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SUMMARY

Despite the widespread interest in direct neuronal
reprogramming, the mechanisms underpinning fate
conversion remain largely unknown. Our study re-
vealed a critical time point after which cells either
successfully convert into neurons or succumb to
cell death. Co-transduction with Bcl-2 greatly
improved negotiation of this critical point by faster
neuronal differentiation. Surprisingly, mutants with
reduced or no affinity for Bax demonstrated that
Bcl-2 exerts this effect by an apoptosis-inde-
pendent mechanism. Consistent with a caspase-
independent role, ferroptosis inhibitors potently
increased neuronal reprogramming by inhibiting
lipid peroxidation occurring during fate conversion.
Genome-wide expression analysis confirmed that
treatments promoting neuronal reprogramming
elicit an anti-oxidative stress response. Importantly,
co-expression of Bcl-2 and anti-oxidative treat-
ments leads to an unprecedented improvement in
glial-to-neuron conversion after traumatic brain
injury in vivo, underscoring the relevance of these
pathways in cellular reprograming irrespective of
cell type in vitro and in vivo.
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INTRODUCTION

Direct reprogramming of somatic cells has proven to be an

extraordinary method to generate cell populations such as neu-

rons that are otherwise difficult to obtain for research purposes

(Amamoto and Arlotta, 2014). In addition, replenishing neuronal

populations in the injured brain using reprogramming-based ther-

apies is an exciting future prospect (Buffo et al., 2005; Hein-

rich et al., 2014). However, the cellular andmolecular basis under-

lying direct reprogramming remains poorly understood. Most

studies are restricted to the function of neurogenic repro-

gramming factors (Masserdotti et al., 2015; Ninkovic et al.,

2013; Wapinski et al., 2013), while little is known about other as-

pects, such asmetabolic changes or proliferation. As the function

of neurogenic factors is context dependent, this also prompts the

question to which extent there may be mechanisms common to

all cells types converting into neurons. For example, Neurogenin2

(Neurog2) efficiently induces neuronal conversion of mouse post-

natal astrocytes in culture (Berninger et al., 2007; Blum et al.,

2011; Heinrich et al., 2010) but is rather ineffective in mouse em-

bryonic fibroblasts (MEFs) (Chanda et al., 2014) or adult reactive

glial cells in vivo (Grande et al., 2013). While the starting cell type

may dictate conversion efficiency by providing transcriptional

accessibility of target genes (Wapinski et al., 2013), other cellular

processes shown to influence reprogramming into induced

pluripotent stem cells (iPSCs) such as cell death (Kawamura

et al., 2009), proliferation rate (Halley-Stott et al., 2014; Ruiz
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et al., 2011), or metabolic state (Zhang et al., 2012) may also be

important in direct neuronal reprogramming. Among them, the

metabolic state is particularly relevant for the conversion into neu-

rons, which rely on oxidative metabolism, while astroglia,

fibroblasts, and proliferative cells rather utilize anaerobic glyco-

lysis and b-oxidation (McKay et al., 1983; Tsacopoulos andMag-

istretti, 1996). Moreover, metabolic factors such as reactive

oxygen species (ROS) have been implicated in cell fate regulation

(Maryanovich and Gross, 2013). Here, we used continuous sin-

gle-cell live imaging to monitor direct reprogramming of fibro-

blasts and glia into neurons. We identify stage-specific barriers

and metabolic regulators increasing conversion efficiency both

in vitro and in vivo.

RESULTS

A Critical Checkpoint Eliciting Cell Death in Neuronal
Conversion
To target also postmitotic cells, we transfected astroglial cells

isolated from mouse cerebral cortex at postnatal day (P) 5–7

with a dual red fluorescent protein (RFP) and Ascl1-encoding

vector (Heinrich et al., 2010;Masserdotti et al., 2015) and tracked

RFP+ cells starting at 26–29 hr after transfection (Figure 1A). In

this model, neuronal conversion is achieved within 7 days and

can be monitored by continuous single-cell imaging. Images

were taken every 5 min in phase contrast and 5 hr in the fluores-

cence channel (RFP+; Figure 1B shows stills from such movies;

Movie S1). To follow the fate conversion we used three methods:

neuronal morphology (Figures 1B–1H and S1A; Movie S1), GFP

driven by the Doublecortin promoter (DCX-GFP; Figures S2A–

S2C; Movie S2), and immunostaining for neuron-specific

antigens (Figure 1B, lower panels; Figures S2D and S2E). The

first signs of neuronal conversion were visible by weak DCX-

GFP signals at around 24 hr of live imaging (i.e., about 2 days af-

ter transfection, see Figure 1A; Figure S2, blue line) and most

cells that became DCX-GFP+ did so within the first 2 days of im-

aging (Figures S2A1, S2B1, and S2C, blue line), i.e., about 3 days

after transfection (Figure 1A). Thus, the regulation of key

neuronal genes occurs rapidly and is implemented within few

days (see also Masserdotti et al., 2015). Within 50 hr of imaging,

i.e., about 3 days after transfection, the first Ascl1/RFP+ cells

changed from flat astrocyte to neuronal morphology (Figures

1B1 and 1C1). Noteworthy, more than 90% of cells classified

with a neuronal morphology were accordingly immuno-reactive

for b-III-tubulin and MAP2. The more mature neuronal marker

NeuNwas present only in 60%of cells with neuronal morphology

(Figures S1B and S1C). Among the cells with non-neuronal

morphology we found cells in fate transition immunoreactive

for both neuronal (b-III-tubulin) and astroglia (GFAP) markers

(Figure S1E, upper). Cells with a neuronal morphology were

never found to be double positive for GFAP and neuronal

markers (Figure S1E, lower), confirming the stringency of these

criteria.

By about 150 hr of imaging (7 days post-transfection [DPT])

most RFP+ cells had developed a neuronal morphology (Figures

1B1, 1C1, and 1D, left bars) or DCX-reporter activity (see

example in Figures S2A1, S2B1, and S2C, blue line). However,

at that time, the number of RFP+ cells had decreased dramati-

cally, with only about 18% of all RFP+ cells observed at the
C

beginning of the time lapse (see Movie S1) surviving to the end

(Figures 1B1, 1C1, and 1D, left bars). The peak of cell death

occurred between 50- and 100-hr imaging (Figures 1B1, 1C1,

and 1D, left bars), when fate conversion manifests by morpho-

logical changes (Figures 1B1 and 1C1). Most (94%) transfected

cells that did not acquire a neuronal morphology underwent cell

death at some point during the observation period (Figures 1D

and 1G, left bars), while only 48% of the cells with neuronal

morphology died (Figure 1H, left bar). Accordingly, most cells

surviving until the end of imaging were reprogrammed into neu-

rons (Figures 1B1, 1C1, and 1D, left bars; Figures S2A1, S2B1,

and S2C, blue line). Thus, cell death is a main limiting factor of

neuronal reprogramming and peaks at the time of fate conver-

sion. Conversely, proliferation is limited in this paradigm (Fig-

ure 1F, left bar), with most astrocytes directly converting into

neurons (Figure 1C1).

Bcl-2 Improves Fate Conversion and Survival
To improve survival during reprogramming, we first examined

the effect of the anti-apoptotic protein Bcl-2. Indeed, co-expres-

sion of Bcl-2with Ascl1/RFP in astrocytes not only increased the

total number of surviving cells, but also the number of induced

neurons (iNs), based on morphological analysis (Figures 1B–

1D), DCX-reporter activity (Figures S2A–S2C), and immunostain-

ing for b-III-tubulin and MAP2 at 5 DPT (Figures S2D and S2E).

Furthermore, continuous single cell imaging revealed a faster

conversion of Ascl1/Bcl-2 co-transfected astrocytes, with a sig-

nificant increase in the proportion of cells with neuronal

morphology in the initial phases (8-fold at 50 hr of tracking

time; Figures 1C–1E;Movie S1) and faster acquisition of DCX-re-

porter (Figures S2A–S2C; Movie S2) but no effect on cell prolifer-

ation (Figure 1F). Bcl-2 expression increased the proportion of

surviving cells in the whole transfected population (Figures 1B–

1D and S2A–S2C), while each class of cells, i.e., those with

neuronal and non-neuronal morphology, still died as much as

cells not co-expressing Bcl-2 (Figures 1G and 1H). Thus, the

main effect of Bcl-2 is to facilitate fate transition from astrocytes

to neurons, which then have a lower death rate (Figure 1I).

Continuous live imaging results were further corroborated

by immunostaining and electrophysiology. Indeed, neuronal

morphology faster acquired by Bcl-2 co-expression corre-

lated with lower resting membrane potential (RMP = �60

to �40 mV; Figures S2F and S2G) typical for immature ne-

urons (Pedroni et al., 2014), while astrocytes have a RMP

of �90 to �80 mV (Anderová et al., 2004) (Figures S2F and

S2G). Notably, at 5DPT, when most reprogrammed cells have

already acquired DCX-GFP, b-III-tubulin, MAP2, and NeuN

expression (Figures S1C and S1D), their electrophysiological

properties are still immature, and only 10% of Ascl1/Bcl-2

co-transfected cells exhibited some very immature action po-

tential-like features (Figure S2F3). However, iNs recorded at 15

DPT showed action potentials consistent with fully developed

neurons (Figure S2H). Taken together, these results demonstrate

that Bcl-2 improves reprogramming by faster fate conversion.

Bcl-2 Promotes the Efficiency of Neuronal Conversion
via a Non-canonical Pathway
As the Bcl-2 effect seems not only related to its anti-apoptotic

role, we examined the contribution of its canonical function via
ell Stem Cell 18, 396–409, March 3, 2016 ª2016 Elsevier Inc. 397



Figure 1. Time-Lapse Analysis of Astrocyte-to-Neuron Reprogramming

(A) Schematic of the experimental protocol used for time-lapse video analysis.

(B) Still images from video-time lapse movies (see Movie S1) showing cells classified as non-neuronal/astroglial (green arrows), neuronal (yellow arrows), and

dying (red arrows) at the time in vitro indicated transfected with the constructs indicated.

(C) Progeny-trees of single cells tracked from example in B showing astrocytes (green lines), dead cells (depicted with ‘‘x’’) and neurons (yellow lines).

(D–H) Histograms depicting cell survival and neuronal conversion from movies (n = 5 for control; 339 cells tracked; n = 4 with Bcl-2, 237 cells tracked) based on

morphological classification, as detailed and verified by immunostaining in Figures S1A–S1D. The percentage of neurons is normalized to the initial number of

transfected cells in (D) and (E).

(I) Schematic summary of reprogramming and cell death as indicated by gradients of the respective color.

Error bars indicate ± SD. **p < 0.01, ***p < 0.001, pR 0.05, no statistically significant difference (n.s.); ANOVA Tukey’s post hoc test in (D); t test in (E)–(G) and (H).

Scale bars represent 40 mm. See also Figure S1 and Movies S1 and S2.

398 Cell Stem Cell 18, 396–409, March 3, 2016 ª2016 Elsevier Inc.



the interaction with the pro-apoptotic Bax/Bak. Bcl-2 inhibits

apoptosis by sequestering Bax/Bak when phosphorylated at

serine 69/70 (Deng et al., 2006) (Figure 2A). The replacement of

both Ser69/70 by glutamic acid (EE-Bcl-2) mimics the con-

stitutively phosphorylated form of Bcl-2 that sequesters Bax

(Figure 2A), while substitution of Ser70 by alanine (A(70)-Bcl-2;

Figure 2A) mimics the un-phosphorylated form of Bcl-2,

reducing the binding to Bax (Deng et al., 2006). Likewise,

A(145)-Bcl-2 is unable to bind Bax due to a Glycine145/alanine

substitution (Figure 2A; Yin et al., 1994).

Co-expression of EE-Bcl-2 increased survival of cells trans-

fected with Ascl1 (Figure 2B), but did not alter the proportion

of iNs (blue bars in Figure 2C). As expected, A(145)-Bcl-2 had

no significant effect in promoting cell survival during reprog-

ramming (Figure 2B), but surprisingly still increased the propor-

tion of Ascl1-transfected cells that turned into neurons (blue

bars in Figure 2C). Co-transduction with A(70)-Bcl-2 still re-

tained some effect on cell survival (comparable to WT-Bcl-2;

Figure 2B) and was most efficient in neuronal conversion, due

to the added effect of rescuing non-converted cells from death

and allowing them to convert more efficiently (Figure 2C, gray

and blue bars, respectively). Moreover, we also observed

increased length and complexity of the neuronal processes in

cultures co-transfected with WT-Bcl-2, A(70)-Bcl-2, or A(145)-

Bcl-2, but not with EE-Bcl-2 (Figure 2D), further supporting

an additional non-apoptotic role of Bcl-2 in neuronal

reprogramming.

Importantly, Bcl-2 also enhanced conversion efficiency ob-

tained from astrocytes transduced with Neurog2 (Figure 2E),

which inducedmature glutamatergic neurons (vGlut1+ cells, Fig-

ure 2F). Both WT-Bcl-2 and, to a greater extent, A(70)-Bcl-2

potently enhanced reprogramming of MEFs in combination

with a single neurogenic fate determinant (Ascl1, Figures 2H,

2I, S3A, and S3C; Neurog2, Figures S3B, S3E, and S3F), giving

rise to functional neurons able to fire action potentials (Fig-

ure S3D). Notably, Bcl-XL, a member of the Bcl-2 family, had a

similar effect on reprogramming as WT-Bcl-2 (data not shown).

However, in the absence of a neurogenic factor neither A(70)-

Bcl-2 nor any other Bcl-2 construct nor Bcl-XL alone were able

to induce neuronal conversion (Figures 2G and S3C; data not

shown). We thus conclude that Bcl-2-related proteins act as a

potent facilitators of direct neuronal reprogramming for different

transcription factors in different cell types and do so most

potently in the A(70)-Bcl-2 mutant form.

Mode of Cell Death in Neuronal Reprogramming
As EE-Bcl-2, the mutant that exhibits an improved anti-

apoptotic function, increases cell survival but does not improve

the proportion of iNs, we tested how different modes of cell

death affect neuron numbers. The pan-caspase/apoptosis

inhibitor Z-VAD-FMK (ZVAD, 20 mM) was added once at

day 2 to Ascl1-transfected astrocytes, resulting in a significant

increase in surviving cells (Figure 3A) without affecting the pro-

portion of iNs neither among the initially transfected cells (Fig-

ure 3B, gray bars) nor at the end point (Figure 3B, blue bars).

Thus, like EE-Bcl-2, blocking caspase activation does not

improve neuronal conversion. We then tested the effects of

RIP-K dependent necroptosis and the oxidative stress-depen-

dent ferroptosis (Dixon et al., 2012) by using their respective in-
C

hibitors Necrostatin-1 (Degterev et al., 2005) and Liproxstatin-1

(Friedmann Angeli et al., 2014). While Necrostatin-1 had similar

effects to ZVAD in rescuing some cells from death (Figure 3A),

but no effects on iNs (Figure 3B), Liproxstatin-1 had a potent

effect on conversion efficiency (Figure 3B). Thus, while

apoptosis and necroptosis inhibitors protect cells from death,

only the ferroptosis inhibitor liproxstatin-1 promotes both sur-

vival and neuronal conversion.

Increased Lipid Peroxidation during Neuronal
Reprogramming
Given the positive effects of Liproxstatin-1 treatment on re-

programming efficiency, we next examined lipid peroxidation

(Lip-Ox) as a hallmark of ferroptosis (Dixon et al., 2012) by us-

ing two different reporters: Click-iT lipid peroxidation kit based

on linoleamide alkyne (LAA) reagent (Life technologies) and

C11-Bodipy (Drummen et al., 2002). Astrocyte cultures treated

with cumene hydroperoxide as a positive control for Lip-Ox

had increased signal from the LAA-based reporter in almost

all cells (Figure 3C, upper row). Without any additional treat-

ment, 60% of Ascl1-transfected cells exhibited the signal for

Lip-Ox at 3 DPT, in contrast to 25% of cells transfected with

the control plasmid (Figures 3C and 3D), suggesting that

Lip-Ox occurs primarily during neuronal reprogramming.

Similar results were obtained with C11-Bodipy, which inte-

grates into phospholipid-containing membranes and shifts

from red to green fluorescence upon oxidation (Drummen

et al., 2002). We also tested a-Tocopherol (aToc, one of the

forms of vitamin E, 20mM), known to protect against Lip-Ox

(Buettner, 1993), and found that it strongly reduces Lip-Ox

LAA-signal in astrocytes undergoing neuronal conversion (Fig-

ures 3C and 3D).

Given the non-canonical effect of Bcl-2 on neuronal repro-

gramming, we examined its effect on Lip-Ox. Indeed, all forms

of Bcl-2 significantly reduced Lip-Ox, with EE-Bcl-2 being the

weakest and A(70)-Bcl-2 the strongest (Figure 3D). This result

was observed with both reporters (Figures 3D and 3E), demon-

strating a novel role of Bcl-2 in protecting from Lip-Ox most

potently in the A(70)-Bcl2mutant form.Consequently, we hypoth-

esized that any condition that reduces Lip-Ox should be benefi-

cial for direct neuronal reprogramming. Indeed, aToc treatment,

almost doubled the proportion of Ascl1/RFP reprogrammed neu-

rons obtained from astrocytes at 5DPT (Figures 4A–4C) and

improved conversion efficiency of cells co-treated with ZVAD or

co-expressing Ascl1/EE-Bcl-2 (Figures 4A and 4B). Thus, the

anti-oxidant vitamin E improves direct neuronal reprogramming.

Forskolin Promotes the Efficiency of Neuronal
Conversion and Reduces Lipid Peroxidation
We next tested whether other molecules known to improve re-

programming such as forskolin (Fk; Liu et al., 2013a) may also

alleviate Lip-Ox. First, we verified its positive effects on reprog-

ramming in astrocytes aiming to determine whether it would

act similarly from what we had observed with Bcl-2. Both in

continuous live imaging (Figures S4A–S4D) and after immuno-

staining at 5DPT (Figures 4D and 4E) we observed more cells

surviving and efficiently converting after addition of 20 mM Fk

to Ascl1-transfected astrocyte cultures. As for Bcl-2, we also

observed a faster conversion (Figures S4A–S4D) without any
ell Stem Cell 18, 396–409, March 3, 2016 ª2016 Elsevier Inc. 399



Figure 2. Non-canonical, BAX-Independent Effect of Bcl-2 on Neuronal Reprogramming

(A) Cartoon depicting previously described interactions of Bcl-2 and its mutant forms with several molecular partners as described in the text.

(B–D) Histograms (with corresponding micrographs showing immunostaining for b-III-tubulin, in D) depicting the survival and fate conversion rate at 5DPT (for

details, see Supplemental Information) in astroglial cultures transfected with the constructs indicated (n = 3; cells = 900–2,500 for each condition).

(E and I) Histograms showing the proportion of b-III-tubulin+ neurons at 7 days post infection (DPI) of astrocytes with a viral vector containing Neurog2 alone or

with Bcl-2 (E, n = 3; cells = 1,500–2,000 for each condition) or 15 DPI of MEFs with the vector indicated (I, n = 3; cells = 340–700 for each condition).

(F) Confocal micrographs showing that iNs from E are immunoreactive for vGluT1 at 15 DPI.

(G) Arrows indicate astrocytes co-transfected with Bcl-2 and RFP (Red cells) being immuno-positive for GFAP (green) and retaining astroglial morphology at

7 DPT.

(H) Micrographs of fibroblast conversion into neurons (b-III-tubulin+ cells; green) at 15 DPI upon transduction with retroviral vectors of the constructs indicated.

Error bars indicate ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ANOVA with Tukey’s post hoc test in (B), (C), and (I); t test in (E). Scale bars represent 50 mm in (D) and

(H) and 10 mm in (F). See also Figure S2.

400 Cell Stem Cell 18, 396–409, March 3, 2016 ª2016 Elsevier Inc.



Figure 3. Ferroptosis and Lipid Peroxidation

Are Key Limiting Factors during Neuronal Re-

programming

(A, B, and D) Histograms showing the percentage of

survival and iNs (A and B) or Lipid ROS+ cells (D,

n = 3, for RFP, Bcl-2, A(70)-Bcl-2, aToc; n = 4 for EE-

Bcl-2 and Ascl1; cells = 80–500 each condition) in

astroglial cultures treated as indicated on the x axis.

Treatment with ZVAD (20 mM), Necrostatin (10 mM),

or Liproxstatin-1 (200 nM) was performed at 1 DPT

(n = 4, A and B; cells = 1,500–2,000).

(C and E) Confocal micrographs of Lip-Ox (Life

Technologies, green reporter) staining (C, treatment

with cumene hydroperoxide 100 mM; positive control

for Lip-Ox, or aToc 10 mM; negative control for

Lip-Ox, at 1 DPT) or C11-Bodipy (E) in astrocytes

transfected as indicated at 3.5 DPT. Arrows indicate

transfected cells (red) with increased levels of Lip-Ox

(green); arrowheads show transfected cells without

green signal.

Error bars indicate ± SD. *p < 0.05, **p < 0.01, ***p <

0.001; ANOVA with Tukey’s post hoc test in (B) and

(D); ANOVA with Dunnett’s post hoc test in (A). Scale

bars represent 40 mm. See also Figure S3.
effect on proliferation (Figure S4E). This effect is both

transcription factor and cell type independent, as Fk also

improved reprogramming efficiency of MEFs and pericytes (Fig-

ure S5) mediated by different transcription factors (i.e., Ascl1,

Neurog2, Sox2) but did not induce neuronal conversion in

absence of any neurogenic fate determinant (Figures S4F and

S5C).

As expected, the proportion of Lip-Ox reporter-positive cells

among Ascl1-transduced astrocytes was significantly reduced

from about 60% to below 20% by Fk treatment (Figures 4F

and 4G). Likewise, CellRox Green reagent (Molecular Probes;

Figure 4H) showed high levels of nuclear green fluorescence in

Ascl1-transduced astrocytes at 3DPT, when many cells suc-

cumb to cell death, which was reduced after Fk treatment (Fig-

ure 4H). As further proof of oxidation-dependent processes

occurring during reprogramming, we monitored the oxidation

of peroxiredoxin-2, a protein involved in oxidative stress detox-

ification (Prx2; Godoy et al., 2011), by western blot. Prx2 was

predominantly detected in its dimeric (oxidized) form in astro-

cytes andMEFs 3 days after transduction with Ascl1, and dimer-

ization was reduced by Fk treatment (Figure 4I). Thus, reducing
Cell Stem Cell 18, 396
oxidative stress during reprogramming

facilitates neuronal conversion.

Genome-wide Expression Analysis
Reveals Anti-oxidative Stress
Response in Improved Neuronal
Reprogramming
To identify candidate genes regulated by

non-canonical Bcl-2 function and by Fk

treatment that may promote neuronal con-

version, we collected mRNA from different

batches of MEF cultures. These were

transduced with Ascl1/RFP- or RFP-en-

coding vectors and treated or untreated
with Fk for 24 hr (1DPT) or co-transduced with A(70)-Bcl-2-

GFP (Figure 5A). Upon Fk treatment, 507 probe sets were

significantly regulated (p < 0.01, fold change R1.53, see Table

S1; for genes regulated after A(70)-Bcl-2 co-transduction, see

Table S2). Heat maps show the 60 strongest upregulated genes

upon Fk treatment of Ascl1-transduced cells (Figure 5B, left)

and the subset of transcriptional regulators (right). The reliability

of the transcriptome analysis was confirmed by quantitative

real-time PCR analysis (Figure 5C). As expected from the

known role of Fk, we found increased expression of genes

involved in the cAMP signaling pathway (Table S3) and many

targets of Creb, including those regulating neurite outgrowth

and cAMP-signaling mediators (Tables S1 and S3), as well as

genes promoting neuronal differentiation (e.g., Prox1, Eya2,

Sox11; Figure 5B). In addition, we found enrichment of several

signaling pathways (e.g., IL-10 and IL-1; Wnt, Bmp) and nuclear

receptors (Figure 5B; Table S3). Interestingly, some of these

genes, including Nrf-2 effectors and JAK/STAT (Tables S1

and S3), are known to regulate metabolism and the oxidative

stress response (Nguyen et al., 2009; Park et al., 2012). Gene

Ontology (GO) term analysis further supported anti-oxidative
–409, March 3, 2016 ª2016 Elsevier Inc. 401



Figure 4. Increased Reprogramming Mediated by a Reduction of Lipid Peroxidation Levels Is Reproduced by Treatment with Forskolin

(A–C) Histograms show iNs (b-III-tubulin+; green inmicrographs in C) and survival rate at 5 DPT from astroglial cells transfected and treated as detailed in Figure 3

(n = 3; cells = 1,500–2,000).

(D and E) Micrographs (D) and histogram (E, n = 3; cells = 110–200) of survival rate/neuronal conversion of astroglia transfected with Ascl1/RFP (red cells) and

cultured 5 days in absence/presence of 10 mM Fk. Neuronal conversion was monitored by b-III-tubulin (green).

(F and H)Micrographs showing examples of theC11-Bodipy reporter (F) or CellROX reporter (green in H) in astrocyte cultures transfected and treated as indicated

at 3.5 DPT. Arrows depict transfected cells (red) with increased levels of ROS (green); empty arrows depict untransfected cells; arrowheads show transfected

cells with low ROS signal.

(G) Quantification of cells depicted in (F). The result with aToc treatment has been included to compare with the effect of Fk (n = 3 for Ascl1 + aToc; n = 4 for Ascl1

and Ascl1+Fk; cells = 80–250).

(I) Immunoblots showing that 24-hr treatment with Fk reduces the levels of oxidized Prx2 (dimer, upper band) in both astroglial (upper) and MEF (lower) cultures

infected with Ascl1/RFP-encoding vectors.

Error bars indicate ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ANOVA with Dunnett’s post hoc test in (A), (B), and (E); ANOVA with Tukey’s post hoc test in (G). Scale

bars represent 40 mm in (C) and (D), 20 mm in (F), and 80 mm in (H). See also Figure S4 and Movie S3.
pathways activated by Fk, with Nrf2-mediated pathway at the

top (Table S3). Indeed, we confirmed increased Nrf2-respon-

sive luciferase activity 15 hr after Fk addition (Figure 5D).

Interestingly, Nrf2-mediated pathway was found activated by
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both Fk treatment and A(70)-Bcl-2 co-expression (Table S4).

These data support the notion of excessive oxidation oc-

curring during reprogramming and Fk as well as A(70)-Bcl-2

alleviating this.



Figure 5. Transcriptome and Functional

Analysis of Genes Activated by Fk and

Bcl-2

(A) Schematic drawing of the experimental pro-

tocol.

(B) Heatmaps of linear fold changes with the top

60 upregulated genes (left) or transcriptional

regulators (right) in microarrays of Ascl1+Fk

versus Ascl1 only transduced MEFs; p < 0.01,

fold-change R 1.5.

(C) Histogram showing qRT-PCR for genes pre-

dicted to be regulated by the microarray analysis

(ratio paired t test, p < 0.01; FCR 1.5). Genes with

lower significance were also validated (p < 0.07;

shown in red).

(D) Bars represent fold change of luciferase

levels from a Nrf2-responsive construct co-trans-

fected with Ascl1 in astroglial cultures induced by

Fk (15, 24, and 48 hr) compared with untreated

cells.

(E) qRT-PCR analysis of mRNA levels from four

representative targets induced by Fk in MEFs and

astrocytes.

(F) Western blot depicting levels of Vdr protein

after 24-hr treatment with Fk in astroglia cultures

infected with RFP- or Ascl1/RFP-encoding retro-

viral vectors.

(G) Percentage of astrocytes positive for the

lipid reporter based on linoleic acid (Life

Technologies) among the Ascl1- or Ascl1+Vdr-

transfected population at 3.5 DPT. n = 3.

(H–K) Histograms and correspondingmicrographs

(J and K) depicting the neuronal conversion

efficiency of astroglial cultures transfected with

constructs indicated on x axis at 5 DPT (n = 3;

cells = 80–250).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

ratio paired t test in (C); two-way ANOVA with

Sidak’s post hoc test in (D); t test in (G);

ANOVA with Tukey’s post hoc test in (G) and (H);

ANOVA with Dunnett’s comparison test in (I).

Scale bars represent 45 mm. See also Figure S5

and Tables S1, S2, S3, and S4.
As vitamin D receptor (Vdr) was already implicated in the anti-

oxidative stress response (Bao et al., 2008; Dong et al., 2012), we

validated its upregulation at mRNA level in MEFs and astrocytes

(Figure 5E; see also confirmation of other nuclear receptors) and

protein level in astrocytes (Figure 5F).We then tested its effect on

Lip-Ox in astrocytes and found that co-expression of Vdr

reduced the percentage of cells positive for LAA-based reporter

to less than one-third in Ascl1-transfected astrocytes at 3.5 DPT

(Figure 5G). Accordingly, co-transfection with Vdr improved

neuronal reprogramming by Ascl1 or Neurog2 to a similar extent

as Fk (data not shown) or Bcl-2 co-transfection (Figures 5H–5K).

Co-transduction of Bcl-2 and Vdr further increased reprogram-

ming (Figures 5H–5K) reaching up to 80% neurons among

Ascl1-transduced astrocytes (Figures 5H and 5J). Taken

together, genome-wide expression analysis confirmed the key

role of oxidative stress response in regulating reprogramming,

with Vdr as the top transcriptional regulator.
C

The Role of Bcl-2 and Anti-oxidants in Neuronal
Reprogramming In Vivo
We next examined the relevance of the above-identified path-

ways after brain injury in vivo. Such lesions induce a highly in-

flammatory environment (Abdul-Muneer et al., 2015) that may

impose oxidative stress and other metabolic constrains to the

generation and survival of iNs. Indeed, in the intact striatum

and cerebral cortex, neuronal reprogramming was more effi-

cient (Guo et al., 2014; Niu et al., 2013; Torper et al., 2013)

than after large invasive brain injury (Buffo et al., 2005; Grande

et al., 2013; Heinrich et al., 2014). Among the previously tested

factors, we chose Neurog2, as it instructs glutamatergic neu-

rons in the developing cerebral cortex (Imayoshi and Ka-

geyama, 2014) and from astrocytes in vitro (Berninger et al.,

2007; Heinrich et al., 2010; Masserdotti et al., 2015), but ex-

hibits a limited efficiency in neuronal conversion after brain

injury in vivo (Grande et al., 2013).
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Figure 6. Conversion of Reactive Glia into

Neurons Is Improved by Bcl-2, Calcitriol,

and a-Tocotrienol In Vivo

(A) Scheme of the protocol used for stab-wound

injury and subsequent infection with retroviral vec-

tors for Neurog2-IRES-RFP and Bcl-2-IRES-GFP,

the respective treatments and analysis time points.

(B) High-power micrograph of cells infected by

Neurog2-IRES-RFP alone or with Bcl-2-IRES-GFP

stained for NeuN at 10 DPI, with orthogonal pro-

jections of the confocal stack. The RFP+ cell

maintains an astroglial morphology and is NeuN-

immunonegative (arrows, left), whereas the co-in-

fected cell displays a distinct neuronal-like

morphology and NeuN signal (right).

(C–E) Confocal micrographs of the injection site at

10 DPI upon the treatments indicated (C, none; D,

Calcitriol; E, aT3) stained for NeuN. Co-infected

cells immunopositive for NeuN (arrowheads) are

shown at higher magnification in single optical

sections (*, **, ***; right).

(F) Histogram with the proportion of induced,

NeuN+neuronsamongRFP+andRFP+/GFP+cells

at 10 DPI, without (n = 3) or with treatments (calci-

triol, n = 3; aT3, n = 4; 390-575 cells per condition).

(G and H) Micrographs of maximum intensity

projections of neuronal examples as indicated. In-

serts show single optical section of the NeuN+ nu-

cleus (*; white arrow). The blue and red boxes in H

(**, ***) display higher magnifications of a process

with spine-like structures.

Error bars indicate ±SD. *p < 0.05, **p < 0.01, ****p <

0.0001; two-way ANOVAwith Tukey’s post hoc test

in (F). Scale bars represent 10 mm, except 20 mm in

(B). See also Figure S6.
Retroviral vectors encoding Neurog2-IRES-RFP alone or in

combination with Bcl-2-IRES-GFP were injected close to the

stab-wound injury site 3 days later (Figure 6A), as previously

described (Buffo et al., 2005; Heinrich et al., 2014), and

immunohistochemistry was performed at 10 days post-injec-

tion (DPI). GFP or Bcl-2 single (GFP+) infected cells were

NG2+ glia or S100b/GFAP+ astrocytes (Figures 6C and S6C).

Similarly, most of the cells transduced with Neurog-2 (RFP+

only) were glia and only rarely acquired the neuronal marker

NeuN (Figures 6B, 6C, and 6F; 2% in only Neurog2-infected

brains, Figure S6D). Conversely, many co-transduced cells

(GFP+/RFP+) exhibited elongated neuronal-like morphology

and were immuno reactive for DCX or NeuN (Figures 6C and

S6E). Indeed, around 75% of co-transduced cells had turned

into NeuN+ neurons with a clear neuronal morphology at 10

DPI (Figure 6F). Taken together, the addition of Bcl-2 not

only increased the number of NeuN+ iNs but also accelerated

neuronal maturation, as appearance of NeuN typically takes

about 14–21 DPI (Grande et al., 2013). Thus, as in vitro,
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Bcl-2 potently improves reprogramming

speed and efficiency in vivo.

We next examined whether activating

the Vdr pathway by the ligand calcitriol

after Neurog2/RFP transduction with/

without Bcl-2/GFP would elicit a further

improvement in reprogramming. Strik-
ingly, a single calcitriol administration at 2 DPI more than

doubled the proportion of NeuN+ iNs in Neurog2-transduced

cells (Figures 6D and 6F; 3.5-fold increase in only Neurog2-in-

fected brains, see Figure S6D). Most importantly, calcitriol treat-

ment resulted in almost 90% conversion of all Neurog2/Bcl-2

co-transduced cells (GFP+/RFP+; Figures 6D and 6F), dramati-

cally increased levels of NeuN (see Figures S6F and S6G) and

improved morphology and complexity of iNs, resulting in the for-

mation of long neuronal processes (Figures 6G and S6G). More-

over, long-term analysis of iNs after calcitriol treatment often re-

vealed very elaborate neurites with bouton-like (20 DPI;

Figure 6G) and/or spine-like structures (60 DPI; Figure 6H).

Taken together, these data demonstrate that calcitriol has a

beneficial effect on the reprogramming efficiency but more

importantly on the maturation of iNs.

To confirm that the oxidative state directly affects reprogram-

ming in vivo, we administered a-Tocotrienol (aT3; Figure 6A),

the vitamin E analog described above. Similarly to calcitriol,

aT3 administration improved the conversion efficiency and



Figure 7. Subtype Identity of iNs after Stab-

Wound Injury

(A and B) Confocal micrographs (maximum in-

tensity projection, A) and histogramof soma size (B)

of cells at 10 DPI by Neurog2/RFP and Bcl-2/GFP

retroviral vectors after stab-wound injury and aT3

treatment (see Figure 6A) with thick processes and

spine-like structures (box X, left). The soma size of

these cells (NeuN staining, magnified in boxes *, **,

***; arrowheads) is similar to the size of nearby

endogenous neurons (arrows), unlike for mice that

did not receive aT3 (right, magnified in ****).

(C–F) Confocal micrographs showing neuronal

subtype markers FoxP2 (C), Ctip2 (D), GABA (E),

Satb2, and Cux1 (F) at 10 DPI. Filled arrowheads

indicate immunopositive, empty arrowheads im-

munonegative cells in the squared box (*, **). Spe-

cific examples of cells located in upper or deep

layers are depicted in (F).

(G) Histogram of double infected cells expressing

the indicated markers.

Horizontal lines in (B) indicate the mean. n = 4 in

A and B (aT3); n = 3 in B (no treatment and calcitriol,

40-60 cells per condition), (C), (D), and (G) for Ctip2

and FoxP2 (80-180 cells per condition); n = 2 in (E),

(F), and (G) for Cux1 and Satb2 (40-60 cells per

condition). *p < 0.05; one-way ANOVAwith Tukey’s

post hoc test in (B). Scale bars represent 10 mm.

See also Figure S7.
the levels of NeuN (Figures 6E and 6F). Strikingly, cells co-

transduced with Neurog2/Bcl-2 displayed a very complex

neuronal morphology in animals treated with aT3 already at

10 DPI (Figures 6E and 7A) and had a soma size comparable

to the endogenous neurons in the same area (Figures 7A and

7B). Notably, iNs also reached this soma size after calcitriol

administration, but at a much later time points (60 DPI; see Fig-

ures 7A and S6H). Likewise, upon aT3 treatment, iNs exhibited

the first spine-like protrusions already at 10 DPI (Figure 7A, left),

further corroborating the faster iN differentiation and maturation

elicited by this anti-oxidant.

As Neurog2/Bcl-2 overexpression and aT3 administration

resulted in most developed iNs, we used this paradigm to

determine their subtype identity. Regardless of the localization

of the co-transduced cells, about 80% were immunopositive

for Ctip2 (Figures 7D and 7G), a marker for layer V subcortical

neurons (Arlotta et al., 2005; Molyneaux et al., 2007). Most

of the remainder (20%) was positive for the deep layer
Cell Stem Cell 18, 396–4
marker FoxP2, albeit with lower intensity

than endogenous neurons (Figures 7C

and 7G; Molyneaux et al., 2007).

Consistent with a V pyramidal neuron

identity, iNs were negative for the

upper layer markers Satb2 (Figures 7F,

left, and 7G; Britanova et al., 2008) or

Cux1 (Figures 7F, right, and 7G; Moly-

neaux et al., 2007) and the interneuron

transmitter GABA (Figure 7E). Therefore,

we confirmed the identity of reprog-

rammed cells as deep layer glutamater-

gic pyramidal neurons, consistent with
the role of Neurog2 in cortical development (Schuurmans

et al., 2004).

DISCUSSION

Here we used continuous live imaging to unravel critical hurdles

in direct neuronal reprogramming. Neuronal conversion became

detectable around 2–4 days after transduction by live neuronal

(DCX-GFP) reporters, post-imaging immunostaining (b-III-

tubulin, MAP2, NeuN), and morphological analysis (small cell

soma and thin processes). At around the same time, most trans-

duced astrocytes succumbed to cell death, while fewer of the

successfully converted cells died, suggesting that high levels

of Ascl1may be incompatible with astrocyte survival under these

conditions. Importantly, few astrocytes proliferated—neither

prior to cell death nor prior to fate conversion. Thus, a major

limitation in reprogramming efficiency is cell death around the

time of fate conversion.
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DifferentModes of Cell Death andOxidative Stress Limit
Neuronal Reprogramming
While blocking apoptosis by caspase inhibitors and necroptosis

by RIPK1 inhibitors significantly increased cell survival, these cell

death pathways did not affect the proportion of iNs. This re-

vealed an additional block for neuronal conversion that could

be consistently relieved by ferroptosis inhibitors (Liproxstatin-1

or vitamin E). Ferroptosis is typically induced by ROS, resulting

in peroxidation of lipids due to impaired cysteine availability,

glutathione depletion and GPX4 inhibition (Dixon et al., 2012;

Friedmann Angeli et al., 2014; Yang et al., 2014). Hence, exces-

sive ROS may be generated as a consequence of instructing

reprogramming per se or specifically into neurons that use

oxidative phosphorylation. In favor of the former possibility are

the findings of an oxidative burst with deleterious consequences

during the generation of mouse iPSCs (Kida et al., 2015; Qi et al.,

2015), initiated when cells are instructed to divide fast during re-

programming (Kida et al., 2015). This is notably different from

direct neuronal reprogramming, where few cells divide and yet

increased ROS and Lip-Ox occur. We therefore favor the hypo-

thesis that this effect is due to transitioning too hastily to the

neuronal oxidative metabolism during reprogramming (see also

below).

Consistent with high oxidation levels limiting neuronal repro-

gramming efficiency, we show here that treatments beneficial

for reprogramming, such as Fk or A(70)-Bcl-2, reduce Lip-Ox

and mount an anti-oxidative response mediated by Nrf2 among

others. Various agents attenuating Lip-Ox, such as aToc, aT3,

or Calcitriol, also improve neuronal reprogramming. This is not

only of crucial importance to better understand the conversion

process into iNs but also for thewidespread application of gener-

ating neurons from different cell types (astrocytes, MEFs, peri-

cytes, etc.) with various neurogenic transcription factors (Ascl1,

NeuroD4, Neurog2, Sox2, etc.) at much increased efficiency.

An Unexpected Role for Bcl-2 In Direct Neuronal
Reprogramming
Interestingly, Bcl-2 affected both reprogramming efficiency and

speed of neuronal conversion in a manner uncoupled from its

function in apoptosis. The Bcl-2 mutant with increased affinity

for Bax/Bak and therefore improved anti-apoptotic function

(EE-Bcl-2) neither improved neuronal reprogramming nor

reduced Lip-Ox. In contrast, A(145)- and A(70)-Bcl-2 mutants,

unable to bind Bax/Bak andwith reduced anti-apoptotic function

(Deng et al., 2006; Yin et al., 1994), improved neuronal repro-

gramming, with the latter being the most effective in reducing

Lip-Ox and, consequently, enhancing reprogramming efficiency.

While this is the first time that specific Bcl-2 mutants have been

used to assess selective effects on Lip-Ox, Bcl-2 has formerly

been implicated in the regulation of both metabolic transition

and oxidative stress pathways by reducing oxidation in mito-

chondria (Krishna et al., 2011) or improvingmetabolic conversion

via interaction with, e.g., p53 or Myc (Deng et al., 2006; Jin et al.,

2006). As EE-Bcl-2 interacts strongly with Bax, its lack of effect

on reprogramming could be due to its reduced availability for

molecular partners acting in the nucleus. Conversely, A(70)-

Bcl-2 may be more efficient in improving neuronal reprogram-

ming as more of this protein may be available in the nucleus

for interaction with relevant partners.
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Notably, we show that Fk and A(70)-Bcl-2 lead to common

transcriptional changes in pathways (e.g., LXR) that have been

previously implicated in neurogenesis (Theofilopoulos et al.,

2013), suggesting that nuclear interactions of Bcl-2 may explain

the particular efficiency of the A(70)-Bcl-2 mutant in direct

neuronal reprogramming. Although not precluding additional

roles of Bcl-2 at the mitochondria or other mechanisms, our

data demonstrate that the effect of Bcl-2 in reprogramming is

independent of its well-known anti-apoptotic function.

Metabolic Conversion as Critical Factor in Direct
Neuronal Reprogramming
Importantly, factors alleviating Lip-Ox also accelerate fate transi-

tion. We observed this in vivo and by continuous single-cell

tracking analysis in vitro, both upon Fk treatment and in cells

co-expressing Bcl-2 (Figures 1 and S3). Fk treatment regulates

several genes affecting the cellular redox potential, e.g., Nor-1

that promotes the endurance phenotype in oxidative muscle

fibers (Pearen et al., 2012) and Vdr that alleviates oxidative stress

in various organs (Dong et al., 2012; George et al., 2012). It has

been previously shown that ROS and redox-signaling mecha-

nisms play a key role in cell fate decisions, including neurogene-

sis (Maryanovich and Gross, 2013; Prozorovski et al., 2015),

although the molecular mechanisms mediating these effects

are not yet fully understood. In iPSC reprogramming, changes

to a more glycolytic metabolism have been shown to govern

fate conversion (Liu et al., 2013b), despite the initial oxidative

burst mentioned above (Kida et al., 2015). The faster neuronal

conversion when excessive oxidation products are successfully

controlled is consistent with (1) ROS affecting gene expression,

e.g., by altering SIRT activity, a key regulator of neurogenesis,

and (2) interfering with metabolic pathways acting upstream of

other aspects of fate conversion. If the metabolic transition is a

prerequisite for the conversion in cell fate, redox homeostasis

failure may ultimately reduce efficiency or speed of conversion.

Confirming this hypothesis, we observed that cells cultured in

a medium with oligomycin A, allowing anaerobic glycolysis as

the only metabolic pathway to generate ATP (see Supplemental

Information), preserved astroglial features and interferedwith the

conversion to a neuronal fate (Figures S7A–S7C, S7E, and S7F).

As the total cell number did not decrease much (Figures S7A and

S7F), fate conversion seems to be blocked when oxidative phos-

phorylation is hampered. Notably, cells grown in anaerobic

glycolysis-only medium were also protected from Lip-Ox (Fig-

ures S7C and S7D), demonstrating that the metabolic change

during neuronal reprogramming causes oxidative stress.

Conversely, boosting the metabolic shift with a medium contain-

ing 2-deoxy-glucose, which can only be metabolized at mito-

chondria (see Supplemental Information), caused extraordinarily

high levels of Lip-Ox (Figure S7C) in astrocytes and resulted in

cell death (Figures S7A and S7F). Overall, these experiments

demonstrate that the metabolic shift is not only necessary to

allow survival of the neurons during reprogramming but also con-

stitutes a prerequisite for cell fate transition.

Potent Improvement of Direct Reprogramming in the
Injured Brain In Vivo
Importantly, aT3 supplementation or activation of anti-oxidant

pathways by calcitriol was remarkably powerful in improving iN



maturation from reactive glia after traumatic brain injury in vivo.

Interestingly, calcitriol treatment has been shown to reduce

glutamate-induced neuronal death in vitro and attenuate hypoxic

brain damage in vivo (Gianforcaro and Hamadeh, 2014), as well

as the fibrotic reaction upon injury in other organs (Ding et al.,

2013; Sherman et al., 2014). These data thus suggest that calci-

triol alleviates several negative effects after injury. While both

calcitriol and aT3 also improve efficiency of reprogramming

but predominantly affect maturation and neurite growth, Bcl-2

co-expression was themost efficient in increasing iNs. The com-

bined action of Bcl-2 and Calcitriol or aT3 allowed us for the first

time to achieve an in vivo reprogramming efficiency of more than

90% after stab wound injury. The neurons survived for several

months and acquired a remarkably advanced state of matura-

tion. These data demonstrate that the number of neurogenic

fate determinants was not the limiting factor in neuronal repro-

gramming after injury in vivo, as believed so far. In fact, while

applying various combinations of neurogenic transcription fac-

tors only marginally improved reprogramming in the same para-

digm (Buffo et al., 2005; Grande et al., 2013; Heinrich et al., 2014;

Kronenberg et al., 2010), co-expressing Bcl-2 and alleviating

excessive ROS had an astounding effect. Indeed, our protocol

allowed iNs to proceed largely to a specific neuronal subtype,

namely Ctip2+ pyramidal neurons even when they were located

at more superficial positions and surrounded by Cux1+ upper

layer neurons. Interestingly, Ctip2 is not a direct target of Neu-

rog2 (Masserdotti et al., 2015; Schuurmans et al., 2004) and

acts as the key effector of subcortical deep layer neuron fate

(Amamoto and Arlotta, 2014). Moreover, Neurog2 knockout

mice have selective defects in deep layer, but not upper-layer

neurons of the developing cerebral cortex (Fode et al., 2000),

supporting the concept that Neurog2 is largely involved in spec-

ifying deep-layer neuron fate in this region.

Taken together, our data on the mechanisms facilitating the

metabolic transition and redox homeostasis in neuronal reprog-

ramming have not only widespread relevance for brain injury and

repair, but also highlight the urgency of improving the timely and

coordinatedmetabolic conversion as well as protection from fer-

roptosis in aiming at neuronal repair.

EXPERIMENTAL PROCEDURES

Primary Cell Cultures

Astrocytes were cultured and transduced as described in Heinrich et al. (2010)

and MEFs as described in Vierbuchen et al. (2010).

Live-Imaging Microscopy

Time-lapse video microscopy was performed with a cell observer (Zeiss) at a

constant temperature of 37�C and 8% CO2. Phase-contrast images were ac-

quired every 5 min and fluorescence pictures every 4–6 hr for 6.5–7.5 days us-

ing a 103 phase contrast objective (Zeiss) and an AxioCam HRm camera with

a self-written VBA module remote controlling Zeiss AxioVision 4.7 software.

Movies were assembled and analyzed using ImageJ (NIH) software. For

description of the analysis, see Supplemental Information.

Analysis of Lipid Peroxidation

For the detection of lipid peroxidation, we used either the reagent Click-iT lipid

peroxidation kit based on linoleamide alkyne (LAA) reagent (Life Technologies)

or BODIPY 581/591 C11 (C11-Bodipy, Molecular Probes; Drummen et al.,

2002). Astroglial cells were first cultured and transfected as previously

described (Heinrich et al., 2010; see also Supplemental Information).
C

At 3.5 days later, the cells were labeled according to the specifications

described in the product data sheet and fixed with 4% paraformaldehyde

(PFA) for 5 min. Finally, the direct fluorescence of the reporters was detected

by epi-florescent microscopy.

Animal Surgery

Operations were performed in accordance with the policies of the state of

Bavaria under license number 55.2-1-54-2532-171-2011. Three days after

performing a stab-wound injury, 0.5–1.0 ml of retroviral suspension (Neu-

rog2-IRES-RFP alone or 1:1 with Bcl-2-IRES-GFP) was injected into the site

of the lesion as described by Heinrich et al. (2014). When indicated in the

text, 200 ml of Calcitriol (1 ng/ml, Tocris) or aT3 (100 mg/kg body weight; Sigma

Aldrich) diluted in corn oil was administered through oral gavage at 2 DPI. The

dosage was determined according with previous publications.
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