statistics and
reproducibility) to determine enrichment over background. An enrichment score (logo(Obs/Exp)) *(-log(p_val)) for upregulated genes
and log,(Obs/Exp)) *(log(p_val)) for downregulated genes) was calculated for visualization. Genes expressed in the given cell type
were used as background.

Receptor-ligand analysis

We compiled a list of receptor-ligand pairs from a public repository (https://github.com/LewisLabUCSD/Ligand-Receptor-Pairs)>®
and identified all receptor- and ligand-encoding genes that were upregulated in p21* VECs and macrophages. Using the curated
receptor-ligand pairings, we then determined whether the upregulated ligands in one cell type had corresponding receptors upregu-
lated in the other (and vice versa). To assess whether the observed overlap exceeded random expectation, we performed a hyper-
geometric test.

MRI Acquisition and Analysis

Images were acquired using a Bruker 7T 70/20 MRI scanner (Bruker, Billerica, MA) running an Avance NEO console equipped with a
72mm quadrature transmit only volume coil and a receive-only 4-channel mouse cardiac surface array coil. Samples were scanned in
a 15cc conical tube with a T2-w TurboRARE MRI sequence in the Axial and Sagittal planes with the following parameters: TE/TR =
36ms/2500ms, 25 averages, RARE factor 8, matrix = 100 x 100 x 21, voxel size = 100 pm x 100 pm x 500 pm, Scan time = 12:30. MR
Images were loaded into Horos (Purview, Annapolis, MD) and were manually segmented to measure ventricle volume. Left and right
lateral ventricle volumes were combined. To measure relative intensity of MR signal, identical ROI within the left and right neck area
were generated and the mean intensity was averaged from five sequential images.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism version 10 unless otherwise specified. All experiments were independently replicated us-
ing biologically distinct samples. Biological replicate numbers, statistical tests, and definitions of error bars are indicated in the cor-
responding figure legends. Sample sizes were selected based on embryo availability, consistency with prior studies, and reproduc-
ibility across biological replicates. No data were excluded unless technical failure occurred during tissue processing,
staining, imaging, or sequencing quality control as described in the relevant Method Details sections. For comparisons between
two groups, data were analyzed by two-tailed Student’s t-test. For comparisons between multiple groups, one-way or
two-way ANOVA with multiple comparisons was used. Differences were considered statistically significant at *(P < 0.05),
**(P < 0.01), **(P < 0.001), and ****(P < 0.0001). Unless otherwise stated, all data is plotted with individual data points and the error
bars represent standard deviation of the mean.

Permutation tests

Randomized permutation tests were completed using custom R scripts. Briefly, a sample set of equal size as the observed data was
randomly selected from the background set and the statistic test was calculated for each randomly sampled data (s* = s1, s2, ... sN)
exactly as for the observed data (sObs). This was iterated N = 10" times with replacement to create the null distribution and the
p-value was calculated using the formula: p-value = sum(s* >= sObs)/N. If sObs was greater than or less than all values in the null
distribution, the p-value was set as < 1E-5. Comparisons used for all permutation tests are provided in Table S3.

Correlation analysis

For the p21* cell DEG correlations with mouse SaTS, a 10,000-iteration permutation was performed comparing all gene lists to each
other. To produce a correlation matrix from these results, the log2(observed overlap/expected overlap)*-log(p-value) was calculated
for each gene list comparison. To give each comparison a relative score, any results less than zero were divided by the absolute value
of the minimum result for each gene list, while any results greater than zero were divided by the maximum results for each gene list.
Any comparisons with a result of zero due to a 0% overlap were changed to -1 as these gene were considered inversely correlated.
This matrix was input into the corrplot®® R package (https://github.com/taiyun/corrplot) which calculated the correlation scores and
produced a correlation plot.
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