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GDF11 slows excitatory neuronal senescence
and brain ageing by repressing p21

Di-Xian Wang 1,2,14, Zhao-Jun Dong 1,2,14, Sui-Xin Deng 3,14,
Ying-Ming Tian 4, Yu-Jie Xiao3, Xinran Li 5, Xiao-Ru Ma 1,2, Liang Li3,
Pengxiao Li6, Hui-Zhong Chang 4, Longqi Liu 4, Fan Wang 1,2, Yang Wu 1,2,
Xiang Gao 1,2, Shuang-Shuang Zheng1,2, Hui-Min Gu1,2, Ya-Nan Zhang7,
Jian-Bin Wu 1,2, Fan Wu 8, Yonglin Peng 6, Xiao-Wen Zhang 1,2,
Ren-Ya Zhan 8, Li-Xia Gao 9, Qiming Sun 10, Xing Guo 7,
Xiao-Dong Zhao 6, Jian-Hong Luo11,12, Ruhong Zhou 13, Lei Han4 ,
Yousheng Shu 3 & Jing-Wei Zhao 1,2

As a major neuron type in the brain, the excitatory neuron (EN) regulates the
lifespan in C. elegans. How the EN acquires senescence, however, is unknown.
Here, we show that growth differentiation factor 11 (GDF11) is predominantly
expressed in the EN in the adult mouse, marmoset and human brain. In mice,
selective knock-out of GDF11 in the post-mitotic EN shapes the brain ageing-
related transcriptional profile, induces EN senescence and hyperexcitability,
prunes their dendrites, impedes their synaptic input, impairs object recogni-
tion memory and shortens the lifespan, establishing a functional link between
GDF11, brain ageing and cognition. In vitro GDF11 deletion causes cellular
senescence in Neuro-2a cells. Mechanistically, GDF11 deletion induces neuro-
nal senescence via Smad2-induced transcription of the pro-senescence factor
p21. This work indicates that endogenous GDF11 acts as a brake on EN senes-
cence and brain ageing.

Ageing drives cognitive decline and mental fragility during healthy
ageing life1 and is also the most prominent single risk factor for neu-
rodegenerative diseases2. Cellular senescence is a fundamental
mechanism underlying organismal ageing and can occur not only in
proliferative cells3 but also in post-mitotic neurons4 of the central
nervous system (CNS). Indeed, post-mitotic neuronal senescence is
presented in the aged brain of multiple species including mouse5 and
human6,7. Importantly, neuronal senescence could be the main culprit
of human organismal ageing6,8. Senescent post-mitotic neurons shift
their activity to strengthen their secretory function and acquire the
senescence-associated secretory phenotype (SASP)8. However, how
senescent neurons negatively influence other cells through the SASP is
just beginning to be explored experimentally9. Ageing drives distinct
transcription programs in a cell-type-dependentmanner in the brain10,
and a recent study reported that the predominant senescent cell type
in the postmortem aged human brain is the excitatory neuron (EN)7.

With chronological ageing, the activity of the EN in the brain increased
while inhibition of the EN activity extends lifespan inC. elegans11. These
studies have highlighted the EN as the major cell type which con-
tributes to ageing of not only the brain but also the whole body.
However, these questions remain unknown. (1) How does the EN itself
in the brain get senescent? (2) Whether induction of cellular senes-
cence of the EN is sufficient to cause brain ageing, cognitive decline
and even affects lifespan? It is imperative to understand how brain
ages by answering these questions.

Here we show that growth differentiation factor 11 (GDF11), a
putative systemic rejuvenation factor12–14, was predominantly expres-
sed in the EN in the adult mouse, marmoset and human brain. In vivo
selective deletion of GDF11 in the post-mitotic EN caused EN senes-
cence and hyperexcitability, reduced their synaptic inputs, impaired
object recognition memory and social cognition and shortened life-
span inmice. In vitro knocking-out GDF11 induced cellular senescence.
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Mechanistically, lossofGDF11 induces neuronal senescence via Smad2-
induced upregulation of p21. This study uncovers a molecular
mechanism that GDF11 slows excitatory neuronal senescence, brain
ageing and maintains lifespan.

Results
GDF11 is expressed in the excitatory neurons of the adult brain
The specificity of 4 anti-GDF11 antibodies was carefully character-
ized here (Supplementary Fig. 1a–d and Supplementary Table 1) and
partially in previous studies15,16, and was further validated by using
the cerebral cortices of the conditionally GDF11 knockout mice,
GDF11cKO mice (GDF11f/f; Ca2+/calmodulin-dependent protein kinase
II alpha-Cre, abbreviated to CaMKIIα-Cre), in which GDF11 was
deleted exclusively in the CaMKIIα+ EN (Supplementary Fig.1e).
Using immunofluorescence of this specific anti-GDF11 antibody,
mouse anti-GDF11 antibody (R&D, MAB19581), we show that in the
adult brain of mouse aged 3 months (M) (Fig. 1a), GDF11 was widely
expressed in neurons in the cerebral cortex (Fig. 1b) and other parts
of the CNS, consistent with a previous study17. We further found that
GDF11 was predominantly expressed in the CaMKIIα+ EN in the
cerebral cortex (Fig. 1c) of the adult mouse: about 90% GDF11+

neurons were CaMKIIα+ (Fig. 1d) while about 80% CaMKIIα+ neurons
were GDF11+ (Fig. 1e). Immuno-electron microscopy (immuno-EM)
further revealed that GDF11 was localized to the cytoplasm, the
Golgi complex, the excitatory presynaptic axonal terminals and
their postsynaptic dendrites (Fig. 1f and Supplementary Fig. 2a, b).
GDF11 was found neither in γ-aminobutyric acid (GABA) positive
inhibitory neurons (Fig. 1g), Olig2+ oligodendrocyte lineage cells
(Fig. 1h), glial fibrillary acidic protein (GFAP) positive astrocytes
(Fig. 1h), Ionized calcium-binding adapter molecule 1 (Iba1) positive
microglia (Fig. 1h), doublecortin (Dcx) positive neuronal progeni-
tors (Fig. 1h), nor at the inhibitory synapses using immuno-EM
(Supplementary Fig. 2c).

To explore whether the expression of GDF11 in the EN conserves
across different species, we found that in the cerebral cortices of two
marmosets aged 62M and 70M, respectively (Fig. 1i), GDF11 was
expressed in the soma and main processes of CaMKIIα+ EN (Fig. 1j).
Again, about 90% GDF11+ neurons were found to be CaMKIIα+ (Fig. 1k),
and 80%CaMKIIα+ neurons expressed GDF11 (Fig. 1l), highly consistent
with our results of the mouse (Fig. 1d, e). GDF11 was not seen in GABA+

inhibitory neurons (Fig. 1m), Olig2+ oligodendrocyte lineage cells
(Fig. 1n), or GFAP+ astrocytes (Fig. 1o). Furthermore, using cortical
tissues of 4 patients, aged from23 to60 years of bothmale and female,
who suffered acute brain injury and 2 patients, aged 23 and 24 years
respectively, who were diagnosed with intractable epilepsy and the
focus of epileptic cortices had to be removed surgically, we found that
in the peri-lesion and peri-epileptic cortices, GDF11 was predominantly
expressed in theCaMKIIα+ EN in the cerebral cortex of the adult human
brain (Fig. 1p–t), similar to that of GDF11 in the cerebral cortices of the
mouse and the marmoset in both the pattern and the quantification.
Collectively, our data indicate that GDF11 is predominantly expressed
in the EN in the adult mouse, marmoset and human brain.

Loss ofGDF11 in excitatory neurons causes their own senescence
and brain ageing
To explore whether the transcription of GDF11 changes with pro-
gressive ageing, we found that the mRNA of GDF11 in the whole brain
(fromolfactory bulb tomedulla oblongata) of themouse halved at age
of 36M while no significant reduction at 9M in comparison with 3M
(Fig. 2a). Immunofluorescence double labelling intensity analysis fur-
ther showed that the protein level of GDF11 in the EN of the mouse
cerebral cortex exhibited a reduction with chronological ageing at age
of both 9M and 36M when compared with 3M (Fig. 2b, c). These
results arouse our curiosity on the role of endogenous GDF11 during
brain ageing. TodeleteGDF11 in vivo,we created anewmouse linewith

a Loxp-flanked (floxp) allele of exon 2 of GDF11 (GDF11f/f) (Supple-
mentary Fig. 3a, b) to avoid the embryonic lethality caused by systemic
deletion of GDF11 in GDF11−/− mouse18. Through GDF11f/f mouse cross-
ing with CaMKIIα-Cre mouse, in which Cre/Loxp recombination has
been confirmed to occur during the third postnatal week19, we selec-
tively deleted GDF11 in the EN of the mouse CNS (GDF11cKO, Supple-
mentary Fig. 3a, b). Our PCR results verified that GDF11 gene was
indeed deleted in GDF11cKO mice (Supplementary Fig. 3c).

To explore whether selective deletion of GDF11 in the EN of the
CNS affects neuronal senescence, we performed senescence-
associated β-galactosidase staining (SA-β-Gal staining), a widely used
method to detect senescent cells20. Quantification of SA-β-Gal+ senes-
cent cells showed that at age of 10M, no difference was seen between
WT mouse and the GDF11f/f mouse, suggesting that insertion of floxp
gene did not affect cortical cellular senescence inmice. At age of 10M,
when compared withWTmouse and the GDF11f/f mouse, an increase in
SA-β-Gal+ senescent cellswas observed exclusively in the following, but
not other, brain regions of the GDF11cKO mouse (Fig. 2d–g). In layers 4
and 5 (top, Fig. 2d, e) and layer 6a of the insular cortex (IC), and the
layer 6a in IC closely surrounds the external capsule end of the corpus
callosum (middle, Fig. 2d, f), and in layers 2 (pyramidal layer) and 3
(polymorph layer) of the piriform cortices of the GDF11cKO mouse, over
50%more SA-β-Gal+ cells were found (bottom, Fig. 2d, g). Interestingly,
at age of 17M, in addition to the IC and the piriformcortex, an increase
of SA-β-Gal+ senescent cells was also seen in the cingulate cortex of
mouse albeit no difference was seen at age of 10M (Fig. 2h–j). These
results indicate that loss of GDF11 in the EN of CNS induces cellular
senescence preferentially in certain cortical regions such as the insular,
piriform and cingulate cortices (summarized in Fig. 2k).

To clarify which cell type gets senescent, sequential labelling of
SA-β-Gal staining and immunofluorescence or immunohistochemistry
was performed. We found that the predominant SA-β-Gal+ cells were
double labeled with a pan-neuronal marker NeuN (Fig. 2l) and an EN
marker CaMKIIα (Fig. 2m) in the cortices of the GDF11f/f and GDF11cKO

mice aged 10M, with more SA-β-Gal+ cells in GDF11cKO mice than
GDF11f/f mice. Our results indicate that specific knocking-out GDF11 in
the EN accelerates EN senescence preferentially in the insular, piriform
and cingulate cortices (Fig. 2k), demonstrating that the endogenous
GDF11 in the EN is required for them to maintain themselves in young
status.

A recent study reported that the activity of the EN in the brain
increased with ageing while inhibition of the EN activity extends life-
span in C. elegans11. However, so far it remains unknown whether the
EN regulates lifespan in species other than C. elegans. To this end, we
specifically deleted GDF11 in the EN of the mouse CNS, and found that
the median survival rate was 25 months for GDF11f/f mice while
22.8 months for GDF11cKO mice (Fig. 2n), equivalent to a 10% reduction
in lifespan for GDF11cKO mice. This result indicates that loss of GDF11 in
the EN shortens lifespan in mice, highlighting the essential role of
GDF11 in the EN on not only brain ageing but also organismal ageing.
These results reveal the first molecular mechanism underlying the EN
senescence in vivo.

Loss of GDF11 induces cellular senescence in vitro
To directly assess whether loss of GDF11 in neuronal cells affects cel-
lular senescence, we adopted CRISPR/Cas9 gene knockout strategy
and specifically deleted part of exon 2 of GDF11 gene in Neuro-2a cells
(Supplementary Fig. 4a, b) that expressed NeuN (Fig. 3a), consistent
with their identity of a neuronal cell line. The GDF11KO or WT Neuro-2a
cells were expanded and confirmed through single clone expansion.
GDF11 deletion was confirmed at the DNA, mRNA and protein level.
Our PCR results yielded 992 bp for WT and 514 bp for GDF11KO Neuro-
2a cells (Fig. 3b), and RNA sequencing (RNA-seq) showed the precise
deletion of the targeted part of exon 2 of GDF11 (Fig. 3c), and the
deletion was also verified by qPCR (Fig. 3d) and the abolished labeling
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of GDF11 in western blot (Fig. 3e) and immunofluorescence (Fig. 3f),
verifying a bona-fide deletion of GDF11 exon 2 in GDF11KO cells. 3
independent clones of GDF11KO cells were obtained, and cultured
continuously up to 65 days in vitro (DIV), equivalent to 21 passages or
roughly 42 cell divisions to collect sufficient number of cells for the
planned experiments. Similar to our in vivo results, knocking-out

GDF11 caused an over twofold increase in the proportion of SA-β-Gal+

cells (Fig. 3g, h), and consistent results were obtained in all three
independent clones (Fig. 3i and Supplementary Fig. 4c–f), showing
that deleting GDF11 indeed exacerbated cellular senescence in vitro.
Loss of GDF11-induced increase of SA-β-Gal+ cells was also confirmed at
20 DIV, equivalent to 6 passages or 12 cell divisions. Our results that
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loss of GDF11 caused an increase of SA-β-Gal+ cells both in vivo and
in vitro suggest an autophagy/mitophagy dysfunction, manifesting a
feature of post-mitotic neuronal senescence21. By measuring the
nucleus area of the microscopic images, we found that an increase in
nucleus area in cells lacking GDF11 in comparisonwithWT cells (Fig. 3j,
k), manifesting the enlarged nucleus size, another known feature of
cellular senescence22. Our data indicate that GDF11 deletion exacer-
bates cellular senescence and enlarges cell nuclear size on average.

To examine the global transcriptional alterations caused byGDF11
deletion, we performed bulk RNA-seq of GDF11KO and WT Neuro-2a
cells. In comparison with WT cells, 706 genes were upregulated while
411 genes were downregulated in GDF11KO cells (Fig. 3l). Among the
downregulated genes, glutathione S-transferaseomega 1 (Gsto1) was in
the top list (Fig. 3l), consistent with previous reports that the level of
Gsto1 is associated with delaying age-at-onset of Alzheimer disease
(AD) and Parkinson disease (PD) in patients23, and mutation at rs4925
ofGsto1 is a geneticmarker formild cognitive impairment in late-onset
AD24. We found that the most upregulated gene was Adcyap1r1, ade-
nylate cyclase-activating polypeptide 1 receptor 1 (Pac1 receptor)
(Fig. 3l), which was upregulated in the brain of aged rat in a previous
study25.

To understand the general biological pathways upregulated or
downregulated byGDF11 deletion, we did gene ontology (GO) analysis.
Among the 20 enriched cellular senescence and ageing-related biolo-
gical processes, loss of GDF11 enhanced biological processeswhich are
mainly relevant to cell adhesion, cell proliferation, response to cyto-
kine stimulus, synapse and learning or memory (Supplementary
Fig. 4g), suggesting that loss of GDF11 affects a spectrum of
senescence-associated biological processes. Among the down-
regulated biological processes, 7 out of the top 10 enriched pathways
were relevant to metabolism, associating GDF11 with metabolism.
These results are consistent with cellular senescence profiles8. Among
all enriched pathways, lipid metabolic process ranked the sixth
(Fig. 3m). We further selected the genes up or downregulated over
twofold in lipid metabolic process and presented in the heatmap
(Fig. 3n), and found that Tmem159 (also known as lipid droplet
assembly factor 1, LDAF1) was upregulated whereas Pnpla3 (Adiponu-
trin) was downregulated by GDF11 deletion (Fig. 3n). Our western blot
results validated that loss of GDF11 upregulated Tmem159 to fivefolds
at protein level (Supplementary Fig. 5a, b). Consistently, previous
studies showed that Tmem159 (LDAF1) plays a pivotal role in lipid
droplet formation26 whereas Pnpla3 participates in restoration of lipid
upon aberrant lipid accumulation27. These data suggest that GDF11
deletion might cause lipid droplets accumulation. To test this possi-
bility, we studied the cellular ultrastructure under transmission elec-
tron microscope (TEM). We found that in comparison with WT cells

(Fig. 3o), loss of GDF11 doubled the number (Fig. 3p, q) and increased
the area (Fig. 3o–r) of lipofuscin, manifesting lipofuscin accumulation,
a typical feature of senescent cells28. In WT cells the normal lipofuscin
(secondary lysosome) was smaller and contained smaller electron
dense particles (Fig. 3p), whereas in GDF11KO cells there weremore and
larger lipofuscin that contained many larger electron dense particles,
onion-like layered structures and more lipid droplets (Fig. 3p). In
addition, loss of GDF11 did not affect the number of mitochondria
(Fig. 3s, t) but caused a decrease in mitochondrial area (Fig. 3s, u),
suggesting GDF11 deletion might impair mitochondria. Together with
the results that loss of GDF11 led to lipofuscin accumulation, these
results support that loss of GDF11 may induce senescence-associated
mitochondria dysfunction, a feature of post-mitotic neuronal
senescence21. Besides, in GDF11KO cells, the number of neurosecretory
granules increased to five times ofWT cells (Fig. 3s, v), suggesting that
loss of GDF11 may affect neurosecretory process which could involve
production, release or degradation of neuronal substances. Together,
GDF11 deletion increases SA-β-Gal+ cells, likely impair lipidmetabolism,
causes accumulation of lipofuscin and neurosecretory granules in the
cytoplasm of the cells, and may impair mitochondria, manifesting
features of post-mitotic neuronal senescence21,29.

Loss of GDF11 in excitatory neurons impairs cognition
and memory
Having shown that loss of GDF11 in the EN causes EN senescence
preferentially in three brain regions: the insular, piriform and cin-
gulate cortices (Fig. 2). Among these three cortical regions, we chose
to target the cingulate gyrus 2 (Cg2) in the prefrontal cortex because
it is easier for accurate microinjection and it has been established a
battery of specific behavioral tests on Cg30,31. To further explore
whether selective loss of GDF11 in the EN affects their function, we
took Cre/loxp strategy and exclusively deleted GDF11 in the EN by a
focal injection of AAV9-CaMKIIa-Cre-EGFP into Cg2 of the GDF11f/f

mouse (fGDF11cKO, abbreviated to KO), while a focal injection of
AAV9-CaMKIIα-EGFP virus was used as the control (Ctrl) (Fig. 4a).
First, our sequential labelling of SA-β-Gal staining and immunohis-
tochemistry of CaMKIIα confirmed that in vivo specific and focal
knocking-out GDF11 in the EN in Cg2 promoted a focal excitatory
neuronal senescence indeed at age of 4–5M (Supplementary Fig. 6).
Our whole-cell patch clamp recording revealed an increase in excit-
ability of the EN with GDF11 deleted at age of 4–5M (Fig. 4b–f): in
response to injection of a series of current pulses, comparedwith the
control, the EN with GDF11 deleted exhibited higher frequency of
action potential (AP) (Fig. 4c–e). The pooled frequency-current
curves (Fig. 4f) displayed a hyperexcitability in KO EN. Close exam-
ination of the AP waveform revealed a more depolarized voltage

Fig. 1 | GDF11 is predominantly expressed in the EN in the adult mouse, mar-
moset and human brain. a–e Schematic diagrams of the brain of mouse (a), and
the red box in the cerebral cortex shows the locationwhere the images were taken.
Immunofluorescence double labelling (b, c, 2 double-labelled neurons are indi-
cated as examples in (b, c)) and quantification (d, e, n = 6 images from 3 mice) of
GDF11 (green, b) and NeuN (red, b) or GDF11 (green, c) and CaMKIIα (red, c) in the
cerebral cortices of the mice aged 3 months (3M). f Representative images of
immuno-electron microscopy (Immuno-EM) of GDF11 labelled with nanogold par-
ticles (there are many GDF11 labelled black dots and only some examples are
indicated with red arrows) in the cerebral cortex of the mice aged 3M (n = 3 mice).
Nuc, nucleus; Den, dendrite. g Immunofluorescence double labelling of GDF11
(green, arrow) and GABA (red, double arrowheads) (n = 3 mice).
h Immunofluorescence double labelling of GDF11 (green) together with Olig2 (red,
left), GFAP (red,middle), Iba1 (red,middle) in the cerebral cortex (Cx) andDcx (red,
right) in the dentate gyrus (DG) of the mice aged 3M (n = 3 mice). The GDF11
negative cells are indicated by arrows in (h). i Schematic diagrams of the brain of
the marmoset (one aged 62M and another aged 70M), and the red box in the
cerebral cortex shows the location of the images (n = 2 marmosets).

j–o Immunofluorescence double labelling (j, m, n, o) and quantification (k, l) of
GDF11 (green) together with CaMKIIα (red, j, k, l, 2 double-labelled neurons are
indicated as examples in (j); n = 8 images from 2 marmosets) or GABA (red, m),
Olig2 (red, n) or GFAP (red, o). The GDF11 negative cells are indicated by arrows in
(m, n, q). p Schematic diagrams of the human brain. The red box in the cerebral
cortex shows the location of the images.q–s Immunofluorescence double labelling
(q, male patient aged 24 years (Y) and female patient aged 23Y diagnosed with
intractable epilepsy and the focus of epileptic cortices had to be removed surgi-
cally) and quantification (r, s, n = 4 patients, male patient aged 23Y, male patient
aged 52Y, female patient aged 54Y andmale patient aged60Y suffered brain injury)
of GDF11 (green) together with CaMKIIα (red) in the cerebral cortex of patients and
2 double-labelled neurons are indicated by arrows in (q). t Immunofluorescence
double labelling of GDF11 (green) together with GABA (red, left), Olig2 (red, mid-
dle), GFAP (red,middle) and Iba1 (red, right) in the cerebral cortex of patients (n = 4
patients). The GDF11 negative cells are indicated by arrows in (t). Scale bars, as
shown on the images, 30μm (b, c), 250nm (f), 10μm (g), 40μm (j,m, n, o), 20μm
(h, q, t). Data are presented as mean ± SEM. Source data are provided with
this paper.
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threshold (Fig. 4g) and a slightly smaller peak amplitude (AMP) in KO
EN (Fig. 4g). Membrane potential responses to negative current
pulses showed that KO EN possessed greater input resistance and
membrane constant, resulting in smaller cell capacitance but bigger
sag ratio (Fig. 4h). The elevated input resistance and resting mem-
brane potential (RMP) (Fig. 4h) may overcome the small increase in
voltage threshold, causing an enhancement of neuronal excitability.

These results show that loss of GDF11 alters active and passive
membrane properties in the EN, resulting in their own
hyperexcitability.

To further explorewhether selective lossofGDF11 in the EN inCg2
of the prefrontal cortex in GDF11f/f mice affects their functional
synaptic connectivity, we recorded both miniature excitatory and
inhibitory postsynaptic currents (mEPSC and mIPSC) on the EN.
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Compared with the control, the EN with GDF11 deleted showed
impaired mIPSC. The mIPSCs exhibited a dramatic decrease in their
frequency (Fig. 4i, k) and an increase in the rising time (Fig. 4j) while
the amplitude remained similar (Fig. 4l). However, no change was
detected in mEPSCs on either frequency or amplitude (Fig. 4m–p).
Using TEM we quantified both the excitatory and inhibitory synapses
in Cg2. Our results showed that in vivo selective deletion of GDF11 in
the EN in Cg2 caused the number of inhibitory synapses per excitatory
neuron body decreased over 50%, which can reduce the inhibitory
input onto the EN and thus reduces the frequency of mIPSCs (Sup-
plementary Fig. 11a, b). Meanwhile, the number of excitatory synapses
decreased, but the excitatory input per postsynaptic membrane
increased inCg2, which could formadynamic balance anddid not lead
to the modification of mEPSC frequency (Supplementary Fig. 11c–f).
These data indicate that loss of GDF11 in the EN decreases their inhi-
bitory inputwhile increases their excitatory input. To examinewhether
neurotransmitter release probability of these synaptic inputs is altered
by GDF11 deletion, we examined the paired-pulse ratio (PPR) with
extracellular stimulation (Fig. 4q, r). We found that neither IPSCs
(Fig. 4q) nor EPSCs (Fig. 4r) displayed a change in PPR, suggesting that
the reduced mIPSC frequency is not attributable to alterations in
presynaptic release probability but may result from a change in the
number of functional inhibitory synapses. In these electro-
physiological experiments, the GFP- EN in control mice and KO mice,
and the EN rescued by re-expressedGDF11 in GDF11cKOmice showed no
difference in all above-mentioned parameters. These results indicate
that in vivo GDF11 deletion in the EN decreases the inhibitory input but
increases the excitatory input onto the EN, and the dynamic balance
ultimately leads to neuronal hyperexcitability, manifesting an emer-
ging feature of the aged EN.

Having shown that focal and selective deletion of GDF11 in the EN
of Cg2 causes their own senescence and hyperexcitability, we wonder
whether such effects could translate into behavioral changes. To
explore this, a battery of behavioral tests was performed in order.
Using three chamber test (3CT)32, we found that both fGDF11cKO and
control mice, aged 4–5M, did not show a preference between testing
objects 1 and 2 at habituation session (Fig. 4s, t). Interestingly, com-
pared with the control mice, fGDF11cKO mice exhibited lower level of
not only social activity on spending time between the social chamber
(S1) and the object chamber (O) during the sociability session (Fig. 4s,
u) but also social memory on discriminating between the familiar (S1)
and the novel (S2) mouse chambers (Fig. 4s, v), indicating impeded
sociability and social memory in fGDF11cKO mice. In both fGDF11cKO and

control mice, similar levels of locomotion in open field test (OFT),
anxiety-like behavior in elevatedplusmaze (EPM) test, aversive stimuli-
driven memory in passive avoidance test (PAT, light–dark transition
test) and despair behavior in tail suspension test (TST) were found
(Supplementary Fig. 7). These results indicate that focal deletion of
GDF11 in the EN of Cg2 deteriorates social cognition in mice.

Since in vivo systemic and selective deletion of GDF11 in the EN of
the CNS accelerates EN senescence preferentially in the insular and
piriform cortices at age of 10M (Fig. 2), we wonder whether these
impairments could also affect cognition. OFT, EPM, Novel object
recognition test (NORT) and PAT were conducted successively. Inter-
estingly, at age of 10M, during NORT under our experimental
parameters33, in contrast to GDF11f/f mice who spent more time to
explore the novel objects, GDF11cKO mice failed to distinguish between
the novel and the familiar objects (Fig. 4w–y), indicating a declined
ability for GDF11cKO mice to recognize new objects or environmental
cues, manifesting the impeded object recognition memory in aged
animals33. However, in comparison with GDF11f/f mice, GDF11cKO mice
exhibited no difference on locomotion during OFT, anxiety level in
EPM and aversive stimuli-driven memory in PAT (Supplementary
Fig. 8). Collectively, both focal and systemic deletion of GDF11 in the
EN deteriorates sociability, social memory and object recognition
memory inmice, indicating that induction of cellular senescence in the
EN by deleting GDF11 is sufficient to cause cognitive decline.

GDF11 deletion shapes an excitatory neuronal senescence
profile
To gain insight into changes in gene transcription in the EN in which
GDF11 is deleted, we performed unbiased high-throughput single-
nucleus RNA-seq (snRNA-seq) on cells in Cg2 in mouse prefrontal
cortex. In fGDF11cKO (abbreviated to KO) mice GDF11 was selectively
deletedonly in theGFP+ ENwhile in controlGDF11f/f (Ctrl)miceno gene
was designed to be deleted. After filtering, we ultimately obtained the
transcriptomes of 24,803 single nuclei derived from the Cg2 of 3
fGDF11cKO mice and 3 GDF11f/f mice (Fig. 5a). With uniform manifold
approximation and projection (UMAP), we totally annotated 16 cell
types in Cg2 with canonical marker genes (Fig. 5b and Supplementary
Fig. 9). GDF11 mRNA was exclusively depleted in KO-GFP+ group but
remained unchanged in both GDF11f/f control (Ctrl-GFP+ and Ctrl-GFP-)
and KO-GFP- group (Fig. 5c), confirming that deletion of GDF11 is
specific and only in the EN.

To investigate whether loss of GDF11 in the EN affects known
ageing-related genes, we selected the ageing-related genes and

Fig. 2 | Selective deletion of GDF11 in the EN of the CNS accelerates their own
senescence preferentially in the insular, piriform and cingulate cortices and
shortens lifespan inmice. aQuantification by qPCR of the relativemRNAof GDF11
in the brain of the WT mice aged 3M, 9M or 36M (n = 3 mice/group).
b Immunofluorescence double labelling of GDF11 (green) and CaMKIIα (red) in the
cerebral cortices of themice aged 3M, 9M and 36M. One GDF11+CaMKIIα+ neuron
is indicated by an arrow as an example per group. c Quantification of the average
gray value of GDF11 in GDF11+CaMKIIα+ neurons in the cerebral cortices of themice
aged 3M, 9M and 36M (3M, n = 140; 9M, n = 160; 36M, n = 232 cells).
d–g Representative images (d) and quantification (e–g) of the SA-β-Gal+ cells in
layers 4 and 5 (d, up, and e, the dashed lines indicate the borders of layers 4 and 5,
WT, n = 6; GDF11f/f, n = 8; GDF11cKO, n = 6), layer 6a (d, middle, and f layer 6a is the
deep layer cortex near the corpus callosum (CC),WT,n = 8;GDF11f/f, n = 8; GDF11cKO,
n = 8) of the insular cortex (IC), and layers 2 and 3 of the piriform cortex (d, down,
and g the dashed lines indicate the borders of layers 2 and 3, WT, n = 8; GDF11f/f,
n = 10; GDF11cKO, n = 10) of GDF11cKO or GDF11f/f or WT mice aged 10M. h–j Repre-
sentative images (h) and quantification of the SA-β-Gal+ cells in the cingulate cortex
of GDF11cKO or GDF11f/f mice aged 10M (i, GDF11f/f, n = 8; GDF11cKO, n = 6) and 17M
(j, GDF11f/f, n = 3; GDF11cKO, n = 4). Examples of the SA-β-Gal+ cells are indicated by
double arrowheads in (d, h). k A schematic summary on the distribution of the SA-
β-Gal+ cells in the brain of GDF11cKO or GDF11f/f mice aged 10M and 17M.

l Representative images of double labelling of SA-β-Gal staining (blue) and immu-
nofluorescence of NeuN (fluorescence shown in white) in the insular cortex of
GDF11cKO or GDF11f/f mice aged 10M. Examples of the SA-β-Gal+NeuN+ neurons are
indicated by red arrowheads.m Representative images of double labelling of SA-β-
Gal staining (blue) and immunohistochemical staining of CaMKIIα (brown) in the
cerebral cortices of GDF11cKO or GDF11f/f mice aged 10M. Examples of the SA-β-
Gal+CaMKIIα+ ENs are indicated by black arrows.n Survival curves ofGDF11f/f (n = 35
mice) andGDF11cKOmice (n = 15mice)whichdiednaturally, and log-rank test P value
was shown. Median survival is 25 months in GDF11f/f mice and 22.8 months in
GDF11cKO mice. Scale bars, as shown on the images, 20μm (b, d up, m), 40μm
(d, middle and down), 50μm (h) and 10μm (l). Data are presented as mean± SEM.
*P <0.05, **P <0.01. a (F (2, 6) = 6.672, e 0.0298; 3M versus 36M, P =0.0270), c (F
(2529) = 18.77, P <0.0001; 3M versus 9M, P <0.0001; 3M versus 36M, P <0.0001;
9M versus 36M, P =0.5477), e (F (2, 17) = 20.14, P <0.0001; WT versus GDF11f/f,
P =0.9950; GDF11f/f, versus GDF11cKO, P <0.0001), f (F (2, 21) = 4.825, P =0.0189; WT
versus GDF11f/f, P =0.9963; GDF11f/f, versus GDF11cKO, P =0.0322) and g (F (2,
25) = 11.61, P =0.0003; WT versus GDF11f/f, P =0.4738; GDF11f/f, versus GDF11cKO,
P =0.0002). One-way ANOVA with post Tukey multiple comparisons test.
i (P =0.3427) and j (P =0.0280), unpaired two-tailed t test. Source data are pro-
vided with this paper.
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validated with published studies. Our snRNA-seq revealed that loss of
GDF11 in the EN caused a transcriptional increase in the gene sets
(Cdkn1a/p21, Ctsz and Sp1 were the top 3) which have been reported
upregulated during brain ageing5 and a transcriptional decrease in
those genes which have been shown downregulated during brain
ageing34 (Mbp, Pkm and Becn1 were the top three downregulated,
Fig. 5d). To explore whether loss of GDF11 induced EN senescence
negatively influences other cells through the SASP, analysis of our

snRNA-seq data showed that selective deletion of GDF11 in the EN
upregulatedgenes such Icam1, Timp2while downregulatedgenes such
as Igfbp4, Igfbp6 and Scamp4 (Fig. 5e), consistent with the profiles of
senescence-associated secretome8,9. Thus, loss of GDF11 in the EN
drives transcriptional programs consistently associated with the SASP.

To test whether the morphological properties of the EN were
affected by knocking-out GDF11, we added biocytin to the internal
solution of patch pipettes andperformedpost hoc streptavidin staining
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of the recorded EN. Sholl analysis (WT: n = 11 vs. KO: n = 11 cells; Fig. 5f
and Supplementary Fig. 10) revealed that at age of 4–5M, knocking-out
GDF11 caused a decrease in the number of dendritic branches (Fig. 5g,
h), the number of apical dendrite intersections (Fig. 5i) and the apical
dendrite length (Fig. 5j). Specifically, the apical dendrite length in
branch order 2 and order 3 (Fig. 5k) were shortened. Knocking-out
GDF11 also slightly but non-significantly reduced the number of basal
dendrite intersections (Fig. 5l), the basal dendrite length (Fig. 5m, n) as
well as the number of axon intersections (Fig. 5o, p).

Next, we compared the dendritic spines of the EN at high magni-
fication (WT: n = 16; KO: n = 16) and found that loss of GDF11 impeded
their spine morphology in two ways. Firstly, knocking-out GDF11
decreased the spinedensity (Fig. 5q, r). Secondly, it surprisingly enlarged
the spine head of the remainedmushroom spines (Fig. 5q, s). Moreover,
the mushroom spine diameter showed a negative correlation with the
spine density in the GDF11 knocking-out group, however, it displayed no
obvious correlation in the control group (Fig. 5t). Our TEM semi-
quantification results revealed that loss of GDF11 in the EN decreases
their inhibitory input but increases their excitatory input (Supplemen-
tary Fig. 11), consistent with our electrophysiological data (Fig. 4c–h).

In vivo selective deletion of GDF11 in the EN affects the tran-
scription of both the excitatory and the inhibitory synapse assembly
related genes (Supplementary Fig. 12). The most upregulated Abi3bp
triggers cellular senescence through p21 pathway35, and Wnt7a is an
inducer of beta-catenin-independent cellular senescence36. Interest-
ingly, transcription of Srgap2 was also upregulated by loss of GDF11
(Supplementary Fig. 12a, b). Srgap2 encodes SLIT-ROBO Rho-GTPase-
activating protein 2 (SRGAP2)whichpromotes spinematuration, limits
spine length in the mouse neocortex37, and increases the density of
longer spines, a feature characterizing pyramidal neurons in human
neocortex38. These previous results consistently support our results
that loss of GDF11 in the EN decreases the total spine density while
increase mushroom spine diameter (Fig. 5) and accelerates EN senes-
cence (Fig. 2).

Collectively, loss of GDF11 in the EN prunes and shortens their
dendrites, reduces their dendritic mushroom spine density while
enlarges their size, indicating that loss of GDF11 impairs the capacity of
the EN likely through receiving less inhibitory but more excitatory
synaptic inputs (Fig. 5u).

GDF11 deletion upregulates p21
To investigate the cellular pathways which could mediate the accel-
erated EN senescence induced by deletion of GDF11 in the EN in vivo,
gene set enrichment analysis (GSEA) on cellular pathways was

performed. The same SnRNA-seq original data as used in Fig. 5 were
also used here. Our GSEA analysis revealed that in comparisonwith the
GFP- EN, in vivo loss of GDF11 in the GFP+ EN upregulated 3, out of the
top 10, pathways on ribonucleoprotein complex (Fig. 6a), consistent
with previously reported upregulation of ribosome biogenesis path-
way in neurons during natural ageing of mice10. In parallel, in vivo loss
of GDF11 in the GFP+ EN downregulated 8, out of the top 10, pathways
associated with synapse (Fig. 6b), consistent with both our current
electrophysiological results (Figs. 4 and 5) and reported down-
regulation of synaptic transmission pathways in neurons during nat-
ural ageing of both mice10 and human6,11.

To further identify the transcriptional changes induced by in vivo
loss ofGDF11,weperformeddifferential geneexpression (DEG) analysis.
Again, the same SnRNA-seq original data were used. DEGs of upregu-
lated or downregulated genes yielded consistent results when KO was
compared with two different controls, either between KO and control
mice or in the sameKOmouse: the GFP+ EN in KO-GFP+ versus Ctrl-GFP+

(Fig. 6c), and KO-GFP+ versus KO-GFP- (Fig. 6d). In vivo loss of GDF11 in
the EN downregulated synaptotagmin-1 (Syt1) (Fig. 6c, d) which has
been shown to be involved in the docking, priming and fusion of
synaptic vesicles39, consistent with the reduced neuronal synaptic
transmission in the naturally aged brain of mice10 and human6,11.

Among the top upregulated genes, Cdkn1a/p21 was upregulated
in GDF11 deleted EN (Fig. 6c–f). Interestingly, Cdkn1a/p21 has been
shown as a pro-senescence factor for post-mitotic neurons5,40 and is
upregulated in the naturally agedmouse brain10. Cell type distribution
revealed that p21 was transcribed predominantly in the EN albeit also
in other cell types withmuch smaller numbers (Fig. 6e). In comparison
with various control groups, loss of GDF11 in the EN upregulated the
mRNA of p21 to about fourfolds (Fig. 6g) and that of p53, another pro-
senescence factor which is upstream to p21, to about twofold (Fig. 6h).
Consistently, 2 target molecules of p53 were also upregulated by loss
of GDF11 in the EN (Fig. 6c, d): tumor protein p53-induced nuclear
protein 1 (Trp53inp1) which mediates cell cycle arrest or autophagy41

and its upregulation leads to the development of age-related
cataracts42, and Pleckstrin homology-like domain family A, member 3
(Phlda3) which competitively suppresses Akt and indirectly regulates
p5343. We also compared the in vitro transcriptome of the cellular
senescence-related genes by bulk RNA-seq between GDF11KO versus
WTNeuro-2a cells. These genes were selected fromGO database40 and
their functions on cellular senescence were validated according to
published studies. Our GO analysis revealed that among the top
20 senescence or ageing-related biological processes, they are mainly
associated with cell adhesion, cell proliferation, response to cytokine

Fig. 3 | In vitro loss of GDF11 induces cellular senescence phenotypes and
senescence-associated transcriptional programs. a Immunofluorescence image
of NeuN (green) in Neuro-2a cells (n = 6 fields). Scale bar, 40μm. b PCR of the cell
genomes verified successful knockout of the targeted part of exon 2 of GDF11 in
Neuro-2a cells (GDF11KO) (n = 3 clones of GDF11KO cells). c Verification of GDF11
knockout by comparing the mRNA enrichment tracks of GDF11 between GDF11KO

and WT Neuro2a cells by bulk RNA-seq. d Quantification of the relative mRNA of
GDF11 in the GDF11KO and WT Neuro-2a cells by qPCR (n = 3 biological repeats/
group). e, f Western blot (e) and Immunofluorescence of GDF11 (f, scale bar,
40μm) in GDF11KO or WT Neuro-2a cells (n = 3 biological repeats/ group).
g, h Representative images (g) and quantification (h, GDF11KO, n = 13; WT, n = 12
fields) of the SA-β-Gal+ cells (blue) in GDF11KO and WT Neuro-2a cells. All cells are
indicated by black stars, and a few representative SA-β-Gal+ cells are indicated by
black arrows. Scale bar, 50μm. iQuantification of SA-β-Gal+ cells in 3 independent
clones of GDF11KO and WT Neuro-2a cells (GDF11KO, n = 3; WT, n = 3 clones).
j, k Representative images (j, DAPI, blue) and quantification (k, GDF11KO, n = 234
cells; WT, n = 211 cells) of the nuclei of GDF11KO and WT Neuro-2a cells. Scale bar,
3μm. l Volcano plot of upregulated (706) and downregulated (411) genes caused
by deletion of GDF11 in Neuro-2a cells and revealed by bulk-RNA-seq (n = 3 clones).
mBulkRNA-seq gene ontology (GO) analysis reveals the top 10 enriched biological
processes downregulated by GDF11 deletion in Neuro-2a cells, and the logarithm

base 2 of the fold change below −1 was included. nHeatmap of downregulated (11)
or upregulated (1) genes involved in “lipid metabolic process” listed in m or “lipid
droplets” causedbydeletion ofGDF11 inNeuro-2a cells, and the logarithmbase 2of
the fold change above 1 or below −1 was included. o Representative images of
transmission electron microscope (TEM) show the ultrastructure features of
GDF11KO and WT Neuro-2a cells. Cell nucleus (Nuc), lipofuscin (light blue arrows),
neurosecretory granules (red double arrowheads) and mitochondrion (brown
arrowheads) are indicated as examples. Scale bars, 2μm. p–r Representative TEM
images (p, lipofuscins, light blue arrows) and quantification of the number (Q,
GDF11KO, n = 20 cells; WT, n = 20 cells) or the area (r, GDF11KO, n = 141; WT, n = 85
lipofuscins) of lipofuscins in the GDF11KO and WT Neuro-2a cells. Scale bars,
500 nm. s–u Representative TEM images (s, mitochondrion, brown arrowheads;
neurosecretory granules, red double arrowheads) and quantification of the num-
ber (t, GDF11KO, n = 10 cells; WT, n = 10 cells) or the area (u, GDF11KO, n = 299; WT,
n = 254 mitochondria) of the mitochondria of the GDF11KO and WT Neuro-2a cells.
Scale bars, 500 nm. v Quantification of the number of neurosecretory granules
(GDF11KO, n = 8 cells; WT, n = 10 cells) of the GDF11KO and WT Neuro-2a cells. Data
are presented asmean ± SEM. *P <0.05, **P <0.01 and “ns” indicates not significant,
d (P <0.0001), h (P <0.0001), i (P =0.0024), k (P =0.0030), q (P =0.0002),
r (P =0.0274), t (P =0.8009), u (P <0.0001), v (P =0.0047), unpaired two-tailed t
test. Source data are provided with this paper.
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stimulus and learning or memory (Supplementary Fig. 4g). Among 16
genes, 6 genes were downregulated and 10 upregulated by in vitro
GDF11 deletion. Out of 10 upregulated genes, one is Nuak1, which
controls cellular senescence shown previously44. These results suggest
that loss of GDF11 affects a spectrum of senescence-associated biolo-
gical processes and genes. In vitro loss of GDF11 also upregulated
transcription of p21 (Fig. 6i), consistent with our in vivo data showing
that loss of GDF11 in the EN upregulates p21 (Fig. 6c–g) and p53

(Fig. 6h). Collectively, GDF11 deletion both inmouse cortical EN in vivo
and in Neuro-2a cells in vitro upregulates p21.

In vivo deletion of GDF11 in excitatory neurons induced their
own senescence requires p21
Having shown that in vivo selective deletion of GDF11 in the EN of
CNS accelerates EN senescence and brain ageing preferentially in
three brain regions and impairs object recognition memory and
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social cognition (Figs. 2 and 4), and these phenotypes are associated
with upregulation of p21 (Figs. 5 and 6). Since it has been reported
that neuronal senescence can be rescued by p21 deficiency5, we
wonder whether loss of GDF11 in the EN-induced EN senescence also
requires p21. To answer this question, we generated a GDF11 and p21
double knockout mouse line (CaMKIIα-Cre; GDF11f/f; p21f/f mouse,
Fig. 7a, b). SA-β-Gal staining and quantification showed that at age of
17M,when comparedwithGDF11f/fmice, loss of GDF11 alone in the EN
(GDF11cKO mouse) promoted EN senescence preferentially in the
cingulate, insular and piriform cortices, similar to what described in
Fig. 2. Importantly, loss of GDF11 alone in the EN accelerated EN
senescence was rescued when p21 was deleted together with GDF11
(CaMKIIα-Cre; GDF11f/f; p21f/f mouse, Fig. 7c–g), indicating that loss of
GDF11 induced EN senescence requires p21. It is worthwhile to note
that loss of p21 alone reduced cellular senescence to a level sig-
nificantly less than GDF11f/f mice at the same age, consistent with an
essential role for p21 in neuronal senescence during chronological
ageing. These results indicate that loss of GDF11 in the EN-induced EN
senescence requires p21, suggesting a crucial role of p21 during EN
senescence.

Loss of GDF11 upregulates p21 via Smad2
Since both our in vitro and in vivo data showed that loss of GDF11
enhanced transcription of p21, we then verified by qPCR that the
transcription of p21 increased about twofold by in vitroGDF11 deletion
(Fig. 8a). Immunofluorescence (Fig. 8b) further showed that the den-
sity (Fig. 8c), the proportion (Fig. 8d) of p21+ cells and single cell p21

immunofluorescence intensity (Fig. 8e) were all increased by in vitro
GDF11 deletion, supporting that cellular senescence caused by loss of
GDF11 is associated with p21 upregulation.

Having shown that loss of GDF11 in the EN of the CNS accelerates
EN senescence, to explore its underlying molecular mechanism, our
snRNA-seq analysis of 24803 single nuclei obtained from the Cg2 of 3
fGDF11cKO and 3 GDF11f/f mice revealed that in the EN, Smad3 was
among the top regulons (Fig. 8f), and the regulon activity of Smad3
was enhanced in the EN (Fig. 8g). The gene and the transcription factor
network analysis displayed a strong interaction network amongGDF11,
Smad2, Smad3 and Cdkn1a/p21 (Fig. 8h).

To carefully dissect the sequentially regulatory mechanism
underlying the p21 upregulation caused by the loss of GDF11, we
showed with western blot that in comparison with WT Neuro-2a
cells, GDF11 deletion did not affect Smad2 (Fig. 8i, j) but increased
both phosphorylated Smad2 (pSmad2) (Fig. 8i, k) and Smad3 (Fig. 8l,
m). Since pSmad2 is necessary for nuclear entry of Smad
tricomplex45,46 of which Smad3 is also a member47, we wonder
whether Smad2 directly binds to the promoter of p21. By chromatin-
immunoprecipitation q-PCR (ChIP-qPCR) technique we found that
at p21 promoter Smad2 occupancy was dramatically enriched
indeed (Fig. 8n), suggesting that loss of GDF11 enhances Smad2
binding to the promoter of p21. Collectively, we propose that GDF11
deletion upregulates Smad2 phosphorylation and facilitates nuclear
entry of Smad2/3 tricomplex, then Smad2 can bind to the promoter
of p21 and promotes transcription of p21, a pro-senescence factor
for neuronal senescence (Fig. 8o).

Fig. 4 | Selective deletion of GDF11 in the EN causes their own hyperexcitability
and deteriorates social cognition and object recognition memory in mice.
a Schematic diagrams (left) and representative images (right) of the cingulate
gyrus 2 (Cg2), in the prefrontal cortex of GDF11f/f mice aged 4M-5M, where
bilateral focal injection of AAV9-CaMKIIα-Cre-P2A-GFP virus (KO) or AAV9-
CaMKIIα-GFP virus (Ctrl) was received at age of 2–3M and survived for twomore
months. b Infrared-differential interference contrast (IR-DIC) image (top) and
GFP fluorescent image (bottom) of an example of GFP+ EN which is undergoing
whole-cell patch clamp recording (n = 64 cells from six mice). c Representative
whole-cell recordings in brain slice of a control EN (in Cg2 of GDF11f/f mice, Ctrl,
blue) and aGDF11 deleted-EN (in Cg2of fGDF11cKOmice, KO, red) show thefiringof
action potentials (AP) in response to a series of step current injections.
d Examples show typical firing patterns of GFP+ EN of fGDF11cKO mice. e Pie graphs
show the percentage of GFP+ EN with diverse firing patterns (RS, regular spiking;
IS, irregular spiking; IB, intrinsic bursting; RB, repetitive bursting) in WT or KO
mice. f Left, plots of the AP frequency as a function of injected currents. Curves
are color coded (Ctrl, blue, n = 31 cells from three mice; KO, red, n = 33 cells from
three mice). Inset shows the beginning of the curve. Right, plots of the rheobase
(Ctrl: 113 ± 16 vs. KO: 81 ± 10 pA, P = 0.049) and slope (Ctrl: 0.18 ± 0.01 vs. KO:
0.30 ± 0.03, P = 0.000) in the two groups (Ctrl, n = 31 cells from three mice; KO,
n = 30 cells from threemice).g Left, representativeAPwaveforms (top) andphase
plots (bottom) fromCtrl (blue) or KO (red) group. Right, plots of theAP threshold
(Ctrl: −37.9 ± 0.8 vs. KO: −35.0 ± 0.7mV, P = 0.014), amplitude (AMP) (Ctrl:
85.8 ± 1.6 vs. KO: 78.6 ± 2.2mV, P = 0.010) and half-width (Ctrl: 0.79 ± 0.03 vs. KO:
0.74 ± 0.03ms, P = 0.30) in the two groups (Ctrl, n = 29 cells from threemice; KO,
n = 24 cells from three mice). h Left-top, representative membrane potential
responses to negative current pulses fromCtrl (blue) or KO (red) groups. Plots of
the input resistance (Ctrl: 104 ± 10 vs. KO: 214 ± 21MΩ, P = 0.000), membrane
constant (Ctrl: 14.4 ± 1.1 vs. KO: 22.1 ± 2.0ms, P = 0.003), Sag ratio (Ctrl: 1.18 ± 0.02
vs. KO: 1.27 ± 0.03, P = 0.033), membrane capacitance (Ctrl: 147 ± 11 vs. KO:
95 ± 5 pF, P = 0.000) and RMP (Ctrl: −67.3 ± 1.0 vs. KO: −63.1 ± 0.9mV, P = 0.004)
in the two groups (Ctrl, n = 31 cells from three mice; KO, n = 33 cells from three
mice). i Representative whole-cell recordings of mIPSC from the EN in GDF11f/f

mice (Ctrl, blue) and fGDF11cKO mice (KO, red). j Left, scaled mIPSC examples in
the two groups. Right, plots of rising time (Ctrl: 0.65 ± 0.04 vs. KO:
0.85 ± 0.06ms, P = 0.005) and decay time (Ctrl: 4.44 ± 0.21 vs. KO: 4.69 ± 0.34ms,
P = 0.53) of mIPSCs in the two groups (Ctrl, n = 18 cells from four mice; KO, n = 16
cells from four mice). k, l Cumulative frequency curve of the inter-event-interval

(k) and amplitude (l) of mIPSCs. Insets show the group plots of mIPSC frequency
(k, Ctrl: 34.6 ± 5.2 vs. KO: 4.0 ± 0.9Hz, P = 0.000) and amplitude (l, Ctrl: 24.0 ± 1.6
vs. KO: 20.5 ± 1.8 pA, P = 0.16).m–p Recordings of mEPSCs (Ctrl, n = 24 cells from
four mice; KO, n = 28 cells from 4 mice) and similar plots as the mIPSCs shown
above. Rising time (n, ctrl: 0.87 ± 0.05 vs. KO: 0.81 ± 0.06ms, P = 0.46); Decay
time (n, ctrl: 3.54 ± 0.20 vs. KO: 2.98 ± 0.24ms, P = 0.041); Frequency (o, Ctrl:
3.66 ± 0.84 vs. KO: 3.13 ± 0.65Hz, p = 0.82); Amplitude (p, Ctrl: 14.5 ± 0.8 vs. KO:
14.3 ± 0.9 pA, P = 0.33). q, r Representative traces showing IPSC (q, left) or EPSC
(r, left) evoked by extracellular electric stimulations for the comparison of paired-
pulse ratio (PPR) in GDF11f/f mice (Ctrl, blue) and fGDF11cKO mice (KO, red). Group
plots of PPR for IPSC (q, right, Ctrl, n = 7 cells from 3 mice: 0.98 ± 0.07 vs. KO,
n = 9 cells from threemice: 1.16 ± 0.20, P = 0.92) and EPSC (r, right, Ctrl, n = 9 cells
from 3 mice: 1.38 ± 0.07 vs. KO, n = 6 cells from three mice: 1.26 ± 0.06, P = 0.24).
s Track diagrams in the 3-chamber test (3CT) between the fGDF11cKO (KO) and
GDF11f/f (Ctrl) mice aged 4–5M. O object, S1 stranger mouse, S2 new stranger
mouse. t Quantification of the exploration time in 3CT (KO, n = 13; Ctrl, n = 13
mice) on objects between the fGDF11cKO (KO) and GDF11f/f (Ctrl) mice aged 4–5M.
O1, object 1; O2, object 2.uQuantification of the preference index (S1-O) between
the S1 and object in the KO and Ctrl groups (KO, n = 13; Ctrl, n = 13 mice).
v Quantification of the preference index (S2-S1) between the S2 and S1 in the KO
and Ctrl groups (KO, n = 13; Ctrl, n = 13 mice). w Schematic diagram of the novel
object recognition test (NORT) between the GDF11cKO and GDF11f/f mice aged
10M. Red squares indicate the familiar toy while blue triangle indicates a novel
toy. x Quantification of the percentage of exploration time (GDF11cKO, n = 9;
GDF11f/f, n = 6mice) on the familiar or a novel toy in theGDF11cKO andGDF11f/f mice
aged 10M. y Quantification of the novel object discrimination index ((novel-
familiar)/(novel + familiar)) between the familiar or a novel toy in theGDF11cKO and
GDF11f/f mice aged 10M (GDF11cKO, n = 9; GDF11f/f, n = 6 mice). Data are presented
as mean ± SEM. Whisker boxplots in (f, h) represent the median and interquartile
range; whiskers represent 1.5× interquartile range. *P < 0.05, **P < 0.01 and “ns”
represents not significant. f (Rheobase/Slope), h (Input resistance/Membrane
constant/Sag ratio/Capacitance), j (Rising time), k, n (Decay time),
o–q Mann–Whitney U test. g, h (RMP), j (Decay time), l, n (Rising time),
r, u (P = 0.0118), v (P = 0.0128), x (GDF11f/f: Familiar versus Novel, P = 0.0331;
GDF11cKO: Familiar versus Novel, P = 0.0188) and y (P = 0.0254), unpaired two-
tailed t test. t (Ctrl: O1 versus O2, P = 0.3210; KO: O1 versus O2, P = 0.2200), two-
way ANOVA with post Sidak’s multiple comparisons test. Source data are pro-
vided with this paper.
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Discussion
Emerging evidence shows that the EN is the major cell type con-
tributing to brain ageing and organismal ageing7,11, it remains unknown
how the EN itself in the brain acquires senescence8,21. To explore this,
using a specific antibody for GDF11, a putative rejuvenation factor12–14,
we showed that GDF11 is predominantly expressed in the CaMKIIα+ EN
in the adult mouse, marmoset and human brain. Since CaMKIIα is
exclusively expressed in the post-mitotic EN throughout the adult
CNS48, our results revealed that GDF11 is predominantly expressed in
the post-mitotic EN in the adult brain in an evolutionarily conserved
manner.

GDF11 exhibits protective roles in a variety of tissues including
anti-ageing on skin49, against vascular calcification50 and spinal cord

injury51. To explore whether GDF11 plays a role in excitatory neuronal
senescence and brain ageing, we adopted genetic deletion strategies.
Considering GDF11‒/‒ mouse, in which GDF11 was systemically deleted,
is embryonic lethal18, to conditionally delete GDF11, we generated a
new GDF11f/f mouse line. In GDF11cKO (GDF11f/f; CaMKIIα-Cre) mouse,
Cre/Loxp recombination occurs since the third postnatal week19 thus
only GDF11 in the post-mitotic ENwas exclusively deletedwithminimal
affecting CNS development. We found that specific deletion of GDF11
in the post-mitotic EN of the mouse CNS caused an increase in SA-β-
Gal+ senescent cells, a surrogate biomarker of senescent cells3,20, pre-
ferentially in the insular, piriform and cingulate cortices. This result is
consistent with a large-population-based human cohort study that the
insular cortex is among the very few cerebral cortical regions whose
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gray matter volume declines with progressive ageing and exhibits
positive association with physical and general health52. Furthermore,
we confirmed that the SA-β-Gal+ senescent cells were predominantly
the post-mitotic CaMKIIα+ EN. Taking into accounts of the possibly
wide expression of the versatile receptors of GDF11, GDF11 deletion-
induced EN senescence takes place likely inmanners of autocrine and/
or paracrine. In addition, we showed that in vivo selective deletion of
GDF11 in the EN pruned and shortened the apical dendrites and
reduced the mushroom spines of the EN in the young mice, mani-
festing the features of the senescent cortical EN (pyramidal neuron) of
the aged human53,54. In parallel, our in vitro results showed that loss of
GDF11 impededmitochondria, enlarged cell nuclear size, might impair
lipidmetabolismand accumulated both lipofuscin and neurosecretory
granules in their cytoplasm-all these have been established previously
as typical metabolic and ultrastructural features of cellular
senescence3. Selective deletion of GDF11 in GDF11KO Neuro-2a cells
in vitro (bulk RNA-seq) and in the fGDF11cKO prefrontal cortical EN
in vivo (snRNA-seq) drives transcriptional programs which con-
sistently point to neuronal senescence, manifesting the features of
senescent neurons in the naturally aged mouse10 and human6,11 brain.
Our RNA-seq data also suggest that GDF11 exhibits pro-survival effects
to cells, consistent with previous reports that GDF11 improves the
survival of both neuronal and oligodendroglial cells in the brain51 and
isletβ-cells in the pancreas55, andGDF11 alsomaintains telomere length
in Neuro-2a cell line56, suggesting that GDF11 exhibits pro-survival
effects in both proliferative cells and post-mitotic neurons and
involves cellular senescence. Collectively, through systematic, multi-
parametric approaches of in vitro and in vivo, our results have estab-
lished a causality between the loss of GDF11 and the EN senescence and
have revealed the first molecular mechanism underlying the EN
senescence that loss of GDF11 in the EN accelerates EN senescence
preferentially in the insular, piriform and cingulate cortices. These
results indicate that the endogenous GDF11 in the post-mitotic EN is
required for them to resist neuronal senescence.

It remains unclear whether neuronal senescence leads to cogni-
tive decline8. Having shown that loss of GDF11 in the EN causes EN
senescence, we further ask whether induction of EN senescence is
sufficient to affect their function. Indeed, in response to targeted
deletion of GDF11 in the post-mitotic EN of cingulate gyrus in the
prefrontal cortex, one of the brain regions in which accelerated EN

senescence was induced by loss of GDF11 in the EN shown in this work
and which is preferentially associated with age-dependent cognitive
impairment shown previously4, our whole-cell patch clamp recording
showed that the cortical EN with loss of GDF11 in the young mouse
brain exhibited hyperexcitability and imbalance between excitation
and inhibition, manifesting a functional signature of the aged cortical
neurons7,11. To further explorewhether induction of EN senescence can
translate into cognitive deficits, we tested a battery of behavior assays
and found that in mice, either focal or systemic deletion of GDF11
exclusively in the EN impaired object recognition memory and social
cognition, but did not affect their locomotion, anxiety level and des-
pair behavior. These results indicate that induction of EN senescence
by loss of GDF11 is sufficient to cause cognitive decline, providing the
first loss of function evidence which links induced neuronal senes-
cence with impeded cognition. Our work is consistent with a recent
gain of function study which shows supplementing GDF11 improves
memory in the aged mice57.

Having established a causality between the loss of GDF11 and the
EN senescence, to further explore its underlying molecular mechan-
isms, we compared the transcriptomes of cells in which GDF11 was
deletedboth in vitro and invivowith the control, and found that loss of
GDF11 both in Neuro-2a cells in vitro and in the mouse cortical EN
in vivo upregulated pro-senescence factor p21, a two-faced genome
guardian which can mediate cellular senescence in a p53-dependent
manner ormediate genomic instability or even carcinogenesis in a p53-
deficient environment58. The abundance of both p53 and p21 in the EN,
as shown in our results, and their post-mitotic feature, render the EN
less likely to cause carcinogenesis by loss of GDF11. Loss of GDF11
upregulated p21 at both mRNA and protein level. In vivo selective
deletion of GDF11 in the cerebral cortical EN also upregulated tran-
scription of p53, another pro-senescence factor46 which is upstream to
p21, and 2 targetmolecules of p53, Trp53inp1 andPhlda3. These results
support that loss of GDF11-induced EN senescence is associated with
upregulation of p53 and p21, consistent with the established signaling
pathway58,59. Interestingly, we found that loss of GDF11 also upregu-
lated pSmad2, which was reported to promote the assembly and
nuclear import of the Smad tricomplex and alter the transcriptional
activity of target genes45–47. Moreover, our ChIP-qPCR data revealed
that the Smad2 occupancy was enriched at the promoter of p21 in
GDF11KO cells. It has been shown previously that p21 causes cellular

Fig. 5 | In vivo selective deletion of GDF11 in the EN drives transcriptional
programs associated with brain ageing and prunes and shortens their apical
dendrites. a Schematic diagrams of the cingulate gyrus 2 (Cg2), in the prefrontal
cortex of GDF11f/f mice aged 4–5M, where bilateral focal injection of AAV9-CaM-
KIIα-Cre-P2A-GFP virus (KO) or AAV9-CaMKIIα-GFP virus (Ctrl) was received at age
of 2–3M and survived for two moremonths. b UMAP of the clustered 16 cell types
in snRNA-seq of the Cg2 in both 3 KO mice and 3 control mice (Ctrl) aged 4–5M.
c Violin chart of the relative mRNA of GDF11 by snRNA-seq in KO-GFP+, KO-GFP-,
Ctrl-GFP+ or Ctrl-GFP- EN. The KO-EN were divided into KO-GFP+ and KO-GFP-

groups whereas “Ctrl-EN” were divided into Ctrl-GFP+ and Ctrl-GFP− groups. d and
e, Heatmap shows the average transcription of downregulated and upregulated
ageing-related genes (d) and SASP-related genes (e) in snRNA-seq of KO-GFP+, KO-
GFP−, Ctrl-GFP+ or Ctrl-GFP− EN. f Confocal images (Left) and 3D-reconstruction
(Right) of representative EN from Ctrl (Top) or KO (Bottom) groups. Dendrites and
soma are presented in red, and axons are in blue. Scale bar, 50μm. g, h Plots of the
number of intersections of dendrites (g) in the two groups (Ctrl, n = 11 cells from
three mice; KO, n = 11 cells from three mice) and the group data showing the
number of total dendrite intersections (h, Ctrl: 448± 28vs. KO: 346 ± 36, P =0.028).
i–k Group data show the total number of apical dendrite intersections (i, Ctrl:
238 ± 17 vs. KO: 181 ± 18, P =0.036), the total length of apical dendrites (j, Ctrl:
3.77 ± 0.28 vs. KO: 2.83 ± 0.34mm, P =0.044), and the apical branch orders against
the averaged dendrite length (k, branch order 1, Ctrl: 445 ± 28 vs. KO: 403 ± 22μm,
P =0.26; branchorder 2, Ctrl: 115 ± 3 vs. KO: 93 ± 8μm,P =0.017; order 3, Ctrl: 91 ± 4
vs. KO: 70 ± 6μm, P =0.007; branch order 4, Ctrl: 72 ± 6 vs. KO: 56± 7 μm, P =0.12)
in the two groups (Ctrl, n = 11 cells from three mice; KO, n = 11 cells from three

mice). l–n Group data comparing the number of total basal intersections (l, Ctrl:
207 ± 15 vs. KO: 162 ± 22, P =0.11), total basal dendrite length (m, Ctrl: 2.73 ± 0.18 vs.
KO: 2.16 ± 0.29mm, P =0.11) and the basal branch orders against the averaged
dendrite length (n, branch order 1, Ctrl: 102 ± 4 vs. KO: 102 ± 8μm, P =0.98; branch
order 2,Ctrl: 82 ± 3 vs. KO: 82 ± 9μm, P =0.32; order 3,Ctrl: 69 ± 8 vs. KO: 59± 2μm,
P =0.25) in the two groups (Ctrl, n = 11 cells from three mice; KO, n = 11 cells from
three mice). o, p Plots of the axon distance from soma against the number of
intersections (o) in the two groups (Ctrl, n = 11 cells from threemice; KO, n = 11 cells
from three mice). Group data show the number of total axon branches intersec-
tions (p, Ctrl: 239 ± 17 vs. KO: 190 ± 28, P =0.15). q Confocal examples of dendritic
spines (red arrows indicate the big mushroom spines while yellow arrows point to
small mushroom spines) in the two groups. Scale bar, 5μm. r, s Group data show
total spine density per 10 μm (r, Ctrl: 6.28 ± 0.23 vs. KO: 1.61 ± 0.13/10μm,
P =0.000) and mushroom spine diameter (s, Ctrl: 0.66 ± 0.01 vs. KO:
0.80 ±0.02μm, P =0.000) in two groups (Ctrl, n = 68 dendrites from 16 cells; KO,
n = 70 dendrites from 16 cells). t Plots of spine density against themushroom spine
diameter in the two groups (Ctrl, n = 16 cells from three mice; KO, n = 16 cells from
three mice). u A schematic summary: GDF11 deletion results in hyperexcitability of
the EN as reflected by an enhancement in their firing frequency (due to increased
input resistance and elevatedRMP) and a decrease inmIPSC frequency. In addition,
GDF11 deletion in the EN prunes and shortens their apical dendrites, reduces their
dendritic mushroom spine density while enlarges its size. Data are presented as
mean ± SEM. *P <0.05, **P <0.01. h, i, j, k, l, m, n, p, unpaired two-tailed t test;
r, s, Mann–Whitney U test. Source data are provided with this paper.
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senescence in a dose-dependent induction60 and mediates cell cycle
arrest upon DNA damage and prevents cell cycle progression61. Fur-
thermore, p21 upregulation mediates senescence of both post-mitotic
cortical neurons5 and post-mitotic dopaminergic neurons40. We fur-
ther show here that loss of GDF11 in the EN-induced EN senescence
requires p21, highlighting a crucial role of p21 during the EN senes-
cence. Basedonour results andprevious reports, wepropose here that

loss of GDF11 upregulates pSmad2 and likely facilitate nuclear entry of
Smad tricomplex, and then Smad2 binds to the promoter of p21 and
enhances p21 transcription, and eventually causes senescence of the
post-mitotic EN (Fig. 9).

Our results suggest that loss of GDF11 in the EN accelerated EN
senescence and brain ageingmight involvemultiplemechanisms. Loss
of GDF11 in the EN shortening lifespan is compelling, considering the
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EN only occupy a small proportion of cells in the brain, further studies
in future will unveil new insightful mechanisms underlying EN senes-
cence and brain ageing.

This work identifies GDF11-Smad2/3-p21 pathway as a brake on EN
senescence and brain ageing and reveals the first molecular mechan-
ism underlying the EN senescence. GDF11 deletion in the post-mitotic
EN accelerates senescence of the post-mitotic EN preferentially in the
insular, piriform and cingulate cortices and induces their own hyper-
excitability. Moreover, GDF11 deletion-induced EN senescence, which
requires p21, is sufficient to accelerate brain ageing, cause cognitive
decline and shorten lifespan.Mechanistically, loss of GDF11 accelerates
EN senescence by activating Smad2/3-p21 pathway. This study reveals
a potential target to slow brain ageing by manipulating GDF11 in
the EN.

Methods
Experimental model and subject details
Mice. Male ICR mice (Laboratory Animal Center of Zhejiang Academy
of Medical Sciences) at age of 3 months (M), 9M and 36M, male
C57BL/B6 wild‐type (WT) mice (Shanghai Slac Laboratory) at age of
3M and 10M, male GDF11-flox mice (GDF11f/f, mice carrying the
“floxed” GDF11 gene) at age of 3M, 10M and 17M, male GDF11f/f x
CaMKIIα-Cre mice (GDF11cKO) at age of 10M and 17M, male CaMKIIα-
Cre; GDF11f/f; p21f/f mice at age of 17M, andmalemice, at age of 4–5M,
of AAV-mediated focal GDF11cKO in the cingulate gyrus were used. For
survival curve study, male mice were bred and maintained in condi-
tions same to the above-mentionedmiceuntil theydiednaturally.Mice
were housed in an environment of suitable temperature (25 °C) and
humidity (typically 50%) under a 12 h light–dark cycle (light on from 7
am to 7 pm) with accessing to food and water ad libitum. All experi-
mental protocols were approved by the Animal Care and Use Com-
mittee of the animal facility at Zhejiang University. The studies with
mice were approved by Medical Ethics Review Committee of Zhejiang
University School of Medicine (ETHICS number: 14660).

Marmoset brain tissue. The brains of two female commonMarmosets
(Callithrix jacchus, 260 g and aged 62M; and 245 g and aged 70M)
were provided by Li-Xia Gao Lab and were post-fixed in 4% paraf-
ormaldehyde (PFA) for about 12 h after they were transcardially per-
fused. The studies with common Marmosets were approved by
Medical Ethics Review Committee of Zhejiang University School of
Medicine (ETHICS number: ZJU20210053).

Human brain tissue. Human brain tissues were obtained through a
research protocol approved by the Zhejiang University Institutional
Review Board. The informed consent was obtained for all the human
samples in this study. Para-epileptic cortical tissues were obtained
from two patients, aged 23 (female) and 24 (male) years, respectively,
who were diagnosed with intractable epilepsy and the focus of epi-
lepsy had to be removed surgically. In addition, the frontal lobe tissues
were obtained from four patients, aged 23 (male), 52 (male), 54
(female) and 60 (male) years, respectively, who suffered acute brain
injury and the peri-lesion cortical tissues were used. In this study, the

human brain tissues were fixed in 4% PFA for 4 h and the sections were
cut followed by immunofluorescence staining procedure. The studies
with human samples were approved by Medical Ethics Review Com-
mittee of Zhejiang University School of Medicine (ETHICS number:
IIT20220453B).

Cell culture
Neuro-2a (ATCC) or HEK 293 T (ATCC) cells were cultured in high‐
glucose DMEM (Gibco) supplemented with 50 U/ml penicillin-
streptomycin (P/S) and 10% fetal bovine serum (FBS, Gibco). The
maintaining condition for all cell cultures was at 37 °C with 5% CO2. To
express GDF11 or GDF8 protein, the plasmids (pMs-GDF11-Flag-Myc,
phGDF11-Flag, pMs-GDF11-eGFP-Flag or pMs-GDF8-Flag-Myc, phGDF8-
Flag) were transfected into Neuro-2a or HEK 293 T cells using trans-
fectamine 2000 (Thermo Fisher Scientific) according to the manu-
factured protocol with appropriate cell confluence (> 50%) after
plating. After transfection, the cells were cultured for 48 h and har-
vested for RT-PCR, western blot analysis, immunofluorescence label-
ling or senescence-associated β-galactosidase (SA-β-Gal) staining. For
in vitro experiments, the individual data points were obtained from a
combination of three independent biological repeats.

Generation of GDF11f/f, GDF11cKO, p21f/f and CaMKIIα-Cre,
GDF11f/f;p21f/f mice
GDF11f/f mice. Flox sites of GDF11f/f mice were designed following this
strategy: 5’-arm-loxp1-exon 2-loxp2-3’-arm. The flox sites were inserted
onboth sides of exon2ofGDF11 geneusing theCRISPR/Cas9 system.A
single cut was performed to target exon 2 of GDF11 and GDF11-specific
gRNA sequence of mice was designed using sgRNA designer website
(https://chopchop.cbu.uib.no/) as indicated below: 5’-ggggtgaaggtat-
cagttag-3’. Loxp1 insert position and sequence (in brackets) was:
CTAGGAGAAATGTTATAGGGGATAGTATAGATCAG(cgttcggggaattcA-
TAACTTCGTATAATGTATGCTATACGAAGTTATgtcggtgc)AAGGCCTA
ACAGACTCATCATCCTAGTGA. Loxp2 insert position and sequence (in
brackets) was: CTGGATTTGGGGTGAAGGTATCAGTTA(cactcgctATAA
CTTCGTATAATGTATGCTATACGAAGTTATactagtcgttc)GGGAGATCC
GTGGGAACACAAAG.

The validation primers designed according to the loxp site
were below:

GDF11-wt-F: 5’-GGGTGAAGGTATCAGTTAGTGGG-3’;
GDF11-wt-R: 5’-GCTCTCATGTCGCTCAGGTTG-3’;
GDF11-flox-F: 5’-TGAAGGTATCAGTTACACTCGCTAT-3’;
GDF11-flox-R: 5’-TGAGCACTTCTCTTGACATCTAGAC-3’.
The PCR production of “WT primer pairs” was 167 bp and “flox

primer pairs” was 349 bp. These primers were used to distinguish WT
( + / + , 167/167 bp), heterozygous (f/+, 349/167 bp) and homozygous
(f/f, 349/349bp) GDF11f/f mice.

GDF11cKO mice were generated using the Cre/Loxp system.
GDF11f/f mice were crossed with CaMKIIα-Cre mice using a three-
step backcrossing procedure to obtain GDF11f/f; CaMKIIα-Cre
(GDF11cKO). The validation primers with forward (CaMKIIα-Cre-F)
primer (5’- TGCCCAAGAAGAAGAGGAA-3’) and reverse (CaMKIIα-
Cre-R) primer R (5’- TTGCAGGTACAGGAGGTAGTC-3’) were

Fig. 6 | Loss of GDF11 upregulates p21 both in vivo and in vitro. a, b SnRNA-seq
GO analysis reveals the top ten enriched biological processes of upregulated (a) or
downregulated (b) in the KO-GFP+ EN in comparison with the KO-GFP- EN, and the
EN were obtained from the Cg2 of the “KO” mice and the “Ctrl” mice aged 4–5M.
c Volcano plot shows upregulated and downregulated DEGs in the KO-GFP+ EN in
comparisonwith theCtrl-GFP+ EN. Someof the topupregulated anddownregulated
genes were annotated. c, d FC fold change. P value was calculated usingWilcox test
and adjusted formultiple testing using Benjamini–Hochberg correction. d Volcano
plot shows upregulated and downregulated DEG in the KO-GFP+ EN in comparison
with the KO-GFP- EN. Some of the top upregulated and downregulated genes were

indicated. eUMAP visualization highlights the distribution and the transcription of
Cdkn1a/p21 in the identified cell types in snRNA-seq. f Dot plot representing the
frequency and average transcription of Cdkn1a/p21 in the identified cell types in
snRNA-seq. g, h Relative mRNA of Cdkn1a/p21 (g) or p53 (h) among four types of
EN: Ctrl-GFP-, Ctrl-GFP+, KO-GFP- and KO-GFP+ by snRNA-seq. i Heatmap of upre-
gulated (10) and downregulated (6) genes involved in “cellular senescence” caused
by deletion of GDF11 in Neuro-2a cells, and the logarithm base 2 of the fold change
above 1 or below −1 was included. Data are presented as mean± SEM. *P <0.05,
**P <0.01 and “ns” indicates not significant. a, b Hypergeometric test with Benja-
mini and Hochberg (BH) correction. Source data are provided with this paper.
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designed to distinguish whether the target sequence contains the
sequence of cyclization recombination enzyme (Cre) or not. To test
the knockout efficiency of GDF11cKO, genomic DNA was extracted
from the cortical tissue of WT, GDF11f/f and GDF11cKO mice using a
TIANamp Genomic DNA Kit (TIANGEN). Primers were designed
according to the target sites with forward (F) primer (5’-CAGGT

GCAGCAAAGAGCATT-3’) and reverse (R) primer R (5’-GCTCTC
ATGTCGCTCAGGTT-3’). PCR was performed to determine the
knockout efficiency by analyzing the different size bands on 1.2%
agarose gel. PCR product should be 1091 bp in WTmice and 1197 bp
in GDF11f/f mice, whereas it should be 312 bp if exon 2 of GDF11 gene
was deleted in GDF11cKO mice.
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Fig. 7 | In vivo selective deletion of GDF11 in excitatory neurons induced their
own senescence requiresp21. a,bGenetic strategy for generation of p21f/f mice (a)
andCaMKIIα-Cre; GDF11f/f; p21f/f mice (b) to selectively delete bothGDF11 andp21 in
CaMKIIα+ neurons through Cre/Loxp system. c–g Representative images (c) and
quantification (d–g) of the SA-β-Gal+ cells in the cingulate cortex (c, up, and d, n = 4
per group), layers 4 and 5 (c, middle, and eGDF11f/f, n = 4; GDF11cKO, n = 3; CaMKIIα-
Cre; GDF11f/f;p21f/f, n = 5), layer 6a (cmiddle, and f layer 6a is the deep layer cortex
near the corpus callosum (CC), GDF11f/f, n = 5; GDF11cKO, n = 4; CaMKIIα-Cre; GDF11f/
f;p21f/f, n = 4) of the insular cortex (IC), and layers 2 and 3 of the piriform cortex
(cdown, andg thedashed lines indicate the bordersof layers 2 and 3, GDF11f/f,n = 8;
GDF11cKO, n = 4; CaMKIIα-Cre; GDF11f/f;p21f/f, n = 8) of CaMKIIα-Cre; GDF11f/f;p21f/f or
GDF11cKO or GDF11f/f mice aged 17M. Examples of the SA-β-Gal+ cells are indicated by
double arrows. Scale bars, as shown on the images, 50μm (c, up and middle) and

20μm (c, middle and down). Data are presented as mean± SEM. *P <0.05,
**P <0.01. d (F (2, 9) = 72.52, P <0.0001; GDF11f/f versus GDF11cKO, P =0.0006;
GDF11cKO versus CaMKIIα-Cre;GDF11f/f;p21f/f, P <0.0001; GDF11f/f versus CaMKIIα-
Cre;GDF11f/f;p21f/f, P =0.0004), e (F (2, 9) = 78.16, P <0.0001; GDF11f/f versus
GDF11cKO, P =0.0020; GDF11cKO versus CaMKIIα-Cre;GDF11f/f;p21f/f, P <0.0001;
GDF11f/f versus CaMKIIα-Cre;GDF11f/f;p21f/f, P <0.0001), f (F (2, 10) = 49.87,
P <0.0001; GDF11f/f versus GDF11cKO, P <0.0001; GDF11cKO versus CaMKIIα-
Cre;GDF11f/f;p21f/f, P <0.0001; GDF11f/f versus CaMKIIα-Cre;GDF11f/f;p21f/f,
P =0.0347) and g (F (2, 17) = 102.8, P <0.0001; GDF11f/f versus GDF11cKO, P =0.0227;
GDF11cKO versus CaMKIIα-Cre;GDF11f/f;p21f/f, P <0.0001; GDF11f/f versus CaMKIIα-
Cre;GDF11f/f;p21f/f, P =0.0001), One-way ANOVA with post Tukey multiple com-
parisons test. Source data are provided with this paper.
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p21f/f mice. Flox sites of p21f/f mice were designed following this
strategy: 5-arm-loxp1-exon 1- exon 2- exon 3-loxp2-3-arm. The flox
was flanked on the exon 1 to exon 3 of p21 gene using the CRISPR/
Cas9 system. p21-specific gRNA sequences of mice were designed
using sgRNA designer website (https://chopchop.cbu.uib.no/) as
indicated below: gRNA1, 5’-GTTTGGGCCTCTCCGAGAGG-3’, PAM,

TGG, and gRNA2, 5’-TCCCTGGGAGTATTGAACCT-3’, PAM, GGG.
Loxp1 insert position and sequence (in brackets) was: CCACCGC
ATCGCATTGTCTGAGTA GGTGCT TAAGGG ATCCAG ATCTGG GC
CC(ATAACTTC GTATAGCATACATTATACGAAGTTAT)ATGTTCTTG
CCCAAGGTCAGTTGGTCTCGGAGAG. Loxp2 insert position and
sequence (in brackets) was: CTAGCCAGTACACCCCCTAAAAACCA
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TGGCCAACAAACTGAAGTCCCTCTGAGGCGGAAAGAACCAG(ATAAC
TTCGTATAGCATACATTATACGAAGTTAT)GGGCCGAATTCGATATC
CTGCAGGGACTAACAGAAGAACCCGTTGTGAGGTTCAATACTCCCA
GGGAGTGTCAGAGTCT. The validation primers of p21f/f mouse
designed according to the loxp site was below:

p21-floxp-F: 5’-CAGGACTTCAGACTGCGCTC-3’;
p21-floxp-R: 5’-TGTGGCATGCAGGTGGATTG-3’.
The PCR production of “p21-floxp primer pair”was 186 bp (WT) or

291 bp (floxp). The primers were used to distinguish WT ( + / + , 186/
186 bp), heterozygous (f/+, 291/186 bp) and homozygous (f/f, 291/
291 bp) p21f/f mice.

CaMKIIα-Cre, GDF11f/f; p21f/f mice were generated through Cre/
Loxp system. p21f/f mice were crossed with GDF11cKO mice to obtain
CaMKIIα-Cre, GDF11f/f; p21f/f mice. The forward (CaMKIIα-Cre-F)
primer (5’-TGCCCAAGAAGAAGAGGAA-3’) and reverse (CaMKIIα-
Cre-R) primer R (5’-TTGCAGGTACAGGAGGTAGTC-3’) were
designed to distinguish whether the mice contained the sequence
of Cre enzyme or not.

Focal AAV injection into the cingulate gyrus of GDF11f/f mice
AAV-CaMKIIα-Cre-EGFP (“KO virus”, AAV9, 3.55 × 1014 vg/ml) and AAV-
CaMKIIα-EGFP (“Ctrl virus”, AAV9, 6.90 × 1013 vg/ml) were made by
Shandong Vigene Biosciences Co. Ltd. (Shandong, China). After
anaesthetized using 1.5% pentobarbital sodium, mice were stereotaxic
injected with a volume of 0.15–0.2μl virus solution (according to viral
titer and expression strength). The injected speed of virus was 0.02 μl/
min at each location, and the syringewas not removed until 5min after
the infusion to allow virus diffused sufficiently. A heating padwas used
to maintain core body temperature at about 36°C. The viral injection
sites were bilateral cingulate gyrus (AP, +0.7mm; ML, ±0.3mm;
DV, –1.2mm).

Behavioral assays
All behavior tests were performed between 9 amand 6pmwithout the
experienced investigators being present in the testing room treated to
avoid noise interference. All behavioral assays were carried out on
male mice. Experienced investigators analyzing the data of behavior
were blind to the mice grouping. The following behavioral tests were
carried out in the order as described below.

Open filed test (OFT). OFT was used to assess locomotion. It was
conducted in a white open field box (50× 50 × 50cm) with opaque
polyvinyl plastic. The field was subdivided into 16 (4 × 4) identical
sectors, and the 4 central squares were defined as central sector and
the remained surrounding squares were defined as peripheral sector.
Mice were introduced into the center of the open field and allowed to
freely explore for 10min as a standard time. Occasionally the
exploration time was extended to 30min and only the data obtained
from the first 10min was used. Open field box was thoroughly cleaned
with ethanol (70%) before experimental use andbetween trials. A video
tracking system (ANY-Maze software) was used to record the time
spent in and entries into (anxiolytic indicator) the central sector.

Passive avoidance test (PAT, light–dark transition test). To evaluate
aversive stimuli-drivenmemory and learning, PAT was conducted. The
light–dark box (21 × 42 × 25 cm)was divided into a large light field (two
thirds, 300 lux) and a small dark field (one third, 5 lux). Both sectors
were connected through a small doorway (5 × 3 cm). Mice were intro-
duced into the dark field and let freely explored in the two fields for
10min. Time spent in the light field was recorded.

Elevated plus maze (EPM). EPM was performed to assess anxiety-like
behavior. The cross-shaped EPM consists of two open and two closed
(each 30 × 5 cm) arms with walls (15 cm height) and a crossing central
zone (5 × 5 cm). The EPM elevated to a height of 50 cm from the floor.
Mice were placed in the crossing central zone facing an open arm and
allowed to freely explore in the EPM for 5min. Any-Maze behavioral

Fig. 8 | Loss of GDF11 upregulates pSmad2 and Smad3 and enhances Smad2
binding to the promoter of p21. a Quantification by qPCR of the relative p21
mRNA in the GDF11KO and WT Neuro-2a cells (n = 3 clones).
b–e Immunofluorescence representative images (b) and quantification of the
number of p21+ cells per field (c, n = 5 fields/group), the proportion of p21+ cells
(d, n = 6 fields/group) or the average gray value of p21 per cell (e, GDF11KO, n = 420
cells; WT, n = 280 cells) in the GDF11KO and WT Neuro-2a cells. Scale bar, 25 μm.
Examples of the p21+ cells are indicated by double arrowheads. f–h The same
snRNA-seq data were used, as described in Fig. 5a. f Rank for regulons in the EN
based on regulon specificity score (RSS). The EN were obtained from the Cg2 of
the “KO”mice and the “Ctrl”mice aged 4–5M. g Regulons activity analysis based
on area under the curve (AUC) in the identified cell types in snRNA-seqof the “KO”

mice and the “Ctrl”mice aged 4–5M. The activity of regulon Smad3 (highlighted
in red) is high in the EN. h Cytoscape network visualization of genes including
GDF11, Cdkn1a (p21), Smad2, Smad3 (highlighted in red) and their transcription

factors (TFs, yellow). i–m Representative images (i and l) and quantification by
densitometry of western blot analysis of Smad2 (j), phosphorylated Smad2
(pSmad2, k) and Smad3 (m) in the total protein extracted from the GDF11KO and
WT Neuro-2a cells (n = 3 biological repeats/group). n ChIP-qPCR assessment of
the enrichment of Smad2 at the promoter of Cdkn1a/p21 in the GDF11KO and WT
Neuro-2a cells (n = 3 biological repeats/group). o A proposed working model for
loss of GDF11 on cellular senescence. Loss of GDF11 upregulates pSmad2,
enhances nuclear entry of Smad2/3 tricomplex and then Smad2 binds to the
promoter of p21 and promotes the pro-senescence factor p21 transcription, and
eventually causes cellular senescence. Data are presented as mean ± SEM.
*P < 0.05, **P < 0.01 and “ns” indicates not significant. a (P = 0.0037),
c (P = 0.0033), d (P = 0.0157), e (P < 0.0001), j (P = 0.6648), k (P = 0.0040) and
m (P = 0.0299), unpaired two-tailed t test. n (IgG: WT versus GDF11KO, P = 0.57;
Smad2: WT versus GDF11KO, P < 0.001), two-way ANOVA with Sidak’s test. Source
data are provided with this paper.
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tracking system was used to record the time spent in and the number
of entries into the open or closed arms. The EPM apparatus was
cleaned thoroughly using ethanol (70%) between trials.

Novel object recognition test (NORT). NORT was conducted to test
object recognitionmemory in a roomadjacent to the animal houseand
wasperformed in awhite open field box (50 × 50 × 50cm)with opaque
polyvinyl plastic. Animal’s behaviors were recorded and scored off line
by using Any-Maze software. During the habituation session, mice
were introduced to the open field box for 5min without any objects
and allowed to explore freely. During the training session, mice were
allowed to explore for 5minwith two identical objects in the open field
box. The objects used in this experiment were the same metal blocks
called ‘familiar’ objects. The time that mice spent on exploring each
familiar object was recorded and this procedure was defined as
the training session. The memory test was conducted 24 h after the
training session. During the testing session, mice were left to explore
both objects for 5min, in which one of the familiar objects was
replaced with a novel object different in its color, shape, and texture
and was put in the same place. The time spent on exploring the novel
(TN) and the familiar (TF) objects were recorded. Mice were regarded
to be exploring when they were contacting with the object (sniffing,
biting) or facing the object (distance <2 cm). The box and objects were
cleaned with ethanol (70%) before experimental use and between
tests. The object recognitionmemory was evaluated by comparing the
percentage of the exploration time spending on the novel (% of
exploration time = TN/[TN+ TF] x 100). The object recognition mem-
ory performance was also assessed by the novel object discrimination
index (NODI = [TN-TF]/[TN + TF]).

Three-chamber test (3CT). To evaluate sociability and social cogni-
tion, 3CT was performed in a three-chambered box (62 cm length ×
42 cmwidth × 22 cmheight) consisted of the opaque polyvinyl plastic.
During the habituation phase, mouse was placed in the middle
chamber and allowed to explore three chambers freely for 10min with
one empty vertical metal wire cage in the corner of each extreme
chamber. The first session aims to test the sociability, and a stranger
(S1)mousewasplaced into one of the verticalmetal wire cages and the
other cage was empty object (O). Then the mouse was placed in the
middle chamber and allowed to explore freely all chambers for 10min.
The second session is to test its social cognition, and a new stranger
mouse (S2) was placed in the chamber and on the other end was S1. In
this session, themousewas allowed to explore freely for 10min. S1 and
S2 at same age and with same sex to the mice to be tested were used.
The time spent in each chamberwas recorded and analyzed using Any-
Maze software. The sociability was evaluated by the time preference
index (S1-O) and the social cognition was calculated by the time pre-
ference index (S2-S1).

Tail suspension test (TST). TSTwas used to test despair behavior. The
TST apparatus is consisted ofwhite boxwith anopen front. Themouse
was suspended using adhesive tape placed less than 1 cm from the tip
of the tail and 50 cm above the surface. The video was used to record
the mouse behaviors for 6min. The immobility time was assessed
during the last 5min.

Senescence-associated β-galactosidase staining
Senescence-associated β-galactosidase (SA-β-Gal) Staining Kit (Beyo-
time) was used to stain senescent cells. To avoid the possible variation
caused by staining procedure, brain sections for comparison (e.g.,
brain sections of GDF11cKO and GDF11f/f mice) were mounted on the
same slide and then subjected to SA-β-Gal staining simultaneously.
X-Gal was specifically catalyzed into a blue colored product at pH 6.0
by β-galactosidase which was expressed in senescent cells. After an
incubation at 37 °C overnight in incubator without CO2, an Olympus

BX53 microscope was used to image the blue colored product which
was directly proportional to β-galactosidase expression. The number
or mean grey value of blue colored positive cells was calculated. After
SA-β-Gal staining, sections were washed four times (5min) in 0.01M
PBS and further performed a standard immunofluorescence staining
of NeuN (1:1000, Millipore) or immunohistochemistry staining of
CaMKIIα (1:500, Abcam). Imaging of immunofluorescence and SA-β-
Gal staining were performed sequentially under fluorescent or bright
field respectively using an Olympus microscope (BX53).

Brain slice preparation and electrophysiological recordings
Brain slice preparation was performed as previously described62. Mice
were anesthetized with intraperitoneal (i.p.) injection of sodium pen-
tobarbital (50mg/Kg), and then were transcardially perfused with ice-
cold sucrose-based ACSF (NaCl was replaced by sucrose) and decapi-
tated rapidly. Coronal sections (300μm) containing the cingulate
gyrus (Cg) were obtained from GDF11f/f mice aged 4M, which received
a focal bilateral injection into the Cg2 with “AAV-CaMKIIα-Cre-EGFP,
KO virus” or “AAV-CaMKIIα-EGFP, Ctrl virus” at age of 2M and survived
further for 2M. Brain slices containing the Cg were cut in this sucrose-
based ACSF with a vibratome (VT−1200S, Leica), and then transferred
immediately to an incubation chamber filled with normal ACSF (see
below) and maintained at 34 °C. After 45-60min incubation, slices
were maintained at room temperature until use. An infrared-
differential interference contrast (IR-DIC) microscope (BX-51WI,
Olympus) was used for visualization of cortical cells. The normal ACSF
contained (in mM): 126 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2
MgSO4, 2 CaCl2, and 25 dextrose (315mOsm, pH 7.4). All solutions for
slice preparation and recordingwerebubbledwith 95%O2 and 5%CO2.

Whole-cell recordings from the EN were performed using patch
pipetteswith impedanceof 4–7MΩ. Thepipette solution contained (in
mM) 140 K-gluconate, 3 KCl, 2 MgCl2, 10 HEPES, 0.2 EGTA, 2 Na2ATP
and 0.2% biocytin (285–295mOsm, pH 7.2). We employed a Multi-
clamp 700B amplifier (Molecular Devices) and a Micro3 1401 analog-
to-digital converter together with Spike2 software (version 8, Cam-
bridge Electronic Design) for data acquisition. Positive current pulses
(50−100pA per step, 500ms in duration) and negative current pulses
(−30pA per step, 500ms) were injected to examine the electro-
physiological properties such as F-I curve and input resistance when
the cell was at resting membrane potential (RMP). The liquid junction
potential (~15mV) was not corrected for the membrane potential
shown in the text and figures.

Current recordings were obtained with a Cs+-based/high-Cl- pip-
ette solutioncontaining (inmM) 120CsCl, 10TEA-Cl, 10HEPES, 1 EGTA,
10 sodium phosphocreatine, 4 MgATP, 0.3 Na3GTP, 2 QX314-Cl, 0.4%
biocytin (299mOsm, pH 7.25). To obtain the miniature excitatory
postsynaptic currents (mEPSCs), we added 50μM picrotoxin (PTX) to
block fast GABAergic synaptic transmission and 1μM TTX to block
sodium spikes. To obtain the miniature inhibitory postsynaptic cur-
rents (mIPSCs), we added 1.5mM kynurenic acid (Kyn) to block iono-
tropic glutamate receptor together with 1 μM TTX. The recorded cells
were held at −70mV in voltage clampmode. For PPR experiments, an
extracellular glass electrode was placed ~100μm away from the
recorded neuron. The stimulus intensity was 2-3 times the threshold
current. The inter-stimulus-interval was 50ms.

Data analysis was performed using Spike2 and MATLAB (MATH-
WORKS). A successful AP was defined when the amplitude surpassed
30mV. The AP threshold was defined as themembrane potential when
the rising phase of the first AP (AP1) in an AP train (10–50Hz) evoked
by positive pulse injection reached 20V/s. The rheobase current was
defined as the threshold current when the current step evoked a single
action potential. The sag ratio was obtained from the peak amplitude
of the hyperpolarization (−90pA) divided by the steady-state Vm

change during the negative pulse injection. For group comparison,
Shapiro-Wilk test was used for data normality test. Two-sample
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Student’s t test was used if they were normally distributed, otherwise
Mann–Whitney test would be employed. Data were presented as
mean± SEM in the text and figures.

Dendritic morphology image and analysis
Biocytin (0.2%) was added into the internal solution of the patch pip-
ette, and post hoc streptavidin staining (Alexa Fluor 555-conjugated,
Invitrogen S32355, 1:500) was performed to visualize the whole cell
morphology. For 3D-reconstruction of the labeled cells, z stack images
(0.75μm per image) were acquired with an air objective (×20) on a
confocal microscope (Nikon A1 plus, Japan) and processed using
ImageJ. The soma diameter and distance to the pia were obtained from
these reconstructed cells in ImageJ. The surfacemembrane area (soma
and dendrites) of the pyramidal neurons (PNs) was obtained from
streptavidin staining confocal images by using the 3DObjects Counter
function in ImageJ. For spine count, z stack images (0.5 μmper image)
were taken with a 100× oil-immersion objective on the confocal
microscope and processed using NeuronStudio.

Single nucleus suspension and library preparation
Collection of the mouse brain. GDF11f/f mice aged 2M received
bilateral focal injection into the cingulate gyrus 2 (Cg2) of “AAV-
CaMKIIα-Cre-EGFP, KO virus” or “AAV-CaMKIIα-EGFP, Ctrl virus”, and
after 2M AAV injection, mice aged 4M were euthanized by neck dis-
location. Mouse brain was dissected on an ice-cold board to obtain the
bilateral Cg2 and transferred to cryogenic vials (Nest, 607001). Sam-
ples were snap-frozen and stored in liquid nitrogen until nuclear
extraction was performed.

Single nucleus suspension preparation. Single nucleus (sn) suspen-
sion preparation was performed63. In brief, frozen brain tissue was
thawed and homogenized by 25–50 strokes of the loose pestle (pestle
A) using Dounce homogenizer (TIANDZ) in an ice box with 1ml of
buffer A (10mg/ml BSA (Ambion), 250mM sucrose (Ambion), 0.12 U/
μl RNasin Plus (Promega, N2115), 5mM MgCl2 (Ambion), and 1× Com-
plete Protease Inhibitor Cocktail (Roche, 11697498001). The mixture
was filtered using a 100 µm cell strainer and further homogenized by
25 strokes of the tight pestle (pestle B) with 750μl buffer A containing
1% Igepal (Sigma, CA630). Then, the samples were filtered through a
40 µm strainer and centrifuged at 500× g for 5min at 4 °C to pellet the
nuclei. Nuclei were then resuspended with buffer B (10mg/ml BSA,
320mM sucrose, 2mM magnesium acetate, 3mM CaCl2, 10mM Tris-
HCl, 0.1mM EDTA, 1mM DTT, 0.12 U/μl RNasein and 1× Complete
Protease Inhibitor Cocktail) and the concentration used for library
preparation was 1000 nuclei per μl.

snRNA-seq library preparation. snRNA-seq libraries were prepared
using the DNBelab C Series Single-Cell Library Prep Set64 (MGI,
1000021082). In brief, single-nucleus suspensions were converted to
barcoded snRNA-seq libraries through the generation of droplet,
breakage of emulsion, collection of bead, reverse transcription and
cDNA amplification. Indexed libraries were performed based on the
manufacturer’s protocol. The Qubit ssDNA Assay Kit (Thermo Fisher
Scientific, Q10212) was used to measure the concentration. Then, the
prepared libraries were sequenced using the DNBSEQ-T1 or DNBSEQ-
T7 sequencer at the China National GeneBank (Shenzhen, China) and
the sequencing strategy was below: 41-bp read as read 1 and 100-bp
read as read 2.

snRNA-seq data processing
Raw data processing. Raw sequencing reads from DIPSEQ-T1 were
filtered and demultiplexed using PISA (v0.2) (https://github.com/
shiquan/PISA). Reads were aligned to genome using STAR (v2.7.4a)65

and sorted by sambamba (v0.7.0)66. Cell versus gene unique molecule
identifier (UMI) count matrices were generated by custom script.

Count matrices were processed using the Seurat package (v4.0.6)67 in
R (v4.0.5). Outlier cells were filtered out based on the distribution of
the counts of RNA features and expression ofmitochondrial genes. For
our data, cells with less than 500 genes detected, greater than 5000
genes detected or more than 5% mitochondrial reads were excluded.
Then, the filtered dataset was normalized and scaled and PCA was
calculated. The first 20 PNs were used to construct a SNN network and
a graph-based clustering approach, Louvain algorithm, was applied to
identify cell clusters with the resolution set to 0.8. Finally, UMAP was
applied to visualize the clustering result in 2D space.

Cluster marker analysis and cell type annotation. To annotate each
cluster to a specific cell type, we selected some classic markers for
immune cells and used violinplots and dot plots to annotate cell types.
The following genes were used for cell type annotation: Slc1a3, Mfge8,
Gfap, (Astrocytes); Flt1, Cldn5, Pecam1 (Endothelial cells); Dcn (Fibro-
blast-like cells); Hexb, C1qb, Tmem119 (Microglia); Cldn11, Mag, Mbp
(Oligodendrocytes); Pdgfra, Cspg4 (Oligodendrocyte precursor cells);
Slc17a7, Slc17a6 (excitatoryneurons, EX), Adrb1 (L3 EX), Etv1, Bcl11b (L5
EX), Tle4, Htr2c (L6 EX); Slc6a1, Slc32a1, Gad1, Gad2 (inhibitory neu-
rons, IN), Pvalb, Vip, Sst, Cnr1, Npy, Drd1, Drd2 (specific IN).

Differential expressed genes (DEGs) analysis and GO enrichment.
WeperformedDEG analysis using the “FindMarkers” function in Seurat
Rpackage. The cell populationswe comparedwere input as ident.1 and
ident.2, respectively. The fold changes of the average expression level
of genesbetween the selected cell populationswere calculated. Tofind
the function of upregulated or downregulated genes (adjusted
P <0.01, Fold change >2),weused the function enrichmentGO (OrgDb
= org. Mm. eg. db, ont = ‘BP’, P Adjust Method = ‘BH’, q value Cutoff =
0.2, P valueCutoff = 0.05) of clusterProfiler (version 3.0.4)68 R package.

Regulatory network inference and clustering (SCENIC) analysis in
snRNA-seq data. We used pyscenic (version 0.10.4) to perform single-
cell regulatory network analysis. We performed the analysis by fol-
lowing the protocol steps described in SCENIC workflow69. We first
determine TFs and their predicted target genes based on the correla-
tion of gene expression across cells using “pyscenic grn” function with
default parameters. And then use “pyscenic ctx” function to identify
whether the predicted target genes have the corresponding motifs of
TFs to refine target genes using default parameters with the database
file “mm10_refseq-r80_10kb_up_and_down_tss. mc9nr. feather” and the
motif information file “motifs-v9-nr.mgi-m0.001-o0.0.tbl”. The AUCell
analysis was further performed using “pyscenic aucell” function with
parameters “rank_threshold” 5000, “auc_threshold” 0.05 and “nes_-
threshold” 3. Identified regulons from pyscenic were further selected
based on the average AUCell score across cells >0.02 and the number
of genes in each regulon >10. Differential regulons were selected
through visual inspection on the heatmap plot of normalized AUCell
scores across cells. The regulatory network centered on transcription-
related factors was screened out and visualized by Cytoscape.

Generation of GDF11 knockout (GDF11KO) Neuro-2a cell line
The pX459 plasmid (pX459-U6-sgRNA-CMV-Cas9-T2A-PuroR) was
used as previously described. The pX459 plasmid consists of three
components, including Cas9 nuclease, puromycin acetyltransferase
(PuroR) and a 20nt target-specific guide RNA (gRNA) designed for
maximum knockout efficiency. The two GDF11-specific gRNA sequen-
ces were designed using sgRNA designer website (https://chopchop.
cbu.uib.no/) as indicated below:

5’-GCCGAAGGTACACCCACAGT-3’; 5’-GAACCGGGTAAGGTAGCT
TG-3’.

Two pX459 plasmids, each including different GDF11 sgRNA, were
co-transfected intoNeuro-2a cells using transfectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s protocol with
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appropriate cell confluence (> 50%) after plating. Different con-
centrations of puromycin were used to treat wild-type Neuro-2a cells
and the lowest concentration of puromycin to kill Neuro-2a cells after
4 days’ treatment was 3μg/ml. This concentration was subsequently
used for selecting and enriching the PuroR antibiotic-resistant trans-
fected Neuro-2a cells. At 48 h post-transfection, the culturemedia was
removed by washing the cells with 0.01M PBS and selection medium
(complete medium containing 3μg/ml of puromycin) was added for
screening the cells. The transfected cells were cultured for 4 days with
selection medium and the cells transfected successfully with pX459
plasmids survived. No gRNA but only Cas9 transfection was used as
another control in addition to WT Neuro-2a cells. The GDF11KO cell
clone was screened out through single clone expansion protocol: the
survived cells were counted and diluted with complete medium
ensuring one single cell per 100μl culture medium by cell counting.
The cells were subsequently seeded into 96-well plates with 100μl per
well. After culture for approximately 14 days, cells in each well grown
from a single cell thus was one clone which was verified by PCR, RT-
PCR,WBand/or immunofluorescence either as aGDF11KO orWTNeuro-
2a clone. Three independent GDF11KO cell clones were obtained. The
confirmed GDF11KO cells or WT Neuro-2a cells were cultured in routine
method and were recorded as days in vitro (DIV), and were passaged
every3days.Weestimated thatGDF11KO cells underwent about two cell
divisions within each passage in our experimental condition.

Verification of knockout efficiency of GDF11KO Neuro-2a
cell line
Genomic DNA was extracted from GDF11 knock-out (GDF11KO) Neuro-
2a cells using a TIANamp Genomic DNA Kit (TIANGEN). Primers were
designed according to the two GDF11-specific gRNA target sites with
primer F (5’-CGCAGAATGGGGAGTCAGAA-3’) and primer R (5’- AT
CCTCCACCACCACTTCAG-3’). PCR was performed to determine the
knockout efficiency by analyzing different size bands on 1.2% agarose
gel. PCR product of Neuro-2a cells was 514 bp for the GDF11KO and
992 bp for the wild-type. For in vitro GDF11KO experiments, the indivi-
dual data points were obtained from three independent clones.

Bulk RNA-seq library preparation
GDF11KO and WT Neuro-2a cells cultured over 65 DIV were performed
to bulk RNA-seq. BulkRNA-seq librarieswere prepared aswedescribed
previously70. In brief, total RNA from three mixed clones of GDF11KO

andWT Neuro-2a cells (n = 3 per group) was purified via RNA Isolation
Kit (Vazyme). RNA-seq libraries were generated with NEBNext Ultra
Directional RNA Library PrepKit (NEB, USA). Each library was
sequenced with NovaSeq 6000 (Illumina, San Diego, CA, USA).

RNA-seq data analysis
All fastq fileswere passed through the quality control tool FASTQC and
were mapped to the mouse genome (mm10) using tophat (v2.1.1).
Differentially expressed gene (DEG) analysis was performed to com-
pare GDF11KO and WT Neuro-2a cells using the cuffdiff (v2.2.1). DEGs
were defined as P value < 0.05 and absolute log2 ≥ 1 (fold change ≥2).
Gene ontology (GO) enrichment of biological processes was per-
formed using PANTHER (http://pantherdb.org/).

ChIP-qPCR
ChIP-qPCRexperimentswereperformedaspreviously described71with
slight modifications. Briefly, three clones of GDF11KO and WT Neuro-2a
cells were cross-linked for 10min fixed in 1% formaldehyde and
quenched with 125mM glycine for 5min at room temperature. Then,
cells were lysed and sonicated until the size of DNA fragment was
150–300bp. Sonicated chromatin was immunoprecipitated by incu-
bationwith Smad2 antibody (10μg, Cell Signaling, 5339) or IgG isotype
control (10μg) overnight at 4 °C. Immunoprecipitated complexes
were obtained using protein A/G beads (SANTA CRUZ). Subsequently,

beadswerewashedone time sequentiallywith low-salt buffer, high-salt
buffer, LiCl buffer, twice with TE buffer, and then resuspended in
elution buffer (1% SDS, 100mM NaHCO3). The DNA in the elutes was
incubated with Proteinase K (1mg/ml) overnight at 65 °C to reverse
cross-linking. Next, DNA was purified and extracted using a TIANamp
Genomic DNA Kit (TIANGEN, Cat.DP304) and subjected to qPCR ana-
lyses. ChIP-qPCR primer were designed according to the predicted
binding motif between Smad2/3 and the promoter of p21 (http://
jaspar.genereg.net/). Primers used in ChIP-qPCR are:

Mouse p21—F 5’-CAGGAAGAGGAAATGGGGTCT-3’;
Mouse p21—R 5’-TGATGGAAAAGCCCAGACTGC-3’.

Plasmid constructs
Mouse GDF11 and GDF8 expression plasmids (pMs-GDF11-Flag-Myc or
pMs-GDF8-Flag-Myc)with C-terminal 3Flag andMyc tagweredesigned
and produced by Origene. Human GDF11 and GDF8 expression plas-
mids (phGDF11-Flag or phGDF8-Flag) with C-terminal 3Flag tag were
designed and produced by Vigene Biosciences. To generate pMs-
GDF11-eGFP-Flag construct, mouse GDF11 sequence was subcloned
into vector pEGFP-N2 (Clontech) with C-terminal eGFP and 3Flag tag.
All obtained plasmids were confirmed through sequencing.

RNA isolation and real-time qPCR
Total RNA from tissues or cells was extracted with RNA Isolation Kit
(Vazyme) and reverse transcribed into cDNA using the HiScript cDNA
Synthesis kit (Vazyme) according to the manufacturer’s protocol.
Quantitative real-time PCR was run using SYBR qPCR master mix
(Vazyme) in a CFX96 Touch Thermal Cycler (Bio-rad). Every sample
was run in triplicates. qPCR reactionswereperformed according to the
manufacturer’s protocol. Primers were designed as follows:

GDF11—F 5’-CAAACTGCGGCTCAAGGAG-3’;
GDF11—R 5’-TGGGGCTGAAGTGGAAATGA-3’;
p21—F 5’-CAGGCACCATGTCCAATCCT-3’;
p21—R 5’-CGTCTCCGTGACGAAGTCAA-3’;
β-actin—F 5’-CGCAGCCACTGTCGAGT-3’;
β-actin—R 5’-CCCACGATGGAGGGGAATAC-3’.

Immunofluorescence staining
For tissue immunofluorescence staining, after anaesthetizedusing 1.5%
pentobarbital sodium, mice were perfused transcardially using ice-
cold PBS (pH 7.4) followed by 4% paraformaldehyde (PFA). After 4 h
post fixation in 4% PFA solution, mouse brains were cryoprotected in
30% sucrose for 2 days. Mouse brain coronal sections (12μm) were cut
using a microtome (Leica) and harvested on adhesion microscope
slides and stored at −20 °C for further use.

For cell immunofluorescence staining, after plated on small round
slides, Neuro-2a cells were fixed by 4% paraformaldehyde for 15min
followed by immunofluorescence staining procedure.

For immunofluorescence (IF) labelling, the standardprocesswas
performed quantitatively to detect the expression of various pro-
teins. The primary antibodies used were mouse anti-GDF11 (1:200,
R&D, MAB19581), rabbit anti-GDF11 (1:200, Abcam, ab124721), rabbit
anti-GDF11 (1:200, NOVUS, NBP1-95888), guinea pig anti-NeuN
(1:1000, Millipore, ABN90), rabbit anti-CaMKIIα (1:500, Abcam,
ab131468), rabbit anti-GABA (1:500, Sigma, A2052), rabbit anti-
Olig2(1:200, Millipore, AB9610), chicken anti-GFAP (1:1000, Milli-
pore, AB5541), rabbit anti-Iba1 (1:500,WAKO, 019−19741), rabbit anti-
p21 (1:200, Cell Signaling, 2947) and goat anti-DCX (1:1000, Santa
Cruz, sc-8066). Alexa fluor 488 or Cy3 conjugated secondary anti-
bodies were used (1:500, Jackson Laboratories). Specially, for GDF11
orCaMKIIα staining in brain section, a pretreatment in citrate antigen
retrieval solution (pH 6.0) heated by microwave is necessary, then
the sections were incubated for 48–72 h at 4 °C with anti-GDF11 or
anti-CaMKIIα antibody. DAPI were used to stain the cellular nuclei.
However, GDF11 staining in cultured cells did not need antigen
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retrieval. An Olympus Fluoview FV1000 confocal microscope was
used to acquire fluorescent images.

Immunohistochemical staining
Mouse brain section (12μm) preparation was the same as the immu-
nofluorescence protocol described above. The standard immunohis-
tochemistry was performed. In brief, the brain sections were
pretreated for 20min in citrate antigen retrieval solution (pH 6.0)
heated by microwave and then quenched for 5min using 3% H2O2.

Then, brain sections were blocked at 4 °C for 2 h in blocking buffer (5%
donkey serum, 1% BSA in 0.01M PBS, pH 7.4). The primary antibodies
used were rabbit anti-GDF11 (1:200, NOVUS, NBP1-95888) and rabbit
anti-CaMKIIα (1:500, Abcam, ab131468). HRP conjugated secondary
antibodies (1:500, Jackson Laboratories), VECTA stain ABC kit (Cat. PK-
6100) and DAB staining kits (Sigma, Cat. D4293, brown; Cat. D0426,
black) were used following manufacturer’s instructions. An Olympus
microscope (BX53) was used to acquire images.

Western blot
To extract total protein, cells were washed in 0.01M PBS and resus-
pend in protein lysis buffer (50mMTris‐HCl (pH 7.5), 5mMEDTA-Na2,
1% SDS, 1% Nonidet P40 Substitute (NP‐40 buffer), 0.5% sodium
deoxycholate, 3.69% CHAPS (Biosharp), 1% Triton X-100, 50mMNaCl)
supplemented with 1mM DTT, phosphatase inhibitors (Biotool),
MG132 (carbobenzoxy-Leu-Leu-leucinal; Sigma) and protease inhibi-
tors (Roche). After cells were homogenized and maintained on ice for
30min, samples were centrifuged at 1000×g for 5min at 4 °C, and the
supernatants were collected. For tissue protein extraction, after a
quick perfusion through the heart with ice-cold 0.01M PBS (pH 7.4),
mouse tissues were collected and homogenized in protein lysis buffer
using a hand-held homogenizer on ice. After left on ice for 30min, the
tissue homogenates were centrifuged at 1000 × g for 5min at 4 °C, and
the supernatants were collected.

Protein concentrations were measured using BCA protein assay
Kit (Beyotime). In total, 10–40μg protein for each lane was analyzed
on a 10% or 12% SDS–PAGE gel and wet transferred for western blot
(WB) analysis. The membrane used for WB was PVDF (0.2μm, Milli-
pore). The protein loading buffer (FUDE China, Cat. FD002) contained
reducing agents DTT and denaturant agents LDS (lithium dodecyl
sulfate), and the samples were heated at 95 °C for 5min before loading
on the gel. The primary antibodies used were mouse anti-GDF11
(1:5000, R&D, MAB19581), mouse anti-GDF11 (1:2000, Santa Cruz, sc-
81952), rabbit anti-GDF11 (1:2000, Abcam, ab124721), mouse anti-Myc
(1:1000, Cell Signaling, 2276), mouse anti-β-actin (1:10,000, Sigma,
A5441), rabbit anti-pSmad2 (1:1000, Cell Signaling, 3108), rabbit anti-
Smad2 (1:2000, Cell Signaling, 5339), rabbit anti-Smad3 (1:2000, Cell
Signaling, 9513) and rabbit anti-Tmem159 (1:1000, Biorbyt, orb351361).
Secondary antibodies (Jackson Laboratories) conjugated with horse-
radish peroxidase (HRP) were used at the dilution of 1:10,000. All the
bands were quantified using ImageJ.

Electron microscopy
Transmission electron microscopy (TEM). Three clones of GDF11KO

and WT Neuro-2a cells were fixed with 4% formaldehyde and 2.5%
glutaraldehyde in 0.1M phosphate buffer (pH 7.4) and scraped down
with a cell scraper. Cells were post-fixed overnight with 4% for-
maldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer (pH
7.4). After washed three times with 0.1M phosphate buffer (pH 7.4),
cells were fixed using 1% osmium tetra-oxide (OsO4) for 60min at
room temperature. The cells were subsequently rinsed twice with
water for 10min and then stained for 30min at room temperature
using 2% uranyl acetate. The cells were dehydrated in upgraded etha-
nol series: 50%, 70%, 90%, 100% and 100% followed by acetone twice
and finally infiltrated in graded Epon series: 50% and 100%. The cells
were embedded with 100% Epon at 37 °C for 24 h and then resin

polymerization was performed at 60 °C in the dry oven for 48 h. Areas
of interest region were cut into serial ultrathin sections with an ultra-
microtome (Germany). Aftermounted onmesh grids (5–7 sections per
grid), ultrathin sections were observed under a Tecnai G2 Spirit 120 kV
Transmission Electron Microscope (TEM, Thermo FEI).

Immuno-electron microscopy (Immuno-EM). For pre-embedding
immuno-gold TEM, after anaesthetized using 1.5% pentobarbital
sodium, wild-type (WT) male mice aged 3M were perfused trans-
cardially using ice-cold PBS (pH 7.4) followed by 0.1% glutar-
aldehyde, 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4). The
mouse brain was dissected quickly and post-fixed overnight with
0.1% glutaraldehyde, 4% formaldehyde in 0.1 M phosphate buffer
(pH 7.4). Next, mouse brain coronal sections (50 μm) were cut using
oscillating microtome (Leica VT1000S) in the 0.1 M phosphate buf-
fer (pH 7.4) and post-fixed for 2 h in 0.1% glutaraldehyde, 4% for-
maldehyde in 0.1 M phosphate buffer (pH 7.4). After washed with
PBS (pH 7.4), brain sections were incubated with 50mM glycine in
0.1 M PBS (pH 7.4) for 30min. Then, brain sections were permeabi-
lized with 0.01% Triton X−100 in 0.1 M PBS for 15min before
blocking the brain sections with the block solution containing 0.1%
BSA-c (Aurion) in 0.1 M PBS (pH 7.4). The sections were incubated in
the anti-GDF11 antibody (R&D, MAB19581, 1:100) overnight at 4 °C
followed by several times of rinse, and the sections were then
incubated in the secondary antibody (Nanogold® -IgG Goat anti-
mouse, Nanoprobes, 1:100) overnight. After washing in 0.1 M PB (pH
7.4), brain sections were post-fixedwith 2.5% glutaraldehyde in 0.1 M
PB and treated with the silver enhancement kit (Nanoprobes)
according to the manufacturer’s protocol. Then, the sections were
treated in 1% OsO4 for 60min and in 2% uranyl acetate for 30min.
After gradient dehydration, brain sections were embedded in Epon
and ultrathin sections were then observed under a Tecnai G2 Spirit
120 kV Transmission Electron Microscope (TEM, Thermo FEI).

Quantification and statistical analysis
The experimenters were blinded to the grouping of images during
image quantifications. Data analysis for quantification was performed
by using ImageJ and Prism 8 (GraphPad Software). Image processing
was performed with FV10-ASW 4.2 Viewer, PS (Adobe Photoshop CC
2018) and AI (Adobe Illustrator CC 2018). Data are presented as
mean± SEM with difference considered significant when P <0.05.
*P < 0.05, **P <0.01, and “ns” indicates not significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated in this study have been deposited in the
GEO database under accession code GSE167538. The snRNA-seq data
generated in this study have been deposited in the China National
GeneBank (CNGB) database under accession codeCNGB: CNP0003558.
The datasets are available from the corresponding author on request to
Dr. Jing-Wei Zhao (jingweizhao@zju.edu.cn). Source data are provided
with this paper.

Code availability
Code for snRNA-seq analysis is available at https://github.com/
changhuizhong/GitCode.git.
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