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Main article text 
 

Summary 
 
Yamanaka factors (YFs) can reverse some aging features in mammalian �ssues, but their effects 

on the brain remain largely unexplored. Here, we induced YFs in the mouse brain in a controlled 

spa�o-temporal manner in two different scenarios: brain development, and adult stages in the 

context of neurodegenera�on. Embryonic induc�on of YFs perturbed cell iden�ty of both 

progenitors and neurons, but transient and low-level expression is tolerated by these cells during 

development. Under these condi�ons, YFs induc�on led to expanded neurogenesis, increased 

number of upper cor�cal neurons, and enhanced motor and social behavior of adult mice. 

Addi�onally, controlled YF induc�on is tolerated by principal neurons in the adult dorsal 

hippocampus and prevented the development of several hallmarks of Alzheimer’s disease, 

including cogni�ve decline and altered molecular signatures, in the 5xFAD mouse model. Overall, 

these results highlight the powerful impact of YFs on neurogenesis and their poten�al use in brain 

disorders. 
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Highlights 
 
* Transient Yamanaka factor (YF) expression during development expands neocortex  

* YF-treated mice show enhanced cogni�ve skills 

* Intermitent YF expression is tolerated by adult principal hippocampal neurons  

* Long-term intermitent YF reprogramming is protec�ve in an AD mouse model 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 27, 2023. ; https://doi.org/10.1101/2023.11.27.568858doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.27.568858


Introduc�on 
 

The Yamanaka factors, a quartet of transcrip�on factors comprising Oct4, Sox2, Klf4 and c-Myc 

(herea�er referred to as YFs), have delineated a pivotal role in cellular biology due to their 

unparalleled ability to reprogram soma�c cells back to a pluripotent state1. This discovery has 

opened new avenues for research, unveiling their poten�al in �ssue rejuvena�on2,3, reversal of 

epigene�c modifica�ons and markers of cell damage4–6, thus ameliora�ng phenotypes associated 

with cellular aging2,7,8. Indeed, YFs have been employed to reverse age-associated hallmarks in 

various peripheral �ssues, resul�ng in improved regenera�on of muscle, op�c nerve, 

cardiomyocytes, skin and liver5,9–13. Despite these findings, our understanding of their role and 

broader implica�ons for the nervous system is s�ll in its nascent stages.  

Ectopic expression of YFs can induce dedifferen�a�on and pluripotency of soma�c cells under 

both in vitro and in vivo condi�ons, erasing their epigene�c state and thereby their cellular 

iden�ty6,14. This process has been molecularly coupled to induced pluripotent cell (iPSC) 

forma�on mechanisms15,16. Consequently, con�nuous expression of these factors in wild-type 

mice o�en results in the development of tumoral masses, predominantly teratomas, and leads to 

mortality within a mater of weeks17. Seminal work has confirmed that it is possible to safely 

express YFs in vivo through par�al or transient ac�va�on2,9. When applied to various peripheral 

�ssues, this intermitent ac�va�on not only prevents the loss of cell iden�ty but also enhances 

regenera�on without causing cancer2,4. Moreover, transient YFs ac�va�on has been shown to 

increase the prolifera�on poten�al of mul�ple �ssues through dis�nct mechanisms: (1) by 

remodeling the stem cell niche to ac�vate stem prolifera�on in muscles11, and (2) by inducing 

transient de-differen�a�on of cardiomyocites to restore their regenera�ve capability12,13 . It 

remains an open ques�on whether transient YFs induc�on could enhance prolifera�on and/or 

rejuvena�on in the nervous system. 

Aging stands as the primary risk factor for Alzheimer’s disease (AD), a phenomenon not en�rely 

accounted for by the amyloid hypothesis18. Notably, AD, together with most neurodegenera�ve 

disorders, presents signatures of “accelerated” aging, including increased oxida�on, diminished 

synap�c plas�city, and reduced metabolism19–21. In such scenarios, neurons progressively lose 
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their regenera�ve capacity during matura�on, atributed to altera�ons in the transcriptomic and 

chroma�n landscapes22. From a transla�onal standpoint, YFs have been employed in cell 

replacement therapies for neurodegenera�ve diseases, due to their ability to generate iPSCs that 

can be differen�ated to any cell fate23. For instance, in Parkinson disease, with the transplanta�on 

of dopaminergic neurons derived from YF-induced iPSCs24. Although this approach yielded some 

motor improvements, there were also adverse effects with the growth of teratomas in mice with 

a severe combined immunodeficiency25 .  While most reprogramming strategies aim to generate 

neurons to replace damaged ones, two recent studies have shown that par�al reprogramming 

with YFs can induce epigene�c modifica�ons in neurons and promote axon regenera�on a�er 

injury5,26. However, the applica�on of YFs in mature neurons within the context of 

neurodegenera�on remains unexplored.  

Here, we employed a controlled spa�o-temporal induc�on of YFs in the mouse brain across two 

dis�nct scenarios: during brain development, and in adult stages within the context of 

neurodegenera�on. Our focus on the impact of YFs on neurogenesis during development was 

influenced by recent findings that a subset of these factors is endogenously expressed in various 

neural progenitors at early stages of this phase27, and thus their induc�on during development 

appears less ar�ficial than ini�ally presumed. Here we report that transient, low-level expression, 

of YFs amplified neurogenesis resul�ng in an augmented output of neurons and an enlarged 

neocortex. This expansion was func�onally reflected in enhanced motor and social behavior in 

adult mice. Since this induc�on protocol enhanced cogni�ve skills, we hypothesized that it could 

exert a similar effect in the context of a neurodegenera�ve disorder. Thus, we expressed YFs only 

in mature hippocampal neurons using the 5xFAD mouse model of AD. We show that these 

neurons tolerate intermitent YFs expression while preserving their cellular iden�ty. In tandem 

with the safety of our approach, 5xFAD mice with hippocampal YFs expression displayed a rescue 

of several cogni�ve impairments. This ameliora�on was associated with a reduc�on of several 

AD-associated phenotypes, including Aβ accumula�on, synap�c loss, and proteomic disease 

profile. Our results establish transient YFs induc�on as a powerful tool for modula�ng 

neurogenesis and may be used to open new therapeu�c strategies for brain disorders. 
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Results 
 

Transient YFs induc�on perturbs cell iden�ty and increases neurogenesis  

To study the effects of YFs induc�on during development, we used the condi�onal inducible-four 

factors (i4F) mouse line that allows the induc�on of YFs in a Tet-ON system17. We established an 

in vivo transient reprogramming protocol for systemic expression of YFs by using mice carrying a 

single copy of the i4F polycistronic cassete and a reverse tetracycline transac�vator (rtTA) within 

the ubiquitously-expressed Rosa26 locus (i4F-Rosa)17 (Fig. 1A). We performed YFs induc�on by 

administering doxycycline (Dox) in the drinking water of pregnant females for 4d (E10.5 to E14.5), 

using three different concentra�ons: High (1mg/ml), medium (0.5mg/ml) and low (0.2mg/ml) 

(Fig. 1A). These concentra�ons allowed for the assessment of the Dox-dependent effects on the 

induc�on of YFs during development (Fig. 1A). We first treated i4F-Rosa embryos and their 

litermate controls (WT) with high Dox for 4d. We observed that strong YF induc�on resulted in 

bigger brains (Movie S1) with a drama�c elonga�on of the germinal layer at E15.5. This layer was 

also thinner but with mul�ple invagina�ons of the ventricular surface (Fig. 1B-C). Immunostaining 

for Pax6 (a forebrain progenitor marker) and Sox2 (a neuronal progenitor marker and one of the 

YFs), showed massive expansion in the number of apical progenitors (Fig. 1D). Despite the 

increased abundance of these cells, the intensity of Pax6 at the single cell level was reduced (Fig. 

1E), sugges�ng that strong YFs induc�on during development can perturb cell iden�ty, as has 

been found in other systems17,28. This is evidenced by the loss of iden�ty markers such as Pax6 

for progenitors and C�p2 for neurons, along with the emergence of Nanog expression (Fig. S1A-

C). Given that the survival of i4F-Rosa embryos was compromised due to impaired liver 

hematopoiesis (data not shown), we reduced the concentra�on of Dox during the 4d induc�on 

period.  

 

Medium YFs induc�on also resulted in an enlarged ventricular zone but without invagina�ons and 

loss of Pax6 expression from apical progenitors (Fig. 1F). Notably, the abundance of individual and 

double-posi�ve Pax6+ and Sox2+ progenitors was significantly higher in neuron-enriched layers 

(intermediate zone [IZ] and cor�cal plate [CP]) (Fig. 1G). Similar to high Dox treatment, very few 

i4F-Rosa embryos reached E17.5 stages, due to altered hematopoiesis. 
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Next, i4F-Rosa embryos were subjected to low Dox treatment for 4d from E10.5 to E14.5. 

Remarkably, this condi�on led to completely viable and bigger embryos with increased brain 

weight (Fig. 1H). Histological analysis showed increased perimeter of the ventricles that was 

accompanied by a thinner germinal zone (Fig. 1I-J). The expression of Pax6 in apical progenitors 

was preserved and there was a significant increase of Pax6+ and Sox2+ progenitors in neuronal 

enriched-layers (IZ+CP), albeit with lower numbers compared with medium Dox treatment (Fig. 

1J). Similar to medium YFs induc�on, we did not observe changes in the density of cells stained 

for phosphorylated forms of vimen�n (Pvim) and histone H3 (PH3) that label dividing radial glial 

(RG) and mito�c cells, respec�vely at E15.5 (Fig. S1D). These results indicate that YFs induc�on 

can perturb cell iden�ty and increase neurogenesis during development. 

 

Nervous system-specific induc�on of YFs leads to cor�cal expansion during development 

To remove any detrimental effects of ubiquitous YFs induc�on during development, i4F mice were 

crossed with a Cre-dependent floxed rtTA and the nervous system-specific Nes�n-Cre mouse line. 

This mouse model (i4F-Nes) allows the study of high and longer Dox treatments during 

development and at later �me points (Fig. 2A). We found that high Dox concentra�ons, or longer 

treatments, resulted in much bigger brains, with an expanded cortex and weight of up to three 

�mes the size of their control litermates (CTR) at E17.5 (Fig. 2B-C, S2A). Moreover, we observed 

strong induc�on of YFs such as c-Myc, Oct4 and Sox2, together with Nanog expression in both 

germinal and neuronal layers a�er high Dox treatment (Fig. S2B-C). Upon further inspec�on of 

i4F-Nes embryos treated with different condi�ons, we focused on the low Dox treatment (4d, 

E10.5-E14.5) because it showed complete preserva�on of brain morphology and embryo survival 

to adult stages, as in the i4F-Rosa mouse line. We quan�fied the numbers of apical (Pax6+) 

progenitors and also stained for Pvim and PH3. We found increased numbers of basal PH3+ and 

Pvim+ cells in i4F-Nes embryos at E15.5 (Fig. 2E). Moreover, the total numbers of Pax6+ 

progenitors were increased (Fig. S2D). This change was mainly due to the presence of Pax6+ cells 

in neuron-enriched layers (IZ+CP) (Fig. 2E). These results, together with an increased perimeter 

of lateral ventricle walls and reduced thickness of the ventricular zone (Fig. 2E), were similar to 
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those found in the i4F-Rosa line with the same treatment (Fig. 1I-J). This suggests that the 

observed changes in i4F-Rosa brains can be largely explained by the effects of YFs induc�on in the 

nervous system.  

 

A recent study has linked increased adhesion in prolifera�ve neural stem cell niches to reduced 

prolifera�ve poten�al, a process that naturally occurs during  aging29. We performed a proteomic 

profiling of cor�ces from E15.5 i4F-Nes and their corresponding control litermates (CTR) a�er 4d 

of low Dox treatment (Fig 2F). As expected, we found significantly increased protein levels of YFs 

such as Sox2 and Klf4. Interes�ngly, we also found reduced expression of cell adhesion proteins 

such as Cdh8 and Neo1, and changes in extracellular matrix components (ECM) in i4F-Nes cor�ces 

(Fig. 2F-G). These data suggest that YFs induc�on alters the proper�es of the neuronal progenitor 

niche, making it less adhesive and thereby favoring prolifera�on during development, in addi�on 

to influencing cell iden�ty. Indeed, similar to Pax6, we found ectopic expression for Sox2 in 

neuronal-enriched layers, where several Sox2+ cells co-expressed neuronal markers such as C�p2 

(Fig. 2H). The expansion of neuronal progenitors resulted in an increased number of upper cor�cal 

neurons at E17.5 (Fig. 2I). Taken together, these results indicate that condi�onal nervous-system 

YFs induc�on transiently perturbs cell behavior leading to expansion of progenitors and 

consequently to increased output of upper cor�cal neurons. 

 

Improved behavioral performance a�er transient YFs induc�on during development 

The increases in cor�cal thickness and cor�cal neuron numbers observed in embryos from both 

i4F-Rosa and i4F-Nes mouse lines were found to persist into adulthood (Fig.3 B-C). The increase 

in CP thickness during development was due to specific thickening of upper cor�cal layers. 

Consistent with this, adult (5-month-old) i4F-Rosa mice showed increased numbers of neurons 

and an enlarged layer II-IV (Fig. 3B-C). Because of the enlarged cortex �ssue, the increased 

numbers of upper layer neurons were not accompanied by altera�ons in cell density. We next 

wondered about the func�onal consequences of these altera�ons and conducted an array of 

behavioral tests at adult stages (Fig. 3A). 
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Higher cogni�ve abili�es are thought to arise from cor�cal expansion during evolu�on30,31. We 

thus tested whether cor�cal expansion by YFs induc�on could affect specific behavioral 

parameters. We subjected 5-month-old i4F-Rosa and i4F-Nes mice, with their respec�ve 

litermate controls (WT and CTR, respec�vely), to a batery of behavioral tests targe�ng different 

features. The data obtained from the open field test showed no significant differences of the 

explora�on habits between i4F-Rosa and i4F-Nes and their controls (Fig. 3D). Next, we performed 

the elevated-plus maze test to determine whether mutant mice showed altered anxiety-like 

behavior. There were no significant differences in the �mes spent in the open and closed arms 

between i4F-Rosa and WT mice. Notably, i4F-Nes mice showed a significantly increased �me 

exploring the open arms (Fig. 3E). These results suggest that transient induc�on of YFs during 

development has no effect (i4F-Rosa) or even reduces (i4F-Nes) anxiety-like behavior at adult 

stages (Fig. 3E). We next evaluated higher-order cogni�ve func�ons that are related to cor�cal 

func�on such as motor learning, compulsive-like behavior and sociability32,33. We first performed 

the accelera�ng rotarod test to evaluate motor learning34. Importantly, i4F-Rosa mice showed 

faster and an enhanced ability to maintain their balance compared to WT mice (Fig. 3F). The 

average of the last two sessions, during which a plateau of learning was reached, was used to 

compare their motor performance. Both i4F-Rosa and i4F-Nes mice exhibited improved motor 

performance with respect to their controls (WT and CTR, respec�vely) (Fig. 3F). Then, we 

performed the marble burying test to evaluate poten�al compulsive-like behaviors35. i4F-Rosa 

mice showed a reduced number of completely buried marbles compared with their WT 

litermates (Fig. 3G), indica�ng reduced compulsive behavior. Finally, to evaluate sociability, we 

performed the three-chamber social interac�on test36. In this paradigm, both i4F-Rosa and i4F-

Nes mice showed an increased sociability index when compared with their respec�ve controls 

(WT and CTR) (Fig. 3H-I). We conclude that cortex expansion by transient YFs induc�on during 

development improves motor and social behavior of adult mice. 

 

Intermitent YF induc�on in adult hippocampal principal neurons is tolerated and prevents 

synap�c loss in the 5xFAD mouse model 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 27, 2023. ; https://doi.org/10.1101/2023.11.27.568858doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.27.568858


YFs have been shown to reverse some aging features and increase regenera�on in mammalian 

�ssues2,37–39. Since our data showed that transient YFs induc�on is tolerated by post-mito�c 

neurons during development, together with enhanced cogni�ve skills, we asked whether 

applying a similar induc�on protocol at adult stages could be beneficial in protec�ng against 

neurodegenera�on. We chose the 5xFAD mouse model, a robust model of Alzheimer disease 

(AD), with neurodegenera�on and cogni�ve deficits40. We established an in vivo intermitent YF 

induc�on protocol using similar Dox treatment that was tolerated by neurons during 

development. 5xFAD mice were crossed with the i4F mouse line genera�ng the i4F/5xFAD mouse 

line and its litermate controls (i4F). Notably, in this mouse line, YFs induc�on was driven by 

Synapsin-1 (SYN1)-dependent rtTA-expressing adeno-associated virus (AAV) injected into the 

dorsal hippocampus of eight-week-old mice (Fig. 4A). We introduced a ZsGreen reporter driven 

by a tetracycline operator (TRE) promoter to visualize neurons expressing YFs a�er Dox treatment.  

From 12 to 35 weeks, both groups, (i4F/5xFAD and its control i4F), were treated with vehicle (VEH) 

or low Dox (0.2mg/ml in the drinking water) 3d ON, 4d OFF per week (Fig. 4A).  A�er treatment 

(8-month old), all mouse groups were subjected to comprehensive behavioral, histological and 

molecular experiments (Fig. 4A).  

Our intermitent YFs induc�on was well tolerated, and survival was not affected in any 

experimental group (Fig. 4B). No treatment-dependent changes in body or brain weight were 

found at 8 months (Fig. 4C). We then assessed the gross hippocampal anatomy as well as the 

neuronal iden�ty of the targeted cells. First, our intermitent YFs induc�on did not affect the 

hippocampal forma�on in terms of organiza�on and gross anatomy (Fig. 4D). Targeted neurons 

with correct ac�va�on of the TRE promoter were found expressing ZsGreen in the Dox-treated 

groups (Fig. 4D-E). Second, immunostaining for two markers of mature neurons, NeuN and Pyk2, 

showed that the iden�ty of the transduced granule cells of the dentate gyrus (DG) was not altered 

by YFs induc�on (Fig. 4F). Third, quan�ta�ve RT-PCR (qRT-PCR) analysis confirmed that 

intermitent reprogramming does not alter per se the expression of the APP/PSEN1 transgene 

present in the 5xFAD mouse model at 8 months(Fig. 4G). 
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We then evaluated key aspects of structural plas�city in granular neurons by Golgi staining. We 

found the expected reduc�on in the spine density of secondary dendrites in i4F/5xFAD treated 

with VEH (i4F/5xFAD-VEH) compared with the control i4F-VEH group (Fig. 4H). Notably, this 

reduc�on was completely rescued in the i4F/5xFAD group treated with Dox (i4F/5xFAD-Dox) (Fig. 

4I). Next, we further examined presynap�c and postsynap�c changes using electron microscopy. 

We quan�fied the numbers of presynap�c vesicles per synapse and the post-synap�c density 

(PSD) area in the dentate gyrus (DG) molecular layer of the four groups of mice at 8 months of 

age (Fig. 4J). The numbers of presynap�c vesicles per synapse were significantly decreased in the 

i4F/5xFAD-VEH, as described previously41, but they were completely rescued in the i4F/5xFAD Dox 

group (Fig. 4K). We addi�onally found that the PSD area was significantly increased in both mouse 

groups (i4F and I4F/5xFAD) subjected to intermitent reprogramming (Fig. 4K). In summary, these 

results revealed that intermitent YF induc�on is tolerated by adult hippocampal neurons and 

induced synap�c improvements in the 5xFAD mouse model. 

 

Ameliora�on of AD-related hippocampal plaques and proteomic signatures by YF induc�on 

Because 5xFAD mice develop severe amyloid pathology and proteomic changes in the 

hippocampus from 2 to 8-months of age40,42, we inves�gated whether intermitent YFs induc�on 

during this period may have beneficial effects on these hallmarks. We quan�fied the plaque load 

in the three main dorsal hippocampal subfields, namely CA1, CA3 and DG (Fig. 5A), by Aβ 

immunolabelling. The number (Fig. 5B) and size (Fig. S3) of plaques in these regions were strongly 

reduced in i4F/5xFAD Dox with respect to i4F/5xFAD-VEH mice . The plaque numbers were not 

altered in other regions without YFs induc�on, such as the cortex, in the i4F/5xFAD-Dox mice (Fig. 

5B). To iden�fy proteomic differences between the groups, we performed quan�ta�ve proteomic 

profiling of the DG. This region is cri�cal for learning and memory, and it is one of the most 

affected hippocampal areas in AD43. Proteomic analysis showed that the transgene expression of 

APP present in the 5xFAD mouse was not affected by YFs induc�on at 8 months (Fig. 5D), which 

was consistent with qRT-PCR experiments (Fig. 4G). Other AD-related markers such as 

neuroinflamma�on and stress responses were all unchanged in adult i4F/5xFAD-Dox compared 

with i4F/5xFAD-VEH group (Fig. 5D). Next, we iden�fied differen�ally expressed proteins (DEPs) 
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between i4F/5xFAD-VEH and their litermate controls i4F-VEH. We found 950 DEPs in i4F/5xFAD-

VEH with respect to its i4F-VEH control.  The 20 most enriched KEEG pathways were predicted 

using Fold Enrichment analysis with the ShinyGO tool44 and visualized as an interac�on network 

using Cytospace45 (Fig. 5E). The significant pathways found in the DG of i4F/5xFAD-VEH were 

func�onally related to neurodegenera�ve processes (Fig. 5E), as described previously42. Fold 

change enrichment analysis showed that 19 out of the 20 most significantly enriched pathways 

altered in i4F/5xFAD-VEH vs i4F-VEH were par�ally rescued in the i4F/5xFAD-Dox group, 

sugges�ng that intermitent YF induc�on ameliorates proteomic changes present in the 5xFAD 

mouse model (Fig. 5F). Among 950 DEPs found in the i4F/5xFAD-VEH, 493 protein levels were 

normalized in the i4F/5xFAD-Dox compared with i4F-VEH control group. To explore the most 

relevant collec�ve func�ons of the rescued DEPs in the i4F/5xFAD-VEH, we constructed a network 

model to describe their interac�ons. We focused on 103 DEPs whose network has been found to 

be related to AD42. The results showed that the rescued pathways in i4F/5xFAD-Dox group were 

related to the pathogenesis of AD (mitochondria func�on, cellular metabolic processes, cellular 

adhesion, degrada�on and coagula�on) (Fig. 5G). Together, these findings suggest that 

intermitent YFs induc�on ameliorates hippocampal plaque loading and rescues several 

proteomic signatures present in the 5xFAD mouse model. 

 

YF induc�on prevents cogni�ve decline in the 5xFAD mouse model 

The recovery of several AD-related hallmarks of the 5xFAD mouse model with intermitent YFs 

induc�on (i4F/5xFAD-Dox group), prompted us to explore whether there was an improvement in 

the cogni�ve deficits present at 8 months of age in hippocampal-related tasks40,46–48. We 

conducted different behavioral tests, including emo�onal behaviors (plus maze or PM and forced 

swimming test or FST), cogni�ve flexibility and spa�al memory (T-maze), aversive associa�ve 

memory (Passive avoidance), spa�al long-term (NOLT) and working (Y-maze) memories (Fig. 6A).  

The data obtained from the plus maze (Fig. 6B) and forced swimming test (Fig. 6C) revealed 

sta�s�cally significant differences between i4F/5xFAD (VEH and Dox groups) and their respec�ve 

controls (i4F-VEH and -Dox), but no changes between i4F/5xFAD treated with Dox or VEH. These 

results indicate that although the 5xFAD genotype is associated with disturbances on anxiety or 
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mood-related behaviours, they were not modified by YF induc�on in the dorsal hippocampus. 

This result agrees with studies linking emo�onal-like behaviors rather to the ventral 

hippocampus, whereas the dorsal region is principally involved with cogni�ve func�ons49. 

Next, we applied different tasks to compare memory performance in these mice. We first 

evaluated cogni�ve flexibility and spa�al memory in a T-maze (Fig. 6D-E). We found that 

i4F/5xFAD-VEH mice alternated significantly less than i4F-VEH control group, therefore displaying 

cogni�ve inflexibility. Notably, both the i4F-Dox and i4F/5xFAD-Dox groups with intermitent YFs 

induc�on, performed beter, i.e. more flexibly, than i4F-VEH group (Fig. 6D). We also quan�fied 

the �me a mouse spends exploring a familiar vs a novel arm. i4F/5xFAD-VEH mice displayed no 

preference for the novel arm. This effect was completely rescued in the i4F/5xFAD-Dox group (Fig. 

6E). We then examined associa�ve memory in the passive avoidance task. Latency to step-

through during the training session was similar between groups (Fig. 6F). However, in the tes�ng 

session, although all groups showed a significant increase in the latency to enter the dark 

compartment 24 h a�er receiving an electrical shock, this latency was shorter in i4F/5xFAD-VEH 

mice compared with i4F-VEH control group, and completely rescued in i4F/5xFAD-Dox mice (Fig. 

6F). The novel object loca�on test also showed that i4F/5xFAD-Dox had rescued the preference 

for novel objects that is lost in the i4F/5xFAD-VEH mice (Fig. 6G). Finally, mice were tested in the 

spontaneous alterna�on in a Y-maze paradigm that assesses spa�al working memory50. The i4F-

VEH and i4F-DOX mice displayed a spontaneous alterna�on over the chance level (~65%), 

whereas the arm choice was decreased to ~50% (chance levels) in the i4F/5xFAD-VEH mice (Fig. 

6H). The spontaneous alterna�on was restored in the i4F/5xFAD-Dox mice (Fig. 6H). Addi�onal 

controls tes�ng the effects of Dox treatment alone showed no differences in either WT or 5xFAD 

mice (Fig. S4). In summary, YF induc�on in principal neurons of the dorsal hippocampus in the 

5xFAD mice prevented their cogni�ve decline but not their emo�onal altera�ons. 

 

Discussion 

In this study, we demonstrate that transient reprogramming with YFs not only safely increases 

neurogenesis during mouse brain development but also prevents the development of AD-related 

features in adulthood. The enhancement of neurogenesis during development results in a greater 
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produc�on of neurons and expansion of the cortex, both of which correlate with improved 

behavioral performance. At adult stages, we found that principal neurons in the hippocampus 

tolerate transient YFs expression for several months without losing their cell iden�ty. Instead, the 

expression of YFs prevented the development of several AD-related hallmarks in the 5xFAD mouse 

model and protected against cogni�ve decline. These findings enhance our understanding of YFs 

as a tool to modulate neurogenesis and highlight their poten�al use in brain disorders.   

Increased neurogenesis and cortex expansion by transient YFs expression 

We present evidence that YFs can perturb cell iden�ty of both progenitors and neurons during 

brain development. Strong induc�on of these factors leads to a reduc�on in Pax6 expression in 

apical progenitors. It also results in a massive ectopic expression of both Pax6 and Sox2 in 

neuronal layers, where their expression is low in control condi�ons. Moreover, long-term 

induc�on of YFs during development can affect cell fate. This is evidenced by the loss of iden�ty 

markers such as Pax6 for progenitors and C�p2 for neurons, along with the emergence of Nanog 

expression, a well-known pluripotent marker. This extends the concept that strong and con�nued 

overexpression of these factors can induce pluripotency in various cells from peripheral �ssues in 

vivo3,17.  

Importantly, both progenitors and neurons tolerate low and transient YFs expression, leading to 

increased neurogenesis and a higher number of upper cor�cal neurons without the forma�on of 

tumors. Their iden�ty is temporarily perturbed by the coexpression of these factors, but it is not 

lost. This observa�on aligns with the no�on that transient de-differen�a�on is proposed as an 

integral step in the reprogramming process51,52. In line with this model, cells undergo transient 

de-differen�a�on post YFs induc�on, and once their expression stops, revert to their original 

cellular iden�ty. Recent studies, which employ transient reprogramming protocols to rejuvenate 

mul�ple murine cell types, further confirm this. In these studies, cells display a temporary iden�ty 

perturba�on when YFs are expressed. However, this iden�ty is recovered, likely due to epigene�c 

memory or persistent expression of specific iden�ty genes53,54. The increased neurogenesis goes 

in line with previous studies showing increased prolifera�on a�er YFs induc�on in peripheral 

�ssues11 
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In the cortex, we iden�fied widespread proteomic changes associated with ECM following 

transient YF expression during development. Previous studies have shown that their induc�on 

alters the expression of key components involved in cell adhesion, cell cycle, protein trafficking 

and extracellular matrix55,56. Interes�ngly, some of these altera�ons, including the reduced 

expression of proteins involved in cell adhesion such as Cdh8 and Neo1, could be related with the 

expansion in neurogenesis that we observed during development. Indeed, Cdh8 is expressed in 

the germinal zone during development, and its knockdown amplifies both prolifera�on and 

neuron numbers57. Similarly, gene�c abla�on of Neo1 also increases prolifera�on58. Moreover, a 

recent study indicated that aging has a profound effect on the expression of genes involved in 

cell-cell adhesion and cell-matrix interac�ons in brain stem cell niches. Aging increases the 

cellular adhesion of prolifera�ve neural stem cells, which correlates with reduced neurogenesis 

poten�al29. Accordingly, our results suggest that transient reprograming could also rejuvenate the 

niche of neuronal progenitors by reducing the expression of cell adhesion proteins, thereby 

increasing their neurogenesis capability.  

The finding that transient reprogramming during development leads to an increase of upper-layer 

neurons and cor�cal expansion that persist into adulthood, raised the ques�on to what extent 

this could improve behavioral performance in adult mice.  Most studies that analyze the effects 

of genes associated with cor�cal expansion in mouse embryos have not examined the impact on 

cogni�ve abili�es at adult stages59. Two recent reports achieving around 1.2-fold increase in 

upper-layer neurons in adult mice, have found improved hippocampus-independent memory 

flexibility60,61. We were surprised to find that our mouse model displays the strongest increase in 

the number of upper-cor�cal neurons (up to 1.4-fold) at adult stages ever reported, par�cularly 

in the motor and prefrontal cor�cal areas. This is consistent with the massive expansion of rostral 

cor�cal areas during development (Fig. 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 learning62. This is fully in line with the 

increased abundance of upper-layer neurons in the motor cortex, which is known for its cri�cal 

role in motor skill acquisi�on63. Similarly, we noted improved social behavior, predominantly 

associated (but not limited to) with the prefrontal cor�cal region64, which shows expansion 
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following transient reprogramming. Interes�ngly, the human prefrontal cortex is the most 

expanded cor�cal region65. Several studies provide strong evidence that such expansion and 

improved social cogni�on is a key step in the evolu�on of human intelligence66.  

Transient YF reprogramming is protec�ve in an Alzheimer Disease mouse model 

Previous studies have demonstrated beneficial effects of intermitent YFs expression in various 

contexts in adult mice related to regenera�on and aging2,5,37,67. In vivo par�al reprogramming 

alters age-associated molecular changes during physiological aging in mice2. However, in contrast 

to the present work, none of these studies has explored its impact on mature principal neurons 

in the context of neurodegenera�on. Our study presents a novel applica�on that prevents the 

development of several neurodegenera�ve hallmarks as well as cogni�ve decline in a well-

established mouse model of AD. Importantly, these improvements were observed without any 

discernible impact on the general health of the mice or the iden�ty of targeted principal neurons 

in the hippocampus. This aligns with prior seminal studies highligh�ng the safety of transient 

reprogramming2,4. 

Dendri�c spine pathology and the loss of synap�c contacts are defining features of 

neurodegenera�ve disorders, including AD68–71. We found that intermitent YFs expression 

rescued several synap�c features, such as spine density and pre-synap�c vesicular density, at least 

in granular hippocampal neurons. This result is consistent with a recent observa�on that YFs 

induc�on increases the level of the synap�c protein GluN2B, par�cularly in dendrites, in the 

dentate gyrus 26. This protein is known to facilitate synap�c poten�a�on and to promote dendri�c 

spine density and func�on72 . Moreover, we observed reduced Aβ loading a�er YFs induc�on in 

the 5xFAD mouse model. Previous studies have shown that these factors can affect the expression 

of several promoters, including Thy154. Our qRT-PCR and proteomic analysis show that the effects 

we observed, such as in Aβ loading, are not due to altered expression of the APP/PSEN1 

transgene, or changes in AD-related glia response (Fig.5D). Furthermore, our proteomic network 

analysis iden�fied mitochondria func�on and metabolism as one of the most relevant modules 

affected in the 5xFAD mouse model. This result is consistent with a recent transcriptomic study 

from human AD pa�ents73, and previous proteomic analysis from AD mouse models74 and human 

pa�ents75. Another significant pathway that was rescued is the one related to the 
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endocannabinoid system, which agrees with previous studies highligh�ng the poten�al of this 

pathway in the modula�on of Aβ loading and synap�c dysfunc�on76. Interes�ngly, several of 

these proteomic AD-related signatures were rescued by transient YF reprogramming, including 

proteins that are strongly associated with AD in humans. 

Aging cri�cally influences both Aβ loading and mitochondrial func�on. For example, neurons are 

the primary source of Aβ, and a recent report indicates that its produc�on and accumula�on 

increase with age77. Blocking Aβ produc�on in aged neurons prevented the decline in their 

synapses77. Regarding mitochondrial func�on, aging correlates with a decline in its func�on, as 

shown by reduced ATP produc�on, lipid metabolism and biogenesis78 . Given our findings that 

transient reprogramming improves synap�c plas�city in hippocampal neurons, combined with 

ameliora�on of Aβ loading and mitochondrial proteomic signatures in the 5xFAD mouse model, 

suggest that this process may rejuvenate these neurons. This is consistent with the prevailing 

hypothesis that par�al reprogramming can rejuvenate cells79,80. Our results could be an 

interes�ng star�ng point for further research. 

This study also revealed that par�al reprogramming prevents cogni�ve decline in the 5xFAD 

mouse model. This includes behavioral paradigms related to associa�ve learning, cogni�ve 

flexibility, spa�al memory, and spa�al working memory previously described to be affected in the 

5xFAD mice81–83. These improvements are associated with the YFs expression in hippocampal 

granular and pyramidal neurons. Indeed, our proteomic analysis and histology did not iden�fy 

significant changes in other cell popula�ons, such as microglia and astrocytes (data not shown). 

Although YFs induc�on in mature neurons might alter several mRNA transcrip�on processes, as 

demonstrated in other systems56, it is conceivable that the rescue in spine density, Aβ loading, 

and mitochondrial proteomic features contribute to beter cogni�ve performance in the 5xFAD 

mouse model. It is interes�ng to find that in some behavioral paradigms, such as cogni�ve 

flexibility, both control and 5xFAD mouse subjected to par�al reprogramming outperformed their 

respec�ve controls. Future studies should inves�gate the specificity or generality of YFs induc�on 

impact on neuronal circuits and behavior. 
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In conclusion, our study illustrates the poten�al of par�al reprogramming using YFs in both 

promo�ng neurogenesis and preven�ng neurodegenera�on. When induced during development, 

increased neurogenesis leads to expansion of the neocortex and improved behavior. When 

induced in neurons at adult stages, YFs expression prevents the development of several AD-

related hallmarks and cogni�ve decline. Hence, our findings unveil two novel applica�ons for 

par�al reprogramming and pave the way for further inves�ga�ons related to neuronal 

rejuvena�on. 
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Main figure legends 

Figure 1. Transient YFs induc�on perturbs cell iden�ty and increases neurogenesis. (A) Scheme 

of Dox treatment in wild-type (WT) and i4F-Rosa litermate embryos used in downstream 

analysis. (B) Sagital sec�ons of cleared whole-mount brains (E15.5) stained with propidium 

iodine a�er high Dox treatment (from E10.5 to E14.5, 4d). Dashed rectangles are shown with 

higher magnifica�on on the right. Pink dashed lines indicate the germinal zone and yellow 
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arrowheads the presence of invagina�ons. (C) Quan�fica�on of data shown in B. n=5 mice/group. 

**p<0.01, unpaired Student’s t test. (D) E15.5 coronal brain sec�ons, a�er 4d of high Dox, were 

labeled for neuronal progenitors (Pax6, green and Sox2, red) and neurons (C�p2, magenta). Areas 

in dashed rectangles are shown with higher magnifica�on on the right. (E) Scater plot 

quan�fica�on of Pax6 intensity levels of Sox2+ cells. n= 2339 (WT) and 2031 (i4F-Rosa) cells from 

3-4 brains/group. ***p<0.001, linear regression slopes, unpaired Student’s t test. (F) Similar 

experiment as shown in panel D except for E15.5 sec�ons treated with 4d Mid Dox and including 

mito�c cell marker (PH3, magenta). (G) Quan�fica�on of data shown in F. n=3 mice/group. 

**p<0.01, ***p<0.001, unpaired Student’s t test. (H) E15.5 embryos a�er 4d Low Dox treatment 

(from E10.5 to E14.5). Quan�fica�on of their brain weight is shown below. n=5-6 mice/group. 

**p<0.01, unpaired Student’s t test. (I) Similar experiment as shown in panel D and F, except for 

E15.5 sec�ons treated with 4d Low Dox and including dividing RG cells (Pvim, cyan). Yellow 

dashed rectangles are shown with higher magnifica�on on the right. Ventricle perimeter is shown 

with white dashed lines. (J) Quan�fica�on of data shown in (I).n=3-5 mice/group. *p<0.05, 

**p<0.01, ***p<0.001, unpaired Student’s t test. The data are represented as mean ± SEM. Circles 

indicate values of individual brains or cells (E). Scale bars, 500um (B, D, F, I), 250um inset (B), 

100um inset (D,F, I) and 3mm (H). 

Figure 2. Nervous-system specific induc�on of YFs leads to cor�cal expansion during 

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

in downstream analysis. (B) Top view of E17.5 mouse brains from control (CTR) and i4F-Nes 

embryos with different Dox treatments. Dashed lines delineate the cor�cal area of one 

hemisphere. (C) Brain weight of data shown in (B). n=5-6 mice/group. **p<0.01,***p>0.001, 

unpaired Student’s t test. (D) E15.5 coronal brain sec�ons, a�er 4d of Low Dox (E10.5 to E14.5), 

were labeled for neuronal progenitors (Pax6, white), dividing RG cells (Pvim, green) and a mito�c 

cell marker (PH3, red). Areas in dashed rectangles are shown with higher magnifica�on on the 

right. (E) Quan�fica�on of data shown in (D). n=4-6 mice/group. *p<0.05,***p<0.001, unpaired 

Student’s t test. (F) Scheme showing the E15.5 cor�cal area used for mass spectrometry 

experiments and Volcano plot showing down-regulated (le�, blue) and up-regulated (right, red) 

proteins in i4F-Nes cor�ces respect to CTR samples. Surface receptors are colored in yellow and 
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YFs in green.(G) Cytospace Network model showing protein-protein interac�ons (PPIs) of 19 up-

regulated proteins in i4F-Nes samples from data shown in (F). The color bar represents the Log2 

Fold change protein ra�os. The edges represent PPIs obtained from the STRING database (H) 

Similar experiment as shown in panel D, except for cor�cal plate insets stained with the neuronal 

marker C�p2 (red), and progenitor marker Sox2 (green). White rectangles are magnified on the 

right. Yellow arrowheads indicate double posi�ve C�p2/Sox2 cells, and their quan�fica�on is 

shown on the graph. n=2 mice/group. *p<0.05, unpaired Student’s t test. (I) Similar experiment 

as shown in panel D, except for E17.5 coronal brain sec�ons stained with upper cor�cal neuronal 

marker Satb2 (red) and DAPI (White). White rectangles are magnified on the right. The graph 

shows the quan�fica�on of the number of Satb2+ cells in the cor�cal plate. n=3 embryos/group. 

*p<0.05, unpaired Student’s t test. The data are represented as mean ± SEM. Circles indicate 

values of individual brains. Scale bars, 1mm (B), 500um (D,I), 100um (H). 

Figure 3. Increased behavior performance a�er transient YFs induc�on during development. 

(A) Scheme of mice used for behavioral experiments at adult stages (4-5 months old). i4F-Rosa 

and i4F-Nes mutant embryos and their corresponding controls (WT and CTR) were treated for 4d 

with Low Dox during development. (B) Adult coronal sec�ons stained with the neuronal marker 

NeuN (green) and DAPI (nuclei, blue). Areas in dashed rectangles are shown with higher 

magnifica�on on the right. (C) Quan�fica�on and whisker plot of the data shown in (B). n=9-11 

mice/group. **p<0.01, unpaired Student’s t test. (D) Percentage of �me spent at the central zone 

of i4F-Rosa (9), i4F-Nes (4) and their respec�ve controls WT (11) and CTR (10). No significant 

changes between groups, unpaired Student’s t test. (E) Percentage of �me spent in closed and 

open arms in the elevated Plus Maze test. n=11 (WT), 9 (i4F-Rosa), 10 (CTR) and 4 (i4F-Nes). 

*p<0.05, ***p<0.001, Two-way ANOVA. (F) Quan�fica�on of the latency to fall in the accelera�ng 

rotarod task (4 sessions per day during 2d).n=11 (WT) and 9 (i4F-Rosa). *p<0.05, Two-way ANOVA. 

The average of the last two sessions per mice (both i4F-Rosa and i4F-Nes with their controls) is 

shown on the right. n=11 (WT), 9 (i4F-Rosa), 10 (CTR) and 4 (i4F-Nes). *p<0.05, unpaired Student’s 

t test. (G) Number of buried marbles during 20min session in the Marble burying test. n=11 (WT), 

9 (i4F-Rosa), *p<0.05, unpaired Student’s t test. (H) Social preference index in the three-chamber 

social interac�on test. Representa�ve mice track paths and the loca�on of the target mouse 
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(green area), empty cage (magenta area) and connec�ng chamber (red area). Ra�os are 

calculated based on the �me spent on the target mouse vs empty cage. n=11 (WT), 9 (i4F-Rosa), 

*p<0.05, unpaired Student’s t test. (I) Similar experiment as shown in panel H, except for i4F-Nes 

and their controls (CTR). n= 10 (CTR) and 4 (i4F-Nes). *p<0.05, unpaired Student’s t test. The data 

are represented as mean ± SEM. Circles indicate values of individual mice. Scale bars, 500um (B), 

200um inset (B). 

Figure 4. Establishment of in vivo YF induc�on protocol prevents synap�c loss in the 5xFAD 

mouse model. (A) Experimental design schema�c and delivery of AAV-SYN1-tTs-T2A-rtTA-

ZsGreen-TRE into the hippocampus of i4F and i4F/5xFAD mice. Both groups were treated with 

intermitent Dox or vehicle (VEH) for 5 months. (B) Survival outcome for each group during 

experimental protocol (n=15-20 mice/group). Only three deaths occurred due to post-surgical 

complica�ons. No significant changes between groups, Kaplan-Meier method. (C) Quan�fica�on 

of total brain weight at the end of the experimental protocol. n=15-20 mice/group. No significant 

changes between groups, Two-way ANOVA with Bonferroni’s post hoc test. (D) Valida�on of rtTA-

dependent ZsGreen reporter signal a�er 5 months Dox and VEH intermitent treatment. Intensity 

of Zsgreen signal (green) in coronal hippocampal sec�ons of Dox and VEH treated i4F/5xFAD mice 

(8-month-old). Red dashed rectangle is shown with higher magnifica�on on panel F. (E) Whisker 

plot of Zsgreen intensity in each group. n=15-20 mice/group. ***p<0.001 DOX vs VEH in each 

group, Two-way ANOVA with Bonferroni’s post hoc test. (F) Inset from panel D showing Zsgreen 

signal (green) was stained with NeuN (mature neuron, red), Pyk2 (mature principal neuron, 

magenta) and DAPI (nuclei, blue). (G) qRT-PCR for APP/PSEN1 transgene in the hippocampus of 

i4F and i4F/5xFAD treated with VEH or Dox for 5 months. Expression normalized to housekeeping 

gene Ac�n and presented as whisker plots from 3-5 mice/group (H) Golgi-Cox-stained granular 

neuron located in the dentate gyrus molecular layer. Red dashed rectangle indicates the region 

of the secondary apical dendrite that was analyzed. This region is shown with higher 

magnifica�on on the right. Black arrowheads indicate dendri�c spines. (I) Quan�fica�on of data 

shown in G. n=7-11 mice/group (up to 100-150 dendrites per group). ***p<0.001, Two-way 

ANOVA with Bonferroni’s post hoc test. The data are presented as whisker plots. (J) Electron 

microscope image of an excitatory synapse in the molecular layer of the dentate gyrus in 8-
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month-old i4F-VEH. Asterisk indicates the presynap�c component; hashtag indicates the 

postsynap�c component. Presynap�c vesicles are coloured with orange circles; post-synap�c 

density (PSD) is coloured in green. (K) Quan�fica�on of the vesicular density and PSD area in all 

groups. n=6 mice/group. **p<0.01, ***p<0.001, Two-way ANOVA with Bonferroni’s post hoc test. 

The data are represented as mean ± SEM. Circles indicate values of individual mice. Scale bars, 

400um (D), 100um (F), 15um, 3um (inset) (H) and 0.25um (J). 

Figure 5. Ameliora�on of AD-related hippocampal plaques loading and proteomic signatures by 

YF induc�on. (A) Coronal hippocampal sec�ons of i4f/5xFAD mice(-VEH and -DOX) were labeled 

for Aβ immunoreac�vity. Hippocampal CA1, CA3, dentate gyrus (DG), and motor cortex sub-

regions were delineated following the Gaidi mouse brain atlas. (B) Quan�fica�on of number of 

plaques in each region as shown in (A). n=5-7mice/group. Three slices per mouse (separated by 

240um, from -1.28 to -2mm from Bregma). *p<0.05, **p<0.01, unpaired Student’s t test. (C) 

Scheme showing the loca�on of the DG used for proteomic profiling experiments. (D) Rela�ve 

protein expression levels across different groups respect to control (i4F-VEH). Protein expression 

levels based on untargeted label-free quan�ta�on (LFQ) was normalized to i4F-VEH control group 

(value =1). The color bar represents the gradient of normalized protein abundances. (E) Network 

analysis of enriched KEEG pathways of differen�al expressed proteins (DEPs) of i4F/5xFAD-VEH 

respect to i4F-VEH group. Significant enriched pathways (Fold enrichment, FDR, p<0.05) are 

shown. n=4-6 mice/group. (F) Fold enrichment analysis of KEEGs pathways shown in E for VEH 

and DOX treated i4F/5xFAD mice respect to i4F-VEH group. n=4-6 mice/group. (G) Cytospace 

Network model showing protein-protein interac�ons (PPIs) of 103 DEPs of i4F/5xFAD-VEH respect 

to i4F-VEH group that are rescued in the i4F/5xFAD-DOX group. The color bar represents the Log2 

Fold change protein ra�os. Node color represents an increase (red) or decrease (blue) in 

i4F/5xFAD DOX (center) and VEH (boundary) compared to i4F-VEH (control group). The edges 

represent PPIs obtained from the STRING database. Scale bar, 450um (A). 

Figure 6. YF induc�on prevents the cogni�ve decline in the 5xFAD mouse model. (A) 

Experimental design and sequence of behavioral tests performed. (B) Percentage of �me spent 

in open arms in the elevated Plus Maze test. n=15-20 mice/group. *p<0.05 between genotypes, 

Two-way ANOVA. (C) Time floa�ng in the forced swimming test. n=15-20 mice/group. **p<0.01 
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between genotypes, Two-way ANOVA. (D-E) Quan�fica�on of cogni�ve flexibility and Spa�al 

memory in a T-maze. (D) Cogni�ve flexibility was measured as the first arm visited in the tes�ng 

trial. Alterna�on is presented as %. n=15-20 mice/group. **P < 0.01, ***P < 0.001 respect to 

i4F/5xFAD-VEH. ++P < 0.01,+++P < 0.001 respect to i4F-VEH. Chi-square test. (E) Percentage of 

�me exploring the novel arm (new context) versus the �me exploring the old arm (old context). 

n=15-20 mice/group. *P < 0.05, ***P < 0.001 comparing % of novel arm vs old arm preference. 

Two-way ANOVA with Bonferroni’s post hoc test. (F) Associa�ve learning measured using the 

passive avoidance paradigm. Quan�fica�on of the latency (seconds) to step-through in both 

training and tes�ng trial for all groups a�er receiving an electric shock (2 s/1 mA). n=15-20 

mice/group. *p<0.05 respect to i4F-VEH group. Two-way ANOVA with Bonferroni’s post hoc test. 

(G) Spa�al long-term memory using the novel object loca�on test. Percentage of �me exploring 

the object placed in a new loca�on (New) versus the �me exploring the object placed in an old 

loca�on (Old). n=15-20 mice/group. ***p<0.001 comparing �me exploring objects in new vs old 

loca�on. Two-way ANOVA with Bonferroni’s post hoc test. (H) Quan�fica�on of spontaneous 

alterna�on in the Y-maze. n=15-20mice/group. **p<0.01, ***P < 0.001 respect to i4F/5xFAD-VEH 

group. The data are represented as mean ± SEM. Circles indicate values of individual mice. 

Supplemental movie legends 

Supplemental movie S1: Cleared Whole-Mount i4F-Rosa and control embryonic brains at E15.5. 

3D reconstruc�on of embryonic brains treated with high-Dox (1mg/ml) for 4d (E10.5 to E14.5) 

and fixed at E15.5. Brains were cleared using a protocol that combined CUBIC and RIMS. A�er 

clearing, samples were stained with propidium iodide (5 mM) for 2 days to stain cell nuclei. 

Samples were mounted using RIMS buffer and imaged from dorsal to ventral at intervals of every 

20µm. The movie displays sagital sec�ons of half a hemisphere for both the control (le�) and 

i4F-Rosa (right). Addi�onally, the inset used for analyzing GZ thickness is depicted (Fig. 1B-C). 

Supplementary figure 1. Strong YF induc�on alters progenitor and neuronal iden�ty. (A) E15.5 

coronal brain sec�ons of WT and i4F-Rosa embryos, a�er 4d of high Dox, were stained for Nanog 

(an iPS cell marker, green), Sox2 (a neuronal progenitor marker and one of the YFs, red) and C�p2 
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(neurons, magenta). Areas in dashed rectangles represen�ng progenitors or neuron-enriched 

regionsare shown with higher magnifica�on in (B) and (C), respec�vely. (B-C) Arrows in insets 

indicates double-posi�ve Sox2/Nanog cells. Panel C has two insets indica�ng a Sox2/Nanog+ cell 

(small inset) and C�p2/Nanog+ cell (inset on the right). (D) Quan�fica�on of data shown in (Fig. 

1F and I). n=3-5 mice/group. The data are represented as mean ± SEM. Circles indicate values of 

individual brains.Scale bars, 500um (A) and 250um (B,C).  

Supplementary figure 2. Effects of YF induc�on in brain size and cell iden�ty. (A) CTR and i4F-

Nes embryos at E17.5 with different Dox treatments. (B, C) E17.5 coronal brain sec�ons, a�er 7d 

of high Dox, were stained for Nanog (an iPS cell marker, red), c-Myc (one of the YFs, red), Oct4 

(one of the YFs, red) and Sox2 (a neuronal progenitor marker and one of the YFs, red) from le� to 

right image. Areas in dashed rectangles are shown with higher magnifica�on on the right. (D) 

Quan�fica�on of data shown in Figure 2D. n=4-6 mice/group. ***p<0.001, unpaired Student’s t 

test. Scale bars, 3mm (A) and 500um (B, C). 

Supplementary figure 3. Effects of the YF induc�on in hippocampal plaques loading. (A) Amyloid 

plaque images obtained with electronic microscopy in the dentate gyrus (molecular layer). White 

arrows indicate the plaque boundary. (B) Quan�fica�on of Aβ plaques area in the dentate gyrus 

as in A. (t = 2.7434, df = 10; p = 0.0207). Unpaired Student’s t-test was employed in B (n = 6 per 

group). Data are mean ± SEM. 

Supplementary figure 4. Doxycycline intermitent treatment does not impact mouse behavior. 

(A) Experimental design and sequence of behavioral tests performed. (B) Percentage of �me 

spent in open arms in the elevated Plus Maze test. n=11-14 mice/group. ***p<0.001 respect to 

WT-VEH and WT-DOX groups respec�vely, Two-way ANOVA with Bonferroni’s post hoc test. (C) 

Time floa�ng in the forced swimming test. n=11-14 mice/group. *p<0.05 and ***p<0.001 respect 

to WT-VEH and WT-DOX groups respec�vely, Two-way ANOVA with Bonferroni’s post hoc test. (D-

E) Quan�fica�on of cogni�ve flexibility and Spa�al memory in a T-maze. (D) Cogni�ve flexibility 

was measured as the first arm visited in the tes�ng trial. Alterna�on is presented as %. n=11-14 

mice/group. Pair comparisons were performed with the Chi-square test in. (E) Percentage of �me 

exploring the novel arm (new context) versus the �me exploring the old arm (old context). n=11-
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14 mice/group. ***P < 0.001 comparing % of novel arm vs old arm preference for each group. 

Two-way ANOVA with Bonferroni’s post hoc test. (F) Associa�ve learning measured using the 

passive avoidance paradigm. Quan�fica�on of the latency (seconds) to step-through in both 

training and tes�ng trial for all groups a�er receiving an electric shock (2 s/1 mA). n=11-14 

mice/group. ***p<0.001 respect to WT-VEH and WT-DOX groups respec�vely. Two-way ANOVA 

with Bonferroni’s post hoc test. (G) Spa�al long-term memory using the novel object loca�on test. 

Percentage of �me exploring the object placed in a new loca�on (New) versus the �me exploring 

the object placed in an old loca�on (Old). n=11-14 mice/group. *p<0.05 comparing �me exploring 

objects in new vs old loca�on. Two-way ANOVA with Bonferroni’s post hoc test. (H) Quan�fica�on 

of spontaneous alterna�on (number of triads in %) in the Y-maze. n=11-14mice/group. **p<0.01 

respect to 5xFAD-VEH and 5xFAD-DOX groups respec�vely. The data are represented as mean ± 

SEM. Circles indicate values of individual mice. 

STAR Methods 

Experimental model and subject details 

Animals 

Experiments were performed during development (from E10.5 �ll E17.5) or adult mice (>8 

weeks). The wild-type animals were from the C57BL/6N strain (Charles River labs, 

htps://www.criver.com/). We used the i4F-A mouse line described previously to perform all the 

crosses17. For developmental studies, i4F-Rosa refers to i4F-A carrying rtTA within the 

ubiquitously-expressed Rosa26locus17. I4F-Nes was developed by crossing both i4F-A and rtTA  

with the nervous system-specific Nes�n-Cre84. This floxed rtTA transgenic line [B6.Cg-

Gt(ROSA)26Sor<tm1(rtTA,EGFP)Nagy>/J] was imported from Jackson Laboratories (Stock# 

005670).  

In studies related to neurodegenera�on, we u�lized the previously described 5xFAD mouse line40, 

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 
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light/dark cycle. In all studies, Doxycycline (BioChemica) was administered in the drinking water 

supplemented with 7.5% of sucrose as previously described17. 

Experimental animals were used in accordance with the ethical guidelines (Declara�on of Helsinki 

and NIH Publica�on no. 85-23, revised 1985, European Community Guidelines, and approved by 

the UB (CEEA: 55/21) and regional government (Generalitat de Catalunya: 11559) ethical 

commitees. Animal experiments conducted at the MPI were performed following regula�ons 

from the government 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. 

Experimental design using AAVs 

We designed a viral construct to express rtTA only in principal neurons due to the AAV8 capsid 

and the Synapsin I promoter to drive the expression of the OSKM under the Tet-ON system. This 

pAAV8[TetOn]-TRE>ZsGreen1-rev(SYN1>tTS:T2A:rtTA virus was injected/transduced in the 

hippocampus of adult i-4F:WT and i-4F:5xFAD male mice at 8 weeks of age (see Fig 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 comprehensive 

behavioral test batery (see Fig. 6 and behavioral assessments down below for further details). 

Last day treatment, all mice were sacrificed for subsequent histological and Golgi studies. 

Stereotaxic surgeries and viral constructs 

Following anesthesia with ketamine/xylazine (100 and 10 mg/kg, respec�vely), we performed 

bilateral hippocampal injec�ons 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 le� to deliver 1 μl of 1:1 virus in each depth during 2 min and five addi�onal 

minutes were le� to have complete virus diffusion. A�er 2 h of careful monitoring, mice were 

returned to their home cage for 4 weeks before star�ng the doxycycline (Dox) treatment. 
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Behavioural assessments 

Plus Maze 

To analyze mouse anxiety, we used the elevated plus maze paradigm. Briefly, the plus maze was 

made of plas�c and consisted of two opposing 30 × 8 cm open arms, and two opposing 30 × 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 defeca�on was removed, and the 

apparatus was wiped with 30% ethanol. We recorded the �me spent in the open arms, which 

normally correlates with low levels of anxiety. Animals were tracked and recorded with SMART 

junior so�ware (Panlab). 

Novel Object Location Test (NOLT) 

The novel object loca�on memory task evaluates spa�al memory and is based on the ability of 

mice to recognize when a familiar object has been relocated. Explora�on took place in an open-

top arena with quadrangular form (45 × 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 acquisi�on phase, 

mice could explore two duplicate objects (A1 and A2), which were placed close to the far corners 

of the arena for 10 min. A�er 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 loca�on. The 

posi�on of the new object was counterbalanced between mice. Animals were tracked and 

recorded with SMART Junior so�ware (Panlab). 

Cognitive flexibility and memory in a T-maze 

The apparatus was a wooden maze consis�ng of three arms, two of them situated at 180° from 

each other and the third situated at 90° with respect to the other ones represen�ng 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 iden�cal guillo�ne doors provided entry in the arms situated at 180°. In the training 
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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, a�er which 

they were returned to the home cage. A�er 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 (tes�ng phase). The first 

choice to turn either to the familiar arm or to the new arm (alterna�on rate, %) and the �me 

spent in the two arms situated at 180° (�me in the new arm*100/total �me in the two arms at 

180°) were the two parameters evaluated in the tes�ng phase. 

Y-maze spontaneous alternation 

The spontaneous alterna�on performance was tested using a transparent symmetrical Y-maze. 

Five objects of similar size (~20 cm3) and highly percep�ble 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 alterna�on is the number of triads containing entries 

into all three arms divided by the maximum possible alterna�ons (dividing the number of 

alterna�ons by number of possible triads x 100). As the reentry into the same arm was not 

counted for analysis, the chance performance level in this task was 50% in the choice between 

the arm mice visited more recently (non-alterna�on) and the other arm visited less recently 

(alterna�on). 

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 × 

20 cm of diameter) filled with water, and from which they could not escape. The �me 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 
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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 

× 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 intensity). The latency of mice to 

enter into the dark chamber was recorded. Twenty seconds a�er receiving the foot shock, mice 

were returned to the home cage un�l tes�ng. A�er 24 h (long-term associa�ve memory), animals 

were tested for reten�on. In the reten�on test, mice were returned to the brightly lit 

compartment again, and the latency to enter the shock paired compartment (dark chamber) was 

measured (reten�on or recall latency). Ten minutes was used as a �me cutoff in the reten�on 

test. The animals that learned the task would avoid the loca�on previously paired with the 

aversive s�mulus and showed a greater latency to enter it. 

Accelerating rotarod 

Animals were placed on a motorized rod (30-mm diameter, Panlab). The rota�on speed was 

gradually increased from 4 to 40 r.p.m. over the course of 5 min. The fall latency �me was 

recorded when the animal was unable to keep up with the increasing speed and fell. Rotarod 

training/tes�ng was performed four �mes per day with 30 min as intertrial �me 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 plas�c 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), par�ally unburied (>50% OUT), par�ally 

buried (>50% IN) and completely buried (IN) marbles were manually quan�fied at the end of a 

20-min test session. 
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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 habituated to the apparatus for 5 min. A�er the habitua�on 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 figh�ng. 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 so�ware (Panlab). 

Golgi Staining and dendri�c spine density analysis 

Fresh brain right hemispheres were processed following the Golgi-Cox method as described 

previously85. Essen�ally, mouse brain hemispheres were incubated in the dark for 21 days in 

filtered dye solu�on (10 g L−1 K2Cr2O7, 10 g L−1 HgCl2, and 8 g L−1 K2CrO4). The �ssue was then 

washed 3 × 2 min in water and 30 min in 90% ethanol (EtOH) (v/v); 200 μm sec�ons 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 solu�on for 1 h before washing in water for 2 min and fixa�on in 

10 g l−1 Na2S2O3 for 7 min. A�er a 2 min final wash in water, sec�ons were mounted on 

superfrost coverslips, dehydrated for 3 min in 50%, then 70%, 80%, and 100% EtOH, incubated 

for 2 × 5 min in a 2:1 isopropanol:EtOH mixture, followed by 1 × 5 min in pure isopropanol and 2 

× 5 min in xylol. Bright-field images of Golgi-impregnated stratum moleculare dendrites from 

hippocampal dentate gyrus granular neurons were captured with a Nikon DXM 1200F digital 

camera atached to a Nikon Eclipse E600 light microscope (100× oil objec�ve). Only fully 

impregnated pyramidal neurons with their soma found en�rely within the thickness of the sec�on 

were used. Image z stacks were taken every 0.2 mm and at 1024 × 1024 pixel resolu�on, yielding 

an image with pixel dimensions of 49.25 × 49.25 mm. Z stacks were deconvolved using the 

Huygens so�ware (Scien�fic Volume Imaging) to improve voxel resolu�on and to reduce op�cal 

aberra�on along the z axis. The total number of spines coun�ng were performed by using the FIJI 

freeware (Wayne Rasband, NIH, RRID:SCR_003070)). At least 100-120 dendrites per group from 
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at least 8-11 mice per group were counted. Picture acquisi�on and subsequent analysis were 

performed independently by two inves�gators blind to genotypes and results were then pooled. 

Immunohistochemistry 

Adult samples 

Mice were euthanized by cervical disloca�on. Le� hemispheres were removed and fixed for 72 h 

in 4% paraformaldehyde (PFA) in PBS. Thirty-micrometer coronal sec�ons were obtained using a 

Leica vibratome (Leica VT1000S) and then cryoprotected un�l use. Serial coronal sec�ons were 

then washed three �mes in PBS, permeabilized 15 min by shaking at room temperature with PBS 

containing (v/v) 0.3% Triton X-100 and 3% normal goat serum (Pierce Biotechnology). A�er three 

washes, brain sec�ons were incubated overnight by shaking at 4°C with an�bodies for an�-Aβ 

(Mouse 1:500, 218111, clone NT78, Synap�c Systems. RRID:AB_11041707), an�-NeuN (Mouse 

1:1000, MAB377, Chemicon. RRID:AB_2298772) and an�-Pyk2 (Rabbit, 1:500, P3902. Sigma. 

RRID:AB_261041) in PBS with 0.2 g/L sodium azide. A�er incuba�on with primary an�body, 

sec�ons were washed three �mes and then placed 2 h on a shaking incubator at room 

temperature with the subtype-specific fluorescent secondary AlexaFluor-488 an�-rabbit (1:250, 

Thermo Fisher Scien�fic catalog #A32731, RRID:AB_2633280) or an�-mouse 555 (1:250, Thermo 

Fisher Scien�fic catalog #A32727, RRID:AB_2633276). No signal was detected in control sec�ons 

incubated in the absence of the primary an�body. 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 20× numerical aperture objec�ve and 2 Airy 

disk pinhole and processed with ImageJ86 (v1.53f) or Cell Profiler87 (v.2) so�ware. 

 

Embryonic samples 

Embryonic brains were fixed in 4% PFA over-night. Vibratome sec�ons (50-70um thick) were 

incubated with primary an�bodies a�er 2 hour of permeabiliza�on and blocking with 1% BSA, 

0.3% Triton X-100/PBS, 5% donkey serum (Pierce Biotechnology). We used rabbit an�-Satb2 

an�body 1/300 (Abcam), rat an�-C�p2 1/300 (Abcam), rabbit an�-Pax6 1/300 (BioLegend), goat 
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an�-Sox2 1/300 (R&D), rabbit an�-Histone H3 1/300 (Abcam), mouse an�-Pvim 1/300 (Abcam). 

The secondary an�bodies were Alexa Fluor 488-, 555- and 647-conjugated goat or donkey an�-

rabbit/mouse/goat (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 20× numerical aperture objec�ve and 2 Airy 

disk pinhole and processed with ImageJ86 (v1.53f) or Cell Profiler87 (v.2) so�ware. 

Electron microscope experiments 

As we previously described81, mice were transcardially perfused with a solu�on containing 4% 

PFA and 0.1% glutaraldehyde made up of 0.1 m PB, pH 7.4. Brains were then immersed in the 

same fixa�ve 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 pos�ixed 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). A�er polymeriza�on, blocks from the dentate gyrus (DG) region were cut at 70 nm 

thickness using an ultramicrotome (Ultracut E Leica Microsystems). Sec�ons were cut with a 

diamond knife, picked up on formvar-coated 200 mesh nickel grids. For etching resin and remove 

osmium, sec�ons were treated with saturated aqueous sodium periodate (NaIO4). They were 

then observed with a CM-100 electron microscope (Philips). Digital images were obtained with a 

CCD camera (Gatan Orius). In ultrathin sec�ons, the density of synap�c vesicles in the molecular 

layer was calculated by coun�ng the number of vesicles within a defined presynap�c area. The 

area of postsynap�c densi�es located in the molecular layer was also evaluated. All these 

calcula�ons were performed using the ImageJ. 

Mass spectrometry experiments 

Fresh E15.5 mouse cor�ces 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 
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collected and protein was measured using the Bio-Rad protein assay (Biorad, 5000001). 25-50 μl 

wof protein at a final concentra�on of 1-2 μg/μl in lysis buffer were processed for mass 

spectrometry (MaxQuant run, Proteomic facility, Max Planck Ins�tute of Biochemistry, 

Mar�nsried, Germany). 4-6 independent samples per processed per condi�on in all experiments. 

Analysis of differen�ally expressed proteins 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 CUBIC88 and RIMS89. 

Briefly, brains were fixed in 4% PFA overnight. A�er washing with PBS, they were immersed in 

CUBIC solu�on (25% Urea and 25% tetrakis in water) with gentle shaking �ll transparency at 37º. 

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%Tween-20) for confocal 

acquisi�on. Images were acquired using a Zeiss LSM880 confocal laser scanning microscope using 

a 10× numerical aperture objec�ve and 2.5 Airy disk pinhole and processed with Imaris and 

ImageJ so�ware. 

Quan�fica�on and Sta�s�cal Analysis 

Sta�s�cal analyses were performed using GraphPad Prism v.8 (GraphPad So�ware, 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 ANOVA with 

Bonferroni's post hoc test was used for mul�ple group comparisons, as appropriate. Normal 

distribu�on was tested with d'Agos�no and Pearson omnibus test. In case of no normal 

distribu�on correc�ons were applied (Mann-Whitney or Dunn’s test). 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. All sample sizes and defini�ons 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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