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Abstract The establishment of neuronal polarity and

axonal outgrowth are key processes affecting neuronal

migration and synapse formation, their impairment likely

leading to cognitive deficits. Here we have found that the

apoptotic protease activating factor 1 (Apaf1), apart from

its canonical role in apoptosis, plays an additional function

in cortical neurons, where its deficiency specifically im-

pairs axonal growth. Given the central role played by

centrosomes and microtubules in the polarized extension of

the axon, our data suggest that Apaf1-deletion affects ax-

onal outgrowth through an impairment of centrosome

organization. In line with this, centrosomal protein ex-

pression, as well as their centrosomal localization proved to

be altered upon Apaf1-deletion. Strikingly, we also found

that Apaf1-loss affects trans-Golgi components and leads

to a robust activation of AMP-dependent protein kinase

(AMPK), this confirming the stressful conditions induced

by Apaf1-deficiency. Since AMPK hyper-phosphorylation

is known to impair a proper axon elongation, our finding

contributes to explain the effect of Apaf1-deficiency on

axogenesis. We also discovered that the signaling pathways

mediating axonal growth and involving glycogen synthase

kinase-3b, liver kinase B1, and collapsing-response me-

diator protein-2 are altered in Apaf1-KO neurons. Overall,

our results reveal a novel non-apoptotic role for Apaf1 in

axonal outgrowth, suggesting that the neuronal phenotype

due to Apaf1-deletion could not only be fully ascribed to

apoptosis inhibition, but might also be the result of defects

in axogenesis. The discovery of new molecules involved in

axonal elongation has a clinical relevance since it might

help to explain neurological abnormalities occurring during

early brain development.
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Abbreviations

ACC Acetyl-CoA carboxylase

AMPK AMP-dependent protein kinase

Apaf1 Apoptotic protease activating factor 1

CRMP2 Collapsing-response mediator protein-2

DIV Day in vitro

Diva Death inducer binding to vBcl2 and Apaf1

ETNA Embryonic telencephalic naı̈ve Apaf1

Gap43 Growth associated protein 43

GDI GDP dissociation inhibitor

GM130 cis-Golgi marker
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GSK3b Glycogen synthase kinase-3b
HCA66 Hepatocellular carcinoma-associated antigen 66

I-MEFs Immortalized mouse embryonic fibroblasts

LKB1 Liver kinase B1

MAP2 Microtubule-associated protein 2

MAPs Microtubule-associated proteins

MARK Microtubule affinity-regulating kinase

NEDD1 Neural precursor cell expressed

developmentally down-regulated protein 1

NF1 Neurofibromatosis type I

PCN Primary cortical neurons

PSD95 Postsynaptic density protein 95

Rab8 Ras-related in brain 8

Rab10 Ras-related in brain 10

SMI312 Pan-axonal neurofilament marker

Tau Tau protein

Tom20 Translocase of outer membrane 20

Tubb3 Tubulin, beta 3 class III

Introduction

The apoptotic protease activating factor 1 (Apaf1) is a key

player in mitochondria-mediated apoptosis since it allows

apoptosome formation upon the release of the cytochrome

c from mitochondria. The assembling of the apoptosome,

in turn, elicits caspase activation and the final stages of the

apoptotic process [1]. It has recently been shown that

Apaf1 is necessary not only for the death of the cells, but

also for their survival [2, 3]. In particular, we have found

that Apaf1 contributes to the correct functioning of the

centrosome and, as a consequence, influences all the pro-

cesses depending on centrosomes and microtubules, such

as cell division and migration. Its deletion causes a higher

responsiveness of cells to stressful conditions [3].

It is widely accepted that both cytoskeleton struc-

turing and remodeling play a critical role in neuronal

differentiation and, in particular, in axon specification

and outgrowth [4, 5]. In most cells, the centrosomes are

the main microtubule nucleation center [6]. Therefore,

despite some controversy as to whether they might di-

rectly control neuronal polarity [7], centrosomes are

considered crucial for neuronal differentiation and mi-

gration since they are a primary source of polarized

microtubule nucleation which could specifically support

axon outgrowth. In fact, in differentiating neurons, the

disruption of centrosomal activity and the down-

regulation of centrosomal proteins impair microtubule

organization, trafficking, and axon extension [8].

Moreover, mutations in genes coding for centrosomal

proteins cause severe neurodevelopmental disorders [5].

In addition, centrosomes are closely connected to the

Golgi apparatus [9], thus supporting an intense mem-

brane traffic directed to the growing axon. The fast

elongating axon requires the addition of a large amount

of plasma membrane at the growth cone. Although the

molecular events involved in the vesicle trafficking

underlying axonal development need to be clarified, it

has been found that many members of the Rab (Ras-

related in brain) family of small GTPases play a key

role in regulating transport vesicle formation, translo-

cation, docking, and fusion needed for axonal growth

[10, 11].

Although the mechanisms underlying cytoskeleton-

driven axonal elongation are poorly understood, several

molecules have been found to participate to the signaling

orchestrating neuronal polarization and neurite outgrowth,

including the glycogen synthase kinase-3b (GSK3b) [12,
13]. GSK3b is a serine-threonine kinase, which can be

phosphorylated in Ser9 and inactivated by several kinases.

During axonal growth, the phosphorylated-inactive form

of GSK3b becomes enriched at the tip of axons with the

subsequent dephosphorylation of its substrates, such as

the collapsing-response mediator protein-2 (CRMP2) and

the structural microtubule-associated proteins (MAPs),

including Tau [4]. These proteins, in their dephosphory-

lated form, stabilize microtubules. Axon growth depends

on the localized inactivation of GSK-3b and the accu-

mulation of active dephosphorylated CRMP2 in the

nascent axon tip. Dephosphorylated CRMP2 transports

tubulin heterodimers via kinesin-1 into the axon and plays

a critical role in axonal outgrowth by promoting micro-

tubule assembly [14, 15]. Another key molecule involved

in neuronal polarization is the kinase liver kinase B1

(LKB1). LKB1 downregulation inhibits axonal differen-

tiation and impairs neuronal migration [16, 17], while

LKB1 overexpression leads to the formation of multiple

axons. LKB1 deletion in mammalian cerebral cortex

causes the loss of axonal specification [18]. LKB1 acts on

kinases essential for maintaining the dynamic state of

microtubules necessary for axon outgrowth [19]. In ad-

dition, it has recently been reported that the over-

activation of the regulator of cell energy homeostasis

AMP-activated protein kinase (AMPK) also impairs

axogenesis [20, 21].

Here we provide evidence that Apaf1 plays a key non-

apoptotic role in cortical axon outgrowth in mammals,
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possibly by acting on centrosome, microtubule assembly,

and trans-Golgi trafficking. We also demonstrate that

Apaf1-deficiency causes a robust activation of AMPK, a

reduction in LKB1 activity, and also CRMP2 hyper-phos-

phorylation, all contributing to the impairment of axonal

growth.

Materials and methods

Cell culture and treatments

ETNA?/? (wild-type, WT) and ETNA-/- (knockout, KO)

cells were obtained as described elsewhere [22, 23]. They

were routinely grown in DMEM (Life Technologies Ltd,

Paisley, UK) ? 10 % FBS (Life Technologies), at 33 �C in

an atmosphere of 5 % CO2 in air. To induce differentiation,

ETNA cells were treated with 50 lM Forskolin (Sigma-

Aldrich Inc., St. Louis, MO, USA) 250 lM IBMX (Sigma-

Aldrich), 200 nM TPA (Sigma-Aldrich), 10lM dopamine

(Sigma-Aldrich), 10 ng/ml aFGF (Sigma-Aldrich) for 24

and 48 h. The differentiation medium was replaced every

24 h.

Primary mouse cortical neurons

Mouse primary cortical neurons (PCN) were obtained from

cerebral cortices of Apaf1?/? (WT) and Apaf1-/- (KO)

E14.5 embryos [24]. All the experiments were performed

according to the Animal Research Guidelines of the

European Communities Council Directive (86/609/EEC).

Dissected cortices were digested with trypsin 0.25 %/

EDTA (Sigma-Aldrich) at 37 �C for 7 min, washed, and

triturated to give a single cell suspension. Viable cells were

counted by means of trypan blue staining and 1 9 105 cells

were plated on poly-D-lysine (Sigma-Aldrich) coated cov-

erslips (18 mm Ø) placed into 12 well plates in 25 mM

glucose-containing MEM (Sigma-Aldrich) medium sup-

plemented with 10 % fetal bovine serum (Life

Technologies), 2 mM glutamine (Life Technologies), and

0.1 mg/ml gentamicin (Life Technologies). After 1 h, the

medium was completely replaced with Neurobasal medium

(Life Technologies) containing B 27 supplement (Life

Technologies), 2 mM glutamine, and 0.1 mg/ml gentam-

icin. Cell cultures were kept at 37 �C in a humidified

atmosphere containing 5 % CO2 and were analyzed after

different days in vitro (DIV). Cell death was evaluated by

direct cell count using optic microscopy following Trypan

blue (Life Technologies) staining and by evaluating size

and granulosity features by cytofluorimetric analysis on a

FACScalibur flow cytometer (Becton-Dickinson).

Real-time PCR

RNA was isolated by using RNeasy Micro Kit (Qiagen

Inc., Valencia, CA, USA), according to the manufac-

turer’s instructions. For reverse transcriptase reaction,

first strand cDNA was synthesized with esaprimers by

adding 1 lg of RNA with M-MLV Reverse Transcrip-

tase (Life Technologies). Real-time PCR was performed

by using SYBR Green PCR master mix (Applied

Biosystems, Life Technologies). Real-time quantitation

was performed by using the StepOne real-time PCR

System (Applied Biosystems, Life Technologies). Data

were normalized to L34. Resulting data were analyzed

by the StepOneTM Software (v2.3) and fold-change was

determined by using the 2�DDCT method. All reactions

were performed in triplicate.

Gene Forward primer Reverse primer

Apaf1 Ct 50-GCTTGTCTCTGCTGGAGGATA-30 50-GTCTGTGAGGAGTCCCCAGT-30

Apaf1 Nt 50-CTTCCAGTGGCAAGGACAC-30 50-TCTGGGGTACTCCACCTTCA-30

GAP43 50-CCAACGGAGACTGCAGAAA-30 50-GGTTTGGCTTCGTCTACAGC-30

L34 50-GGTGCTCAGAGGCACTCAGGATG-30 50-GTGCTTTCCCAACCTTCTTGGTGT-30

MAP2 50-GCTCCAAGTTTCACAGAAGGAG-30 50-AGGTTGGTTCAGATCAATATAAATAGG-30

PSD95 50-CGCTACCAAGATGAAGACACG-30 50-CAATCACAGGGGGAGAATTG-30

Synaptophysin 50-AACAACAAAGGGCCAATGAT-30 50-TAGCCACATGAAAGCGAACA-30

Tau 50-GGCTCTACTGAGAACCTGAAGC-30 50-TCCAGCTTCTTATTAATTATCTGCAC-30

Tubb3 50-CGGCAACTATGTAGGGGACT-30 50-CCTGGGCACATACTTGTGAG-30
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Immunocytochemistry

PCN were cultured as above described. Cells cultured on

12-well plates at 1 9 105 per well in 1 ml. After 48 h

from seeding, cells were washed with phosphate-buffered

saline (PBS) and fixed with methanol/acetone at -20 �C
for 20 min or with 4 % paraformaldehyde (PFA) in PBS

for 15 min. After permeabilization with 0.5 % Triton

X-100 in PBS for 5 min (performed only after PFA

fixation), cells were blocked in 2 % horse serum in PBS

and incubated for 1 h at 37 �C with primary antibodies.

We used anti-SMI312 R-100 (Covance Assay Designs),

anti-c-tubulin ab27074 (Abcam), anti-pericentrin ab4448

(Abcam), anti-NEDD1 sc-100961 (Santa Cruz), anti-

GM130 610823 (BD Biosciences), anti-Diva sc-8739

(Santa Cruz), anti-Rab10 ab104859 (Abcam), and anti-

HCA66 (kind gift form A. Merdes, CNRS-Pierre-Fabre,

Toulouse, France). Cells were then washed in blocking

buffer and incubated for 1 h at room temperature (RT)

with labeled anti-mouse (Alexa Fluor 488; Molecular

Probes, Life Technologies) or anti-rabbit 711-035-152

(FITC; Jackson ImmunoResearch) secondary antibodies.

Nuclei were stained with Hoechst 33342 (Sigma-Aldrich).

The samples were mounted in SlowFade Gold-mounting

media. The images were acquired with a Leica TCS SP5

confocal microscope.

Time-lapse video microscopy

Cells cultured in 35-mm Petri dishes were washed in PBS.

A Zeiss Axiovert-35 microscope equipped with a JVC

digital CCD camera and the IAS2000 software (Deltasis-

temi, Rome, Italy) were used to take images every 5 min

for an observation period of 20 h. Applying the ‘‘visualize’’

mode, these series of photographs were displayed as con-

tinuous time-lapse movies. Cells were seeded the day

before recording into 35-mm dishes. Temperature was

adjusted to 33 or 37 �C with a Peltier apparatus. A 509

magnification was applied.

Western blotting

WT and KO PCN were seeded on 12-well plates at

1 9 105 per well and were washed twice in ice-cold PBS

and lysed at 4 �C in lysis buffer in RIPA buffer (50 mM

Tris–HCl pH 7.4, 1 % NP40, 150 mM NaCl, 0.1 % SDS,

0.5 % deoxycholic acid) containing Protease Inhibitor

Cocktail (Roche) and Phosphatase Inhibitor Cocktail

(Sigma-Aldrich). A clear supernatant was obtained by

centrifugation of lysates at 13,000g for 20 min at 4 �C.
Protein concentration in the supernatant was determined

by BCA Bradford protein assay (Bio-Rad, Hercules, CA,

USA). Aliquots of total cell lysate were then separated on

SDS-PAGE. Proteins were transferred to nitrocellulose

membranes (Hybond, C Extra Amersham Biosciences).

and were blocked overnight at 4 �C with 5 % non-fat milk

in TTBS (TBS with 0.05 % Tween 20). Incubation with

primary specific antibodies and horseradish peroxidase-

conjugated secondary antibodies was performed in

blocking solution for 1 h at room temperature. Equal

loading of samples was confirmed by Tubulin or Gapdh

normalization. We used anti-Actin A2066 (Sigma-

Aldrich), Apaf1 AB16941 (Millipore), SMI312 R-100

(Covance), PSD95 MAB1598 (Millipore), Tau-1

MAB3420 (Millipore), Tau-5 AHB0042 (Life Technolo-

gies), p-Tau (ser231) 55313 (Anaspec), p-Tau (ser422)

ab9664 (Chemicon), Diva sc-8739 (Santa Cruz), Rab8

D22D8 (Cell Signaling), Rab10 ab104859 (Abcam), Pan-

cadherin C3678 (Sigma), Gapdh MAB374 (Millipore),

Tubulin T5168 (Sigma-Aldrich), c-tubulin T3559 (Sigma-

Aldrich), p-AMPK 2535 (Cell Signaling), AMPK 2603P

(Cell Signaling), p-GSK3b (ser9) ab75814 (Abcam),

p-GSK3b (tyr216) GWB-516365, GSK3b ab93926 (Ab-

cam), HCA66 (kind gift form A. Merdes, CNRS-Pierre-

Fabre, Toulouse, France), Histone H1 05-457 (Millipore),

pericentrin ab4448 (Abcam), NEDD1 sc-100961 (Santa

Cruz), p-LKB1 sc-28465 (Santa Cruz), LKB1 ab58786

(Abcam), p-CRMP2 9397S (Cell Signaling), CRMP2

9393 (Cell Signaling), p-ACC 3661P (Cell Signaling),

ACC 3676P (Cell Signaling), GM130 610823 (BD Bio-

sciences), cleaved Caspase-3 9661 (Cell Signaling), and

Tom20 sc-11415 (Santa Cruz), p-MARK 4836S (Cell

Signaling) antibodies. Immunoreactive bands were visu-

alized by SuperSignal West Pico Chemioluminescent

substrate kit (Pierce). For loading control, anti-Tubulin or

anti-Gapdh antibodies were used.

Nuclear–cytosolic fractionation

Cells were detached from the dish with trypsin and washed

with PBS. Pellets were incubated in 5 volumes ice-cold

hypotonic buffer (10 mM Hepes pH 7.4, 5 mM MgCl2,

10 mM NaCl, 1 mM DTT) containing a protease inhibitor

cocktail (Sigma-Aldrich) and the phosphatase inhibitors

Na3VO4 (1 mM) and NaF (1 mM), and homogenized in a

glass–glass homogenizer (Dounce homogeniser) using 100

strokes of a tight-fitting pestle. The soluble cytoplasmic

and the insoluble nuclear fractions were separated by

centrifugation at 2000g for 10 min at 4 �C. The pellets

containing the nuclei were extracted in the same buffer

containing either 1 % Triton X-100 or 1 % Triton X-100

plus 250 mM NaCl. The extracts were centrifuged at

15,000g for 10 min at 4 �C and supernatants and pellets

were analyzed by Western blotting.
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Membrane isolation

PCN were incubated in 50 mM Tris–HCl pH 7.4, 10 mM

MgCl2, 100 mM NaCl, 1 mM EDTA, 20 mM EGTA, and

centrifugated at 700g for 10 min at 4 �C. The supernatant

containing the membrane and cytosolic fractions was

fractionated by ultracentrifugation at 100,000g for 10 min

at 4 �C and the pellet containing the membranes was

analyzed by Western blotting.

Assessment of DWm

DWm was measured using tetramethylrhodamine ethyl

ester (TMRE, Molecular Probes). Cells were incubated at

37 �C for 15 min in media containing TMRE (50 nM). As

a control for DWm dissipation, cells were treated with

10 lM carbonyl cyanide p-(trifluoromethoxy) phenylhy-

drazone (FCCP). Cells were then rinsed in fresh medium

and detached from the dish. TMRE fluorescence was de-

tected by flow cytometry on a FACScalibur flow cytometer

(Becton-Dickinson).

Measurement of reactive oxygen species production

The reactive oxygen species (ROS)-sensitive probe

H2DCF-DA (20,70-dichlorodihydrofluorescein-diacetate;
30 lM) was added directly to the culture medium for 1 h.

Cells were washed with PBS and DCF fluores-

cence analyzed immediately upon reaction with ROS by

flow cytometry using the FITC channel on a FACScalibur

flow cytometer (Becton-Dickinson).

Histology

E12.5 and E14.5 embryos were fixed in 4 %

paraformaldehyde (PFA) followed by cryoprotection in

30 % sucrose in PBS. The embryo heads were sectioned

coronally (20-lm thick) with a cryostat (Leica; CM

3050S). Cryosections were permeabilized and blocked with

PBS containing 0.1 % Triton X-100 and 5 % NGS. Pri-

mary antibodies were incubated in PBS containing 0.1 %

Triton X-100 and 5 % NGS (mouse anti-Monoclonal Anti-

Neurofilament 160/200 (1:500; Sigma-Aldrich, N2912)).

Immunostaining was detected using Alexa fluorescent

secondary antibody (1:600; Invitrogen) in PBS containing

5 % NGS. Slices were counterstained with Neurotrace

Nissl 640/660 (1:100; Invitrogen Corporation, Carlsbad,

CA, USA). Samples were mounted in Vectashield (Vector

Laboratories, H 1000). For neurofilament analysis, the

images from sections counterstained with Neurotrace Nissl

were acquired on a confocal laser-scanning microscope

(TCS SP5; Leica Microsystems, Milan, Italy) equipped

with a 109 immersion objective (numerical aperture (NA)

0.3) for the low magnification and 639 immersion objec-

tive (NA 1.4) for high magnification. Confocal images (20-

lm-thick z-stacks) were acquired, and Z-series were pro-

jected to two-dimensional representations. The contrast of

the images was adjusted to enhance the fluorescence of

neurofilaments.

Statistical analysis

All experiments were performed at least three times, unless

otherwise indicated. Data are expressed as mean ± SEM.

Data were compared by using Student’s t tests. Differences

were considered as significant for p\ 0.05.

Results

Apaf1 is highly expressed during the early phases

of neuronal differentiation

As previously reported, Apaf1 expression in mammalian

adult brain decreases progressively during development

from embryonic to early postnatal stages, with different

timings depending on the neuron populations [25–27].

Here we have confirmed that both Apaf1 mRNA and

protein levels are more abundant in embryonic brains

(embryonic day 17; E17) compared to postnatal and adult

brains (postnatal days 7 and 27; P7 and P27) (Fig. 1a, b).

As control of proper brain development, we evaluated the

expression of the synaptic marker PSD95, and of the ax-

onal markers SMI312 and Tau (Fig. 1a, b), which increase

in the adult versus the embryo along with the enhanced

complexity of the inter-neuronal connections occurring

during development [28]. Consistently, we observed that

the Apaf1 mRNA levels also increase in neuronal precursor

embryonic telencephalic naı̈ve Apaf1 (ETNA) cells during

the first 24 h of differentiation, while they tend to decrease

later on (48 h) (Fig. 1c), when PSD95 keeps increasing, so

confirming that ETNA cell differentiation proceeds

regularly. Both these findings suggest that Apaf1 might

play a role during early neuronal development, while it

might be less crucial at later stages.

Since immortalized cell lines have several limitations as

neuronal models, we adopted primary cortical neurons

(PCN) to confirm and to circumstantiate our observations.

We evaluated the expression of Apaf1 during PCN

maturation in vitro, and we confirmed that Apaf1 mRNA

increases during the first stages of differentiation (Fig. 2a;

from 2 to 12 day in vitro, DIV) in parallel with the en-

hanced expression of the neuronal markers Tubb3, PSD95,

Synaptophysin, Tau, and Gap43 (Fig. 2a). In addition,

Apaf1 protein levels also increase during early PCN

maturation (Fig. 2b; 2, 4, 8 DIV), although they start
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decreasing later on (Fig. 2b, 12 DIV) when, as expected,

PSD95 keeps increasing (Fig. 2b). This evidence further

corroborates our hypothesis that Apaf1 is necessary mostly

for the early phases of neuronal differentiation.

Apaf1-deletion impairs neuronal differentiation

To decipher if the high level of Apaf1 expression detected

during PCN maturation might indicate a critical role for

Apaf1 in the first stages of neuronal differentiation, we

analyzed ETNA cells devoid of Apaf1, i.e., ETNA-

knockout (ETNA-KO). Results shown in Fig. 3 indicate a

lower expression of the neuronal marker PSD95 (Fig. 3a),

suggesting that ETNA-KO differentiation is reduced

compared to wild-type (WT) ETNA. To substantiate our

hypothesis, we performed a deep analysis of PCN devoid

of Apaf1 by analyzing a number of markers expressed

during neuronal differentiation. In particular, we observed
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Fig. 1 Apaf1 is highly expressed during early neuronal differen-

tiation. a Mouse cortex extracts of embryonic stage 17 (E17),

postnatal day 7 and 27 (P7 and P27) were assayed for Apaf1 and

PSD95 mRNAs by quantitative real-time PCR. mRNA levels were

normalized to L34 mRNA used as internal control. Data display the

fold-changes of Apaf1 or PSD95 mRNA relative to E17 brains and are

shown as the mean ± SEM; n = 3, **P B 0.01, ***P B 0.005,

****P B 0.001 with respect to E17. b Mouse cortex extracts of E17,

P7, and P27 were assayed for Apaf1, SMI312, PSD95, and Tau

protein levels, and Gapdh was used as loading control. Density of

immunoreactive bands was calculated using the software Image Lab

(Bio-Rad), normalized for Gapdh, and reported as arbitrary units

(shown as the mean ± SEM); n = 3, *P B 0.05, ***P B 0.005 with

respect to E17. c ETNA?/? cells differentiated in vitro for 24 and

48 h were assayed for Apaf1 and PSD95 mRNAs by quantitative real-

time PCR. mRNA levels were normalized to L34 mRNA used as

internal control. Data display the fold-changes of Apaf1 or PSD95

mRNA relative to undifferentiated cells (0 h) and are shown as the

mean ± SEM; n = 3, *P B 0.05, **P B 0.01 with respect to 0 h
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that the neuronal markers Tubb3, PSD95, Synaptophysin,

and Tau were significantly less expressed at mRNA levels

in in vitro differentiating Apaf1-KO PCN compared with

their WT counterpart (Fig. 3b, 3 DIV). These findings

clearly demonstrate that Apaf1 is necessary to guarantee a

proper neuronal differentiation.

Interestingly, we also found that, although the levels of

neuronal markers decrease in Apaf1-null PCN, the tran-

scription rate of the Apaf1 mRNA (Apaf1-N-terminus;

Apaf1-Nt) in PCN genetically ablated of Apaf1 is com-

parable to that of WT PCN during neuronal differentiation

(3 DIV versus 6 DIV) (Fig. 3c). This further reinforces our

finding since it shows that the decreased expression of

neuronal markers has no impact on Apaf1 transcription,

which continued to be required and induced (Fig. 3c),

while, vice versa, Apaf1-absence impairs neuronal tran-

scription (Fig. 3b).

Axonal outgrowth is affected in Apaf1-deficient

cortical neurons

A careful evaluation of the markers expressed during

neuronal differentiation revealed that, in contrast to Tau,

Synaptophysin, and PDS95, MAP2 is not affected by

Apaf1 deficiency (Fig. 3b). It is worthwhile noting that

MAP2 is mostly expressed in dendrites, whereas Tau,
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Fig. 2 Apaf1 increases during

early differentiation of primary

cortical neurons (PCN) in vitro.

a Primary cortical neurons

(PCN) from WT mouse

embryos at E13.5 were cultured

for 2, 4, 8, and 12 day in vitro

(DIV) and assayed for Apaf1,

Tubb3, PSD95, Synaptophysin,

Tau, and Gap43 mRNAs by

quantitative real-time PCR.

mRNA levels were normalized

to L34 mRNA used as internal

control. Data display the fold-

changes of Apaf1, Tubb3,

PSD95, Synaptophysin, Tau,

and Gap43 mRNAs relative to 2

DIV PCN and are shown as the

mean ± SEM.; n = 3,

*P B 0.05, **P B 0.01,

***P B 0.005 with respect to 2

DIV. b PCN from WT mouse

embryos at E13.5 were cultured

for 2, 4, 8, and 12 DIV and

assayed for Apaf1 and PSD95

protein levels, using Gapdh as

loading control. Density of

immunoreactive bands was

calculated using the software

Image Lab (Bio-Rad),

normalized for Gapdh, and

reported as arbitrary units

(shown as the mean ± SEM).

*P B 0.05, **P B 0.01 with

respect to 2 DIV
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Synaptophysin, and PSD95 are axonal and synaptic

markers [29–31]. We thus hypothesized that Apaf1 was

necessary specifically for a proper axonal differentiation.

To investigate Apaf1’s potential role in axon specification

and elongation, we evaluated the length of axons in PCN

seeded in an appropriate number so as to enable us to

analyze single neurons. Apaf1-WT and Apaf1-KO PCN

were fixed at 2 DIV, and immunofluorescence of the axonal

marker SMI312 was performed. Results obtained argued

for axon length of WT PCN being significantly higher

compared to that of Apaf1-deficient neurons (Fig. 4a). To

investigate a possible impairment of axonal specification

dependent on Apaf1-deficiency, we also counted the

number of neurons with multiple axon-like neurites; we

found out that their percentage is very small in our PCN

cultures and tends to increase in Apaf1-null neurons,

although not significantly so (Fig. 4a). We then quantified

by Western blot (WB) the amount of specific axonal

markers. In line with our previous observations, we found

that the protein levels of SMI-213 and Tau were reduced in

Apaf1-KO PCN (Fig. 4b). In order to rescue the axon

phenotype, we transfected the Apaf1 transgene in Apaf1-

KO PCN. However, as previously reported by others [32,

33], we obtained a high level of cell death which prevented

an efficient re-expression of the protein in neurons (data

not shown). This was likely due to the enormous amount of

the pro-apoptotic protein Apaf1 accumulating in each

neuron upon transfection. Finally, we performed a time-

lapse analysis of cortical neurons during differentiation:

We compared axons elongation in Apaf1-WT and Apaf1-

KO PCN between 2 DIV and 3 DIV (namely, from 18 to

48 h after plating). Results shown in Fig. 5a clearly

demonstrate that the axons become longer and that their

elongation is more dynamic in WT PCN than in KO

neurons.

Next, we excluded that the impairment of axonal growth

occurring in KO PCN was due to a higher level of cell

death and a consequent lower density of these cells. Fig-

ure 5b shows that KO PCN do not undergo apoptosis (as

indicated by the absence of caspase-3 cleavage) and ex-

perience non-apoptotic cell death to a lesser extent than

WT PCN, as indicated by Trypan blue staining (Fig. 5c)

and by flow cytometric analysis (Fig. 5d).

Taken together, these experiments show that Apaf1-

deficient PCN are still able to emit and elongate axons, but

with a lower efficiency compared with WT PCN.
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bFig. 3 Apaf1-deficiency leads to decreased expression of neuronal

markers in ETNA cells and PCN. a ETNA?/? and ETNA-/- cells

in vitro differentiated for 24 and 48 h were assayed for PSD95

mRNAs by quantitative real-time PCR. mRNA levels were normal-

ized to L34 mRNA used as internal control. Data display the fold-

changes of PSD95 mRNA relative to undifferentiated cells (0 h) and

are shown as the mean ± SEM; n = 3, *P B 0.05 with respect to

0 h. b, c PCN from Apaf1?/? (WT) and Apaf1-/- (KO) mouse

embryos at E13.5 were cultured for 3 DIV and 6 DIV and assayed for

Tubb3, PSD95, Synaptophysin, Tau, and Map2 (b) or Apaf1

(c) mRNAs by quantitative real-time PCR. mRNA levels were

normalized to L34 mRNA used as internal control. b Data display the

fold-changes of Tubb3, PSD95, Synaptophysin, Tau, and Map2

mRNAs relative to WT PCN at 3 DIVand are shown as the

mean ± SEM; n = 3, *P B 0.05 with respect to WT. c Data display

the fold-changes of Apaf1 N-terminal (Nt) or C-terminal (Ct) mRNAs

relative to WT PCN at 3 and 6 DIV and are shown as the

mean ± SEM; n = 3, *P B 0.05 with respect to 3 DIV. Apaf1-KO

embryos produce a fusion transcript (Apaf1 trapped gene-LacZ) in

which Apaf1 N-terminus is still present, while the Apaf1 C-terminus

(and, consequently, the complete mRNA) is not [24]
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Impairment of axonal elongation dependent

on Apaf1-deficiency correlates with centrosomal

alterations

We previously found that Apaf1 is crucial for a correct

centrosome assembly and for centrosome-dependent ac-

tivities in immortalized mouse embryonic fibroblasts (I-

MEFs) and ETNA cells [3]. Centrosomes and microtubules

play a key role in neuronal process formation and axonal

differentiation by determining the site of axogenesis and by

controlling axonal elongation [5, 6, 8]. Therefore, we hy-

pothesized that the consequences of Apaf1-deficiency in

axonal outgrowth might be correlated with its detrimental

effect on centrosomes.

To investigate this issue, we analyzed centrosome

composition in Apaf1-deficient PCN. First, we performed

immunofluorescence of 2 DIV PCN stained with anti-

SMI312 antibody and with an antibody recognizing the

centrosomal marker c-tubulin; as expected, we found that

the centrosomes of Apaf1-deficient PCN were smaller

when compared with those of WT PCN (Fig. S1 and

Fig. 6a). We also found that the assembly of other cen-

trosomal proteins (namely pericentrin and NEDD1) is

impaired in Apaf1-deficient PCN, where centrosome

staining appears fainter than in WT cells (Fig. 6a). More-

over, in line with our previous observations [3], we

confirmed that the absence of Apaf1 impairs the localiza-

tion of its co-activator hepatocellular carcinoma-associated

a

b

WT KO

SMI312

Tubulin

PCN

Tau1

Tubulin

D
en

si
to

m
et

ry
 (f

ol
d 

of
 c

on
tro

l)

WT

SMI312 DAPI

PCN 2 DIV

WT

KO

0

5

10

15

20

25

WT KO

multiple axon-like neurites
long axon

**

SMI312 positive processess

55

200

55

55

KO

P
er

ce
nt

ag
e 

of
 n

eu
ro

ns

WT KO

0.0

0.4

0.8

1.2

***

0.0

0.4

0.8

1.2

*

Tau

SMI312

Fig. 4 Axon formation is impaired in Apaf1-deficient PCN in vitro.

a Representative fluorescence microscopy images of PCN isolated

from E13.5 WT and Apaf1-KO mice embryos, cultured for 2 DIV,

and stained with anti-SMI312 and DAPI to highlight neuron axons

and nuclei, respectively. Determination of the percentage of single

neurons whose axons are more than five times longer than cell body

(long axon) and of the percentage of single neurons with more than

two SMI312 positive neurites (multiple axon-like neurites) was

performed in WT and KO PCN at 2 DIV and were shown as the

mean ± SEM; the axonal length of, at least, 40 neurons was

measured in several images collected in 3 independent experiments,

**P B 0.01 with respect to WT. Arrows point to the cell body area

from where the axon originates. Scale bar represents 10 lm. b WT

and KO PCN at 3 DIV were assayed for Tau and SMI312 protein

levels, and Tubulin was used as loading control. Density of

immunoreactive bands was calculated using the software Image Lab

(Bio-Rad), normalized for Tubulin and reported as arbitrary units

(shown as the mean ± SEM; *P B 0.05, ***P B 0.005 with respect

to WT
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antigen 66 (HCA66) [34, 35] to the centrosomes also in

PCN (Fig. 6a).

Since centrosomes are intimately connected with the

nuclear envelope, we analyzed by WB analysis the asso-

ciation of HCA66 and other centrosomal proteins with the

nuclear envelope. To this end, we isolated nuclei of 3 DIV

WT and Apaf1-deficient PCN by nuclear–cytosolic frac-

tionation. Nuclei were extracted with detergents at low-salt

concentration before centrifugation, and supernatants

(S) and pellets (P) were analyzed by WB to determine the

distribution of proteins of interest [3, 36] (Fig. 6b). Pellet

localization indicates that a protein is resistant to solubi-

lization and is an integral membrane protein. Vice versa,

centrosomal proteins are bound to the outer nuclear en-

velope membrane but are easily solubilized under the mild

extraction conditions used; in fact, we found c-tubulin,
pericentrin, NEDD1, and HCA66 both in the pellet and in

the soluble fractions. Interestingly, we observed, in Apaf1-

deficient PCN, both a reduction of HCA66 expression and

of its association to the nuclear envelope. By contrast,
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Fig. 5 Slow axonal growth and

reduced cell death in Apaf1-KO

PCN. a Time-lapse analysis of

PCN isolated from E13.5 WT

and Apaf1-KO mice embryos

and seeded at the same density

was performed. 30 single

neurons for each genotype were

recorded in three independent

experiments, one representative

example for each genotype

being reported. The axon

elongation was recorded starting

from 18 h after plating (18 h)

and followed for 30 h (48 h), as

indicated by the arrows. Scale

bar represents 50 lm.

Determination of the axon

length of isolated KO neurons

with respect to the WT ones

performed at 48 h after plating

is shown as the mean ± SEM;

n = 30, ****P B 0.001 with

respect to WT. b WT and KO

PCN at 2 DIV were assayed for

cleaved Caspase3 (cl-Casp3)

protein levels, and Gapdh was

used as loading control. c WT

and KO PCN at 2 DIV were

stained with Trypan blue and

unstained cells were counted

and shown as percentage of total

cells. At least 2000 cells, in

three independent experiments,

were counted for each genotype.

d Flow cytometric analysis of

WT and KO PCN at 2 DIV. Dot

plots show cell size (x axis) and

granulosity (y axis) which allow

identification of living cells

(population B). The percentage

of cells in population B with

respect to the total number of

cells analyzed is shown.

*P B 0.05, **P B 0.01 with

respect to WT

4182 D. De Zio et al.

123



pericentrin and NEDD1 association to nuclear membranes

is comparable in the two genotypes. However, their ex-

pression is severely altered in KO compared to WT PCN:

Indeed, soluble pericentrin is less abundant in KO PCN,

whereas soluble NEDD1 and c-tubulin are far more

abundant in KO compared to WT PCN (Fig. 6b). These
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Fig. 6 Centrosomes are impaired in Apaf1-deficient PCN. a Repre-

sentative fluorescence microscopy images of WT and KO PCN at 2

DIV upon staining with anti-c-tubulin, pericentrin, NEDD1, and

HCA66 (green). Scale bar represents 1 lm. Quantitative analysis of

the intensity of immunofluorescence at the centrosomes was per-

formed using ImageJ software and reported as percentage of WT. At

least 30 centrosomes were analyzed for each marker in several

collected images. Values are mean ± SEM. b Solubilization proper-

ties of centrosome proteins in WT and KO PCN at 3 DIV. Purified

nuclei were isolated by nuclear-cytosolic fractionation and were then

extracted in the same buffer containing 1 % Triton X-100. The

extracts were centrifuged and supernatants (S) and pellets (P) were

analyzed by WB to determine the location of c-tubulin, pericentrin,
NEDD1, and HCA66. Histone H1 and Actin were used as loading

control for pellets and supernatants, respectively. Density of im-

munoreactive bands was calculated using the software Image Lab

(Bio-Rad), normalized for Histone H1 (pellets) and Actin (super-

natants) and reported as arbitrary units (shown as the mean ± SEM).

*P B 0.05, **P B 0.01, ***P B 0.005 with respect to WT
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experiments show that Apaf1-deletion alters centrosome

organization.

Apaf1-deletion leads to Golgi morphology and trans-

Golgi network alterations which correlate

with defects in axogenesis

Altered centrosomal composition affects cell fate by im-

pairing mechanisms regulated by these organelles; e.g., the

assembly and morphology of the Golgi apparatus depend

on centrosomes and microtubules [37]. Moreover, the

morphology of the Golgi strongly correlates with axon

elongation. Compacted Golgi is, indeed, associated to long

axons, whereas fragmented Golgi is associated to shorter

axons [37–39]. The immunofluorescence analysis, previ-

ously performed, (Fig. 4a, arrows) indicates that the cell

body area where Golgi is localized and from where the

axon originates, is larger and less compact in KO than in

WT neurons (see also Fig. 7a). We therefore assessed the

Golgi morphology by performing immunofluorescence for

the cis-Golgi marker GM130 and we found that the Golgi

complex is less condensed in KO neurons (Fig. 7b). The

central role played by centrosomes and microtubules in the

polarized extension of the axon [5, 6, 8] strongly suggests a

correlation between the alteration in centrosome compo-

sition and in Golgi organization found in Apaf1-deleted

neurons and the defects in axonal elongation caused by

Apaf1-deficiency.

To further investigate this issue, we analyzed the

function of selected RabGTPases belonging to the trans-

Golgi network, which were shown to regulate the se-

cretory pathway and found to be crucial for axogenesis

[40–42]. Indeed, the exocytic membrane trafficking from

the trans-Golgi to the plasma membrane is essential for

the transport of transmembrane elements and is a source

of membrane for the elongating axons. Interestingly, we

found evident alterations in the expression level of the

GTPases Rab8 and Rab10 in KO PCN and cortices

(Fig. 7c). The protein levels of Rab10 were markedly

reduced in KO specimens and Rab10 was not enriched in

the distal part or in the growth cone of axons as it nor-

mally occurs in WT neurons (Fig. 7c, d). Since it has

been shown that Rab10 downregulation by specific

siRNA impairs the axonal elongation in cultured neurons

[40, 41], its low expression in Apaf1–deficient neurons

might contribute to the impaired axonal phenotype. By

contrast, Rab8, also known to be necessary for axonal

elongation [40–42], was overexpressed in KO neurons as

well as cortices (Fig. 7c). Since this finding contradicts

the data obtained for Rab10, we decided to evaluate the

extent of Rab8 activation by assessing its membrane

attachment [40, 43]. The activity of Rab proteins is

regulated both by positive and negative modulators of

the GDP/GTP exchange, and by membrane attachment

and GDP dissociation inhibitor (GDI) dissociation which

promote Rab activation [11]. In accordance with our

results on Rab10, we found that, although Rab8 is

overexpressed in KO neurons, the level of membrane-

associated Rab8 is greatly reduced with respect to WT

PCN (Fig. 7c). These experiments strongly suggest that

Apaf1-deficiency impacts on Rab8 and Rab10 activity

and on trans-Golgi trafficking which is critical for axonal

elongation. This correlates well with the reduced elon-

gation of axons in KO cells.

Apaf1-deficiency leads to mitochondrial impairment

and AMPK hyper-activation

The alteration of centrosome-associated activities is

highly stressful for the cell, this matching evidence that

ETNA and I-MEFs deprived of Apaf1 are more fragile

and display a higher responsiveness to stressful condi-

tions as well as an altered cell metabolism compared to

WT cells [3, 23, 44]. To assess this issue at a molecular

level, we decided to analyze the AMP-activated protein

kinase (AMPK), which becomes phosphorylated at

Thr172 upon metabolic stress [45, 46]. We discovered

that the level of AMPK activation is strongly increased

in Apaf1-deficient specimens compared to WT, which is

accompanied by a higher phosphorylation level of

Acetyl-CoA Carboxylase (ACC), one of its substrates

(Fig. 8a, b and Fig. S2).

Since AMPK is over-activated in KO PCN, we partly

evaluated the mitochondrial homeostasis of Apaf1-defi-

cient PCN by dosing ROS production and by measuring

the mitochondrial membrane potential (DWm) by TMRE

staining. Cytofluorometric analyses showed that ROS

levels are not increased in KO PCN, in fact, they are

slightly lower (Fig. 8e). However, both DWm and the

mitochondrial mass (as measured by WB analyses of the

mitochondrial protein Tom 20) (Fig. 8c, d) are sig-

nificantly reduced in Apaf1-KO neurons; indeed, while

WT PCN are formed by a single population of cells with

normal DWm (M1), in KO cells is also present a

population of neurons with depolarized mitochondria

(M2) (Fig. 8c). Notably, KO PCN with normal DWm

(M1) have a lower mean of fluorescence compared to

that of WT PCN (Fig. 8c, graph), which suggests that

mitochondrial respiration is reduced in KO also in M1.

This indicates a partially impaired mitochondrial meta-

bolism in KO PCN. An affected mitochondrial

metabolism might generate an energetic unbalance in

conditions of high energy requirement, leading to AMPK

over-activation.
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The signaling pathways mediating axonal growth

are altered in Apaf1-KO neurons

Results hitherto obtained show that the absence of Apaf1

affects axonal growth; this prompted us to explore the

activation state of canonical pathways underlying axonal

differentiation. First, we analyzed the kinase LKB1, a

molecule involved in axonal elongation and neuronal mi-

gration and which has also been found to act through

centrosomal regulation [16–18]. Once phosphorylated,
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Fig. 7 Apaf1 depletion affects Golgi morphology and trans-Golgi

Rab GTPases in PCN. Representative fluorescence microscopy

images of WT and KO PCN at 2 DIV upon staining with anti-

SMI312 (a) and GM130 (b) antibodies to highlight axons and Golgi

(arrows) morphology, respectively. DAPI was used to show nuclei.

Scale bar represents 10 lm. Quantitative analysis of the intensity of

immunofluorescence for GM130 was performed using ImageJ

software and reported as percentage of WT. At least 30 cells were

analyzed for each genotype in two independent experiments. Values

are mean ± SEM. c WT and KO from PCN at 2 DIV or their

membrane fractions or E14.5 brain cortices were assayed for Rab8

and Rab10 protein levels. Gapdh (PCN or cortices) or Pan-cadherin

(membranes) were used as loading control. Density of immunoreac-

tive bands was calculated using the software Image Lab (Bio-Rad),

normalized for Gapdh or Pan-cadherin, and reported as arbitrary units

(shown as the mean ± SEM). *P B 0.05, **P B 0.01, ***P B 0.005

with respect to WT. d Representative fluorescence microscopy

images of WT and KO PCN at 2 DIV upon staining with anti-

Rab10. DAPI was used to show nuclei. Scale bar represents 10 lm
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LKB1 mediates neuronal polarization and axonal out-

growth. We therefore analyzed LKB1 phosphorylation at

Ser431. In line with the defects in axonal elongation found

in Apaf1-KO cortical neurons, we detected lower levels of

phosphorylated LKB1 and of its substrate MARK (micro-

tubule affinity-regulating kinase) in conditions of Apaf1-
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deficiency (Fig. S2). Notably, despite AMPK being a target

for LKB1 in several tissues, LKB1 is not the major

regulator of AMPK phosphorylation in neurons [19, 21].

Another key regulator of the axonal growth is GSK3b, a
protein kinase whose activity is inversely correlated to the

phosphorylation state of Ser9. WB analyses showed that

the levels of p-GSK3b increase in Apaf1-KO PCN

(Fig. 8a), so suggesting a possible compensative effect

aimed at counterbalancing the observed inhibition of ax-

onal growth. To confirm reduced activity of GSK3b, we
also analyzed the phosphorylation level of Tau at Thr231

and Ser422, specifically targeted by GSK3b. As shown in

Fig. S2, a decrease in pT231- and pS422-Tau was observed in

KO versus WT PCN and brain cortices. Since phosphory-

lation of Tyr216 might increase the activity of GSK3b, we
evaluated the extent of GSK3b phosphorylation at this

residue. Tyr216 phosphorylation was, however, unchanged

in KO PCN compared to WT neurons (Fig. 8a). Data

shown in Fig. 8a further confirm the reduction of HCA66

and pericentrin protein levels in PCN total extracts. These

results were also confirmed by WB analysis performed in

lysates of brain cortices dissected at E14.5, in which we

observed that the levels of p-AMPK and p-GSK3b increase

in Apaf1-KO conditions along with a decrease of the ex-

pression level of pericentrin (Fig. 8b).

Finally, we analyzed a key molecule specifically involved

in the regulation of axonal elongation, i.e., CRMP2. CRMP2

dephosphorylation is required for axonal growth. Interest-

ingly, we found that levels of phosphorylated CRMP2 are

higher in KO specimens compared with their WT counter-

part (Fig. 8b); this strongly correlates with the impairment

of axonal elongation caused by Apaf1-deficiency.

Discussion

In this paper, we show that the apoptotic protein Apaf1 is

required for proper cortical neuron differentiation since its

deletion specifically impairs axonal outgrowth. This is in

accordance with accumulating evidence suggesting that

apoptotic molecules also control processes other than

apoptotic cell death. Previous studies reported that, in C.

elegans, CED-4/Apaf1 and also CED-3 caspase activity are

needed for efficient regeneration of severed axons [33] and

that, in mice, Apaf1 and caspase-9 mediate a non-apoptotic

caspase signaling required for the proper axonal projection

of olfactory sensory neurons [47].

Strikingly, our study also reveals an interesting link

between cellular bioenergetic homeostasis and neuronal

maturation. Indeed, we have found that Apaf1 deficiency

leads to over-activation of AMPK. AMPK is a major

regulator of cell energy homeostasis, so acting as a

metabolic sensor for energy deprivation [45, 46]. It has

previously been shown that stroke and hypoxic-ischemic

encephalopathy promote AMPK activation in the brain [48,

49]. Analogously, AMPK phosphorylation in Apaf1-KO

PCN confirms that Apaf1 deficiency is highly stressful for

the neurons, this highlighting its relevant non-apoptotic

role: We have previously shown that Apaf1-depletion im-

pairs cell performance and causes a higher responsiveness

to stressful conditions [3, 23, 44]. Accordingly, here we

have found that Apaf1 KO cells display a lower DWm and

lower mitochondrial mass indicating an altered mitochon-

drial homeostasis that, under the high energy demanding

process of axonal growth, might lead to AMPK over-acti-

vation. Notably, it has also been reported that AMPK over-

activation impairs axonal growth [20, 21, 49]. This pro-

vides a mechanistic connection between Apaf1 deficiency-

induced stress and axonal differentiation, and could explain

the axonal phenotype we observed. Our data suggest an

intriguing model in which Apaf1 is necessary for the

maintenance of cellular homeostasis; its absence might

perturb centrosome, trans-Golgi, and microtubule-depen-

dent mechanisms affecting axonal elongation and also

mitochondria. Mitochondria impairment causes an

bFig. 8 Molecular pathways involved in axonal growth and mito-

chondrial membrane potential are altered in conditions of Apaf1

deficiency both in vitro and in vivo. a WT and KO PCN at 3 DIV

were assayed for p-AMPK, AMPK, p-LKB1, LKB1, pS9-GSK3b,
pY216-GSK3b, GSK3b, p-CRMP2, HCA66, and pericentrin protein

levels. Gapdh was used as loading control. Density of immunoreac-

tive bands was calculated using the software Image Lab (Bio-Rad),

normalized for Gapdh and reported as arbitrary units (shown as the

mean ± SEM). b WT and KO mouse cortex extracts (E14.5) were

assayed for p-AMPK, AMPK, pS9-GSK3b, GSK3b, p-CRMP2, and

pericentrin protein levels. Gapdh was used as loading control. Density

of immunoreactive bands was calculated using the software Image

Lab (Bio-Rad), normalized for Gapdh, and reported as arbitrary units

(shown as the mean ± SEM). *P B 0.05, **P B 0.01,

***P B 0.005, ****P B 0.001 with respect to WT. c Analysis of

mitochondrial transmembrane potential (DWm) of WT and KO PCN

at 2 DIV was performed by incubation with TMRE and FACS

analysis of the population of living cells (gating on population B

previously shown in Fig. 5d). M1 indicates a single population of

cells with normal DWm, M2 indicates a population with depolarized

mitochondria (representing the 15–20 % of the gated living cells

previously indicated as B). M2 is presumably formed by living PCN

that do not use mitochondria but glycolysis for energy production, as

found for other cell lines by Ferraro and coworkers [23]. The graph

shows the TMRE mean fluorescence intensity (MFI) reported as

percentage of TMRE MFI in WT cells. *P B 0.05 with respect to

WT. d WT and KO PCN at 2 DIV or mouse cortex extracts (E14.5)

were assayed for Tom20 protein levels. Gapdh was used as loading

control. Density of immunoreactive bands was calculated using the

software Image Lab (Bio-Rad), normalized for Gapdh, and reported

as arbitrary units (shown as the mean ± SEM). *P B 0.05, with

respect to WT. e Cytofluorimetric analysis of ROS in WT and KO

PCN at 2 DIV upon 20,70-dihydrodichlorofluorescein-diacetate
(H2DCF-DA) staining. The graph shows the DCF-DA MFI reported

as percentage of DCF-DA MFI in WT cells. *P B 0.05 with respect

to WT
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energetic unbalance that is sensed by AMPK, which be-

comes phosphorylated. p-AMPK, in turn, would likely

trigger compensation mechanisms against unfavorable

conditions, i.e., p-AMPK slows down high energy de-

manding mechanisms, including axonal growth, in order to

allow cell survival. The absence of high ROS production in

KO neurons (possibly due to lower respiratory chain ac-

tivity indicated by low DWm) excludes this toxic factor as a

cause of perturbed axogenesis.

Along with AMPK over-activation, we detected reduced

levels of p-LKB1, which correlates very well with the

impairment of axonal outgrowth occurring in the absence

of Apaf1. Although AMPK is a canonical LKB1-target,

LKB1 cannot be the AMPK-activating kinase in our system

due to its being down-phosphorylated. This is coherent

with the knowledge that LKB1 is not the major regulator of

AMPK phosphorylation in neurons [19] where alternative

upstream kinases mediate AMPK phosphorylation at Thr-

172 (e.g., calmodulin-dependent protein kinase kinases;

CaMKKs or TAK-1) [49]. LKB1 is critical for the control

of centrosomal positioning and dynamics, which allows

proper axon specification and neuronal migration [50].

AMPK has also been localized into centrosomes [45]. This

raises the possibility that the impairment of centrosome

organization detected in Apaf1-depleted cells might be

linked to the alteration of LKB1 and AMPK modulation

found in Apaf1-deficient cells, even though the mechan-

isms underlying this modulation need further elucidation.

Surprisingly, we found that the levels of Ser9-phos-

phorylated and inactive GSK3b in Apaf1 KO neurons are

high, a condition normally associated with axon elongation

stimulation. Our hypothesis is that GSK3b hyper-phos-

phorylation might be part of a compensation mechanism

aimed at overcoming LKB1 activity reduction, AMPK and

CRMP2 hyper-phosphorylation, and the centrosome

assembly and Golgi alterations caused by Apaf1-deficien-

cy, all of which impair axonal growth. The scenario we

propose is that, differently from WT PCN, Apaf1-deficient

PCN need to overcome a big hurdle in order to allow ax-

onal polarization and that this would increase the levels of

pS9GSK3b, so allowing the formation of axons, albeit of

shorter length. The balance between these two opposite

triggers, one inhibiting and the other one activating axonal

elongation, would determine the phenotype of Apaf1-de-

pleted neurons. This balance might vary depending on the

environmental conditions, such as nutrient availability and

cell–cell interactions; this would help explain the incom-

plete penetrance of the Apaf1-KO phenotype in terms of

macroscopic brain malformations (unpublished observa-

tions). Consistent with our results, a simultaneous increase

of both pS9GSK3b and p-AMPK in cerebral cortex under

stress conditions has already been reported, although it is

not clear if they are related or independent events [51–54].

While we largely documented some downstream events

triggered by Apaf1 deficiency and impacting on cy-

toskeleton-associated processes, we did not unravel the

upstream molecular mechanisms underlying Apaf1 func-

tion in axogenesis. In our attempts, we evaluated the

possible involvement of the Apaf-1 interactor Diva/BclB

which was reported to negatively modulate neurite exten-

sion in PC12 cells [55] and to be down-regulated during

neuronal differentiation. However, we found that the ex-

pression of Diva does not vary in KO PCN (Fig. S3),

indicating that impairment of axon elongation caused by

Apaf1-deficiency does not depend on Diva levels, however,

not excluding that DIVA could act upstream of Apaf1.

It is noteworthy that the Apaf1 interactor HCA66,

whose expression is altered in Apaf1-KO PCN (Figs. 6, 8),

is one of the genes heterozygously deleted in neurofibro-

matosis type I (NF1) microdeletion syndrome [56, 57].

NF1 is characterized by nervous system tumors and im-

paired CNS functions caused by mutations of the Nf1 gene

encoding the protein neurofibromin [58–60]. An intriguing

aspect of this work is the fact that neurofibromin regulates

neurite length [61, 62], interacts with CRMP2, and is re-

quired for CRMP2 dephosphorylation and for axonal

growth [63]. Moreover, most NF1 microdeleted patients,

where HCA66 is less expressed, show a higher incidence of

learning disabilities than do NF1 non-microdeleted patients

[58, 61] while the low expression of HCA66 might be

associated with the worsening of the phenotype charac-

terizing NF1 microdeletion syndrome. Therefore, given

that HAC66 expression and centrosomal localization are

particularly reduced in Apaf1-KO neurons, and since

CRMP2 has been localized at the centrosomes [64], it is

tempting to speculate that the relevance of Apaf1 in axonal

growth might be associated with the abnormal regulation of

HCA66; this might interfere with NF1 activity, CRMP2

activation and, consequently, with axon elongation. Future

studies on the mechanism of action of Apaf1 and HCA66

will likely reveal new insights into the regulation of axonal

growth.

The role of Apaf1 in regulating axonal elongation is also

supported by the high similarity between the brain phe-

notype of Apaf1-KO (Fig. S4a) [24] and JNK1/2 double

mutant embryos (JNK-/-/JNK2?/-) [65], both displaying

exencephaly, abnormal folding of the neuroepithelium,

obliteration of the cerebral ventricles and protrusion of

brain tissues. Indeed, JNK1 is required for neurite out-

growth and for cytoskeletal regulation and maintenance of

neuronal microtubule homeostasis, and its deficiency leads

to progressive degeneration of long nerve fibers [66].

Moreover, notably, apoptosis does indeed occur in the

brain of the JNK1/2 double mutant embryos [65]. The

marked disorganization of the brain of Apaf1-KO embryos

and their embryonic lethality (E16.5) [24] made the
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analysis of axonal growth and migration impairment

in vivo technically challenging. Moreover, assessing the

specific role of Apaf1 on axonal growth in Apaf1-KO

embryos was prevented by the fact that defects in axon

patterning are also associated to apoptosis; in fact, im-

paired neurons unable to die because of the absence of

Apaf1 do not innervate proper targets, this making it im-

possible to discriminate between the two potential roles of

this protein. We have found a low intensity of Neuro-

filament 160/200 staining in KO versus WT cortices (Fig.

S4c, d), indicating less/shorter neuronal projections and

being in line with our discovery of axogenesis impairment

in Apaf1-KO PCN. However, as above assessed, since

axonal outgrowth and neuronal migration in vivo depend

not only on the intrinsic genetic characteristics of the

neuron, but also on environmental molecules and interac-

tions with other cells (both factors altered by the absence of

apoptosis), this staining does not definitively clarify the

role of Apaf1 in axogenesis in vivo.

Our finding that Apaf1 exerts a role in cortical axon

outgrowth suggests that the severe brain malformations

displayed by Apaf1-deficient mice due to apoptosis defi-

ciency [24, 67] might also be partially ascribed to the

alteration of centrosome, Golgi and axonal elongation

caused by Apaf1-deletion. Interestingly, after many years,

the mechanism that explains how apoptosis inhibition re-

sults in brain malformations in Apaf1-KO mice has been

partly revised, thus confirming the possibility of alternative

or additional explanations [68]. Indeed, Nonomura and

colleagues have shown that the absence of Apaf1 or Cas-

pase-9-mediated apoptosis in the brain causes the

persistence of Fgf8-expressing non-proliferative cells in a

specific area of the developing brain’s anterior neural ridge.

Permanent Fgf8 expression induces a profound alteration

of the signaling pathways triggered in ventral forebrain

cells which leads to a dysregulation of brain development

at early stages and, finally, to failure in brain ventricle

expansion and incomplete closure of the cranial neural tube

[68]. Therefore, the derangement of brain morphology,

typical of Apaf1-KO embryos, is not only due to the over-

proliferation of cells not undergoing to apoptosis, but it is

also mainly caused by alterations in the signaling pathways

triggered by cells unable to die, through secreted factors

and cell–cell interactions [68]. Moreover, the role of Apaf1

in allowing a correct axogenesis might not necessarily be

related to its canonical function in apoptosome-dependent

caspase-9 activation, and caspases might not be involved in

this pro-survival role of Apaf1. Interestingly, functions not

involving all the components of the apoptosome have been

demonstrated in the axons; in particular, it has been shown

that the selective degeneration of the axon (pruning) oc-

curring during neural plasticity and not leading to neuronal

death is mediated by caspases, whereas Apaf1 is not re-

quired [69]. This indicates that Apaf1 might have distinct

functions in neurons depending on the specific phase of

neuron-life, and further supports our discovery of Apaf1’s

non-apoptotic role in axonal outgrowth.

Although further investigations are needed to fully

elucidate the sequence of events triggered by Apaf1-defi-

ciency and leading to axonal elongation defects, the

discovery of additional molecular players involved in ax-

onal growth has a clinical relevance in that it might help to

explain neurological abnormalities caused by stressful

conditions during early brain development.
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