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e Transient Yamanaka factor (YF) expression during
development expands neocortex
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AD mouse model
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In brief

Shen and Zaballa et al. report on using
Yamanaka factors (YFs) for partial
reprogramming in the mouse brain.
During development, YF induction results
in cortical expansion and improved
behavior. Similar induction at adult
stages prevents the development of
several Alzheimer’s disease hallmarks.
These findings reveal YFs as a tool to
increase neural proliferation and their
potential use in brain disorders.
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SUMMARY

Yamanaka factors (YFs) can reverse some aging features in mammalian tissues, but their effects on the brain
remain largely unexplored. Here, we induced YFs in the mouse brain in a controlled spatiotemporal manner in
two different scenarios: brain development and adult stages in the context of neurodegeneration. Embryonic
induction of YFs perturbed cell identity of both progenitors and neurons, but transient and low-level expres-
sion is tolerated by these cells. Under these conditions, YF induction led to progenitor expansion, an
increased number of upper cortical neurons and glia, and enhanced motor and social behavior in adult
mice. Additionally, controlled YF induction is tolerated by principal neurons in the adult dorsal hippocampus
and prevented the development of several hallmarks of Alzheimer’s disease, including cognitive decline and
altered molecular signatures, in the 5xFAD mouse model. These results highlight the powerful impact of YFs
on neural proliferation and their potential use in brain disorders.

INTRODUCTION

The Yamanaka factors (YFs), a quartet of transcription factors—
Oct4, Sox2, KIf4, and c-Myc—(OSKM, hereafter referred to as
YFs), play a pivotal role in cellular biology due to their unparal-
leled ability to reprogram somatic cells to a pluripotent state.’
This discovery has opened new research avenues, revealing
their potential in tissue rejuvenation,”® reversal of epigenetic
modifications, and markers of cell damage,“’6 thus ameliorating
phenotypes associated with cellular aging.”’-® Indeed, YFs have
been employed to reverse age-associated hallmarks in various
peripheral tissues, resulting in improved regeneration of muscle,

optic nerve, cardiomyocytes, skin, and liver.>*"'® However, our
understanding of their role, and the broader implications for
the nervous system, is still in its nascent stages.

Ectopic YF expression can induce de-differentiation and plu-
ripotency of somatic cells, erasing their epigenetic state and
cellular identity.>'* This process has been linked to induced
pluripotent cell (iPSC) formation mechanisms.">'® Continuous
expression of these factors in mice often leads to tumoral
masses and mortality within weeks.'” Seminal work has
confirmed that it is possible to safely express YFs in vivo through
partial activation.”® Intermittent activation in peripheral tissues
preserves cell identity and enhances regeneration without
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causing cancer.>* Moreover, transient YF activation has been
shown to increase proliferation via distinct mechanisms: (1) re-
modeling the stem cell niche in muscles' and (2) inducing tran-
sient de-differentiation of cardiomyocites.'*'®> Our knowledge
remains scarce regarding the impact of transient YF induction
on proliferation and/or rejuvenation in the nervous system.

Aging stands as the primary risk factor for Alzheimer’s disease
(AD), a phenomenon not entirely accounted for by the amyloid
hypothesis.'® Notably, AD and most neurodegenerative disor-
ders present signatures of “accelerated” aging, including
increased oxidation, diminished synaptic plasticity, and reduced
metabolism.'®" In such scenarios, neurons progressively lose
their regenerative capacity, attributed to transcriptomic and
chromatin landscape alterations.?> From a translational stand-
point, YFs have facilitated cell replacement therapies for neuro-
degenerative diseases.?® For instance, in Parkinson’s disease,
the transplantation of dopaminergic neurons derived from YF-
induced iPSCs®* yielded some motor improvements but also
led to teratoma growth in immunodeficient mice.?® Although
most reprogramming strategies aim to generate neurons to
replace damaged ones, two recent studies indicate that YFs
can induce epigenetic modifications in neurons and promote
axon regeneration post injury.>?® However, the application of
YFs in mature neurons within the context of neurodegeneration
remains unexplored.

Here, we employed a controlled spatiotemporal induction of
YFs in the mouse brain across two distinct scenarios: during
brain development and in adult stages within the context of
neurodegeneration. Our focus on the impact of YFs on neuro-
genesis during development was influenced by recent findings
that a subset of these factors is expressed in various neural
progenitors early in this phase.”” Here, we report that transient,
low-level expression of YFs increased proliferation, resulting in
an augmented output of neurons and glia, which led to an
enlarged neocortex. This expansion was functionally reflected
in enhanced motor and social behavior in adult mice. Because
this induction protocol enhanced cognitive skills, we hypothe-
sized that it could exert a similar effect in the context of a
neurodegenerative disorder. Thus, we expressed YFs only in
mature hippocampal neurons, using the 5xFAD mouse model
of AD. We show that these neurons tolerate intermittent YF
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expression while preserving their identity. This safe approach
led to cognitive, molecular, and histological improvements in
the 5xFAD mice. Our results establish transient YF induction
as a powerful tool for modulating neural proliferation, and it
may open new therapeutic strategies for brain disorders.

RESULTS

Transient YF induction perturbs cell identity and
increases proliferation
To study the effects of YF induction during development, we used
the conditional inducible-four factors (i4F) mouse line that allows
YF induction in a Tet-ON system.'” We established an in vivo tran-
sient reprogramming protocol for systemic expression of YFs by
using mice carrying a single copy of the i4F polycistronic cassette
and a reverse tetracycline transactivator (tTA) within the Rosa26
locus (i4F-Rosa)'” (Figure 1A). We induced YFs by administering
doxycycline (Dox) in the drinking water of pregnant females for
4 days (embryonic day [E]10.5-E14.5), at three concentrations:
high (1 mg/mL), medium (0.5 mg/mL), and low (0.2 mg/mL).
Reverse transcription followed by quantitative PCR (RT-qPCR)
confirmed Dox-dependent expression of the polycistronic
OSKM messenger RNA (MRNA) (Figure 1A). Initial treatments of
i4F-Rosa embryos and their littermate controls (wild type [WT])
with high Dox for 4 days led to bigger brains (Video S1) and a dra-
matic elongation of the germinal layer at E15.5. The total area of
this layer expanded in proportion to the cortical area (Figures S1A
and S1B), but was thinner in regions with invaginations of the ven-
tricular surface (Figures 1B, 1C, and S1A; Video S1).
Immunostaining for Pax6 (found in apical progenitors [APs])
and Sox2 (expressed in neural progenitors and one of the YFs),
showed expansion in the number of APs (Figures 1D and S1C).
Despite their abundance, Pax6 intensity at the single-cell level
was reduced (Figure 1E), suggesting that strong YF induction
can perturb cell identity, as found in other systems.'”® This is
evidenced by the loss of identity markers like Pax6 for progeni-
tors and Ctip2 for neurons, along with the emergence of Nanog
expression (Figures S1D-S1F). Given that the survival of i4F-
Rosa embryos was compromised due to impaired liver hemato-
poiesis (data not shown), we reduced Dox concentration during
the 4-day induction period.

Figure 1. Transient YF induction perturbs cell identity and increases proliferation

(A) Scheme of Dox treatment in wild-type (WT) and i4F-Rosa littermate embryos. Right graph shows RT-gPCR for OSKM mRNA of E15.5 i4F-Rosa embryos
treated with different Dox concentrations from E10.5 to E14.5, normalized to control (3-6 embryos group). ***p < 0.001, Student’s t test vs. WT samples.
###p < 0.001 one-way ANOVA.

(B) Sagittal sections of cleared whole-mount brains (E15.5) stained with propidium iodine after high Dox treatment (from E10.5 to E14.5). Higher magnification of
dashed rectangles shown on the right. Pink dashed lines indicate the germinal zone, yellow arrowheads mark invaginations.

(C) Quantification from (B). n = 5 mice/group. **p < 0.01, Student’s t test.

(D) E15.5 coronal brain sections, after 4 days high Dox, stained for neuronal progenitors (Pax6, green and Sox2, red) and neurons (Ctip2, magenta). Areas within
dashed rectangles are enlarged on the right.

(E) Scatterplot quantification of Pax6 intensity in Sox2+ cells. n = 2,339 (WT) and 2,031 (i4F-Rosa) cells from 3-4 brains/group. ***p < 0.001, linear regression,
Student’s t test.

(F) Similar to (D), but E15.5 sections treated with 4 days Mid Dox, including mitotic marker (PH3, magenta).

(G) Quantification from (F). n = 3 mice/group. *p < 0.01, **p < 0.001, Student’s t test.

(H) E15.5 embryos after 4 days low Dox treatment. Brain and body weight is shown below. n = 5-6 mice/group. **p < 0.01, Student’s t test.

(I) Similar to (F), except for sections treated with 4 days low Dox. Yellow dashed rectangles are enlarged on the right. Ventricle perimeter marked with white
dashed lines.

(J) Quantification from (I) n = 3-5 mice/group. *p < 0.05, **p < 0.01, Student’s t test.

(K) E14.5 cortices labeled with a short pulse (30 min) of EAU (red) and DAPI (blue, nuclei). Total EQU+ cells quantified on the right. n = 6 mice/group. ***p < 0.001,
Student’s t test. Scale bars, 500 um (B, D, F, and 1), 250 um inset (B), 100 um inset (D, F, I, and K), and 3 mm (H).
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Medium YF induction also resulted in an enlarged ventricular
zone (VZ) proportional to the increased brain weight (Figure S1G)
but without invaginations and loss of Pax6 in APs (Figure 1F).
Notably, the abundance of individual and double-positive
Pax6+ and Sox2+ progenitors was significantly higher in
neuron-enriched layers (intermediate zone [IZ] and cortical
plate [CP)) (Figure 1G). Similar to high Dox treatment, very few
i4F-Rosa embryos reached E17.5 stages due to altered
hematopoiesis.

Next, i4F-Rosa embryos received low Dox treatment from
E10.5 to E14.5, resulting in viable embryos with increased brain
and body weight (Figures 1H and S1H). Histological analysis
showed increased perimeter of the ventricles and a thinner
germinal zone (Figures 1l and 1J). Pax6 expression was pre-
served in APs and there was an increase of Pax6+ and Sox2+
progenitors in neuronally enriched layers (IZ + CP) (Figures 1J
and S1l), where we found Sox2+ cells co-expressing neuronal
markers like Ctip2 (Figures S1J and S1K). Similar to medium
YF induction, no change was observed in the density of cells
stained for phosphorylated vimentin (Pvim) and histone H3
(PH3), which label dividing radial glial (RG) and mitotic cells,
respectively, at E15.5 (Figures S1L and S1M). Short pulses of
EdU revealed increased cell proliferation in the germinal zone
(Figure 1K). We next asked whether this proliferation impacted
the migration and distribution of pyramidal neurons. Cortical
layering was preserved (data not shown) and the proportion of
newborn neurons, identified by EdU pulse labeling, was normal
inthe CP at E15.5 (Figures STN and S10). These results indicate
that YF induction can perturb cell identity and increase prolifer-
ation during development.

Nervous-system-specific induction of YFs leads to
cortical expansion

To remove any detrimental effects of ubiquitous YF induction
during development, i4F mice were crossed with Cre-dependent
floxed rtTA and the nervous-system-specific Nestin-Cre line.
This mouse model (i4F-Nes) allows the study of high and
longer Dox treatments (Figure 2A). We found that high Dox or
longer treatments resulted in much bigger brains, with an
expanded cortex and a weight up to double that of control litter-
mates (CTR) at E17.5 (Figures 2B, 2C, and S2A). Moreover, we
observed strong induction of YFs like c-Myc, Oct4, and Sox2,
together with Nanog, in germinal and neuronal layers after high
Dox treatment (Figures S2B and S2C). Upon further inspection
of i4F-Nes embryos treated with different conditions, we focused
on the low Dox treatment (4 days, E10.5-E14.5) because it pre-
served brain morphology and survival to adult stages, as in the
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i4F-Rosa line. We found increased numbers of basal PH3+ and
Pvim+ cells in i4F-Nes embryos at E15.5 (Figures 2D and 2E).
The number of Pax6+ progenitors also increased (Figure S2D),
mainly from their presence in neuron-enriched layers (IZ + CP)
(Figure 2E). A short pulse of bromodeoxyuridine (BrdU) revealed
increased proliferation, with fewer Sox2+ cells labeled in the 1Z
(Figures 2F and 2G). These results, including increased lateral
ventricle perimeter and reduced VZ thickness (Figure 2E), were
similar to those found in the i4F-Rosa line with the same treat-
ment. This suggests that the observed changes in i4F-Rosa
brains largely result from YF induction effects in the nervous
system.

We next asked whether the few Sox2+ and BrdU+ cells in the
I1Z (Figures 2F and 2G) resulted from ectopic migration of APs or
expression of YFs. Using in utero electroporation at E13.5, we
expressed YFs and GFP (TeTO-OSKM-GFP), or GFP as a con-
trol (TetO-GFP), in a Tet-ON system with low Dox for 3 days
(Figure 2H). Most OSKM-expressing cells remained in the
germinal zone and were proliferative (Figures 21 and 2J), ex-
pressing YFs like Sox2 and Oct4 (Figures S2E and S2F). These
results suggest that the transient abnormal localization of Sox2
and Pax6 in neuron-enriched layers is due to ectopic expres-
sion, not premature migration. Proteomic profiling revealed
increased YF proteins like Sox2 and Klf4, changes in extracel-
lular matrix (ECM) components, and reduced cell adhesion pro-
teins like Cdh8 and Neo1 in i4F-Nes cortices (Figures S2G and
S2H), linked to increased cell proliferation.?>>° Overall, these
results indicate that conditional nervous-system YF induction
transiently perturbs cell behavior, increasing progenitors and
proliferation.

YF-induction effects on single-cell transcriptomics

We investigated YF-induction effects on transcriptomic profiles
and cell composition by single-cell RNA sequencing (scRNA-
seq) on E15.5 CTR and i4F-Nes embryo cortices after 4 days
low Dox treatment (Figure 3A). We obtained 12.196 (CTR) and
12.757 (i4F-Nes) single-cell transcriptomes, averaging 4,027
genes per cell (Figure S3A), and performed principal-component
analysis (PCA), uniform manifold approximation and projection
(UMAP) dimensionality reduction, and unsupervised clustering.
We assigned cell clusters into cell classes based on the coex-
pression of multiple marker genes, as done in previous studies®’
(Figures S3B-S3E). As expected, we found the major clusters
related to cortical development: neurons, intermediate progeni-
tors (IPs) and APs, and other less abundant cell classes such as
interneurons (INs), microglia, Cajal Retzius (CR), and endothelial
cells (ECs) (Figure 3B).

Figure 2. Nervous-system-specific YF induction leads to cortical expansion

A) Scheme of Dox treatment in control (CTR) and i4F-Nes embryos.

B) Top view of E17.5 brains from CTR and i4F-Nes embryos with different Dox treatments. Dashed lines delineate one hemisphere’s cortical area.
C) Brain weight from (B). n = 5-6 mice/group. **p < 0.01, **p > 0.001, Student’s t test.
D) E15.5 coronal brain sections, after low Dox (E10.5-E14.5), stained for Pax6 (white), Pvim (green), and PH3 (red). Magnified dashed rectangles on the right.

F) E14.5 cortices after a 30-min BrdU pulse (green) and Sox2 staining (red). Magnified white rectangles on the right.

G) Data quantification from (F). n = 3 mice/group. **p < 0.01, Student’s t test.

H) WT embryos electroporated at E13.5 to express YF and GFP via Tet-ON system, treated with 3 days Dox, and labeled with a 12 h BrdU pulse (red).

(
(
(
(
(E) Data quantification from (D). n = 4-6 mice/group. *p < 0.05, **p < 0.001, Student’s t test.
(
(
(
(

1) Distribution of GFP+ cells and insets showing OSKM-expressing cells positive for BrdU on the right.
(J) Quantification from (1). n = 3-5 mice/group. **p < 0.01, Student’s t test. Scale bars, 1 mm (B and H), 500 um (D), 100 um (F and I), 100 um inset (D), and 12 pm (F

and ).
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The cellular composition of most clusters was consistent be-
tween CTR and i4F-Nes conditions, except for two novel popula-
tions in the i4F-Nes condition: a neuron-like (i4F-Neurons) and AP-
like (i4F-APs) cluster (Figure 3B). These new populations had a
significant increase in the expression of one of the YFs, Oct4
(Pou5f1), with levels reaching 30% in i4F-APs and 15% in i4F-
Neurons (Figures 3C and 3D). Elevated Oct4 was also observed
in total APs (Nes and Fabp7) and neuron populations (Bcl/11b
and Satb2) in the i4F-Nes condition (Figure 3E). We identified
differentially expressed genes (DEGs) between i4F-Neuron, i4F-
AP, and their control groups (Tables S1 and S2). Analysis of the
20 most enriched biological processes, predicted using fold
enrichment with the ShinyGO tool,*? revealed that these new pop-
ulations are less mature (Figure S3F). When analyzing cell distribu-
tion, APs showed the most significant difference, with a 2-fold in-
crease in i4F-Nes vs. CTR (Figure 3F), consistent with the
increased number of cells expressing apical and radial glia pro-
genitors genes (Figure 3G). We next calculated the fraction of cells
assigned to the different cell-cycle phases (G1, G2/M, and S) by
the expression of representative genes.> We observed more cells
in the S and G2/M phases and fewer in the G1 phase in the i4F-
Nes condition (Figure 3H). This change is due to the overall abun-
dance of APs in this condition (Figure 3E), as cell-cycle distribu-
tions between APs and neurons from CTR and i4F-Nes conditions
were similar (Figure 3H). The expansion of neuronal progenitors
resulted in an increased number of upper cortical neurons at
E17.5 (Figure 3l). These results suggest that YF induction expands
progenitor numbers and enhances proliferation.

Improved behavioral performance after YF induction
The cortical expansion in both i4F-Rosa and i4F-Nes mouse lines
persisted into adulthood, with adult (5-month-old) mice showing
increased neuron numbers and enlarged layer II-IV (Figures 4A
and 4B). Given that RG cells are the source of both cortical neu-
rons and glia,®* we asked whether glial cells could contribute
to the enlarged cortex. Both lines showed an increased number
of astrocytes (GFAP+) and other glial cells like microglia (Ibal+)
and oligodendrocytes (MBP+) (Figures 4C, 4D, and S4A-S4G).
Similar to neurons, the largest increases in glial cells occurred
in the prefrontal and motor cortical areas (Figures S4A-S4G;
data not shown). Increases in astrocytes were detectable
by post-natal day 4 (P4) (Figures S4C-S4E). No changes in
apoptosis were observed at P4 or in adulthood (Figures S4H
and S4l). Given that both neurons and glia increased in similar
proportions, their ratio was preserved.

Higher cognitive abilities are thought to arise from cortical
expansion during evolution.®>*® We thus tested whether cortical
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expansion by YF induction could affect specific behaviors. We
subjected 5-month-old i4F-Rosa and i4F-Nes mice, with their
respective controls (WT and CTR, respectively), to a battery of
behavioral tests. The open field test showed no significant differ-
ences in the exploration between i4F-Rosa, i4F-Nes, and their
controls (Figure 4E). In the elevated-plus maze, no significant dif-
ferences were observed in the time spent in open and closed
arms between i4F-Rosa and WT mice. Notably, i4F-Nes mice
showed an increased time exploring the open arms (Figure 4F).
This indicates that transient induction of YFs during develop-
ment has no effect (i4F-Rosa) or even reduces (i4F-Nes) anxi-
ety-like behavior in adults (Figure 4F). We assessed higher-order
cognitive functions related to cortical functions like motor
learning, compulsive-like behavior, and sociability.>’* In the
accelerating rotarod test for motor learning,*® i4F-Rosa mice
showed an enhanced ability to maintain their balance compared
with WT mice (Figure 4G). The average of the last two sessions,
where a learning plateau was reached, was used to compare
their motor performance. Both i4F-Rosa and i4F-Nes mice ex-
hibited improved motor performance compared with their con-
trols (Figure 4G). Then, we performed the marble burying test
to evaluate compulsive-like behaviors.”® i4F-Rosa mice buried
fewer marbles than WT (Figure 4H), indicating reduced compul-
sive behavior. To evaluate sociability, we performed the three-
chamber social interaction test.*’ In this paradigm, both i4F-
Rosa and i4F-Nes mice showed an increased sociability index
when compared with their respective controls (Figures 4| and
4J). We conclude that cortical expansion by transient YF induc-
tion during development improves motor and social behavior of
adult mice.

Intermittent YF induction in adult hippocampal neurons
is tolerated and prevents synaptic loss in the 5xFAD
mouse model

YFs have been shown to reverse some aging features in
mammalian tissues.>>' Given that transient YF induction is
tolerated by post-mitotic neurons during development and en-
hances cognitive skills, we hypothesized that a similar protocol
in adult stages might protect against neurodegeneration. First,
we established an in vivo intermittent YF induction protocol using
a similar Dox treatment tolerated during development. YF induc-
tion was driven by synapsin-1 (SYN1)-dependent rntTA-express-
ing adeno-associated virus (AAV) injected into the dorsal
hippocampus of 8-week-old i4F mice (Figure 5A). RT-gPCR
confirmed Dox-dependent OSKM mRNA expression following
low (0.2 mg/mL) and high (3 mg/mL) Dox treatments (Figure 5B).
We introduced a ZsGreen reporter driven by a tetracycline

Figure 3. scRNA-seq analysis of control and i4F-Nes cortical populations

(A) Scheme of Dox treatment in CTR and i4F-Nes embryos, and collected area for scRNA-seq analysis.

(B) UMAP with cells colored by type. i4F_Apical prog., i4F-specific apical progenitors; Int. progenitors, intermediate progenitors; CR cells, Cajal Retzius cells.
(C) UMAP visualization with expression of one of the Yamanaka factors, Pou5f1 (Oct4).

(D) Proportions of CTR and i4F-specific APs and i4F-specific neurons expressing Pou5f1.

(E) Proportions of APs (Nes, Fabp7 [BLBP]) and neurons (Bc/11b [Ctip2], Satb2) expressing Pou5f1.

(

(

(

F) Cell population proportions in CTR and i4F-Nes cortices.

G) Violin plots levels of Hes, Hes5, Pax6, Fabp7, Dbi, Slc1a3, Vim, and Ascl1 in both cortices.

H) Cell-cycle analysis of CTR and i4F-Nes cells. UMAP visualization with cells colored by cell-cycle phase. Proportions of all cells, APs, and neurons in S, G2/M,
and G1 phase on the right. **p < 0.001 %2 = 119.57, degree of freedom (df) = 2 between CTR and i4F-Nes proportions.

(I) E17.5 sections, after 4 days of low Dox, stained for Satb2 (red) and DAPI (white). Magnified dashed rectangles and quantification of neuron number on the right.
n = 3 mice/group. *p < 0.05, Student’s t test. Scale bars, 500 um (l) and 100 um inset (I).
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operator (TRE) promoter to visualize neurons expressing YFs af-
ter Dox treatment, which also demonstrated Dox-dependent
activation (Figure 5C). We chose the low Dox dosage, because
it was tolerated during development, and the 5xFAD mouse
model, a robust model of AD.*? 5xFAD mice were crossed with
the i4F mouse line, generating the i4F/5xFAD mouse line and
its littermate controls (i4F). From 12 to 35 weeks, both groups
(i4F/5xFAD and its control i4F) were treated with vehicle (VEH)
or low Dox (0.2 mg/mL), 3 days ON and 4 days OFF per week
(Figure 5D). After treatment (8 months old), all groups were sub-
jected to comprehensive behavioral, histological, and molecular
experiments (Figure 5D).

Our intermittent YF induction was well tolerated, and survival
was not affected in any experimental group (Figure 5E). No
changes in body (data not shown) or brain weight were found
at 8 months (Figure 5F). We assessed hippocampal anatomy
and neuronal identity of the targeted cells. First, our intermittent
YF induction did not affect the hippocampal organization and
gross anatomy (Figure 5G). Targeted neurons with correct TRE
promoter activation were found expressing ZsGreen in the
Dox-treated groups (Figures 5G and 5H). Second, immunostain-
ing for two mature neuron markers, NeuN and Pyk2, showed that
YF induction did not alter the identity of transduced granule cells
of the dentate gyrus (DG) (Figures 51 and S5A). Third, we
confirmed that intermittent reprogramming does not, per se,
alter the expression of the APP/PSEN1 transgene in the 5xFAD
mouse model (Figure 5J).

We evaluated structural plasticity in granular neurons by Golgi
staining on brain samples with complete transduction in the
granular layer. We found the expected reduction in spine density
of secondary dendrites in i4F/5xFAD treated with VEH (i4F/
5xFAD-VEH) compared with the control i4F-VEH group (Fig-
ure 5K). Notably, this reduction was rescued in the Dox-treated
i4F/5xFAD group (i4F/5xFAD-Dox) (Figure 5L). Next, we exam-
ined presynaptic and postsynaptic changes using electron mi-
croscopy. We quantified the numbers of presynaptic vesicles
per synapse and the postsynaptic density (PSD) area in the DG
molecular layer in all groups at 8 months (Figures 5M and
S5B). Presynaptic vesicles per synapse were decreased in the
i4F/5xFAD-VEH, as described previously,*® but rescued in the
i4F/5xFAD Dox group (Figure 5N). We additionally found that
the PSD area was increased in both mouse groups (i4F and
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14F/5xFAD) subjected to intermittent reprogramming (Figure 5N).
These results revealed that intermittent YF induction is tolerated
by adult hippocampal neurons and induced synaptic improve-
ments in the 5XxFAD mouse model.

Amelioration of AD-related hippocampal plaques and
proteomic signatures by YF induction

Because 5xFAD mice develop severe amyloid pathology and pro-
teomic changes in the hippocampus from 2 to 8 months of
age,*>** we investigated the possible benefits of intermittent YF
induction during this period. We quantified the plaque load in
the CA1, CA3, and DG (Figure 6A) by AB immunolabeling. The
number (Figure 6B) and size (Figures S5C and S5D) of plaques
in these regions were strongly reduced in i4F/5xFAD Dox
compared with i4F/5xFAD-VEH mice. Plaque numbers remained
unchanged in regions without YF induction, such as the cortex
(Figure 6B). We next conducted additional neuropathological
studies. Microglial interaction with plaques was higher in i4F/
5xFAD-Dox mice compared with i4F/5xFAD-VEH mice, corre-
lating with smaller plaques and unchanged lbal expression
(Figures S5E and S5F). Spectrin-dependent cleavage showed
no differences between groups (Figure S6A). We examined astro-
gliosis: increased GFAP reactivity and total protein levels (Fig-
ure S6B) were not rescued in i4F/5xFAD-Dox mice, although
morphological changes like astrocyte perimeter and area were
normalized (Figures S6C-S6E). Finally, Tau phosphorylation at
serine 396 was elevated in both i4F/5xFAD-Dox and i4F/5xFAD-
VEH mice, with no differences between them (Figure S6F).

Next, we performed quantitative proteomic profiling of the DG
(Figure 6C). This region is critical for learning and memory, and it
is one of the most-affected hippocampal areas in AD.** Prote-
omics analysis showed that the transgene expression of APP
present in the 5xFAD mouse was not affected by YF induction
at 8 months (Figure 6D), consistent with RT-gPCR experiments
(Figure 5J). Other AD-related markers,**“® such as B-amyloid
clearance (APP,ApoE), neuroinflammation (GFAP,ABCAT1), and
stress responses (c4b,PId3) were unchanged in adult i4F/
5xFAD-Dox compared with the i4F/5xFAD-VEH group (Fig-
ure 6D). Next, we identified 950 differentially expressed proteins
(DEPs) between i4F/5xFAD-VEH and their controls, i4F-VEH.
The 20 most enriched KEEG pathways were predicted using
fold enrichment analysis with the ShinyGO tool® and visualized

Figure 4. Increased behavioral performance after transient YF induction
(A) Scheme of mice used for adult behavioral experiments (4-5 months old). i4F-Rosa and i4F-Nes mutant embryos and their controls (WT and CTR) treated for
4 days with low Dox during development. Adult coronal sections stained with the neuronal marker NeuN (green) and DAPI (blue). Magnified dashed rectangles on

the right.

B) Quantification from (A). n = 9-11 mice/group (i4F-Rosa), n = 3-5 mice/group (i4F-Nes). “p < 0.05, **p < 0.01, Student’s t test.

(
(C) As in (A), but using GFAP staining.
(

D) Quantification from (C). n = 6 mice/group (i4F-Rosa), n = 3-5 mice/group (i4F-Nes). *p < 0.05, **p < 0.01, Student’s t test.

(E) Percentage of time in the central zone of i4F-Rosa (9), i4F-Nes (4), and their controls: WT (11) and CTR (10).
(F) Percentage of time in closed/open arms. n = 11 (WT), 9 (i4F-Rosa), 10 (CTR), and 4 (i4F-Nes). *p < 0.05, **p < 0.001, two-way ANOVA.
(G) Latency to fall in the accelerating rotarod task. n = 11 (WT) and 9 (i4F-Rosa). “p < 0.05, two-way ANOVA. Average of last two sessions per mice on the right. n =

11 (WT), 9 (i4F-Rosa), 10 (CTR), and 4 (i4F-Nes). *p < 0.05, Student’s t test.

(H) Number of buried marbles during 20 min session. n = 11 (WT), 9 (i4F-Rosa), *p < 0.05, Student’s t test.
(I) Social preference index in the three-chamber social interaction test. Representative track paths and the target mouse location (green area), empty cage
(magenta area), and connecting chamber (red area). Ratios based on time spent on the target mouse vs. empty cage. n = 11 (WT), 9 (i4F-Rosa), *p < 0.05,

Student’s t test.

(J) As in (H), but for i4F-Nes and controls (CTR). n = 10 (CTR) and 4 (i4F-Nes). *p < 0.05, Student’s t test. Scale bars, 500 um (A), 200 um (C), 200 um inset (A), and

50 um inset (C).
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as an interaction network using Cytospace®’ (Figure 6E). These
pathways were functionally related to neurodegenerative pro-
cesses (Figure 6E), as described previously.** Enrichment anal-
ysis showed that 19 out of the 20 most significantly enriched
pathways altered in i4F/5xFAD-VEH vs. i4F-VEH were partially
rescued in the i4F/5xFAD-Dox group, suggesting that intermit-
tent YF induction ameliorates proteomic changes in the 5xFAD
mouse model (Figure 6F). Among 950 DEPs found in the i4F/
5xFAD-VEH, 493 were normalized in the i4F/5xFAD-Dox
compared with i4F-VEH control group. To explore the collective
functions of the rescued DEPs, we constructed a network model
focusing on 103 DEPs related to AD.** The results showed that
the rescued pathways in i4F/5xFAD-Dox group were related to
the pathogenesis of AD (mitochondria function, cellular meta-
bolic processes, and cellular adhesion) (Figure 6G).

Given that intermittent YF induction ameliorated aging-related
processes, we evaluated the epigenetic age of DG samples from
i4F and VEH/Dox-treated i4F/5xFAD mice. The age was pre-
dicted using DNA methylation data obtained from the Horvath
mammal 320K array.*® Specifically, we used four clocks, trained
on independent whole-brain datasets,*® two of which consis-
tently indicated age acceleration in i4F/5XxFAD mice when
compared with i4F (Table S3). In line with our in vivo observa-
tions, Dox treatment in i4F/5xFAD mice led to a significant or
near-significant reduction in DNA-methylation-based epigenetic
age (Figure 6H; Table S3). Additionally, cellular senescence
markers Sirt1 and H3K9me3 increased in the DG of i4F/
5xFAD-VEH, consistent with previous studies,”® but were
normalized in the i4F/5xFAD-Dox mice (Figures S6G-S6J).
These findings suggest that intermittent YF induction rescues
several AD-related hallmarks in the 5xFAD mouse model.

YF induction prevents cognitive decline in the 5xFAD
mouse model

The recovery of several AD-related hallmarks of the 5xFAD
mouse model with intermittent YF induction (i4F/5xFAD-Dox)
prompted us to explore potential improvements in the cognitive
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deficits present at 8 months of age in hippocampus-related
tasks.*?°""°% We conducted several behavioral tests evaluating
emotional and cognitive skills (Figure 7A). Results from the plus
maze (Figure 7B) and forced swimming test (Figure 7C) revealed
significant differences between i4F/5xFAD (VEH and Dox
groups) and their respective controls (i4F-VEH and -Dox), but
no changes between i4F/5xFAD treated with Dox or VEH. This
suggest that although the 5xFAD genotype is associated with
disturbances on anxiety or mood-related behaviors, they were
not modified by YF induction in the dorsal hippocampus. This
result agrees with studies linking emotional-like behaviors to
the ventral hippocampus, whereas the dorsal region is principally
involved with cognitive functions.*

Next, we applied different tasks to compare memory perfor-
mance in these mice. We first evaluated cognitive flexibility
and spatial memory in a T-maze (Figures 7D and 7E). We found
that i4F/5xFAD-VEH mice alternated less than the i4F-VEH con-
trol group, indicating cognitive inflexibility. Notably, both the i4F-
Dox and i4F/5xFAD-Dox groups performed better, i.e., more
flexibly, than the i4F-VEH group (Figure 7D). We quantified the
time mice spent exploring the familiar vs. the novel arm. i4F/
5xFAD-VEH mice displayed no preference for the novel arm.
This effect was rescued in the i4F/5xFAD-Dox group (Figure 7E).
The novel object location test also showed that i4F/5xFAD-Dox
had rescued the preference for novel objects that is lost in the
i4F/5xFAD-VEH mice (Figure 7F). In the Y-maze, assessing
spatial working memory,*® i4F-VEH and i4F-Dox mice displayed
a spontaneous alternation over the chance level (~65%). The
arm choice was decreased to ~50% (chance levels) in the i4F/
5xFAD-VEH mice but restored in the i4F/5xFAD-Dox mice (Fig-
ure 7G). Finally, we evaluated associative memory in the passive
avoidance task. Latency to step-through was similar between
groups during training (Figure 7H). In the test session, although
all groups showed increased latency to enter the dark compart-
ment 24 h after an electrical shock, this latency was shorter in
i4F/5xFAD-VEH mice compared with the i4F-VEH control group
and rescued in i4F/5xFAD-Dox mice (Figure 7H). Additional

Figure 5. In vivo YF induction in the 5xFAD mouse model

(A) Schematic and delivery of AAV-SYN1-tTs-T2A-rtTA-ZsGreen-TRE into i4F hippocampus.
(B) Hippocampal OSKM and mRNA levels following 0.2 (left) or 3 (right) mg/mL Dox treatment by RT-gPCR. n = 4-7 mice group. *p < 0.05, *p < 0.01, Student’s

t test.

(C) As in (B) but for ZsGreen mRNA levels. n = 4-7 mice group. #p < 0.05 (between High and Low) and*p < 0.05, **p < 0.01 relative to VEH, Student’s t test.
(D) Design and AAV-SYN1-tTs-T2A-rtTA-ZsGreen-TRE delivery into the hippocampus of i4F and i4F/5xFAD mice, treated with intermittent Dox or vehicle (VEH)

for 5 months.
(E) Survival outcome during experimental protocol (n = 15-20 mice/group).
(F) Total brain weight at the end of the protocol. n = 15-20 mice/group.

(G) Validation of rtTA-dependent ZsGreen signal after 5 months’ Dox and VEH intermittent treatment. ZsGreen intensity (green) in coronal hippocampal sections
of Dox- and VEH-treated i4F/5xFAD mice (8 months old). Red dashed rectangle is magnified on (1).

(H) ZsGreen intensity whisker plot. n = 15-20 mice/group. ***p < 0.001 Dox vs. VEH in each group, two-way ANOVA with Bonferroni’s post hoc test.

(I) ZsGreen signal (green) stained with NeuN (red), Pyk2 (mature principal neuron, magenta), and DAPI (blue).

(J) RT-gPCR for APP/PSEN1 transgene in the hippocampus of i4F and i4F/5xFAD treated with VEH or Dox for 5 months, normalized to actin n = 3-5 mice/group.

n.s. not significant.

(K) Golgi-Cox-stained granular neuron in the DG molecular layer. Orange dashed rectangle indicates the analyzed region of the secondary apical dendrite,

magnified on the right. Black arrowheads indicate dendritic spines.

(L) Dendritic spine quantification. n = 7-11 mice/group (100-150 dendrites per group). **p < 0.001, two-way ANOVA with Bonferroni’s post hoc test.

(M) Electron microscope image of an excitatory synapse in the molecular layer of the DG in 8-month-old i4F-VEH. Asterisk indicates the presynaptic and hashtag
the postsynaptic component. Presynaptic vesicles colored with orange circles; postsynaptic density (PSD) in green.

(N) Vesicular density and PSD area quantification. n = 6 mice/group. ## p < 0.01, **p < 0.01, ***p < 0.001, two-way ANOVA with Bonferroni’s post hoc test. The left
panel shows post hoc pairwise group comparisons, marked by asterisks, whereas the right panel uses hashtags to indicate differences in global treatment
effects. Scale bars, 400 um (G), 100 um (I), 15, 3 um (inset) (K), and 0.25 um (M).
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controls testing the effects of Dox treatment alone showed no
differences in either WT or 5xFAD mice (Figure S7). Overall, YF
induction in the dorsal hippocampus of the 5xFAD mice amelio-
rated some of the cognitive deficits but not their emotional
alterations.

DISCUSSION

In this study, we demonstrate that transient reprogramming with
YFs not only safely increases neural proliferation during mouse
brain development but also prevents the development of AD-
related features in adulthood. The increased proliferation leads
to more neurons and glial cells, expanding the cortex and
improving behavioral performance. At adult stages, we found
that principal neurons in the hippocampus tolerate transient YF
expression for several months. Instead, the expression of YFs
prevented the development of several AD-related hallmarks
and ameliorated some of the cognitive deficits in the 5xFAD
mouse model. These findings enhance our understanding of
YFs as a tool to modulate neural proliferation and highlight their
potential use in brain disorders.

Cortical expansion by transient YF expression

We show that long-term or strong induction of YFs during devel-
opment can affect cell fate, as evidenced by the loss of identity
markers in progenitors and neurons, and the emergence of
Nanog expression. This extends the concept that strong and
continued overexpression of YFs can induce pluripotency
in vivo.>'" Interestingly, low and transient YF induction is toler-
ated during brain development.

In the cortex, we identified two additional cell populations
following transient YF expression during development,
comprising neurons and APs enriched with Oct4. Cells within
these clusters showed a more immature phenotype as
compared with that of their control populations. This suggests
that their identity is temporarily perturbed by the coexpression
of YFs, but it is not lost. This observation agrees with the notion
that transient de-differentiation is proposed as an integral step in
the reprogramming process.’®®’ Indeed, recent studies using
transient reprogramming protocols show that although cells
display a temporary identity perturbation upon YF expression,
they eventually recover it. This is likely due to epigenetic memory
or persistent expression of specific identity genes.’®*° Our
scRNA-seq analysis showed expanded APs after YF induction,
leading to more cells in the S and G2/M phase, with a propor-
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tional reduction in G1. The increased proliferation supports the
finding of more upper cortical neurons and glia at adult stages,
and it aligns with recent studies where partial reprogramming re-
activated aged aligodendrocyte precursors®® and increased
neuroblasts in old mice.®' Moreover, the increased proliferation
could be related to proteomic changes such as reduced expres-
sion of proteins involved in cell adhesion, such as Cdh8 and
Neo1. Indeed, knockdown of Cdh8 in the germinal zone during
development amplifies both proliferation and neuron numbers.?®
Similarly, genetic ablation of Neol increases proliferation.*°
Future studies will have to explore the generality of YF induction
effects in other brain regions during development.

The finding that transient reprogramming during development
leads to cortical expansion that persist into adulthood, raised the
question of to what extent this could improve behavioral perfor-
mance in adult mice. Most studies analyzing genes associated
with cortical expansion in mouse embryos have not examined
their impact on adult cognitive abilities.®> Two recent reports,
achieving around 1.2-fold increase in upper-layer neurons in
adult mice, found improved hippocampus-independent memory
flexibility.®>%* We were surprised to find that our mouse model
displays the strongest increase in upper cortical neurons (up to
1.4-fold) at adult stages, particularly in motor and prefrontal
areas. This is consistent with the expansion of rostral cortical
areas during development (Figures 2B and S2A) and with
improved behavior in related tasks at adult stages. For example,
we observed enhanced performance on the accelerated rotarod,
a well-established paradigm for cortex-dependent motor skill
learning.®® This aligns with the increased abundance of upper-
layer neurons in the motor cortex involved in motor skill acquisi-
tion.®® Similarly, we noted improved social behavior, predomi-
nantly associated with the prefrontal cortical region,®” which
expands following transient reprogramming. Interestingly, the
human prefrontal cortex is the most expanded cortical region.®®
Several studies suggest that such expansion and improved
social cognition is a key step in the evolution of human
intelligence.®®

Transient YF reprogramming is protective in an AD
mouse model

Previous studies have demonstrated the beneficial effects of
intermittent YF expression in various contexts related to regener-
ation and aging.”>®’® However, none of these studies has
explored its impact on mature principal neurons in the context
of neurodegeneration. Our study presents a novel application

Figure 6. Amelioration of AD-related hippocampal plaque loading and proteomic signatures by YF induction
(A) Coronal hippocampal sections of i4f/5xFAD mice (—VEH and —Dox) stained for AB. Dorsal hippocampal CA1, CA3, DG, and motor cortex are delineated.
(B) Plague numbers in each region from (A). n = 5-7mice/group. Three slices per mouse were used. *p < 0.05, **p < 0.01, Student’s t test.

(C) Diagram of DG location for proteomic profiling.

(D) Relative protein expression levels across groups with respect to control (i4F-VEH). Protein expression based on untargeted label-free quantitation (LFQ)

normalized to i4F-VEH control group (value = 1), shown in a color gradient.

(E) Network analysis of KEEG pathways of differentially expressed proteins (DEPSs) of i4F/5xFAD-VEH with respect to the i4F-VEH group. Significant enriched

pathways are shown. n = 4-6 mice/group.

(F) Fold enrichment analysis of pathways from (E) for VEH- and Dox-treated i4F/5xFAD mice with respect to i4F-VEH group. n = 4-6 mice/group.

(G) Cytospace network model showing protein-protein interactions (PPlIs) for 103 DEPs of i4F/5xFAD-VEH with respect to i4F-VEH group rescued in i4F/5xFAD-
Dox group. The color bar represents the log, fold change protein ratios. Node color represents an increase (red) or decrease (blue) in i4F/5xFAD Dox (center) and
VEH (boundary) compared with i4F-VEH (control group). Edges show PPIs from the STRING database.

(H) Scheme of DG location for DNA methylation clock. Bar charts summarizing the predicted epigenetic age in i4F and VEH-/Dox-treated i4F/5xFAD mice. n = 4-5
mice/group **p < 0.01, **p < 0.001, two-sided Student’s t test. Scale bar, 450 um (A), 500 um (C and H).
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that prevents the development of several neurodegenerative
hallmarks in a well-established mouse model of AD. Importantly,
these improvements occurred without affecting the general
health of the mice or the identity of targeted neurons in the
hippocampus.

Dendritic spine pathology and the loss of synaptic contacts
are defining features of neurodegenerative disorders, including
AD.”"""* |ntermittent YF expression rescued synaptic features
like spine and presynaptic vesicular density in granular hippo-
campal neurons. This result agrees with a recent observation
that YF induction increases the level of the synaptic protein
GIuN2B in the DG.?® This protein facilitates synaptic potentiation
and promotes dendritic spine density.”® Moreover, we observed
reduced AP loading after YF induction in the 5xFAD mouse
model. Previous studies have shown that these factors can
affect the expression of several promoters, including Thy1.%°
Our results show that these effects are not due to altered expres-
sion of the APP/PSEN1 transgene or changes in the AD-related
glial response. Our proteomic network analysis identified mito-
chondrial function and metabolism as one of the most relevant
modules affected in the 5XxFAD mouse model. This result is
consistent with a recent transcriptomics study from human AD
patients’® and previous proteomics analyses from AD mouse
models** and human patients.’® One significant pathway that
was rescued is related to the endocannabinoid system, which
modulates Ap loading and synaptic dysfunction.”” Interestingly,
transient YF reprogramming improved several of these proteo-
mic AD-related signatures.

Aging influences both A loading and mitochondrial function.
For example, neurons are the primary source of AB, and its pro-
duction and accumulation increase with age.’® Aging correlates
with a decline in mitochondrial function, as shown by reduced
ATP production and biogenesis.”® Given our findings that tran-
sient reprogramming improves synaptic plasticity in hippocam-
pal neurons, combined with amelioration of AB loading and mito-
chondrial proteomic signatures in the 5xFAD mouse model, we
suggest that this process may rejuvenate these neurons. This
is consistent with reduced senescence markers and DNA-
methylation-based epigenetic age, supporting the hypothesis
that partial reprogramming can rejuvenate cells.*®° Our results
could be an interesting starting point for further research.

This study also revealed that partial reprogramming
improved some of the cognitive deficits present in the 5xFAD
mouse model. This includes behavioral paradigms involving
associative learning, cognitive flexibility, and spatial working
memory, known to be affected in the 5xFAD mice.?’®° These
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improvements are associated with YF expression in hippocam-
pal granular and pyramidal neurons. Indeed, our proteomics
analysis and histology did not identify changes in other cell
populations, like microglia and astrocytes. Although YF induc-
tion in mature neurons might alter several mMRNA transcription
processes, as demonstrated in other systems,®* the improve-
ments in spine density, AB loading, and mitochondrial proteo-
mic features likely contribute to better cognitive performance
in the 5xFAD mouse model. It is interesting to find that in
some behavioral paradigms, like cognitive flexibility, both con-
trol and 5xFAD mouse subjected to partial reprogramming out-
performed their respective controls. Future studies should
investigate the generality of YF induction’s impact on neuronal
circuits and behavior.

In conclusion, our study illustrates the potential of partial
reprogramming in both promoting neurogenesis and preventing
neurodegeneration. When induced during development,
increased proliferation leads to expansion of the neocortex and
improved behavior. At adult stages, YF expression prevents
the development of several AD-related hallmarks, including
some memory alterations. Our findings unveil two novel applica-
tions for partial reprogramming and pave the way for further in-
vestigations related to neuronal rejuvenation.

Limitations of the study

14F-Rosa embryos were sensitive to Dox treatment, with only
low concentrations resulting in viable embryos. Body weight
increased more than brain weight, suggesting stronger YF ef-
fects in peripheral tissues, possibly related to c-Myc expression.
Thus, we cannot rule out the impact of peripheral YF expression
on brain development and adult behavior. To minimize this, we
employed conditional Nestin-Cre-dependent expression to pri-
marily induce YF to the central nervous system. Given that we
induced all four YFs (OSKM), our findings cannot determine
the individual contributions of each gene to the observed pheno-
types. Regarding YF induction effects on neurodegeneration:
first, our study used 5xFAD male mice, so gender-specific ef-
fects cannot be excluded. Second, because our treatment was
administered to young animals before the onset of major disease
hallmarks, we cannot rule out whether it resulted in the reversal
or prevention of specific phenotypes. It is also possible that
the effects are stronger in younger than in older mice. Also, we
analyzed the animals after 5 months of treatment without exam-
ining later time points. Third, we applied the same Dox treatment
in adult stages that was tolerated during development to prevent
potential alterations in cell identity. However, we cannot exclude

Figure 7. YF induction prevents cognitive decline in the 5XxFAD mouse model

(A) Experimental design and behavioral tests sequence.

(B) Percentage of time spent in open arms. n = 15-20 mice/group. “p < 0.05 between genotypes, two-way ANOVA.

(C) Time floating. n = 15-20 mice/group. **p < 0.01 between genotypes, two-way ANOVA.

(D) Cognitive flexibility was measured as the first arm visited in the testing trial. Alternation presented as %. n = 15-20 mice/group. **p < 0.01, **p < 0.001 with
respect to i4F/5xFAD-VEH. ++p < 0.01,+++ p < 0.001 with respect to i4F-VEH. Chi-squared test.

(E) Left panel shows the percentage of time exploring the novel vs. the old arm. n = 15-20 mice/group. *p < 0.05, ***p < 0.001. Two-way ANOVA with Bonferroni’s
post hoc test. Discrimination index (DI) values of the T-maze performance is shown on the right. “*p < 0.01, ***p < 0.001.

(F) Percentage of time exploring the object placed in a new vs. an old location. n = 15-20 mice/group. *p < 0.05, ***p < 0.001. Two-way ANOVA with Bonferroni’s

post hoc test. Right graph shows the DI.

(G) Quantification of spontaneous alternation. n = 15-20mice/group. **p < 0.01, ***p < 0.001 with respect to i4F/5xFAD-VEH group.
(H) Latency (seconds) to step-through in both training and testing trial post electric shock. n = 15-20 mice/group. *p < 0.05 with respect to i4F-VEH group. Two-

way ANOVA with Bonferroni’s post hoc test.
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the possibility of a temporary perturbation in cell identity during
the 5-month treatment.

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed
and will be fulfilled by the lead contact, Daniel del Toro (danieldeltoro@ub.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o scRNA-seq data have been deposited in NCBI’'s Gene Expression
Omnibus (GEO) and mass spectrometry data in the PRIDE repository,
where they will be publicly available as of the date of publication. Acces-
sion numbers are listed in the key resources table.

e This paper does not report original code.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti SATB2 Abcam Cat # AB34735; RRID:AB_2301417
Rat anti Ctip2 Abcam Cat # AB18465; RRID:AB_2064130

Rabbit anti-Oct3/4
Rabbit anti-Nanog
Mouse anti-Myc
Rabbit anti-Pax6
Goat anti Sox2
Rat anti Histone H3
Rat anti BrdU
Mouse anti-Pvim
Rabbit anti-Sirt1
Rabbit anti-GFAP
Goat anti-lba1
Rabbit anti-APP
Mouse anti-NeuN
Rabbit anti-Pyk2

Alexa Fluor 647 AffiniPure Donkey
Anti- Goat

Cy3 AffiniPure Donkey Anti - Rabbit

Alex Fluor 488 AffiniPure Donkey Anti - Rat
Cy3 AffiniPure Donkey Anti - Mouse

Cy3 AffiniPure Donkey Anti - Rat

Alex Fluor 488 AffiniPure Donkey Anti -
Rabbit

Donkey anti-Mouse 1gG (H+L) Secondary
Antibody, Alexa Fluor 488

Donkey anti-Rabbit IgG (H+L) Secondary
Antibody, Alexa Fluor 488

Donkey anti-Rabbit IgG (H+L) Secondary
Antibody, Alexa Fluor 594

Donkey anti-Rat IgG (H+L) Secondary
Antibody, Alexa Fluor 594

Donkey anti-Rat IgG (H+L) Secondary
Antibody, Alexa Fluor 488

Donkey anti-Rat IgG (H+L) Secondary
Antibody, Alexa Fluor 647

Donkey anti-Goat IgG (H+L) Secondary
Antibody, Alexa Fluor Plus 647

Donkey anti-Goat IgG (H+L) Secondary
Antibody, Alexa Fluor Plus Cy3

Mouse anti-spectrin alpha chain
Mouse anti-phospho Tau
Mouse anti-Tau

Anti-rabbit horseradish peroxidase-
conjugated secondary antibody

Mouse monoclonal antibody for actin

BD Biosciences
Novus Biologicals
Santa Cruz
BioLegend

R&D Systems
Abcam

Abcam

Abcam

Cell Signaling
DAKO

Abcam

Novus Biologicals
Chemicon

Sigma

Jackson Immuno Research

Jackson Immuno Research
Jackson Immuno Research
Jackson Immuno Research
Jackson Immuno Research
Jackson Immuno Research

Thermo Fisher Scientific

Thermo Fisher Scientific

Jackson ImmunoReesearch

Thermo Fisher Scientific

Thermo Fisher Scientific

Jackson ImmunoReesearch

Thermo Fisher Scientific

Jackson ImmunoReesearch

Sigma Aldrich
Cell Signaling
Cell Signaling
Promega

Sigma Aldrich

Cat # 611202; RRID:AB_398736

Cat # NB100-58842; RRID:AB_877697
Cat # SC-40; RRID:AB_627268

Cat # 901301; RRID:AB_2565003

Cat # AF2018; RRID:AB_355110H3
Cat # AB10543; RRID:AB_2295065
Cat # AB6326; RRID:AB_305426

Cat # AB20346; RRID:AB_445527
CAT #2028; RRID:AB_1196631

CAT #z0334; RRID:AB_10013382

CAT #Ab5076 RRID:AB_2224402

CAT #NBP2-62566; RRID:AB_2917960
CAT #MAB377; RRID:AB_2298772
CAT #P3902 RRID:AB_261041

Cat # 705-605-147; RRID:AB_2340437

Cat # 711-165-152; RRID:AB_2307443
Cat # 712-545-153; RRID:AB_2340684
Cat # 715-165-150; RRID:AB_2340813
Cat # 712-165-153; RRID: AB_2340667
Cat # 711-545-152; RRID:AB_2313584

Cat # A-21202; RRID:AB_141607

Cat # A-21206; RRID:AB_2535792

Cat # 711-585-152; RRID:AB_2340621

CAT# A-21209; RRID:AB_2535795

CAT# A-21208; RRID:AB_2535794

Cat # 712-605-153; RRID:AB_2340694

CAT# A32849; RRID:AB_2762840

Cat # 705-165-147; RRID:AB_2307351

CAT #MAB1622; RRID:AB_2307351
CAT #9632S; RRID:AB_2266237
CAT #4019; RRID:AB_10695394
CAT# W401B; RRID:AB_430833

CAT #A3854; RRID:AB_262011
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

pAAV[TetOn]-TRE>ZsGreen1- Vector Builder N/A
rev(SYN1>tTS:T2A:rTA)

Chemicals, peptides, and recombinant proteins

BrdU Sigma-Aldrich Cat # B5002; CAS:59-14-3
PBS Sigma-Aldrich Cat # P4417

0.1% Triton Carl Roth Cat # 3051

Bovine Serum Albumin Sigma-Aldrich Cat # A7906-100G
Fast green FCF stain Sigma-Aldrich Cat # 353-45-9
Low melting agarose Biozym Cat # 840101
Dako Mounting medium Agilent Cat # S3023

16% Formaldehyde Solution Thermo Scientific Cat # 28908
Normal Donkey Serum Jackson Immuno Research Cat # 017-000-121
Nuclease-free Water Thermo Scientific Cat # AM9937

Low TE buffer(10mM Tris - HCI pH 8.0,
0.1 mM EDTA)

Ethanol

10% Tween 20

Glycerol

DAPI (4’,6-diamidine-2-phenylindole,
dihydrochloride)

RNase Zap decontamination solution
SPRiselect Reagent Kit

Qiagen Buffer EB

EBSS

Leibovitz’s L-15 Medium

Platinum Il Hot-Start Green PCR Master Mix

Thermo Scientific

Millipore Sigma

Bio-Rad

Ricca Chemical Company
Invitrogen

Invitrogen
Beckman Coulter
Giagen

Gibco

Gibco

Thermo Scientific

Cat # 12090-015

Cat # E7023
Cat # 1662404
Cat # 3290-32
Cat # D1306

CAT# AM9782
Cat # B23318
Cat # 19086
Cat # 24010043
Cat # 21083027
Cat # 2907716

Critical commercial assays

Papain Dissociation System

Chromium Single Cell Next GEM Single Cell
3’ GEM kit v3.1

Library Construction Kit

Chromium Next GEM Single Cell 3' Gel
Bead Kit v3.1

Dual Index Kit TT Set A

RNeasy Lipid Tissue Mini Kit

Reverse Transcription Kit

Premix Ex Taq Probe based qPCR assay
Invitrogen™ Click-iT™ EdU cell prolifetarion
assay kit

DNeasy Blood & Tissue Kit

Qubit™ 1X dsDNA Broad Range (BR)
Assay Kit

Worthington
10x Genomics

10x Genomics
10x Genomics

10x Genomics
Qiagen

Applied Biosystems
Takara Biotechnology
Invitrogen

Qiagen
ThermoFischer Scientific

Cat # LK003163
PN-1000130

PN-1000196
PN-1000129

PN-1000215
CAT# 74804
CAT# 4368814
CAT# RR390A
CAT# C10639

CAT# 69504
CAT# Q33265

Deposited data

scRNA-seq data This study GEO: GSE271794
Mass spectrometry data This study PXD047104
Experimental models: Organisms/strains

Mouse-14fA and B Abad et al."” N/A
Mouse-Nestin-Cre Tronche et al.?® N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse- B6.CgTg(APPSwFILon,PSEN1*
M146L*L286V)6799Vas/Mmijax

Mouse-B6.Cg-Gt(ROSA)
26So0 Am1(TA EGFP)Nagy

Mouse- C57BL/6N

The Jackson Laboratory

The Jackson Laboratory

Charles River

RRID:MMRRC_034848-JAX

RRID:IMSR_JAX:005670

RRID:MGI:2159965

Oligonucleotides

See Table S4

N/A

N/A

Recombinant DNA

Plasmid: FUW-tetO-hOKMS (this vector
was modified to obtain FUW-tetO-EGFP-
IRES-hOKMS).

pCAG-1TA

Cacchiarelli et al., 2015°°

Aihara et al., 2021%7

Addgene plasmid #51543;
RRID:Addgene_51543

Addgene plasmid # 163601;
RRID:Addgene_ 163601

Software and algorithms

Imaged (Fiji), version 2.0.0-rc-69/1.53t
Rstudio
LAS software

Python, version 3.9.12
CellProfiler, version 4.2.5
Imaris, version 9.5.1
Seurat, version 5.0.0
Cellranger, version 7.0.1

GraphPad Prism, version 9/10

Schindelin et al., 2012%
RStudio
Leica Microsystems, Germany

Python Software Foundation
CellProfiler

Bitplane

Rahul Satija lab

10x Genomics

Domatics

https://imagej.net/Fiji
https://www.rstudio.com/

http://www.leica-microsystems.com/
products/microscope-software

https://www.python.org
http://cellprofiler.org
https://imaris.oxinst.com/
https://satijalab.org/seurat/

https://www.10xgenomics.com/support/
software/cell-ranger

https://www.graphpad.com/

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Animals

Experiments were performed during development (from E10.5 till E17.5) or adult mice (>8 weeks). The wild-type animals were from
the C57BL/6N strain (Charles River labs, https://www.criver.com/). We used the i4F-A mouse line described previously to perform all
the crosses.'” For developmental studies, i4F-Rosa refers to i4F-A carrying rtTA within the ubiquitously-expressed Rosa26locus.’”
l4F-Nes was developed by crossing both i4F-A and rtTA with the nervous system-specific Nestin-Cre.®° This floxed nTA transgenic
line [B6.Cg-Gt(ROSA)26Sor<tm1(rtTA,EGFP)Nagy>/J] was imported from Jackson Laboratories (Stock# 005670).

In studies related to neurodegeneration, we utilized the previously described 5xFAD mouse line,*? which was bred with the i4F-A
mouse line. The animals were housed with access to food and water ad libitum in a colony room kept at 19°C-22°C and 40%-60%
humidity, under a 12:12 h light/dark cycle. In all studies, Doxycycline (BioChemica) was administered in the drinking water supple-
mented with 7.5% of sucrose as previously described.'’

Experimental animals were used in accordance with the ethical guidelines (Declaration of Helsinki and NIH Publication no. 85-23,
revised 1985, European Community Guidelines, and approved by the UB (CEEA: 55/21) and regional government (Generalitat de Cat-
alunya: 11559) ethical committees. Animal experiments conducted at the MPI were performed following regulations from the gov-
ernment of Upper Bavaria. The animal study was reviewed and approved by the Regierung von Oberbayern under the license
55.2-2532.Vet_02-20-49.

METHOD DETAILS

Experimental design using AAVs

We designed a viral construct to express rtTA only in principal neurons due to the AAV8 capsid and the Synapsin | promoter to drive
the expression of the OSKM under the Tet-ON system. This pAAV8[TetOn]-TRE>ZsGreen1-rev(SYN1>tTS:T2A:rTA virus was in-
jected/transduced in the hippocampus of adult i-4F:WT and i-4F:5xFAD male mice at 8 weeks of age (see Figure 4A). At 12 weeks
of age, all mice were treated with vehicle (VEH, sucrose 7.5%) or with doxycycline (Dox, 0.2 mg/kg in 7.5% sucrose) in drinking water
3 days/week. The treatment spanned 5 months. In the final month, when the mice were 8 months old, all were subjected to a compre-
hensive behavioral test battery (see Figure 7 and behavioral assessments down below for further details). Last day treatment, all mice
were sacrificed for subsequent histological and Golgi studies.
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Stereotaxic surgeries and viral constructs

Following anesthesia with ketamine/xylazine (100 and 10 mg/kg, respectively), we performed bilateral hippocampal injections of
pAAV8[TetOn]-TRE>ZsGreen1-rev(SYN1>tTS:T2A:rtTA (2x1013 GC/ml in PBS, Vector Builder. Vector ID:VB210109-1009yyx). We
used the following coordinates (millimeters) from bregma (anteroposterior and lateral) and from skull (dorsoventral); anteroposterior:
—2.0; Lateral +/—1.25, and dorsoventral: —1.3 (CA1) and —2.1 (Dentate Gyrus). The cannula was left to deliver 1 pl of 1:1 virus in each
depth during 2 min and five additional minutes were left to have complete virus diffusion. After 2 h of careful monitoring, mice were
returned to their home cage for 4 weeks before starting the doxycycline (Dox) treatment.

Behavioural assessments

Plus Maze

To analyze mouse anxiety, we used the elevated plus maze paradigm. Briefly, the plus maze was made of plastic and consisted of
two opposing 30 X 8 cm open arms, and two opposing 30 X 8 cm arms enclosed by 15-cm-high walls. The maze was raised 50 cm
from the floor and lit by dim light. Each mouse was placed in the central square of the raised plus maze, facing an open arm, and its
behavior was scored for 5 min. At the end of each trial, any defecation was removed, and the apparatus was wiped with 30% ethanol.
We recorded the time spent in the open arms, which normally correlates with low levels of anxiety. Animals were tracked and re-
corded with SMART junior software (Panlab).

Novel Object Location Test (NOLT)

The novel object location memory task evaluates spatial memory and is based on the ability of mice to recognize when a familiar
object has been relocated. Exploration took place in an open-top arena with quadrangular form (45 x 45 cm). The light intensity
was 40 lux throughout the arena. Mice were first habituated to the arena in the absence of objects (1 d, 30 min). Some distal cues
were placed throughout the procedure. On the second day during the acquisition phase, mice could explore two duplicate objects
(A1 and A2), which were placed close to the far corners of the arena for 10 min. After a delay of 24 h, one object was placed in the
diagonally opposite corner. Thus, both objects in the phase were equally familiar, but one was in a new location. The position of the
new object was counterbalanced between mice. Animals were tracked and recorded with SMART Junior software (Panlab).
Cognitive flexibility and memory in a T-maze

The apparatus was a wooden maze consisting of three arms, two of them situated at 180° from each other and the third situated at
90° with respect to the other ones representing the stem arm of the T. All three arms were 45 cm long, 8 cm wide and enclosed by a
20 cm wall. The maze was thoroughly painted with waterproof gray paint. Light intensity was 10-20 lux throughout the maze. Two
identical guillotine doors provided entry in the arms situated at 180°. In the training trial, one arm was closed (novel arm) and
mice were placed in the stem arm of the T (home arm) and allowed to explore this arm and the other available arm (familiar arm)
for 10 min, after which they were returned to the home cage. After inter-trial interval of 1 h mice were placed in the stem arm of
the T-maze and allowed to freely explore all three arms for 5 min (testing phase). The first choice to turn either to the familiar arm
or to the new arm (alternation rate, %) and the time spent in the two arms situated at 180° (time in the new arm*100/total time in
the two arms at 180°) were the two parameters evaluated in the testing phase.

Y-maze spontaneous alternation

The spontaneous alternation performance was tested using a transparent symmetrical Y-maze. Five objects of similar size (~20 cm3)
and highly perceptible were situated surrounding the maze at ~15-20 cm outside the walls. Each mouse was placed in the center of
the Y-maze and could explore freely through the maze during an 8 min session. The sequence and total number of arms entered were
recorded. Arm entry was complete when the hind paws of the mouse had been completely placed in the arm. Percentage alternation
is the number of triads containing entries into all three arms divided by the maximum possible alternations (dividing the number of
alternations by number of possible triads x 100). As the reentry into the same arm was not counted for analysis, the chance perfor-
mance level in this task was 50% in the choice between the arm mice visited more recently (non-alternation) and the other arm visited
less recently (alternation).

Forced Swimming Test

The forced swimming test was used to evaluate behavioral despair. Animals were subjected to a 6 min trial during which they were
forced to swim in an acrylic glass cylinder (35 cm of height x 20 cm of diameter) filled with water, and from which they could not
escape. The time that the test animal spent in the cylinder without making any movements beyond those required to keep its
head above water was measured.

Passive Avoidance Test

For the passive avoidance (light-dark) paradigm, we conducted the experiments in a 2-compartment box, where 1 compartment was
dimly lit (20 lux) and preferable to a rodent and the other compartment was brightly lit (200 lux); both chambers were connected by a
door (5 cm x 5 cm). During training, mice were placed into the aversive brightly lit compartment; and upon the entry into the preferred
dimly lit compartment (with all 4 paws inside the dark chamber), mice were exposed to a mild foot shock (2 s foot shock, 1 mA in-
tensity). The latency of mice to enter into the dark chamber was recorded. Twenty seconds after receiving the foot shock, mice were
returned to the home cage until testing. After 24 h (long-term associative memory), animals were tested for retention. In the retention
test, mice were returned to the brightly lit compartment again, and the latency to enter the shock paired compartment (dark chamber)
was measured (retention or recall latency). Ten minutes was used as a time cutoff in the retention test. The animals that learned the
task would avoid the location previously paired with the aversive stimulus and showed a greater latency to enter it.
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Accelerating rotarod

Animals were placed on a motorized rod (30-mm diameter, Panlab). The rotation speed was gradually increased from 4 to 40 r.p.m.
over the course of 5 min. The fall latency time was recorded when the animal was unable to keep up with the increasing speed and fell.
Rotarod training/testing was performed four times per day with 30 min as intertrial time interval. The results show the average of fall
latencies per trial during the 2 days of training.

Marble test

Briefly, mice were individually placed in a clear plastic box (35 x 20 x 15 cm) filled with approximately 5 cm depth of wood chip
bedding lightly pressed to give a flat surface. Twenty 1.5 cm diameter glass marbles were placed on the surface, evenly spaced,
each about 4 cm apart, so to form 5 rows of 4. The completely unburied (OUT), partially unburied (>50% OUT), partially buried
(>50% IN) and completely buried (IN) marbles were manually quantified at the end of a 20-min test session.

Three chamber social interaction test

The apparatus (40 x 40 x 60 cm) consisted of three interconnected lined compartments with open doors. Subject mice were habit-
uated to the apparatus for 5 min. After the habituation phase, the subjects were tested in the sociability task for 10 min. An unfamiliar
mouse (stranger) was placed in one of the side chambers enclosed in a small, round wire cage that allowed nose contact between the
bars but prevented fighting. A second, empty round wire cage, was placed in the opposite compartment. The subject mouse had a
choice between the first, unfamiliar mouse (stranger) and the empty wire cage (empty). Time exploring each small cage were
measured using the SMART junior software (Panlab).

Golgi Staining and dendritic spine density analysis

Fresh brain right hemispheres were processed following the Golgi-Cox method as described previously.®® Essentially, mouse brain
hemispheres were incubated in the dark for 21 days in filtered dye solution (10 g L—1 K2Cr207, 10 g L—1 HgCI2, and 8 g L—1
K2CrO4). The tissue was then washed 3 X 2 min in water and 30 min in 90% ethanol (EtOH) (v/v); 200 um sections were cut in
70% EtOH on a vibratome (Leica Microsystems) and washed in water for 5 min. Next, they were reduced in 16% (v/v) ammonia so-
lution for 1 h before washing in water for 2 min and fixation in 10 g I-1 Na2S203 for 7 min. After a 2 min final wash in water, sections
were mounted on superfrost coverslips, dehydrated for 3 min in 50%, then 70%, 80%, and 100% EtOH, incubated for 2 x 5 minin a
2:1 isopropanol:EtOH mixture, followed by 1 x 5 min in pure isopropanol and 2 x 5 min in xylol. Bright-field images of Golgi-impreg-
nated stratum moleculare dendrites from hippocampal dentate gyrus granular neurons were captured with a Nikon DXM 1200F dig-
ital camera attached to a Nikon Eclipse E600 light microscope (100x oil objective). Only fully impregnated pyramidal neurons with
their soma found entirely within the thickness of the section were used. Image z stacks were taken every 0.2 mm and at 1024 x 1024
pixel resolution, yielding an image with pixel dimensions of 49.25 x 49.25 mm. Z stacks were deconvolved using the Huygens soft-
ware (Scientific Volume Imaging) to improve voxel resolution and to reduce optical aberration along the z axis. The total number of
spines counting were performed by using the FIJI freeware (Wayne Rasband, NIH, RRID:SCR_003070)). At least 100-120 dendrites
per group from at least 8-11 mice per group were counted. Picture acquisition and subsequent analysis were performed indepen-
dently by two investigators blind to genotypes and results were then pooled.

Immunohistochemistry

Adult samples

Mice were euthanized by cervical dislocation. Left hemispheres were removed and fixed for 72 h in 4% paraformaldehyde (PFA) in
PBS. Thirty-micrometer coronal sections were obtained using a Leica vibratome (Leica VT1000S) and then cryoprotected until use.
Serial coronal sections were then washed three times in PBS, permeabilized 15 min by shaking at room temperature with PBS con-
taining (v/v) 0.3% Triton X-100 and 3% normal goat serum (Pierce Biotechnology). After three washes, brain sections were incubated
overnight by shaking at 4°C with antibodies for anti-Ap (Mouse 1:500, 218111, clone NT78, Synaptic Systems. RRID:AB_11041707),
anti-NeuN (Mouse 1:1000, MAB377, Chemicon. RRID:AB_2298772) and anti-Pyk2 (Rabbit, 1:500, P3902. Sigma. RRID:AB_261041),
anti-Sirt1 (1:100, Cell Signaling, #2028. RRID:AB_1196631), anti-GFAP (1:500, DAKO, #z0334. ), anti-lba1 (1:500, Abcam, #Ab5076.
RRID:AB_2224402), and anti-APP (Novus Biologicals, #NBP2-62566. RRID:AB_2917960 ) in PBS with 0.2 g/L sodium azide. After
incubation with primary antibody, sections were washed three times and then placed 2 h on a shaking incubator at room temperature
with the subtype-specific fluorescent secondary AlexaFluor-488 anti-rabbit (1:250, Thermo Fisher Scientific catalog #A32731, RRI-
D:AB_2633280) or anti-mouse 555 (1:250, Thermo Fisher Scientific catalog #A32727, RRID:AB_2633276). No signal was detected in
control sections incubated in the absence of the primary antibody. Images were acquired using a Zeiss LSM880 confocal laser scan-
ning microscope or SP8 laser scanning confocal spectral microscope (Leica Microsystems, Germany). Images were taken using a
20x numerical aperture objective and 2 Airy disk pinhole and processed with ImageJ®° (v1.53f) or Cell Profiler’' (v.2) software. To
characterize hippocampal astroglia and microglia, the entire 3D stack of images was obtained using the Z drive and analyzed using
Imaged. Microglia and astrocytes were automatically defined using the Li dark mask and selected with the wand tracing tool. Shape
descriptors embedded in the software were applied as previously described.?” For Ap plaque analysis, images were captured using a
Leica confocal SP5 with an x40 oil objective. The analysis involved manually counting Iba1-positive nuclei in contact with Ap plagues
and delineating the plaque’s region of interest (ROI) to calculate the mean Iba1 intensity in the corresponding channel
Embryonic samples

Embryonic brains were fixed in 4% PFA over-night. Vibratome sections (50-70um thick) were incubated with primary antibodies after
2 hour of permeabilization and blocking with 1% BSA, 0.3% Triton X-100/PBS, 5% donkey serum (Pierce Biotechnology). We used

e5 Cell Stem Cell 37, 1741-1759.e1-e8, December 5, 2024



Cell Stem Cell ¢ CelPress

OPEN ACCESS

rabbit anti-Satb2 antibody 1/300 (Abcam), rat anti-Ctip2 1/300 (Abcam), rabbit anti-Pax6 1/300 (BioLegend), goat anti-Sox2 1/300
(R&D), rabbit anti-Histone H3 1/300 (Abcam), mouse anti-Pvim 1/300 (Abcam), rabbit anti-Oct3/4 1/300 (Bd Biosciences), rabbit
anti-nanog 1/300 (Novus Biologicals) and mouse anti-Myc 1/300 (Santa Cruz). The secondary antibodies were Alexa Fluor 488-,
555- and 647-conjugated goat or donkey anti-rabbit/mouse/goat/rat (Molecular Probes 1:400). Images were acquired using a Zeiss
LSM880 confocal laser scanning microscope or SP8 laser scanning confocal spectral microscope (Leica Microsystems, Germany).
Images were taken using a 20X numerical aperture objective and 2 Airy disk pinhole and processed with ImageJ®° (v1.53f) or Cell
Profiler”" (v.2) software.

Electron microscope experiments

As we previously described,®’ mice were transcardially perfused with a solution containing 4% PFA and 0.1% glutaraldehyde made
up of 0.1 m PB, pH 7.4. Brains were then immersed in the same fixative for 12 h at 4°C. Tissue blocks containing the hippocampus
were dissected and washed in 0.1 m PB, cryoprotected in 100 and 200 g/L sucrose in 0.1 m PB, and freeze-thawed in isopentane and
liquid nitrogen. Samples were postfixed in 2.5% glutaraldehyde made up of 0.1 m phosphate buffer for 20 min, washed and treated
with 2% osmium tetroxide in PB for 20 min. They were dehydrated in a series of ethanol and flat embedded in epoxy resin (EPON 812
Polysciences). After polymerization, blocks from the dentate gyrus (DG) region were cut at 70 nm thickness using an ultramicrotome
(Ultracut E Leica Microsystems). Sections were cut with a diamond knife, picked up on formvar-coated 200 mesh nickel grids. For
etching resin and remove osmium, sections were treated with saturated aqueous sodium periodate (NalO4). They were then
observed with a CM-100 electron microscope (Philips). Digital images were obtained with a CCD camera (Gatan Orius). In ultrathin
sections, the density of synaptic vesicles in the molecular layer was calculated by counting the number of vesicles within a defined
presynaptic area. The area of postsynaptic densities located in the molecular layer was also evaluated. All these calculations were
performed using the ImagedJ.

Mass spectrometry experiments

Fresh E15.5 mouse cortices or dentate gyrus from adult mice were homogenized for 1min at 4°C with an electric homogenizer using
the following lysis buffer: 50 mM Tris-HCL (pH 7.4), 150mM NaCl, 2mM EDTA, 1% Triton X-100 and protease inhibitors (Roche ref.
04693116001). Samples were incubated on ice for 20 min and centrifuged for 10 min at 3000 rpm. Supernatant was collected and
protein was measured using the Bio-Rad protein assay (Biorad, 5000001). 25-50 pl of protein at a final concentration of 1-2 pg/plin
lysis buffer were processed for mass spectrometry (MaxQuant run, Proteomic facility, Max Planck Institute of Biochemistry, Mar-
tinsried, Germany). 4-6 independent samples per processed per condition in all experiments. Analysis of differentially expressed pro-
teins and volcano plots were generated using the DEP package in R-studio.

Cleared whole-mount embryonic brain

Dissected embryonic mouse brains were cleared by combining the protocols CUBIC?® and RIMS.** Briefly, brains were fixed in 4%
PFA overnight. After washing with PBS, they were immersed in CUBIC solution (25% Urea and 25% tetrakis in water) with gentle
shaking till transparency at 37°. Brains were washed in PBS for 2d and post-fixed in 4% PFA for 2h. They were then stained with
5mM propidium iodine dissolved in PBS for 2d. Following another 1d PBS wash, samples were mounted in RIMS (76%
Histodenz-0.02M PB-0.01%SodiumAzide-0.1% T Tween-20) for confocal acquisition. Images were acquired using a Zeiss LSM880
confocal laser scanning microscope using a 10X numerical aperture objective and 2.5 Airy disk pinhole and processed with Imaris
and Imaged software.

Single-cell dissociation and Single-cell RNA-seq

Mouse brains at E15.5 were collected and sectioned under a vibratome (Leica VT1000S, Germany) in ice-cold Leibowitz medium with
5% FBS. The rostal region of cortex were collected using a scalpel. The tissue was subsequently dissociated into a single cell sus-
pension with Worthington Kit and manually Papain dissociation system according to the recommended protocol (Worthington,
#L.K003163). A cell suspension of 2 CTR and 2 i4F-Nes samples were prepared for scRNA-seq. cDNA amplification and library con-
struction were conducted with Chromium Single Cell Next GEM Single Cell 3° GEM kit v3.1 (PN-1000130), Library Construction Kit
(PN-1000196), Chromium Next GEM Single Cell 3’ Gel Bead Kit v3.1 (PN-1000129) and Dual Index Kit TT Set A (PN-1000215) accord-
ing to the manufacturer’s instructions in the Chromium Single Cell 3' Reagents Kits v3.1 User Guide. Transcriptome and barcode
libraries were sequenced on NovaSeq 6000 at the Next Generation Sequencing Facility of the Max Planck Institute of Biochemistry.

Single-cell RNA-seq data processing

Barcode filtering and sequence alignment were performed using the CellRanger (v. 7.0.1) pipeline (http://10xgenomics.com). Reads
were aligned to the mouse reference genome (10x genomics reference build MM10 2020 A). The gene-by-cell count matrices were
further analyzed using Seurat R package (version 5.0.0) as follows: Cells from CTR and i4F-Nes samples were merged and filtered to
retain only higher-quality cells (mitochondrial reads < 10%). Moreover, only genes expressed in at least 3 single cells were included
for further analysis. Next, we normalized the data ( normalization.method = ’LogNormalize’, scale.factor = 10000 ), detected variable
features ( selection.method = "vst’, nfeatures = 3000 ), scaled the data ( vars.to.regress = c('’nCount_RNA’)) and conducted principal
component analysis (PCA). We retained 30 principal components for following nearest-neighbor graph construction and UMAP
dimension reduction, and unsupervised clustering was conducted at a resolution of 0.8. We used Seurat’s function
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cc.genes.updated.2019 to obtain a list of genes associated with cell cycle, and the function CellCycleScoring to assign a cell cycle
phase to each cell.

DNA methylation Clock

DNA was obtained from mice dentate gyrus. After homogenizing the tissue in 50 mM Tris-HCL (pH 7.4), 150mM NaCl, 2mM EDTA,
1% Triton X-100 and protease inhibitors (Roche ref. 04693116001), cell lysates were centrifuged for 10 minutes at 3000 rpm. Pellets
containing the nuclei were processed for DNA isolation using the DNeasy Blood and Tissue kit according to the manufacturer’s in-
structions (Qiagen, Hilden, Germany). Concentration of DNA samples was measured using the Qubit dsDNA BR kit (Invitrogen, Wal-
tham, MA). DNA methylation epigenetic age was assessed using DNA methylation data obtained on the Horvath mammal 320k
array*®. Raw methylation array data was normalized using SeSAMe (Zhou et al. 2018°°) and epigenetic clocks were computed using
the guidelines and source code by the Mammalian Methylation Consortium.

(https://github.com/shorvath/MammalianMethylationConsortium/).

In utero electroporation

In utero electroporation was performed at E13.5 on anesthetized C57BL/6 mice using standard procedures. DNA plasmids were
used at 1 ng/ul (FUW-tetO-EGFP-IRES-hOKMS or FUW-tetO-EGFP with pCAG-rtTA) and mixed with 1% fast green (Sigma-
Aldrich, final concentration 0.2%). Plasmids were injected into the ventricle with a pump-controlled micropipette. After injection,
six 50 ms electric pulses were generated with electrodes confronting the uterus above the ventricle. The abdominal wall and skin
were sewed, and the mice were kept until E16.5 embryonic stage treated with 0.2mg/ml of Dox in the drinking water.

Western blot

Animals (n=4-6 per group) were sacrificed by cervical dislocation. The hippocampus was dissected out, frozen using CO2 pellets,
and stored at -80°C until use. Briefly, the tissue was lysed by sonication in 250 pl of lysis buffer as described elsewhere. Supernatant
proteins (15 ug) from the dentate gyrus extracts were loaded in SDS-PAGE and transferred to nitrocellulose membranes (GE Health-
care, LC, UK). Membranes were blocked in TBS-T (150 mM NaCl, 20 mM Tris- HCI, pH 7.5, 0.5 ml Tween 20) with 5% BSA and 5%
non-fat dry milk. Immunoblots were incubated overnight at 4° with anti-spectrin alpha chain (Sigma Aldrich, #MAB1622) at 1:1000,
anti-phospho Tau (Cell Signaling, #9632S) at 1:1000, anti-Tau (Cell Signaling, #4019S) at 1:1000, anti-GFAP (DAKO, #z0334) at 1:100,
anti-H3K9me3 (Cell signaling, #9646) at 1:300 in PBS with 0.2% Sodium Azide. After three washes in TBS-T, blots were incubated for
1 h at room temperature with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:2000; Promega, Madison, WI,
USA) and washed again with TBS-T. Immunoreactive bands were visualized using the Western Blotting Luminol Reagent (Santa
Cruz Biotechnology) and quantified by a computer-assisted densitometer (Gel-Pro Analyzer, version 4, Media Cybernetics). For
loading control, a mouse monoclonal antibody for actin was used (1:100.000, Sigma Aldrich, #A3854).

EdU and BrdU

Pregnant mice were injected with BrdU or EAU (50.g/g) either 3 days or 30 minutes before sacrifice. Embryonic brains were fixed with
4% PFA overnight and cut in 70pum sections with vibratome. Edu was revealed following instructions of Click-iT EAU cell proliferation
assays kit: Sections were incubated for 30 minutes on 3% BSA then another 30 minutes on Click-iT® EdU reaction cocktail (440uL 1X
Click-iT® reaction buffer + 10 uL Copper protectant + 1.2 uL Alexa Fluor® picolyl azide (Component B) + 50 pL 1X Click-iT® EdU
buffer additive) and then washed with 3% BSA. For BrdU staining, sections were pretreated with 2N HCI for 30 min and subsequently
neutralized with sodium-tetraborate (Na2B40O7 0.1M, pH: 8.5) for 2 x 15 min. Staining was performed using mouse anti-BrdU (Roche)
antibody.

RNA isolation and RT-qPCR

RNA extraction from mice brain samples was extracted by RNeasy Lipid Tissue Mini Kit (cat. No. 74804) manufacturer’s instructions.
The purified RNA was eluted in 30 pL of nuclease-free H20 and the quantification was measured using a ND-1000 spectrophotom-
eter (Thermo Fisher Scientific). Samples were stored at -80°C until use. cDNA synthesis and analysis of gene expression by Real-time
quantitative PCR (QPCR) assay. The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, ref. 4368814) was used to
reverse transcribe 500 ng of total RNA by the manufacturer’s instructions. To evaluate housekeeping and interest genes, Integrated
DNA Technologies (IDT) provided PrimeTime gPCR Assays (Table S4). The gPCR reaction was carried out using the Premix Ex Taq
Probe based qPCR assay (Takara Biotechnology, ref. RR390A) on 96-well plates with a final volume of 12 uL. StepOnePlus Real-Time
PCR System (Applied Biosystems) was used to conduct each reaction in triplicate set to the following program: 1 cycle 95 °C for 30
seconds; 40 cycles at 95 °C for 5 seconds and 60 °C for 20 seconds.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v.8 (GraphPad Software, La Jolla, California, USA). A two-tailed unpaired
Student’s t-test was employed when comparing two groups, while one-way ANOVA with Tukey’s post hoc analysis or two-way
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ANOVA with Bonferroni’s post hoc test was used for multiple group comparisons, as appropriate. Normal distribution was tested with
d’Agostino and Pearson omnibus test. In case of no normal distribution corrections were applied Mann-Whitney or Dunn’s test. Cell
cycle distribution statistics between CTR and i4F-Nes was calculated with X-squared analysis.P values represent *p < 0.05, **p <
0.01,™p < 0.001 and ***p < 0.0001. All data are presented as the mean + s.e.m, whisker plots or dot plots. Circles indicate values
of individual mice or cells (Figure 1E). All sample sizes and definitions are provided in the figure legends. All experiments in this study
were conducted in a blinded and randomized manner. All mice bred for the experiments were used for preplanned experiments and
randomized to experimental groups.
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