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SUMMARY

Autophagy is a conserved catabolic pathway with
emerging functions in mammalian neurodevelop-
ment and human neurodevelopmental diseases.
The mechanisms controlling autophagy in neuronal
development are not fully understood. Here, we
found that conditional deletion of the Forkhead
Box O transcription factors FoxO1, FoxO3, and
FoxO4 strongly impaired autophagic flux in devel-
oping neurons of the adult mouse hippocampus.
Moreover, FoxO deficiency led to altered dendritic
morphology, increased spine density, and aberrant
spine positioning in adult-generated neurons. Strik-
ingly, pharmacological induction of autophagy was
sufficient to correct abnormal dendrite and spine
development of FoxO-deficient neurons. Collec-
tively, these findings reveal a novel link between
FoxO transcription factors, autophagic flux, and
maturation of developing neurons.

INTRODUCTION

The dentate gyrus (DG) of the hippocampal formation is one

of the few regions of the adult mammalian brain where neural

stem/progenitor cells (NSPCs) give rise to functional neu-

rons throughout life (Gonçalves et al., 2016a). Adult-generated

hippocampal dentate granule neurons fulfill critical functions in

plasticity. Consequently, perturbations of adult hippocampal
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neurogenesis are associated with learning and memory deficits

and altered anxiety behavior. Moreover, there is evidence that

impaired adult neurogenesis contributes to the pathogenesis

of cognitive and behavioral deficits in aging and neuropsychiatric

diseases (Abrous and Wojtowicz, 2015; Rolando and Tay-

lor, 2014).

The generation of dentate granule neurons is a multistep

developmental process that begins with the activation of quies-

cent radial glia-like NSPCs and culminates in the synaptic inte-

gration of the newly generated dentate granule neuron into the

hippocampal circuit (Gonçalves et al., 2016a). Precise execution

of the adult neurogenic sequence is dependent on the expres-

sion of stage-specific genetic programs, which are coordinated

by the activity of transcription factors (Beckervordersandforth

et al., 2015).

Forkhead Box O proteins constitute a highly conserved family

of transcription factors that controls gene expression programs

involved in resistance to oxidative stress, DNA damage repair,

metabolism, autophagy, cell-cycle arrest, and cell survival, in

a context-dependent fashion (Eijkelenboom and Burgering,

2013). In the context of adult neurogenesis, the Forkhead Box

O family members FoxO1, 3, and 4 (hereafter referred to as

FoxOs) are considered regulators of long-term maintenance of

the adult NSPC pool based on the observation that their embry-

onic deletion results in accelerated depletion of NSPCs during

adulthood (Paik et al., 2009; Renault et al., 2009; Yeo et al.,

2013). Notably, FoxO expression is not confined to NSPCs but

is observed throughout the adult DG (Hwang et al., 2018; Renault

et al., 2009), raising the possibility that FoxOs have a function in

later steps of the adult neurogenic sequence.

Here, we describe that adult-specific conditional deletion of

FoxOs from the hippocampal neurogenic lineage not only
c.
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impairs stem cell maintenance, but also alters the dendritic

structure as well as the number and positioning of excitatory

synapses of adult-generated DG neurons. Biochemical and

imaging analyses revealed a major impediment in macroautoph-

agy (autophagy hereafter)—a conserved catabolic pathway that

involves the capturing of organelles and proteins in autophago-

somes and their subsequent degradation via lysosomes. Intrigu-

ingly, treatment with pharmacological enhancers of autophagy

was sufficient to correct FoxO deficiency-associated neurogen-

esis deficits not only in vitro but also in vivo. These data identify

a function for FoxOs in controlling the development of connectiv-

ity of adult-born DG neurons and reveal a novel link between

FoxO transcription factors, maintenance of autophagic degra-

dation activity, and morphological maturation of developing

neurons.

RESULTS

FoxO1/3/4Directly Regulate Long-TermMaintenance of
the Radial Glia-like Neural Stem/Progenitor Cell Pool
Mice with a germline deletion of FoxO3 or a conditional develop-

mental deletion of FoxO1/3/4 display premature depletion of the

adult NSPC pool and a progressive impairment of adult neuro-

genesis (Paik et al., 2009; Renault et al., 2009). We first sought

to determine whether the adult NSPC and neurogenesis

phenotype are the consequence of impaired embryonic neuro-

development or of a specific function of FoxOs in adult NSPCs.

Confirming previous reports (Hwang et al., 2018; Renault et al.,

2009), we observed strong FoxO1 and FoxO3 expression

throughout the DG, whereas FoxO4 expression in the DG was

very low and was only detectable by qRT-PCR (Figures S1A

and S1B). qRT-PCR and western blot analysis showed that adult

NSPCs expressed high levels of FoxO1 and FoxO3, and very low

levels of FoxO4 (Figures S1B and S3D). We generated condi-

tional knockout mice (GLAST::CreERT2; FoxO1/3/4fl/fl;

R26::b-galactosidase; hereafter referred to as FoxO cKO), which

allow for tamoxifen-induced deletion of FoxO1, 3, and 4, in adult

NSPCs and tracing of recombined cells and their progeny by

expression of b-galactosidase (b-gal) (Mori et al., 2006; Paik

et al., 2007; Soriano, 1999). GLAST::CreERT2; R26::b-galactosi-

dase mice harboring wild-type (WT) alleles for FoxO1, 3, and 4

(hereafter referred to as FoxOWT) served as controls. Recombi-

nation was induced in 8-week-old mice (Figure S1C). b-gal re-

porter-positive cells in FoxO WT mice were immunoreactive for

FoxO1 and FoxO3, while b-gal+ cells in FoxO cKO mice were

negative for FoxO1 and FoxO3, demonstrating the successful

conditional ablation of the most highly expressed FoxOs

(Figure S1D).

To evaluate the short-term and long-term impact of FoxO

deletion on hippocampal neurogenesis, animals were analyzed

3 days, 1 month, 4 months, and 8 months after tamoxifen treat-

ment (Figure S1C). At the earliest time point, removal of FoxO1/

3/4 from NSPCs resulted in an increased number of b-gal+ radial

glia-like NSPCs expressing the proliferation marker MCM2 (Fig-

ures S1E and S1F) and in higher numbers of BrdU-incorporating

cells (Figures S1H and S1I), indicating that FoxO deficiency pro-

moted the activation of NSPCs and increased proliferation in the

hippocampal neurogenic niche.
At 1 month after recombination, the fraction of b-gal+ cells ex-

pressing the immature neuronal marker Doublecortin (DCX) or

the dentate granule neuron marker PROX1 was comparable be-

tween cKO and control mice, indicating that acute FoxO1/3/4

deficiency did not impair neuronal differentiation ofNSPCs in vivo

(Figures S1M–S1P).

Starting at 4 months, the number of b-gal+ cells in the DG of

FoxO cKO mice was substantially lower than in control mice,

suggesting a strong impairment of neurogenesis (Figures S1K

and S1L). Quantification of proliferating cells via BrdU incorpora-

tion 8 months after recombination demonstrated that prolifera-

tive activity in the DG of FoxO cKO mice was reduced to

approximately half of that in age-matched control mice (Fig-

ure S1J). At this time point, we also found significantly lower

numbers of radial glia-like NSPCs in FoxO cKO mice (Figures

S1K and S1L). While recombined cells constituted approxi-

mately 60% of the radial glia-like NSPCs across all time points,

the contribution of recombined cells to the NSPC population

progressively declined in cKO mice starting at 4 months after

deletion of FoxOs, indicating that FoxO deficiency impaired

long-term maintenance of NSPCs (Figures S1K and S1L). Strik-

ingly, at 4 months after recombination b-gal+ NSPCs in FoxO

cKO mice were negative for MCM2, indicating that FoxO-defi-

cient NSPCs were largely non-proliferative and suggesting that

FoxO-deficient NSPCs failed to substantially contribute to cell

genesis at later time points (Figure S1G).

Collectively, our results extend previous findings obtained

from developmental deletion of FoxOs (Paik et al., 2009; Renault

et al., 2009) and provide direct proof that FoxO function in the

adult neurogenic lineage is essential for long-term maintenance

of the adult radial glia-like NSPC pool and neurogenesis. The ob-

servations that FoxO deficiency is associated with increased

NSPC proliferation early after recombination and loss of NSPCs

at late time points are consistent with the concept that FoxOs are

required to restrict activation of quiescent NSPCs to prevent pre-

cocious depletion of the NSPC pool.

FoxODeficiencyAltersDendrite andSpineDevelopment
of Adult-Born DG Neurons and Impairs Their Long-Term
Survival
In accordance with other studies, we observed FoxO expression

in the dentate granule cell layer and in neuronally differentiating

adult NSPCs (Figures S1A, S2A, S2B, and S3A) (Hwang et al.,

2018; Paik et al., 2009; Renault et al., 2009). This expression

pattern raised the possibility that FoxOs may not only play a crit-

ical role in the regulation of NSPC function, but may also function

during later stages of neurogenesis. To conditionally ablate

FoxO1/3/4 from the adult neurogenic lineage after the stage of

the radial glia-like NSPC, an MML retrovirus bi-cistronically en-

coding for GFP and Cre-recombinase (CAG-GFP-IRES-Cre)

was stereotactically injected into theDGof young adult mice car-

rying conditional (FoxO1/3/4fl/fl) or WT (FoxO1/3/4WT/WT) alleles

for FoxOs (Paik et al., 2007; Tashiro et al., 2006b). AnMML retro-

virus encoding for mitochondria-targeted dsRED (CAG-IRES-

mito-dsRed) was co-injected to estimate survival of transduced

cells in the different experimental conditions (Tashiro et al.,

2006a). Animals were sacrificed at 10 days post-retrovirus injec-

tion (dpi), 21 dpi, 42 dpi, and 4 months post-injection (Figure 1A).
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As described above, FoxO4 expression in the DG is very low and

was only detectable by qRT-PCR (Figure S1B), but not by immu-

nohistochemistry (Figure S1A). Immunohistochemistry for

FoxO1 and 3, i.e., the FoxOs with the highest expression in the

DG, confirmed high recombination efficiency in CAG-GFP-

IRES-Cre transduced cells in FoxO1/3/4fl/fl animals (Figures

S2A and S2B).

Consistent with the finding that FoxO deletion in radial glia-like

NSPCs did not affect neuronal fate determination (Figures S1M–

S1P), Cre-transduced cells in FoxO1/3/4fl/fl and FoxO1/3/4WT/WT

animals showed similar levels of neuronal differentiation as

determined by the expression of the neuronal markers DCX

and Calbindin (Figure S2H). To evaluate effects of FoxO1/3/4

deletion on survival, we compared the fraction of CAG-GFP-

IRES-Cre and CAG-IRES-mito-dsRed double-positive neurons

(identified by co-expression of GFP and dsRed) among all

CAG-IRES-mito-dsRed (identified by expression of dsRed)-ex-

pressing neurons across time. While the fraction of neurons

generated by double-transduced NSPCs remained comparable

between all time points in FoxO1/3/4WT/WT animals, the fraction

of double-positive neurons in FoxO1/3/4fl/fl animals was

decreased 4 months after transduction compared to earlier

time points, indicating that FoxOs are required for long-term sur-

vival of adult-generated DG neurons (Figure S2C) and that

impaired survival of FoxO-deficient, adult-born neurons contrib-

uted to the progressive decline of recombined cells in the DG of

FoxO cKO mice (Figures S1K and S1L).

GFP expression in CAG-GFP-IRES-Cre transduced cells

allowed us to evaluate the impact of FoxO deletion on the

morphology of newly generated neurons. Analysis at 21 and

42 dpi revealed a transient decrease in total dendritic length in

FoxO-deficient neurons (Figure 1C). Sholl analysis indicated a

subtle but highly reproducible difference in dendritic structure

at 21 and 42 dpi (Figures 1E and S2F). This difference was not

caused by alterations in the number of branch points and

dendrite termini (Figures S2D and S2E), but by the absence or

substantial shortening of the apical dendrite in FoxO-deficient

neurons, which in WT cells spans the granule cell layer and

branches into secondary dendrites in the molecular layer

(Figures 1B, 1C, and 1E). Similar to control neurons, FoxO-

deficient neurons were located within the lower third of the DG,

indicating that apical dendrite shortening was not caused by

altered positioning of the neuronal soma along the radial axis

(Figure S2G).
Figure 1. Adult-Born Neuron Morphogenesis Is Dependent on FoxO S

(A) Experimental scheme of retroviral injection paradigm used in (B)–(G). Adult mi

retrovirus and were sacrificed 10 days post-injection (dpi), 21 dpi, 42 dpi, or 4 m

(B) Retrovirus transduced adult-born neurons in FoxO WT and FoxO cKO mice at

mito-dsRed double transduced cells and CAG-IRES-mito-dsRed single transduc

not bear a long apical dendrite. Scale bars, 10 mm.

(C) Quantifications of the total dendritic length and length of the apical dendrite

permanent reduction of the length of the apical dendrite in FoxO cKO mice. n =

(D) Schematic depiction of a retrovirus transduced DG neuron and the areas cho

(E) Representative reconstructions of FoxO WT and FoxO cKO neurons.

(F) Representative images showing dendritic segments in different layers of the DG

FoxO cKO mice. Scale bars, 1 mm.

(G) Quantifications of the number of spines in FoxO WT and FoxO cKO neurons.

Data represented as mean ± SEM; t test was used to determine significance.
We next analyzed the impact of FoxO deficiency on spine

density and morphology as a proxy for the development

of the glutamatergic postsynaptic compartment (Gonçalves

et al., 2016b; Zhao et al., 2006). Compared to WT neurons,

FoxO-deficient neurons bore more spines in the inner molecular

layer (iML) and outer molecular layer (oML) at both time points

(Figures 1D, 1F, and 1G). Most intriguingly, FoxO-deficient neu-

rons also bore spines within the granule cell layer (GCL), while

their WT counterparts only had spines in the molecular layer

(Figures 1D, 1F, and 1G). Morphometric analysis of spine

morphology showed that FoxO-deficient neurons had more

thin spines, whereas the density of mushroom spines and filo-

podia spines was comparable between FoxO-deficient and

WT neurons (Figure S2I).

Expression of the immediate early gene c-fos is associated

with neuronal activity and is commonly used as a proxy for the

functional incorporation of adult-born neurons into the hippo-

campal circuit (Jungenitz et al., 2014; Kee et al., 2007; McAvoy

et al., 2016). While the overall number of c-fos+ cells in the

DG of FoxO1/3/4fl/fl and FoxO1/3/4WT/WT was comparable (Fig-

ure S2K), the fraction of c-fos+ cells was significantly reduced

among 42 dpi FoxO-deficient neurons compared to their WT

counterparts (Figures S2J and S2L).

Collectively, these data demonstrate that FoxOs participate in

the control of dendrite and spine development and affect the

integration of adult-born dentate granule neurons into the hippo-

campal circuit.

FoxO1/3/4 Deficiency Impairs Autophagic Flux in NSPCs
and Their Progeny
In order to analyze adult FoxO-deficient NSPCs and their prog-

eny in more detail, we established NSPC cultures from adult

(8-week-old) FoxO1/3/4fl/fl mice. NSPCs were grown as free-

floating neurospheres and were transduced with either an

MML retrovirus encoding for GFP (CAG-GFP-IRES-GFP; control

cells) or anMML retrovirus encoding for Cre-recombinase (CAG-

GFP-IRES-Cre; knockout cells). Transduced cells were enriched

by fluorescence-activated cell sorting (FACS) on the basis of

GFP expression. Notably, while FACS-purified cultures silenced

GFP expression over time, repeated genotyping; western blot

analyses for FoxO1, FoxO3, and FoxO4; and immunocytochem-

istry with antibodies against FoxO1 and FoxO3 confirmed the

Cre-mediated cKO in CAG-GFP-IRES-Cre transduced cells (Fig-

ures S3B–S3E).
ignaling

ce with WT or floxed alleles for FoxOs were stereotactically injected with MML

onths post-injection (mpi).

42 dpi. Arrows and arrowheads indicate CAG-GFP-IRES-Cre and CAG-IRES-

ed cells, respectively. Note that double transduced cells in FoxO cKO mice do

at 21 and 42 dpi indicate a transiently reduced total dendritic length and a

27/16 (21/42 dpi) WT and n = 20/24 (21/42 dpi) cKO cells from 6 mice/group.

sen for spine analysis.

. Note the increased spine density and abnormal spine formation in the GCL of

n = 10 cells from 4 mice/group.

Neuron 99, 1188–1203, September 19, 2018 1191



+ Vehicle + BafilomycinA1 + Vehicle + BafilomycinA1
Control cells FoxO cKO cells

C
A

G
-m

C
he

rr
y/

G
FP

/L
C

3

G

35000

25000

15000

5000

0

0

0

0

H I

H I

In
te

ns
ity

In
te

ns
ity

0       1        2        3        4        5 0       1        2        3        4        5

35000

25000

15000

5000

distance [μm] distance [μm]

GFP
mCherry

GFP
mCherry

Control cell FoxO cKO cell

6 days differentiation

Control cells FoxO cKO cells

F

C
on

tro
lc

el
ls

Fo
xO

 c
K

O
ce

lls

6 days differentiation

C
TC

F 
LC

3

C
TC

F 
p6

2

FoxO cKO cellsControl cells
LC

3
p6

2

6 days differentiation

A B
CTCF       Corrected Total Cell
                 Fluorescence

   ≙
2.0

1.5

1.0

0.5

0

*
2.0

1.5

1.0

0.5

0

C
BafA1     -      -      +      +             -       -      +      +

p62

LC3-I
LC3-II

β-actin

Control cells FoxO cKO cells

50

15

37
kDa 6 days differentiation

Control cells

FoxO cKO cells

D
3

2

1

0

pr
ot

ei
n 

co
nt

en
t

[n
or

m
al

iz
ed

 to
 c

tr 
ce

lls
]

p62     LC3-I   LC3-II

*

** 10
8
6
4
2
0

Tu
rn

ov
er

 A
ss

ay
(+

B
af

A
1/

-B
af

A
1)

p62     LC3-I   LC3-II

*

**

E

*

D
A

PI

(legend on next page)

1192 Neuron 99, 1188–1203, September 19, 2018



Interestingly, FoxO cKO cells showed increased proliferation

and generated more neurospheres in single-cell neurosphere

assays over several passages than control cells (Figures

S3F–S3H). In these assays, NSPCs isolated from 8-week-old

FoxO1/3/4WT/WT mice and transduced with the CAG-GFP-

IRES-Cre virus showed similar characteristics to control cells

(Figure S3G), indicating that increased proliferation and neuro-

sphere formation were the result of FoxO deficiency and not of

the expression of Cre-recombinase. In addition, FoxO deficiency

altered the differentiation pattern of NSPCs with FoxO cKO cells

generating significantly more DCX+ and MAP2ab+ neurons and

less GFAP+ astrocytes compared to control cells (Figures S3I

and S3J).

FoxOs have been proposed to control cellular homeostasis

through the regulation of the ubiquitin-proteasome pathway

and the autophagy-lysosome pathway (ALP) (Eijkelenboom

and Burgering, 2013;Webb and Brunet, 2014). Here, we focused

on the impact of FoxO deficiency on ALP activity and first

measured the levels of autophagosome marker proteins (Klion-

sky et al., 2016). During autophagosome formation, the soluble

form of MAP1LC3/LC3-I (microtubule-associated protein light

chain 3) is conjugated to the lipid phosphatidylethanolamine on

the autophagosome membrane, generating the LC3-II form of

the protein (Tanida et al., 2004). The selective autophagy recep-

tor protein sequestosome 1/p62 (SQSTM1/p62) interacts with

ubiquitin chains to deliver polyubiquitinated cargoes to the

autophagosome (Lippai and L}ow, 2014). Notably, we observed

stronger immunoreactivity for LC3 and p62 in FoxO cKO cells

compared to control cells (Figures 2A and 2B). Similarly, western

blot analyses showed higher LC3-II levels and p62 levels in FoxO

cKO cells compared to control cells under both proliferating and

differentiating conditions (Figures 2C, 2D, S4A, and S4B). Since

higher LC3-II and p62 levels in FoxO-deficient cells could indi-

cate the increased presence of autophagosomes, we examined

cells at the ultrastructural level. Transmission electron-micro-

scopic analysis revealed that in contrast to controls, FoxO cKO

cells were packed with vacuolar structures containing elec-

tron-dense material and parts of the cytosol (Figure 2F), which
Figure 2. Impairments in the Autophago-Lysosomal Degradation Syst

(A and B) Representative confocal images (A) and total corrected cell fluorescenc

and FoxO cKONSPCs after 6 days of differentiation revealed increased immunore

replicates/group. Scale bars, 10 mm.

(C) Western blots of lysates of differentiated control and FoxO cKO cells. Antibod

b-actin was used as endogenous loading control. For quantification in (D) and (E

control cells.

(D) Differentiated FoxO cKO cells showed increased protein content of LC3-II an

(E) BafA1 turnover assay reveals a decreased BafA1+/BafA1� ratio of LC3-II and

impairment in autophagic flux. n = 4 biological replicates/group.

(F) Electron microscopic analysis shows increased accumulation of vacuoles wi

somes in FoxO-deficient NSPCs differentiated for 6 days. Scale bars, 2.5 mm.

(G) Confocal images of control and FoxO cKONSPCs transduced with CAG-mCh

for 6 days and treated with vehicle or BafilomycinA1 12 hr prior to fixation. FoxO-

puncta) under vehicle conditions. While control cells showed autophagosomes (y

functional autophagolysosomeswere detected in FoxO cKO cells. Blocking the au

control cells while no visible change was observed in FoxO cKO cells. Scale bar

(H and I) Representative confocal images and line intensity plots of control (H) a

tatively depict the autophagosomes (overlap of high GFP and high mCherry sign

bars, 1 mm.

Data represented as mean ± SEM; t test was used to determine significance.
is consistent with the accumulation of autophagosomes and

autophagolysosomes, i.e., the products of the fusion of autopha-

gosomes with lysosomes.

To distinguish whether FoxO deficiency increased or inhibited

activity of the ALP, we biochemically measured autophagic flux,

i.e., the amount of autophagic degradation. BafilomycinA1

(BafA1) disrupts ALP activity by inhibiting V-ATPase-dependent

acidification and autophagosome-lysosome fusion (Mauvezin

and Neufeld, 2015) and results in accumulation of autophagy

substrates including LC3 and p62. The degree of accumulation

in LC3 and p62 following BafA1 treatment thus serves as a mea-

sure of autophagic flux. Control and FoxO cKOcells were treated

with a 12 hr pulse of BafA1 or vehicle prior to harvesting followed

bywestern blot analysis. The BafA1 over vehicle ratio for p62 and

LC3-II was significantly lower in FoxO cKO cells both under dif-

ferentiation and proliferation (Figures 2C, 2E, S4A, and S4C),

indicating that FoxO deficiency resulted in impaired autophagic

flux.

mTOR kinase activity suppresses the ALP by negatively regu-

lating autophagosome formation and is used as an additional in-

direct indicator of ALP activity (Bai et al., 2017; Boland et al.,

2008; Zhang et al., 2017). Immunohistochemical and biochem-

ical analyses showed that the level of phosphorylated over total

S6 protein (pS6/S6), which indicates mTOR activity, was higher

in differentiated FoxO-deficient NSPCs than in control NSPCs

(Figures S4D–S4F). Similarly, pS6 immunoreactivity was higher

in b-gal+ recombined cells of FoxO cKO mice as compared

to the b-gal+ recombined cells in control mice (Figures S4G

and S4H).

To further validate impaired autophagic flux and the identity of

accumulated autophagy-related structures in FoxO cKO cells,

we employed a tandem monomeric mCherry-GFP-tagged LC3

reporter (mCherry/GFP/LC3) (N’Diaye et al., 2009; Pankiv et al.,

2007), which takes advantage of the differential pH sensitivity

of the mCherry and GFP fluorescent proteins. While mCherry

fluorescence is pH-stable, GFP is pH-sensitive and is quenched

under the acidic conditions as present in functional autophago-

lysosomes. Under physiological conditions, co-localization of
em in FoxO-Deficient Cells In Vitro

e-based quantifications (B) of the autophagic markers LC3 and p62 in control

activity for LC3 and p62 in FoxO cKO cells. n = 3 (LC3) and n = 4 (p62) biological

ies against LC3I/II and p62 were applied as markers of the autophagic system.

), protein amounts were normalized to b-actin and subsequently compared to

d p62 compared to control cells. n = 4 biological replicates/group.

p62 protein content in FoxO cKO cells compared to control cells, indicating an

th electron-dense content indicative of autophagosomes and autophagolyso-

erry/GFP/LC3 retrovirus to assess the autophagic flux. Cells were differentiated

deficient cells revealed substantially more and larger autophagosomes (yellow

ellow puncta) and functional autophagolysosomes (red only puncta), almost no

tophagic fluxwith BafA1 lead to amassive accumulation of autophagosomes in

s, 10 mm.

nd FoxO cKO (I) NSPCs. Line intensity plots of the fluorescence signals quali-

al) and functional autophagolysosomes (low GFP/high mCherry signal). Scale
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mCherry with GFP is characteristic of an autophagosome, while

an mCherry signal without GFP is characteristic of a functional

autophagolysosome (Figure S4J). Control and FoxO cKO

cells were transduced with an MML retrovirus encoding for

mCherry/GFP/LC3 (CAG-mCherry/GFP/LC3) and differentiated

for 6 days (Figure S4I). Control cells with neuronal morphology

showed both double-positive GFP+/mCherry+ puncta and

mCherry-only (GFP�/mCherry+) puncta (Figures 2G and 2H).

Consistent with BafA1’s inhibitory effect on acidification and

autophagosome-lysosome fusion, BafA1 treatment resulted in

the almost complete abolition of GFP�/mCherry+ puncta (Fig-

ure 2G). In contrast, FoxO-deficient cells contained more and

larger GFP+/mCherry+ puncta but almost no GFP�/mCherry+

puncta already without BafA1 treatment (Figures 2G and 2I).

Similar observations were made under proliferative conditions

(Figure S4K). Collectively, these data support the notion that

FoxO deficiency results in impaired autophagic flux and suggest

that the structures accumulated within FoxO-deficient cells were

autophagosomes and non-functional autophagolysosomes.

qRT-PCR analysis of FoxO cKO cells revealed decreased

expression of several genes involved in early and later stages

of the ALP such as autophagosome formation (e.g., Atg5,

ATG7, Atg9a, ATG12, and Atg14), maturation, and autophagoly-

sosomal fusion (e.g., Rab5a, Rab7, and VPS34) (Figure S4L)

(Eskelinen and Saftig, 2009; Zhao and Zhang, 2018). Analysis

of a FoxO3 ChIP-seq dataset revealed enrichment of FoxO3 on

enhancers of several of these genes in adult NSPCs (Figure S4M)

(Webb et al., 2013, 2016). These observations suggest that

FoxOs impact on ALP at least in part through the direct regula-

tion of an autophagy-related gene network.

To analyze autophagy in adult-born neurons in vivo, we in-

jected the CAG-mCherry/GFP/LC3-IRES-Cre MML-retrovirus,

which bi-cistronically encodes for mCherry/GFP/LC3 and Cre-

recombinase, into the DG of adult FoxO1/3/4WT/WT or FoxO1/

3/4fl/fl mice. Animals were sacrificed 21 days after virus injection

(Figure 3A). In line with a previous report, mCherry/GFP/LC3 re-

porter-expressing newborn neurons were characterized by a

cytoplasmic GFP signal and pronounced mCherry+ puncta (Fig-

ure 3B) (Xi et al., 2016). To clearly distinguish autophagosomes

from autophagolysosomes, mCherry+ puncta were analyzed in

orthogonal views from different planes (xy, xz, and yz; Figure 3C)

for GFP co-localization. Compared to control neurons, FoxO-

deficient neurons contained more and larger autophagosomes

(GFP+/mCherry+) and almost no functional autophagolyso-

somes (GFP�/mCherry+), and thus showed amassive decrease

in the functional autophagolysosome to autophagosome ratio as

ameasure of autophagic flux (Figure 3D). In summary, the in vitro

and in vivo analyses consistently indicate that FoxO deficiency

impairs autophagic flux in the adult neurogenic lineage.

Induction of Autophagic Flux Rescues FoxO1/3/4 cKO
Phenotypes In Vitro and In Vivo

Next, we tested the impact of activating autophagy on FoxO

knockout phenotypes. For activation, we used the mTOR inhib-

itor rapamycin and the mTOR-independent autophagy activator

trehalose (DeBosch et al., 2016; Fletcher et al., 2013; Mayer

et al., 2016; Sarkar et al., 2007) (for experimental scheme, see

Figure S4I). Rapamycin treatment of FoxO cKO and control cells
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decreased mTOR activity as indicated by reduced pS6 immuno-

reactivity and a lower pS6/S6 ratio (Figures S5A–S5C). Consis-

tent with its mTOR-independent mode of action, trehalose

treatment did not alter the pS6/S6 ratio (Figures S5B and S5C).

We next examined the impact of rapamycin and trehalose treat-

ment on autophagic flux. Both compounds led to a trend toward

higher p62 levels and significantly increased the levels of LC3-II

in FoxO cKO cells (Figure S5D). The ratio of LC3-II levels in

BafA1+ to BafA1� conditions was similar between control and

treatment conditions (Figure S5E); given, however, that total

LC3-II levels were robustly elevated in rapamycin and in partic-

ular in trehalose conditions, these data suggest that rapamycin

and trehalose enhanced autophagy in FoxO cKO cells. In control

cells, p62 levels remained relatively constant and LC3-II levels

were only slightly increased (approximately 1.5-fold) after rapa-

mycin and trehalose treatment (Figure S5D). Neither rapamycin

nor trehalose substantially increased the BafA1+/BalfA1� ratios

of p62 and LC3-II in control cells (Figure S5E), which may be due

to the phenomenon that in cells with a high rate of autophagic

flux, additional changes in LC3 and p62 turnover upon induction

of autophagy cannot be sensitively detected by western blot

(Mizushima et al., 2010).

To clarify whether rapamycin and trehalose treatment induced

autophagy, we used the mCherry/GFP/LC3 reporter. In rapamy-

cin- and trehalose-treated control cells, the number and size

of GFP+/mCherry+ puncta (autophagosomes) and the number

of the GFP�/mCherry+ puncta were increased (functional auto-

phagolysosomes), indicating ALP induction (Figures 4A, 4B,

S5F, and S5G). In line with our previous observations, autopha-

golysosomes were only very rarely present in vehicle-treated

FoxO cKO cells (Figures 2G, 4A, 4B, S4K, S5F, and S5G).

FoxO-deficient cells treated with rapamycin and trehalose

contained numerous autophagolysosomes, indicating that both

compounds induced autophagy (Figures 4A, 4B, S5F, and

S5G). Remarkably, rapamycin- and trehalose-treated FoxO

cKO cells showed proliferation and neuronal differentiation

levels that were comparable to control cells (Figures 4C, 4D,

and S5H).

We also sought to genetically inhibit mTOR activity to induce

autophagy in FoxO cKO cells. To this end, we retrovirally overex-

pressed a dominant-negative mutant of the mTOR activator

Rheb GTPase, RhebD60I, which powerfully inhibits mTOR activity

(Tabancay et al., 2003). Using the mCherry/GFP/LC3 reporter,

we found increased number of autophagolysosomes and

enhanced autophagic flux in RhebD60I expressing control and

FoxO cKO cells (Figures S6A and S6B). Similar to rapamycin

and trehalose treatment, RhebD60I expression corrected exces-

sive neuronal differentiation of FoxO cKO cells and resulted in

differentiation rates that were comparable to control cells (Fig-

ures S6C and S6D).

Next, we sought to determine whether induction of autophagic

flux ameliorated the dendrite and spine phenotype of FoxO-

deficient, adult-generated neurons. Retroviral overexpression

of RhebD60I resulted in death of newborn neurons between

7 and 21 dpi (data not shown), which precluded further analysis

of the effects of RhebD60I-induced autophagic flux in vivo. We

therefore focused in the following on the effects of rapamycin

and trehalose treatment. FoxO1/3/4fl/fl and FoxO1/3/4WT/WT
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Figure 3. Impaired Autophagic Flux in Developing FoxO-Deficient Neurons In Vivo

(A) Experimental scheme for analysis of autophagic flux in adult-born WT and FoxO-deficient neurons in vivo using the CAG-mCherry/GFP/LC3-IRES-Cre

retrovirus.

(B) Confocal images of FoxO WT and FoxO cKO cells in the DG of adult mice transduced with a CAG-mCherry/GFP/LC3-IRES-Cre retrovirus at 21 dpi.

(C) Orthogonal views of an mCherry/GFP/LC3-IRES-Cre transduced FoxOWT and cKO cell illustrate the detection of a functional autophagolysosome (red only

puncta, I) and of an autophagosome (red + green puncta, II).

(D) Quantifications revealed an increased number of autophagosomes (yellow puncta) in the FoxO cKO cells, while functional autophagolysosomes (red only

puncta) were rarely detected in the FoxO-deficient cells. Calculation of the ratio of autophagolysosomes to autophagosomes showed impaired autophagic flux in

FoxO cKO cells. n = 15 cells from 4 mice/group.

Data represented as mean ± SEM; t test was used to determine significance; all scale bars, 1 mm.
animals were stereotactically injected with the CAG-mCherry/

GFP/LC3-IRES-Cre retrovirus and were treated for 21 days

with rapamycin (2 mg/kg bodyweight i.p. [intraperitoneally],

3 times/week), trehalose (2 g/kg bodyweight i.p., 3 times/

week; + 3% w/v trehalose in the drinking water), or vehicle

(DMSO) as control (Figure 5A). Immunohistochemistry showed

decreased pS6 immunoreactivity in rapamycin-treated animals,

thus validating in vivo mTOR pathway inhibition (Figure S7A).

Rapamycin and trehalose treatment resulted in comparable

increases in the number of both autophagosomes and auto-

phagolysosomes in FoxO WT neurons (Figures 5B and 5C).

FoxO-deficient neurons contained almost exclusively autopha-

gosomes (GFP+/mCherry+) in vehicle treatment conditions.

Yet both compounds robustly induced autophagic flux in
FoxO-deficient neurons as evidenced by the appearance of au-

tophagolysosomes and the increase in the autophagolysosome

to autophagosome ratio (Figure 5C). These data indicate that

treatment with either compound induced autophagy in control

and FoxO-deficient neurons.

Finally, we analyzed the impact of rapamycin- and trehalose-

induced autophagy on dendrite and spine morphology. FoxO1/

3/4fl/fl and FoxO1/3/4WT/WT mice were injected with CAG-GFP-

IRES-Cre and CAG-IRES-mito-dsRed retroviruses, treated with

the compounds, and sacrificed 21 or 42 days later (Figure 6A).

Neither rapamycin nor trehalose affected cell survival between

21 and 42 days (Figure S7B). Neurons in vehicle, and com-

pound-treated FoxO1/3/4WT/WT mice showed similar dendritic

morphologies and spine densities (Figures 6B, 6C, 7A, 7B, and
Neuron 99, 1188–1203, September 19, 2018 1195
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Figure 4. Autophagy Induction Reverts the In Vitro Phenotype of FoxO-Deficient Cells

(A) Confocal images of control and FoxO cKO cells transduced with CAG-mCherry/GFP/LC3 retrovirus, treated with vehicle, rapamycin, trehalose, or

BafilomycinA1 (BafA1) and differentiated for 6 days in vitro. Line intensity plots of the fluorescence signals qualitatively depict autophagosomes (overlap of high

GFP and high mCherry signal) and functional autophagolysosomes (low GFP/high mCherry signal). Scale bar, 1 mm.

(B) Rapamycin and trehalose increased the number of autophagosomes (yellow puncta) and autophagolysosomes (red only puncta) in control cells, indicating a

functional induction of autophagy and the autophagic flux. Rapamycin and trehalose increased the number of autophagolysosomes (red only puncta) in FoxO

cKO cells, indicating an induction of the autophagic flux. n = 10 cells from 3 biological replicates/group.

(legend continued on next page)
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Figure 5. Rapamycin and Trehalose Enhance Autophagic Flux in FoxO-Deficient Cells In Vivo

(A) Experimental scheme of retroviral injections and autophagy induction paradigm in vivo. Adult FoxOWT and FoxO cKOmice were stereotactically injected with

the CAG-mCherry/GFP/LC3-IRES-Cre retrovirus. For autophagy induction, animals were i.p. injected with rapamycin or trehalose 3 times/week. Animals were

sacrificed 21 dpi.

(B) Confocal images of CAG-mCherry/GFP/LC3-IRES-Cre retrovirus transduced adult-born neurons in adult FoxO WT and cKO mice treated with vehicle, ra-

pamycin, or trehalose. Scale bars, 1 mm.

(C) Quantifications of autophagosomes (yellow puncta) and autophagolysosomes (red only puncta) showed efficient induction of autophagy by rapamycin and

trehalose both in FoxO WT and cKO cells in vivo. The number of autophagosomes and autophagolysosomes was significantly elevated in FoxO WT cells.

Rapamycin and trehalose enhanced autophagic flux in FoxO cKO cells depicted by the increasing number of autophagolysosomes (red only puncta). n = 15–16

cells from 4 mice/group.

Data represented as mean ± SEM; t test was used to determine significance.
S7C). In line with our previous findings (Figures 1 and S2),

vehicle-treated FoxO-deficient neurons showed reduced total

dendritic length at 21 dpi, bore no or only a short apical dendrite
(C) Representative images of control and FoxO cKO cells differentiated for 6 days

DCX (red), and DAPI (blue).

(D) Quantification of GFAP- and DCX-expressing cells showed that neuronal

rapamycin (R) and trehalose (T) treatment. Vehicle treatment (V). n = 3 biological

Data represented as mean ± SEM; t test was used to determine significance.
at both time points, and showed aberrant spine formation and

increased spine densities in the GCL, iML, and oML (Figures

6B–6D, 7A, 7B, and S7D). Strikingly, dendritic morphologies of
and treated with vehicle or rapamycin or trehalose stained against GFAP (gray),

differentiation of FoxO cKO cells was comparable to control cells following

replicates/group. Scale bars, 10 mm.
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Figure 6. Autophagy Induction Reverts the Dendrite Phenotype of FoxO-Deficient Cells In Vivo

(A) Experimental scheme of retroviral injections and autophagy induction paradigm in vivo. Adult FoxOWT and FoxO cKOmice were stereotactically injected with

a GFP-IRES-Cre retrovirus and a mito-dsRed retrovirus into the dentate gyrus. For autophagy induction, animals were injected with rapamycin or trehalose

3 times/week. Animals were sacrificed 21 or 42 dpi.

(B) Representative reconstructions of FoxO WT and cKO neurons.

(C) Quantification showed increased total dendritic length at 21 dpi and increased apical dendrite length at 21 and 42 dpi after rapamycin and trehalose injections

in the FoxO cKO cells. n = 10 (21 dpi) and n = 16–17 (42 dpi) cells from 4 mice/group.

(D) Consistent with the shortened apical dendrite, Sholl analysis of 21 and 42 dpi neurons showed a significant left shift of the curve in FoxO cKO cells. Induction of

autophagy via rapamycin and trehalose rescued the shortened apical dendrite phenotype and reverted the left shift of the curve in FoxO cKO cells at both time

points. n = 10 (21 dpi) and n = 15 (42 dpi) cells from 4 mice/group.

Data represented as mean ± SEM; t test was used to determine significance if not indicated otherwise; all scale bars, 10 mm.
neurons in rapamycin- and trehalose-treated FoxO1/3/4fl/fl

were similar to dendritic morphologies of WT neurons (Figures

6B–6D). Furthermore, rapamycin and trehalose treatment

normalized spine numbers in FoxO cKO neurons in the GCL,

iML, and oML, at 21 dpi, and in the GCL and the oML at 42 dpi

(Figures 7A and 7B), and corrected the density of thin spines in

FoxO cKO neurons to WT levels (Figure S7F). Treatment with ra-

pamycin or trehalose did not alter the fraction of c-fos+ neurons

among WT neurons but resulted in a strong trend toward higher

numbers of c-fos+ neurons among FoxO cKO neurons (Fig-

ure S7G), suggesting that induction of autophagy partially cor-

rected deficits in the integration of FoxO-deficient neurons into

the hippocampal circuit. Overall, the mTOR inhibitor rapamycin
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and the mTOR-independent inducer of autophagy trehalose

were equally powerful in rescuing the FoxO-phenotype, indi-

cating that the FoxO-phenotype was caused by impaired auto-

phagic activity and not by autophagy-independent functions of

the hyperactivatedmTOR pathway (Feliciano et al., 2013; Switon

et al., 2017). Collectively, these data strongly indicate that FoxO-

dependent autophagic activity is essential for dendrite and spine

development in adult-born neurons.

DISCUSSION

Here, we explored the function of FoxO transcription factors in

adult hippocampal neurogenesis using an adult-specific cKO
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Figure 7. Autophagy Induction Normalizes Spine Density of FoxO-Deficient Cells In Vivo

(A) Representative images showing dendritic segments of adult-born neurons in different layers of the DG following vehicle, rapamycin, or trehalose, at 21 and

42 dpi.

(B) Rapamycin and trehalose treatment reduced spine density in the FoxO cKO cells. n = 10 cells from 4 mice/group.

Data represented as mean ± SEM; t test was used to determine significance; all scale bars, 1 mm.
approach. Similar to FoxO deletion during embryonic stages,

GLAST::CreERT2-driven conditional deletion of FoxOs in adult

mice resulted in increased NSPC activation, hyper-proliferation,

and precocious depletion, thus strengthening the notion that

FoxO function is essential for long-term maintenance of the

NSPC pool (Paik et al., 2009; Renault et al., 2009). In addition,

we observed impaired long-term survival of adult-generated

cells in FoxO cKOmice. Because GLAST::CreERT2 is also active

in astrocytes, we cannot fully exclude the possibility that astro-

cytic expression of FoxO contributes to the regulation of adult

NSPCs and adult-born neuron survival. The findings (1) that

FoxO ablation in isolated NSPCs was also associated with hy-

per-proliferation, and (2) that selective ablation of FoxOs in fast

proliferating precursor cells resulted in impaired neuronal sur-

vival in vivo, however, argue that at least part of the in vivo pheno-

type is a direct consequence of FoxO function in NSPCs and

their progeny.
The main discovery of this study is the critical function of

FoxO-dependent autophagy in establishing the stereotypic den-

dritic architecture and spine distribution of adult-generated DG

neurons. We demonstrate that loss of FoxO transcription factors

is associated with altered dendrite morphology, defects in spine

numbers and spine positioning, and altered integration into the

hippocampal circuit. We also show that FoxO transcription fac-

tors are required to maintain physiological autophagic flux and

that pharmacological induction of autophagy in FoxO-deficient

DG neurons was paralleled by a substantial reversal of dendrite

and spine defects.

In vivo, treatment with pharmacological inducers of autophagy

may have also affected the function of neurogenic niche cells,

which provide regulatory signals for the development of adult-

generated neurons (Gonçalves et al., 2016a). It is therefore

possible that the in vivo rescue of the dendrite and spine pheno-

type was mediated at least in part by mechanisms other than
Neuron 99, 1188–1203, September 19, 2018 1199



induction of autophagy in FoxO-deficient neurons. To resolve

this issue, future studies should aim to selectively induce auto-

phagy in FoxO-deficient neurons. In preliminary experiments

we sought to cell-specifically stimulate autophagy by retrovirus

mediated overexpression of a powerful upstream inhibitor of

mTOR function, RhebD60I. In vitro, RhebD60I overexpression

strongly induced autophagy and rescued the FoxO deficiency-

associated differentiation phenotype. In vivo, however, RhebD60I

caused death of adult-generated neurons prior to the time points

for analysis of the dendrite and spine compartment—potentially

because of the prolonged massive inhibition of the mTOR

pathway (Urbanska et al., 2018), which precluded further anal-

ysis of the impact of cell-autonomous induction of autophagy

on the FoxO phenotype. Development of strategies for targeted

induction of autophagy in FoxO-deficient neurons will have to

take into account that FoxOs regulate multiple key factors of

the ALP.

A previous study investigated the function of autophagy in

adult-born DG neuron development through knockout of the

autophagy-related gene Atg5 and observed only a transient

decrease in spine numbers and no alteration of dendrite

morphology (Xi et al., 2016). At present, we can only speculate

why FoxO deficiency and Atg5 deficiency, which both impair

autophagy, result in distinct phenotypes. Deletion of different

autophagy genes in the same cell type can produce divergent

outcomes (Li et al., 2016; Lv et al., 2014; Vázquez et al., 2012;

Wang et al., 2016, 2017; Wu et al., 2016; Yazdankhah et al.,

2014). Such differences are thought to be the consequence of

autophagy-independent gene functions or the existence of alter-

nate autophagy pathways. Indeed, there is evidence for an Atg5-

independent autophagic pathway (Nishida et al., 2009), whose

activity may underlie the phenotypic differences between Atg5-

and FoxO-deficient cells. Moreover, Atg5 is involved in early

stages of the ALP, i.e., autophagosome elongation/formation

(Klionsky et al., 2016), whereas FoxO deficiency affects not

only key genes involved in multiple stages of the ALP (Figures

S4L and S4M) but also activity of the ALP regulating mTOR

pathway (Figures S4D–S4H; Hay, 2011). It has also been re-

ported that FoxO transcription factors can regulate the expres-

sion of neuronal polarity, neurite growth, and synaptic genes

(de la Torre-Ubieta et al., 2010; Salih et al., 2012), and it is

possible that dysregulation of such genes may have contributed

to the complex phenotype of FoxO-deficient DG neurons.

It will be important to understand how FoxO-dependent auto-

phagy controls neuronal development. Autophagy plays an inte-

gral role in cellular homeostasis and the cellular stress response

through removal of protein aggregates and dysfunctional organ-

elles (Mariño et al., 2011). Absence of the apical dendrite of

adult-born DG neurons was suggested as a common sign of

cellular stress in the developing DG neuron (Llorens-Martı́n

et al., 2016), raising the possibility that the dendritic phenotype

may primarily reflect cellular stress due to loss of FoxO-depen-

dent autophagy (Webb and Brunet, 2014). Autophagy can

directly target spines and degrade organelles such as centro-

somes and mitochondria, whose activity has recently been

linked to neuronal morphogenesis and spine development

(Beckervordersandforth et al., 2017; Li et al., 2004; Nikoletopou-

lou et al., 2017; Park et al., 2014; Ploumi et al., 2017; Steib et al.,
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2014; Tang et al., 2014; Watanabe et al., 2016). Thus, FoxO-

dependent autophagy may be required to remove spines and

to adapt organelle content for physiological dendrite and spine

development. Finally, impaired autophagy was described to

affect interaction of the postnatal neurogenic lineage with micro-

glia (Wang et al., 2017). Given the role of microglia in shaping

synaptic connections (Hong et al., 2016) it has to be considered

that the excessive spine numbers may in part stem from

altered interaction of FoxO-deficient neurons with microglia.

Altered crosstalk of FoxO-deficient cells with niche cells may

also be responsible for our observation that FoxO deficiency

differentially affected the rate of neuronal differentiation under

in vivo conditions and niche-free in vitro conditions (Figures

S1M–S1P, Figures S3I and S3J).

We observed alterations in the percentage of activated, i.e., c-

fos+ FoxO-deficient, neurons, indicating that the perturbation of

dendritic architecture and of the spine number and distribution

impacted the integration of FoxO-deficient neurons into the

hippocampal circuit. Intriguingly, FoxO-deficient neurons had a

lower probability for c-fos expression despite their excessive

number of spines, which raises interesting questions such as

whether spines generated in excesswere functional andwhether

FoxO deficiency impacted inhibitory synapse formation. It will

also be interesting to determine whether the altered integration

contributed to the decreased long-term survival of FoxO-defi-

cient neurons.

Dysregulation of autophagy, perturbation of spine formation,

and altered neuronal activity patterns have been identified as

contributingmechanisms in the pathophysiology of autism spec-

trum disorders (ASDs) (Luikart et al., 2011; Nelson and Valakh,

2015; Tang et al., 2014). Notably, embryonic deletion of FoxOs

reproduces neuropathological features found in a subset of

ASD patients, i.e., increased brain size and cortical thickness

(Khundrakpam et al., 2017; Paik et al., 2009). Moreover, there

are indications that FoxOs operate downstream of the ASD-

linked genes Cav1.2 and MeCP2 (Nott et al., 2016; Tian et al.,

2014). It will be interesting to investigate whether the requirement

FoxO-dependent autophagy for neuronal development during

adulthood extends to the developmental period and whether

dysregulation of the FoxO-autophagy pathway constitutes a

common pathway in the pathophysiology of a subset of ASD.
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(2010). Loss of human Greatwall results in G2 arrest and multiple mitotic de-

fects due to deregulation of the cyclin B-Cdc2/PP2A balance. Proc. Natl.

Acad. Sci. USA 107, 12564–12569.

de la Torre-Ubieta, L., Gaudillière, B., Yang, Y., Ikeuchi, Y., Yamada, T.,

DiBacco, S., Stegm€uller, J., Sch€uller, U., Salih, D.A., Rowitch, D., et al.

(2010). A FOXO-Pak1 transcriptional pathway controls neuronal polarity.

Genes Dev. 24, 799–813.

DeBosch, B.J., Heitmeier, M.R., Mayer, A.L., Higgins, C.B., Crowley, J.R.,

Kraft, T.E., Chi, M., Newberry, E.P., Chen, Z., Finck, B.N., et al. (2016).

Trehalose inhibits solute carrier 2A (SLC2A) proteins to induce autophagy

and prevent hepatic steatosis. Sci. Signal. 9, ra21.

Eijkelenboom, A., and Burgering, B.M. (2013). FOXOs: signalling integrators

for homeostasis maintenance. Nat. Rev. Mol. Cell Biol. 14, 83–97.

Eskelinen, E.L., and Saftig, P. (2009). Autophagy: a lysosomal degradation

pathway with a central role in health and disease. Biochim. Biophys. Acta

1793, 664–673.

Feliciano, D.M., Lin, T.V., Hartman, N.W., Bartley, C.M., Kubera, C., Hsieh, L.,

Lafourcade, C., O’Keefe, R.A., and Bordey, A. (2013). A circuitry and biochem-

ical basis for tuberous sclerosis symptoms: from epilepsy to neurocognitive

deficits. Int. J. Dev. Neurosci. 31, 667–678.

Fletcher, L., Evans, T.M., Watts, L.T., Jimenez, D.F., and Digicaylioglu, M.

(2013). Rapamycin treatment improves neuron viability in an in vitro model of

stroke. PLoS ONE 8, e68281.
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MACS Neural Tissue Dissociation Kit Miltenyi Biotec Cat#: 130-092-628

Power SYBR Green PCR Master Mix Thermo Fisher Scientific Cat#: 4367659
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Deposited Data

FoxO3 ChIP-seq dataset Webb et al., 2013 GEO: GSE48336

Experimental Models: Cell Lines
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Experimental Models: Organisms/Strains
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reporter, Gt(ROSA)26SortmSOR
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Primers for genotyping, see STAR Methods
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Primers for qRT-PCR, see Table S1 This paper N/A
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Adobe Illustrator Adobe https://www.adobe.com/creativecloud.html
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GraphPad PRISM GraphPad https://www.graphpad.com/scientific-software/prism/

Imaris software Bitplane http://www.bitplane.com/

Leica Application Suite Leica https://www.leica-microsystems.com

MACS (Model-based Analysis of ChIP-Seq) Open source http://liulab.dfci.harvard.edu/MACS/index.html

Zeiss ZEN lite Zeiss https://www.zeiss.de/mikroskopie/downloads/zen.html
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, D. Chichung Lie (chi.lie@

fau.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were carried out in accordance with the European Communities Council Directive (86/609/EEC) and were approved

by the Government of Upper Bavaria. FoxO1/3/4fl/fl mice (Paik et al., 2007), GLAST::CreERT2 mice (Mori et al., 2006) and b-galacto-

sidase (Rosa26R) reporter mice (Soriano, 1999) have been described previously.

For all experiments, mice were group housed in standard cages under a 12 h light/dark cycle with ad libitum access to water

and food. In experiments involving FoxOfl/fl/FoxOWT/WT, GLAST::CreERT2, b-galactosidase (Rosa26R) mice we used female (f) and

male (m) mice. Groups were age and sex matched [f:m ratio for 3 dpt and 1 mpt time-points = 2:1; f:m ratio for 4 mpt and 8 mpt

time-points = 1:2]. In experiments involving retrovirus-mediated ablation of FoxOs, we exclusively used female FoxOfl/fl and

FoxOWT/WT mice. For in vitro studies, NSPCs were isolated from female FoxOfl/fl mice.

METHOD DETAILS

Tissue processing
Animals were sacrificed using CO2. Mice were transcardially perfused with 100ml phosphate-buffered saline (PBS, pH 7.4) followed

by 100ml 4% paraformaldehyde (PFA, pH 7.4, Roth, Cat# 0335) at a rate of 20 mL/min. Brains were post fixed in 4% PFA for 3h at

room temperature and were subsequently transferred to a 30% sucrose solution. Coronal brain sections were produced using a

sliding microtome (Leica Microsystems, Wetzlar, Germany).

Genotyping
The following primers were used for genotyping GLAST::CreERT2, b-galactosidase(Rosa26R) and FoxO1/3/4fl/fl mice or cells:

FoxO1: fwd GCTTAGAGCAGAGATGTTCTCACATT,

rev1 CCAGAGTCTTTGTATCAGGCAAATAA, rev2 CAAGTCCATTAATTCAGCACATTG

FoxO3: fwd ATTCCTTTGGAAATCAACAAAACT,

rev1 TGCTTTGATACTATTCCACAAACCC, rev2 AGATTTATGTTCCCACTTGCTTCCT

FoxO4: fwd CTTCTCTGTGGGAATAAATGTTTGG,

rev1 CTACTTCAAGGACAAGGGTGACAG,

rev2 TGAGAAGCCATTGAAGATCAG

GLAST::CreERT2: fwd1 GAGGCACTTGGCTAGGCTCTGAGGA, fwd2 GGTGTACGGTCAGTAAATTGGACAT,

rev GAGGAGATCCTGACCGATCAGTTGG

Rosa26R: fwd1 CACACCAGGTTAGCCTTTAAGC,

fwd2 GCGAAGAGTTTGTCCTCA,

rev CAAAGTCGCTCTGAGTTGTTATC.
In vitro assays
Neural stem/precursor cell (NSPC) isolation

NSPCs were isolated from the forebrain of 8-week old FoxO1/3/4fl/fl mice with the MACS neural tissue dissociation kit according to

manufacturer’s protocol (MACS Miltenyi Biotec, Cat# 130-092-628). Cells were kept in proliferative growth medium consisting of

DMEM F12 Glutamax (GIBCO, Cat# 10565018) medium with 1xNeurobrew-21 (MACS Miltenyi Biotec, Cat# 130-093-566), 1xPSF

(GIBCO, Cat# 15240062) 8mM HEPES and 10ng/mL EGF (Peprotech, Cat# AF-100-15) and 10ng/mL FGF (Peprotech, Cat#

AF-100-18B) and were grown as neurospheres in cell culture flasks (Greiner Bio-one, Cat# 658175).
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KO induction of FoxO1/3/4fl/fl cells

FoxO1/3/4fl/fl NSPCs were grown as neurospheres and dissociated with Accutase (Millipore, Cat# SCR005) into single cells. Five

million cells were seeded in 10 mL growth medium on 10 cm tissue culture plates coated with PDL/Laminin. After 24 hours cells

were transduced with a GFP encoding control MML-retrovirus or a MML-retrovirus bi-cistronically encoding for Cre recombinase

and GFP. Cells were FACsorted for homogeneous GFP-positive populations and recombination was confirmed via genotyping

PCR, western blots, and immunocytochemistry.

Transmission electron microscopy

For transmission electron microscopy, differentiated control and FoxO cKO cells were fixed in 2.5% glutaraldehyde in 0.1M phos-

phate buffer, post fixed in 2% buffered osmium tetroxide, dehydrated in graded alcohol concentrations, and embedded in epoxy

resin according to standard protocols. 1 mm semithin sections for orientation were stained with toluidine blue. Ultrathin sections

were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope (EM 906E; Carl Zeiss

Microscopy, Oberkochen, Germany).

Proliferation assays

For single cell neurosphere assays, NSPCs were grown as neurospheres and dissociated with Accutase (Millipore, Cat# SCR005)

into single cells. Dissociated cells in growth medium were seeded in a density of 1 cell per well into the wells of 60-well Nunc

MicroWell MiniTrays (Sigma, Cat# M0815). After 7 days, the number of formed neurospheres was determined under a brightfield

microscope.

Tomeasure bulk proliferation, NSPCswere grown as neurospheres and dissociatedwith Accutase into single cells. 100,000 cells in

growth medium were seeded into culture flasks and treated as indicated. After 7 days formed neurospheres were harvested with

500 rpm, dissociated into single cells with Accutase and total number of cells determined.

Differentiation analysis

NSPCs were grown as neurospheres, dissociated with Accutase (Millipore, Cat# SCR005) into single cells and seeded in a density of

100,000 cells per well on PDL/Laminin coated glass coverslips into 24-well-plates (Greiner Bio-one, Cat# 662160). After 24 h growth

medium was replaced by differentiation medium (growth medium without EGF and FGF) and cells differentiated for 4, 6, or 8 days.

After fixation with 4% PFA for 10 min at room temperature, cells were washed with PBS and stored at 4�C until further use. For west-

ern blot analysis, NSPCs were grown as neurospheres, dissociated with Accutase into single cells and 5 million cells in 10 mL growth

mediumwere seeded in PDL/Laminin coated 10 cmplates (Thermo Scientific, Cat# 150350). After 24 h growthmediumwas replaced

by differentiation medium (growth medium without EGF and FGF), treated as indicated and cells differentiated for 6 days.

Immunocytochemistry

PFA fixed cells were washedwith PBS and incubatedwith primary antibody in PBSwith 3%donkey serum and 0.25%Triton-X at 4�C
over night. After washing with PBS cells were incubated with secondary antibodies in PBS with 3% donkey serum and 0.25%

Triton-X at room temperature for 2 h, incubated with Dapi for 10 min, washed twice with PBS and mounted with Aqua-Poly/Mount.

Primary antibodies were visualized with Alexa-conjugated secondary antibodies.

Corrected total cell fluorescence

For in vitro analysis of the expression of the autophagic markers LC3 and p62 the corrected total cell fluorescence was calculated. To

this end, the level of fluorescence within the area of one cell was determined via ImageJ as previously described (Burgess

et al., 2010).

Line Intensity Plots

The Plot Profile function of ImageJ was used to create line intensity plots of a single plane of confocal microscopy z stack (Schindelin

et al., 2012). Line intensity plots were used to depict the immunofluorescence intensity of the mCherry signal and the GFP signal of

the mCherry/GFP/LC3 construct in vitro illustrating autophagosomes with co-localization of mCherry and GFP signal and functional

autophagolysosomes with mCherry signal only.

BafilomycinA1, Rapamycin and Trehalose treatment

NSPCs were treated 12 h prior harvest/fixation with 20 nM BafilomycinA1 (AppliChem, Cat# A7823,0001). Treatment with 20 nM

Rapamycin (LC Laboratories, Cat# R-5000) or 25 mM Trehalose (Sigma, Cat# T9531) was administered to the cells as indicated

in Figure S4I.

SDS-PAGE and western blotting

For SDS-PAGE and western blot analysis, proliferating or differentiated NSPCs were collected by centrifugation at 300xg for 5min at

room temperature and washed once with PBS. Cells were lysed in RIPA buffer (1% Nonidet P40, 0.1% SDS, 0.5% sodium deoxy-

cholate, 50mM Tris, 150mM NaCl, 1 mM EDTA, complemented with protease and phosphatase inhibitors) and total protein was

determined using Pierce BCA protein assay (Thermo Scientific, Cat# 23225). 30 mg of total protein were separated on 4%–12%

Bis-Tris gels (Life Technologies, Cat# NP0322BOX), transferred to a PVDF membrane (Immobilon-P, Millipore, Cat# IPVH00010)

and blocked for 1 h at room temperature in 1% BSA PBS- 0.1% Tween 20 (PBS-T). Incubation with primary antibodies was per-

formed overnight at 4�C. After washing with PBS-T incubation with fluorescent-labeled secondary antibodies was performed for

1 h at room temperature. Immunoblots were analyzed by fluorescence intensity with the FusionFX (Peqlab, Erlangen, Germany)

and quantified using the Bio1D software (Vilber Lourmat, Eberhardzell, Germany). All protein amounts were normalized to b-actin

prior to comparison between experimental conditions.
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qRT-PCR and ChiP-Seq data

Quantitative Real-Time PCR was performed on a Roche Light Cycler (384-well format) using Power SYBR Green PCR Master Mix

(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. cDNA from at least three independent

biological replicates was used for each experimental group. The DCt method was used to quantify changes in mRNA expression.

Mean CT values of each target gene were normalized to mean CT values of the housekeeping gene (RPL27). Fold changes were

calculated by normalizing each DDCT value to the control DDCT values. Oligonucleotide sequences of used qRT-PCR primers

are listed in Table S1.

ChiP-Seq data was generated by re-analyzing published data fromWebb et al. (2013). MACS (Model-based Analysis of ChIP-Seq

data) (Zhang et al., 2008) was used to generate ChiP enrichment scores.

Histology and counting procedures
Immunofluorescent staining of free-floating 50 mm and 120 mm sections was performed as followed: Sections were rinsed 3 times for

10 min with PBS, rinsed once in blocking solution (PBS with 3% donkey serum and 0.25% Triton-X) at room temperature for 1 h and

incubated with primary antibodies in blocking solution for 72 h at 4�C. After rinsing 3 times for 10 min in PBS, sections were rinsed

30 min in blocking solution and incubated with secondary antibodies in blocking solution at 4�C over night. After rinsing for 10 min in

40,6-Diamidin-2-phenylindol (Dapi, Sigma, Cat# D9542), sections were washed 2 times with PBS for 10 min and mounted with Aqua-

Poly/Mount (Polysciences, Cat# 18606). For 5-bromo-20-deoxyuridine (BrdU) staining, sections were incubated in 2N HCl for 10 min

at 37�C after the staining procedure of the other used antibodies was completed. After two rinses in 0.1 M borate buffer, sections

were washed three times with PBS. Fluorescent staining for BrdU antibody was then performed as described above. For FoxO1,

FoxO3 and FoxO4 staining, sections were incubated in sodium citrate buffer for 15 min at 99�C after the staining procedure of

the other used antibodies was completed. After cooling down to RT, sections were washed three times with H2O and three times

with PBS. Fluorescent staining for FoxO1, FoxO3 and FoxO4 was then performed as described above. Primary antibodies were

visualized with Alexa-conjugated secondary antibodies (all 1:500; Invitrogen). Biotinylated secondary antibodies (1:500; Vector

Laboratories) were used in combination with Alexa-conjugated to Streptavidin (Invitrogen) to enhance the signal of GFP if CAG-

GFP-IRES-Cre retrovirus targeted cells were visualized.

Confocal single plane images and z stacks were taken with a Leica SP5 (Leica Microsystems, Wetzlar, Germany) or a Zeiss LSM

780 (Carl Zeiss, Oberkochen, Germany) each equipped with four laser lines (405, 488, 559 and 633nm) and 63x, 40x and 20x objec-

tive lens.

Images were processed using Fiji ImageJ. 3D reconstructions were obtained by using Imaris software (Bitplane AG, Z€urich,

Switzerland).

Tamoxifen administration
To induce recombination, 8 weeks-old animals were intraperitoneally (i.p.) injected with 1 mg Tamoxifen (Sigma, Cat# T5648)

for 5 consecutive days twice per day (Mori et al., 2006).

BrdU administration
For proliferation analysis 8 weeks-old animals were intraperitoneally injected with a daily dose of Bromodeoxyuridine (BrdU,

50 mg/kg body weight, Sigma-Aldrich, Cat# B5002) for 3 consecutive days and sacrificed 3 h after the last BrdU injection. BrdU

was dissolved in 0.9% NaCl and sterile filtered.

Rapamycin administration
To induce autophagy in an mTor-dependent manner, 8 weeks-old animals were intraperitoneally (i.p.) injected with Rapamycin

(2 mg/kg bodyweight, LC Laboratories, Cat# R-5000) 3x per week for 3 or 6 weeks. Rapamycin was dissolved in a stock concentra-

tion of 25 mg/mL in DMSO, diluted further with 5% PEG400 / 5% Tween80 in PBS and sterile filtered.

Trehalose administration
To induce autophagy in an mTor-independent manner, 8 weeks-old animals were intraperitoneally (i.p.) injected with Trehalose (2 g/

kg bodyweight, Sigma, Cat# T9531) 3x per week for 3 or 6 weeks. Trehalose was dissolved in PBS and sterile filtered. In addition,

animals received 3% w/v Trehalose in the drinking water.

Retrovirus preparation and stereotactic injections
The CAG-GFP-IRES-Cre, CAG-IRES-mito-dsRed and the CAG-RFP retroviral plasmids have been previously described (Steib et al.,

2014; Tashiro et al., 2006a). For generation of the CAG-mCherry/GFP/LC3 and of the CAG-mCherry/GFP/LC3-IRES-Cre the GFP

coding sequence of the CAG-GFP (Tashiro et al., 2006b) and of the CAG-GFP-IRES-Cre retroviral plasmids were replaced with

the mCherry/GFP/LC3 reporter sequence (N’Diaye et al., 2009). For generation of the CAG-RhebD60I and of the CAG-RhebD60I-

IRES-RFP the GFP coding sequence of the CAG-GFP and of the CAG-IRES-RFP retroviral plasmids were replaced with the RhebD60I

sequence (Tabancay et al., 2003). MML-retroviruses were generated as previously described (Tashiro et al., 2006b). Viral titers were

approximately 2x108 colony-forming units (cfu) ml-1.
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For stereotactic injections, 8-weeks old mice were deeply anesthetized by injecting Fentanyl (0.05 mg/kg; Janssen-Cilag AG, New

Brunswick, USA), Midazolam (5mg/kg; Dormicum, Hoffmann-La Roche, Basel, Switzerland) andMedetomidine (0.5mg/kg; Domitor,

Pfizer, NewYork, USA) dissolved in 0.9%NaCl. Micewere stereotactically injected with 0.9 ml of the retroviruses with a titer of 23 108

cfu 3 ml-1 into the left and right dentate gyrus (coordinates from bregma were �1.9 anterior/posterior, ± 1.6 medial/lateral, �1.9

dorsal/ventral from dura). Anesthesia was antagonized by injecting Buprenorphine (0.1 mg/kg, Temgesic, Essex Pharma GmbH,

Munich, Germany), Atipamezol (2.5 mg/kg, Antisedan, Pfizer, New York, USA) and Flumazenil (0.5 mg/kg; Anexate, Hexal AG, Holz-

kirchen, Germany) dissolved in 0.9% NaCl.

QUANTIFICATION AND STATISTICAL ANALYSIS

Expression analysis of stage-specific markers
Expression of stage-specific markers (Nestin, Mcm2, DCX, Prox1, Calbindin; n > 50 cells/per animal and marker) was analyzed by

confocal microscopy in at least 3 sections containing the dentate gyrus from at least 3 different animals. The exact value of n is

described in the figure legends.

Dendritic and spine morphology analyses
To analyze dendritic and spine morphology, confocal images of transduced cells expressing GFP were taken with a 63x glycerol

objective using a Leica TCS Sp5 confocal microscope (step size 0.3 mm, resolution 1024 3 1024). The sections for the dendritic

morphology were 120 mm thick and the sections for the spine morphology 50 mm thick. In addition, a 3x zoomwas used for the spine

analysis. At least 10 cells per group from at least 3 different animals were analyzed. The exact value of n is described in the

figure legends. 3D reconstructions were obtained using the Filament Tracer tool and the Surface Tracer tool in Imaris, and values

for total dendritic length, length of the apical dendrite, number of Sholl intersections, number of branch points and number of dendrite

termini were determined. The numbers of overall spines, filopodia spines (spine head diameter < 0.25 mm), thin spines (spine head

diameter > 0.25 mm and < 0.45 mm) and mushroom spines (spine head diameter > 0.45 mm) were investigated with Fiji (Schindelin

et al., 2012; Sultan et al., 2013).

Fluorescent reporter-based autophagic flux analysis
Autophagic flux was analyzed using the mCherry/GFP/LC3 fusion protein reporter (N’Diaye et al., 2009). This reporter labels

autophagosomes with red and green fluorescence, while the GFP is quenched in functional autophagolysosomes due to the acidic

pH. The ratio of red only functional autophagolysosomes over red and green autophagosomes was used as readout for the autopha-

gic flux. Confocal images of transduced cells expressing mCherry/GFP/LC3 were taken with a 63x glycerol objective using a Zeiss

LSM 780 confocal microscope with a 5x zoom and a step size of 0.3 mm (resolution 1024 3 1024). Cells from at least 3 different

animals were analyzed. The exact value of n is described in the figure legends.

Statistical analysis
Significance levels were assessed using unpaired Student’s t test with unequal variances; for quantification of Sholl-analysis

we applied Two-Way ANOVA with replications to determine significance. Differences were considered statistically significant at

*p < 0.05, **p < 0.01 and ***p < 0.001. All data are presented as mean ± SEM (standard error of the mean).
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