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Mitochondrial Bcl-xL promotes brain
synaptogenesis by controlling
non-lethal caspase activation

Trang Thi Minh Nguyen,1 Rudy Gadet,1 Marine Lanfranchi,2 Romane A. Lahaye,3 Sozerko Yandiev,2

Olivier Lohez,1 Ivan Mikaelian,1 Lea Jabbour,1 Ruth Rimokh,1 Julien Courchet,2 Frédéric Saudou,3

Nikolay Popgeorgiev,1,4,6 and Germain Gillet1,5,7,*

SUMMARY

Non-lethal caspase activation (NLCA) has been linked to neurodevelopmental
processes. However, how neurons control NLCA remains elusive. Here, we
focused on Bcl-xL, a Bcl-2 homolog regulating caspase activation through the
mitochondria. We generated a mouse model, referred to as ER-xL, in which Bcl-
xL is absent in the mitochondria, yet present in the endoplasmic reticulum. Unlike
bclx knockout mice that died at E13.5, ER-xL mice survived embryonic develop-
ment but died post-partum because of altered feeding behavior. Enhanced
caspase-3 activity was observed in the brain and the spinal cord white matter,
but not the gray matter. No increase in cell death was observed in ER-xL cortical
neurons, suggesting that the observed caspase-3 activation was apoptosis-inde-
pendent. ER-xL neurons displayed increased caspase-3 activity in the neurites,
resulting in impaired axon arborescence and synaptogenesis. Together, our find-
ings suggest that mitochondrial Bcl-xL finely tunes caspase-3 through Drp-1-
dependent mitochondrial fission, which is critical to neural network design.

INTRODUCTION

Bcl-2 proteins have been widely studied for their role in the regulation of apoptosis. These proteins control

the activation of cysteine-dependent aspartate-directed proteases (caspases) by regulating the release of

apoptogenic factors from the mitochondria to the cytosol in a process called mitochondrial outer mem-

brane permeabilization (MOMP).1,2 Notably, MOMP is initiated through the oligomerization of pro-

apoptotic effectors Bax and Bak, which is repressed by the anti-apoptotic Bcl-2 proteins. Dysregulation

of this finely tuned equilibrium between cell death and survival occurs in a number of pathologies, including

developmental defects, degenerative diseases, and cancers.3–5

The Bcl-xL protein is a Bcl-2 homolog with a key role in embryonic development. In themammalian embryo,

its expression is ubiquitous, and particularly high levels have beenmeasured in the nervous system.6,7 Inval-

idation of the bclx gene in mice causes early embryonic death (E13.5), which has been attributed to

increased apoptosis in the nervous and hematopoietic systems.8 Furthermore, although Bcl-xL has a mito-

chondrial localization, it is also found in the endoplasmic reticulum (ER), where it participates in the regu-

lation of IP3-dependent intracellular Ca
2+ trafficking.9,10

To investigate the impact of intracellular partitioning of Bcl-xL during development, we used a knock-in (KI)

strategy in mice to selectively remove Bcl-xL protein from mitochondria, its presence being maintained in

the ER.

Here, we report that the loss of Bcl-xL exclusively in the mitochondria does not hinder embryonic develop-

ment and birth. However, homozygous mutant mice (referred to as ER-xL) died on postnatal day 1 (P1), dis-

playing swallowing and feeding defects reminiscent of the 22q11DS genetic syndrome. Histochemical an-

alyses performed at embryonic stage E13.5 revealed an increase in caspase-3 activity in the spinal cord, the

brain stem and the cortex. Caspase-3 staining was intense and homogeneous in the white matter, but

sparse in the gray matter, suggesting an impact on neurites but not on the cell body. Cultures of primary
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ER-xL neurons derived from the cortex confirmed that the loss of mitochondrial Bcl-xL leads to caspase-3

activation in the neurites, without a significant increase in apoptosis.

Collectively, our data indicate that such non-lethal caspase activation (NLCA) impacts neurite outgrowth

and synaptic connections. These data suggest that Bcl-xL controls local activation of caspase-3 in the neu-

rites to ensure neuronal development. Hence, our findings offer new perspectives regarding the role of Bcl-

xL in development and in neurodegenerative diseases.

RESULTS

Generation of ER-Bcl-xL mice

Bcl-xL actively cycles between the cytosol and the mitochondria, and was also shown to locate at ER mem-

branes. Through these different locations, Bcl-xL performs a variety of functions, beyond apoptosis control.

To assess the respective contribution of the subcellular pools of Bcl-xL to embryonic development, we

Figure 1. Generation and characterization of ER-xL mice

(A) Schematic representation of the gene targeting strategy: an engineered vector containing a WT Bcl-xL exon 3 (E3)

flanked by two LoxP sites, and a modified E3 targeting ER were inserted to replace WT Bcl-xL E3 in floxed mice. Cre

recombination induced WT E3 and allowed ER-targeted E3 expression. The sites of EX3-F and XTAG-R for PCR

genotyping are shown.

(B) PCR genotyping of WT, ER-xL, and heterozygous mice. The 270-bp band indicates the presence of the ER-targeted E3

allele, while the 222-bp band indicates the presence of WT E3.

(C) Expression of the Bcl-xL protein in the lung, liver, and brain tissues of WT and ER-xL mice. Western blot analysis was

performed with indicated antibodies. Vinculin was used as a loading control.

(D and E) Expression of the Bcl-xL protein in the subcellular fractions of ER, mitochondria, and cytosol from postnatal P1

brain of WT (D) and ER-xL (E) mice. Western blot analysis was performed with indicated antibodies. Vinculin was used as a

cytosolic marker, calnexin as an ER marker, and F0F1 ATPase as a mitochondrial marker.
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generated a KI mouse strain (herein referred to as ER-xL), expressing a recombinant Bcl-xL protein exclu-

sively in the ER. Based on the Cre/LoxP technology, we targeted the exon 3 (E3) in the wild-type (WT) allele.

Bclx E3 encodes the C-terminus transmembrane (TM) motif of Bcl-xL. We replaced this sequence with an

engineered E3 containing the TMmotif of the ER-based Cytochrome b5 (CB5) protein. Cre-recombination

induced WT E3 excision and CB5 mutant expression (Figures 1A and 1B). Expression of recombinant ER-

Bcl-xL was verified in lung, liver, and brain tissues (Figure 1C). Furthermore, the expected subcellular local-

ization of WT and ER-Bcl-xL was verified in brain tissue using subcellular fractionation (Figures 1D and 1E).

Characterization of the phenotype of ER-xL mice

Though bclx KOwas reported to lead to embryonic death at E13.5,8 ER-xL mice survived beyond that stage

and were born according to Mendelian rules (Figure S1A). Of interest, ER-xL mice were significantly smaller

than WT or heterozygous (HET) littermates (Figures 2A, S1B, and S1C). ER-xL mice lacked visible milk

pockets, and when artificially fed, presented incoherent sucking and swallowing reflexes and were unable

to survive beyond 24 h (Figures 2A and 2B).

As such behavior might be because of dysfunction of the nervous system, and to further investigate this

phenotype, we conducted a histological study focusing on the nervous system using cleaved caspase-3

as a marker of apoptosis. We observed increased caspase-3 signaling in the cortex (Figures 2D and 2G)

but also in the hindbrain and the spinal cord (Figure S2).

Of interest, this signal was mainly detected in the white matter, but not the gray matter where the cell

bodies of neurons are located, suggesting that the increased caspase-3 signal is not related to apoptosis

(Figures 2F, 2G, and S2B–S2E). To test this hypothesis, we isolated and cultured primary cortical neurons for

5 to 7 days (5DIV, 7DIV, see Figure 3A). Under these conditions, we did not observe a higher rate of pyknotic

nuclei in neurons from ER-xLmice, compared toWT controls (Figure S3). Of note, the rate of pyknotic nuclei

was markedly increased in both WT and ER-XL neurons on treatment with WEHI-539, a specific Bcl-xL in-

hibitor, indicating that ER-restricted Bcl-xL retains some anti-apoptotic activity (Figure S4).

Of note, staining of WT and ER-xL neurons with active caspase-3 antibody highlighted a positive signal,

mostly in the neurites (Figures 3B and S3E). This signal was significantly higher in ER-xL neurons, compared

to WT (Figures 3C and 3D).

Analysis of neurite architecture

The above observations raise issues regarding the consequences of this elevated caspase-3 activity and the

mechanisms that allow caspase-3 activation in neurites, independent of cell death. Thus, we next investi-

gated the impact of mitochondrial Bcl-xL silencing on axon morphology. We isolated embryonic cortical

neurons after electroporation ex vivo in the cortex (E15.5) with a Venus-expressing plasmid. Axon

morphology was analyzed after 5 days in vitro (5DIV). The overall axon length between ER-xL and WT pri-

mary neurons was similar (Figure S5A). However, we detected a decrease in axon arborescence in ER-xL

neurons, compared toWT (Figures4A, 4B, and S5B). In the course of this study, we also measured the effect

of mitochondrial Bcl-xL silencing on dendritic spines, a kind of plastic protrusions that receives pre-synaptic

input from neighboring neurons (reviewed by Hering and Sheng11). Although the density of dendritic

spines was unchanged (Figure S5C), we observed notable changes in their morphology, with a decrease

in the number of mushroom-type dendritic spines in ER-xL primary neurons and an increase in filopodial

spines (Figures 4C–4E), suggesting that synapse maturation was impacted at the post-synaptic level.

Figure 2. Characterization of ER-xL mouse phenotype

(A) Image of newborn WT and ER-xL mice (phenotype of each mouse is indicated). The milk pocket is visible in the WT newborn (red circle).

(B) Table showing number of dead and live ER-xL, HET, and WT newborns over the first 24 h with normal conditions (with mother mouse) or with artificial

feeding.

(C) Illustration of the relative position in the whole coronal brain section of high magnification images in (D-E).

(D and E) Representative high-magnification images of the corpus callosum (D) and cortex (E). Immunofluorescence was performed with active caspase-3

(aCas-3). Arrowheads point to active caspase-3-positive cell bodies. Nuclei were marked with Hoechst 33342.

(F) Quantification of active caspase-3 foci density in the WT and ER-xL corpus callosum and cortex. Data show average value GSEM. Data are from three

independent experiments. Student’s t test. NWT = 3, NER-xL = 3.

(G) Percentage of surface area with active caspase-3 in the WT and ER-xL corpus callosum and cortex. Data show average valueGSEM. Data are from three

independent experiments. Student’s t test. NWT = 3, NER-xL = 3.*p<0.05; **p<0.01; ***p<0.001.
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Finally, to further assess the contribution of caspase-3 to the development of the axon network, we

analyzed the effect of the caspase inhibitor Z-DEVD-FMK on the axon morphology of WT and ER-xL neu-

rons. Although Z-DEVD-FMK did not significantly alter WT neuron morphology, it restored both axon arbo-

rescence and dendritic spine organization in ER-xL neurons (Figures 4A–4C and 4E). Hence, these obser-

vations suggest that the local increase in caspase-3 activity in ER-xL axons drives morphological changes in

neurite architecture.

Analysis of synaptogenesis capacities

The above observations suggest that ER-xL mice may display alterations in neural network architecture as a

result of deficient synaptogenesis. To assess this hypothesis, we implemented a microfluidic approach to

study the pre- and post-synaptic network. In these experiments, neurons were placed in two compartments

(referred to as pre- and post-synaptic) connected by microchannels to a synaptic chamber to follow neurite

elongation and synapse formation.

First, we seeded both compartments with the same type of neurons (pre-WT/post-WT and pre-ER-xL/post-

ER-xL). Active caspase-3 signals could clearly be observed when compartments were seeded with ER-xL

but not WT neurons, confirming the results from primary cultures (Figures 5A–5D). Synaptic connections

were analyzed with antibodies against synaptophysin and PSD95 used as markers of pre- and post-synaptic

compartments of the synapse, respectively. These latter experiments highlighted a deficit in synaptogen-

esis when performed with ER-xL neurons, compared to WT (Figures 5E and 5F).

Second, synaptogenesis was monitored when compartments were cross-seeded with different cell types

(ER-xL or WT). As shown in Figure 6, synaptogenesis was only impacted when ER-xL neurons were present

in the pre-synaptic compartment, irrespective of the cell type in the post-synaptic compartment. These

findings suggest that defects at the level of axon terminals may be responsible for alterations observed

in synaptogenesis.

Analysis of mitochondria dynamics in cortical axons

Activation of effector caspases, depend, although not exclusively, on MOMP. Thus, during apoptosis, acti-

vation of the caspase cascade, including downstream caspase-3, follows a decrease in mitochondrial mem-

brane potential (DJm) and the subsequent release of cytochrome c into the cytosol. This prompted us to

examine the status of mitochondria in ER-xL and WT axons.

We initially measured the DJm using the tetramethylrhodamine ethyl ester (TMRE). DJm was significantly

lower in the mitochondria of ER-xL axons, compared to that of WT controls (Figure 7A). This decrease was

not because of an overall decrease in the area or the number of axon mitochondria (Figures 7B and 7C).

However, we found that the level of mitochondrial fragmentation was higher in ER-xL axons, compared

to WT (Figures 7D and 7E). In addition, when measuring their velocity we unveiled that mitochondria in

ER-xL axons were more motile than mitochondria in WT axons (Figures 7F and 7G). We further used a sys-

tem composed of two probes, cytoGFP-FKBP and mito-Cherry-FRB, to detect permeabilized mitochon-

dria.12 Of interest, we observed an increased number of permeabilized mitochondria in ER-xL axons,

compared to heterozygous (HET) neurons, suggesting that the enhanced caspase-3 activity may be due

to an increase of MOMP in ER-xL axons (Figures 7H and 7I).

Previous studies unveiled Bcl-xL/dynamin-related protein 1 (Drp-1) complexes in neurons.13,14 The dyna-

min-like GTPase Drp-1 is recruited to the MOM where it drives mitochondrial fission via GTP-dependent

constriction and fosters cytochrome c release during apoptosis.15–17 This prompted us to investigate the

interaction between Bcl-xL and Drp-1. We performed co-immunoprecipitation experiments using WT

Figure 3. Loss of mitochondrial Bcl-xL induces caspase-3 activation in the neurites of cortical neurons in culture

(A) Schematic diagram of the cortical neuron isolation procedure. Cortical neurons were isolated from the cerebral cortex of the E15.5 embryo and

maintained in culture for 5–7 days in vitro (DIV 5–7).

(B) Representative immunofluorescence of WT and ER-xL cortical neurons at DIV7, with active caspase-3 and tau.

(C) Quantification of neurite active caspase-3-positive neurons at DIV7. Data show average value GSEM from three independent experiments. Student’s t

test was used for statistical analysis: NWT = 37, NER-xL = 34.

(D) Quantification of active caspase-3 positive surface per neuron at DIV7. Data show average valueGSEM from three independent experiments. Student’s t

test was used for statistical analysis: NWT = NER-xL = 24.*p<0.05; **p<0.01; ***p<0.001.
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Figure 4. Mitochondrial Bcl-xL is required for axon branching and dendritic spine maturation

(A) Representative images (inverted LUT) of 5DIV neurons from WT and ER-xL cortex without or with treatment with caspase-3 inhibitor Z-DEVD-FMK 10 mM

from DIV3. Ex vivo cortical electroporation with a Venus-expressing plasmid followed by cortical neuron dissociation was performed at E15.5. Each axonal

branch is indicated by an arrowhead.

(B) Histogram showing the effect of the caspase-3 inhibitor Z-DEVD-FMK (10 mM) on the number of axon branches per cell of cortical neurons at DIV5. The

treatment with Z-DEVD-FMK was applied from DIV3-5. Data show average value GSEM from three independent experiments. Kruskal-Wallis test was used

for statistical analysis: NWT = 143, NER-xL = 140, NWT+DEVD = 122, NER-xL+DEVD = 122.

(C) Representative images of dendrites with dendritic spines from DIV21 cortical neurons cultured from the isolated cortex of E15.5 WT and ER-xL embryos

without or with the treatment of caspase-3 inhibitor Z-DEVD-FMK 10 mM from DIV14. Neurons were electroporated with Venus to assess their morphology.

Representative spine morphology is indicated: M for mushroom, T for thin, S for stubby, and F for Filopodium.
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Bcl-xL or ER-addressed Bcl-xL as bait. Compared to native Bcl-xL, ER-Bcl-xL interacted only weakly with

Drp-1, suggesting that the Bcl-xL/Drp-1 complex was partly disrupted in ER-xL neurons (Figure 8A). In

this respect, it is worth noting that total amounts of Drp-1 were unchanged in ER-xL neurons, compared

to WT mice (Figure 8B). To further investigate this finding, we analyzed the effect of the Drp-1 inhibitor

m-divi on caspase-3 activity in ER-xL axons. As shown in Figures 8C–8E, the caspase-3 signal was sup-

pressed in ER-xL axons, following m-divi treatment. Furthermore, expression of the dominant negative

Drp1 K38A (dnDrp1) mutant restored the number of axon branches in ER-xL neurons (Figure S6). Collec-

tively, these datas upport the notion that caspase-3 activation in ER-xL axons is Drp-1-dependent and

that Bcl-xL controls axon branching by keeping Drp-1 in check.

DISCUSSION

Caspases are a family of intracellular proteases playing an essential role in cell death in metazoans.18,19 By

acting as apoptosis executioners, caspases control the size of cell populations and participate in tissue

morphogenesis during embryonic development. However, it is well known that caspase activation is not

always associated with apoptosis.20–23 Moreover, it was recently shown in tumor cells that Bcl-2 inhibitors

can trigger NLCA through the permeabilization of a limited number of mitochondria, a process referred to

as minority MOMP (miMOMP).12,24

Intriguingly, sublethal caspase levels have also been reported to promote neural development processes,

including axon branching and synapse formation, but the control of NLCA remains elusive.22,25,26

In the present study, we provide evidence that caspase-3 activity and miMOMP are controlled by Bcl-xL in

the mouse embryonic brain. Altogether, our data suggest that, during development, the control of NLCA

by mitochondrial Bcl-xL is critical for the maturation of the mouse nervous system.

Phenotype of ER-xL individuals

Here, we report that the removal of the mitochondrial pool of Bcl-xL through a KI strategy in mice does not

lead to embryonic death as previously described in bclx KO mice.8 ER-xL embryos do not exhibit detect-

able organ alterations, as shown by histological analyses. Moreover, ER-xL newborns survive up to 24 h with

apparent normal mobility. However, these individuals exhibit swallowing defects reminiscent of the

22q11DS syndrome,27 presumably causing premature death.

A reasonable hypothesis is that the delayed lethality observed in ER-xL individuals compared to bclx KO

mice (which all die at E13.5) results from a ‘‘milder intensity’’ of cell death. Indeed, in ER-xL embryos

(E13.5), an increase in caspase-3 signal in the spinal cord and the brainstem could be detected, but not

in the liver. This is in sharp contrast with bclx KO mice, where massive apoptotic bodies were reported

in the central nervous system (CNS) and the hematopoietic cell population in the liver at the same embry-

onic stage.8

The observed phenotype of ER-xL mice also suggests that the maintenance of the ER pool of Bcl-xL pre-

vents premature embryonic lethality, suggesting that ER-based Bcl-xL plays a protective role in apoptosis.

In this regard, treatment of ER-xL neurons with the BH3-mimetic WEHI-539 led to a significant increase in

apoptosis, suggesting that the hydrophobic pocket of ER-Bcl-xL is engaged with BH3-only proteins. A non-

exclusive possibility is that the anti-apoptotic effect of ER-Bcl-xL would be mediated through ER Ca2+ traf-

ficking, as Bcl-xL was shown to control IP3R Ca2+ permeability via two BH3-like motifs.10,28 Furthermore, ER

stress, which is closely linked to Ca2+ trafficking dysregulation, was reported to contribute to neurogenesis

and cortex development.29–31 It should also be noted that in the bclx KO background, a peak of the

unfolded protein response (UPR) occurs upstream of embryonic death.8,32 In this respect, we found that

mouse embryonic fibroblasts derived from ER-xL mice are more vulnerable to mitochondrial stress stimuli,

Figure 4. Continued

(D) Schematic diagram for four spine morphologies: mushroom, thin, stubby, and filopodium. The mushroom-type spine is defined by a big head and small,

short neck morphology, considered the mature form. The filopodial spine has a long, thin shape, considered the immature form.

(E) Histogram showing the effect of caspase-3 inhibitor Z-DEVD-FMK (10 mM) on the spine shape percentage of cortical neurons at DIV21. The treatment with

Z-DEVD-FMK was applied from DIV14-21. Data show average value GSEM from three independent experiments. Two-way ANOVA test was used for

statistical analysis: NWT = 22; NER-xL = 29; NWT+DEVD = 13; NER-xL+DEVD = 23. *p<0.05; **p<0.01; ***p<0.001.
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but more resistant to ER stress inducers.33 Thus, ER-localized Bcl-xL is conceivably able to regulate devel-

opmental UPR and prevent ER-stress-dependent neuronal cell death during early development.

Caspase-3 activation in ER-xL neurons

Histological analyses revealed that the active caspase-3 signal is higher in the white matter than the gray

matter in both the spinal cord and the cortex of ER-xL embryos. Primary cultures of cortical neurons

confirmed that such caspase-3 activation was independent of apoptosis. Moreover, microfluidic

studies carried out on ER-xL neurons revealed that activated caspase-3 was predominantly found in

axons. Together, these data prompted the idea that the marked increase in caspase-3 activity observed

in ER-xL neurons may result in neural development abnormalities, leading to premature death shortly after

birth.

Impact on axon branching and synaptogenesis

We observed that active caspase-3 in vitro can preferentially be found in branching points and contact sites

between neurons. We thus hypothesized that aberrant local caspase-3 activation might result in abnormal

axon development and synapse formation.

Indeed, morphological analyses performed on ER-xL cortical neurons showed axon branch reduction

without any impact on axon length. Treatment with z-DEVD-FMK restored normal axon branching, strongly

suggesting that the observed decrease in axon ramifications was because of caspase-3 activation, the

contribution of other caspases not being ruled out, given the somewhat relative specificity of z-DEVD-

FMK for caspase-3.34 Paradoxically, transient caspase-3 activation was previously reported to be required

for axon branch formation.35 In the same line, other studies highlighted the role of caspase-3 in axon prun-

ing.36,37 Here, local caspase-3 activity was also detected at basal levels inWT neurons in vitro, which may be

critical for major processes such as axon arborization and synapse plasticity.26,38,39 However, Z-DEVD-FMK

did not seem to affect axon arborescence in WT neurons, suggesting that residual caspase activity still en-

sures branchpoint formation in aWT background. Indeed, contrary to genetic loss-of-function approaches,

pharmacological inhibitors may not fully repress caspase activity.37,40,41

Collectively, these data suggest that, while baseline caspase-3 activity is critical for the design of axon arbo-

rescence, the high levels of caspase-3 activity detected in ER-xL neurons are presumably out of range, re-

sulting in deleterious effects on the generation of axon branches and synaptogenesis.

Impact at the post-synaptic level

Although further investigating synapse maturation by assessing the morphology of dendritic spines, we

noticed that ER-xL neurons presented a decreased number of mushroom-like spines, as well as an

increased number of filopodia-like spines, suggesting that synapse maturation is impacted at the post-syn-

aptic level. Indeed, caspases have been reported to be present in dendritic spines, presumably contrib-

uting to their shaping through cytoskeleton remodeling (reviewed by Mukherjee and Williams26). Such

mechanisms could actually be compromised in ER-xL neurons. In this regard, it would be worth investi-

gating if Ca2+ trafficking, which is also known to contribute to cytoskeleton dynamics, is affected in the

ER-xL background.

Figure 5. Mitochondrial Bcl-xL regulates synapse formation

(A) Representative immunofluorescence of WT and ER-xL cortical neurons in the 3-compartment microfluidic device with

active caspase-3 and bIII-tubulin. Nuclei were marked with Hoechst 33342.

(B) Higher-magnification images of active caspase-3 signals in the axonal channel zone boxed in (A). Arrows point to

active caspase-3-positive foci.

(C and D) Quantification of caspase-3-positive foci (E) or area (F) per axon channel at DIV7. Data are from at least three

independent experiments. Data show average value GSEM. Student’s t test was used for statistical analysis: NWT = 79,

NER-xL = 84.

(E) Representative immunofluorescence of pre-synaptic protein SYN and post-synaptic protein PSD95 in the synaptic

chamber between cortical neurons at 14DIV. Zoomed panels show high magnification images in the zone boxed in the

SYN/PSD95 panels. Arrowheads point to adjacent spot SYN/PSD95.

(F) Quantification of adjacent spot SYN/PSD95 per 100 mm of the axon of 14DIV cortical neurons. Data are from at least

three independent experiments. Data show average valueGSEM. Student’s t test was used for statistical analysis: NWT =

NER-xL = 13.*p<0.05; **p<0.01; ***p<0.001.
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Impact at the pre-synaptic level

Together our data suggest that ER-xL neurons exhibit abnormalities in synapse formation and maturation,

as illustrated by alterations in dendritic spine morphology. Our microfluidic analyses suggest that these

synaptic alterations may also depend on pre-synaptic events.

Indeed, these latter analyses confirmed that synaptogenesis is altered in the ER-xL background, as shown

by monitoring synaptophysin and PSD95 vicinity. Of note, the seeding of WT neurons, but not ER-xL neu-

rons, in the pre-synaptic compartment ensures synaptophysin and PSD95 juxtaposition, irrespective of

post-synaptic cell genetic background (ER-xL or WT). This observation suggests that pre-synaptic signals

emitted by the growing axon are defective in the ER-xL background, compromising synaptogenesis. Bcl-xL

was reported to contribute to vesicle trafficking and promote ATP generation in nerve cells.14,42 Such

mechanisms may be impacted in ER-xL neurons, notably through enhanced caspase activity,43 leading

to axonal termination dysfunction.

It remains to be investigated if synapses formed between a WT pre-synaptic moiety and an ER-xL post-syn-

aptic moiety are fully functional. Indeed, the dynamics of the actin cytoskeleton at the post-synaptic level is

presumably still deficient, with deleterious consequences on dendritic spine maturation to be

expected.26,43

Mitochondrial status

Our data also indicate that the status of mitochondria is altered in axons from cortical ER-xL neurons with

changes reminiscent of apoptosis, such as increased fragmentation and drop of DJm, together with

increased motility. The Bax/Bad/Caspase-3 cascade is presumably activated to some extent (although at

a sublethal level) as a consequence of these mitochondrial changes, contributing to the observed defects

in synaptogenesis. In addition, co-immunoprecipitation experiments suggest that BclxL/Drp-1 interactions

are compromised in the ER-xL background. In this latter context, the presumed partial activation of Bax,

with Bcl-xL absent from mitochondria, would increase the mitochondrial fission/fusion ratio. Indeed, Bax

activation might both decrease mitofusin activity, thus reducing the rate of fusion,44 and increase Drp-1/

Bax interactions, thus promoting fission.45,46 The fact that the Drp-1 inhibitor m-divi, despite its debated

specificity,47 and the dominant negative Drp-1 mutant respectively dampen caspase-3 activation, and

restore axon arborescence in ER-xL neurons, provides additional evidence about this presumptive role

for Drp-1 in the ER-xL background.

Of interest, Bcl-xL was reported to foster Drp-1 GTPase activity, facilitating synaptic vesicle turnover and

synaptic transmission.13,14 Evidence indicates that Bcl-xL promotes mitochondrial dynamics by acting on

both mitochondrial fission and fusion, thereby supplying ATP to energy-demanding processes at the

pre- and post-synaptic levels.48

At the mitochondrial level, our data support the idea that, in addition to promoting ATP supply, Bcl-xL is

able to limit the formation of active Drp-1/Bax complexes, probably in part through inhibition of Bax, and

thus prevent excess mitochondrial fission (see e.g., Maes et al.45; Jenner et al.46), which might be delete-

rious. Thus our observations provide an additional layer of complexity, indicating that Bcl-xL might either

positively or negatively control Drp-1, depending on its localization and partners. In this respect, it would

be worth determining the post-translational modifications of Drp-1 and their role in the control of Drp-1

activity in our model.49

The observed mitochondria-dependent activation of caspase-3 in the ER-xL background is likely to be

strictly controlled over time and space because it is limited to the neurites without detectable apoptosis.

Figure 6. Mitochondrial Bcl-xL regulates synaptogenesis at pre-synaptic sites

(A) Schematic diagram of strategy for manipulating the genetic status of pre-synaptic and post-synaptic neurons. Four combinations were tested: WT - WT,

ER-xL – ER-xL, WT – ER-xL, and ER-xL – WT.

(B) Representative immunofluorescence of pre-synaptic protein SYN and post-synaptic protein PSD95 in the synaptic chamber between cortical neurons at

14DIV of WT – WT, ER-xL – ER-xL, WT – ER-xL, and ER-xL – WT. Zoomed panels show high magnification images in the zone boxed in the Syn/PSD95 panels.

Arrowheads point to adjacent spot SYN/PSD95.

(C) Quantification of adjacent spot SYN/PSD95 per 100 mm of axon of 14DIV cortical neurons. Data are from three independent experiments. Data show

average value GSEM. Kruskal-Wallis test was used for statistical analyses. NWT-WT =54, NER-xL-ER-xL = 50, NWT-ER-xL = 51, NER-xL-WT = 49.*p<0.05; **p<0.01;

***p<0.001.
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Consistently, the contribution of ER-Bcl-xL might be critical to prevent deleterious cell death. Finally, our

observations regarding increased fragmentation and permeabilization of mitochondria in ER-xl axons are

reminiscent of miMOMP and subsequent sublethal caspase-3 activation as recently described in cancer

cells.50 Indeed, in ER-xl axons, mitochondria might be similarly primed to death, promoting caspase-3 acti-

vation with consequences on axon arborescence and synaptogenesis.

Overall, our data support the idea that Bcl-xL, controls miMOMP and acts on the mitochondrial network

dynamics in axons. We provide evidence that, in this way, Bcl-xL fosters axon branching and synaptogen-

esis (see diagram in Figure 9). Although several issues remain to be addressed, in particular figuring out

why mitochondria are not impacted in the soma of ER-xL neurons, the mouse model described in the pre-

sent report sheds new light on the role of Bcl-2 family proteins in the developing CNS and may open novel

avenues regarding neurodegenerative diseases.

Limitations of the study

Several issues remain to be addressed, including:

- why ER-xl mice die prematurely?We provide evidence that the individuals suffer from swallowing de-

fects reminiscent of the 22q11DS syndrome, however the exact brain area and nerve pathways that are

affected remain to be determined.

- why mitochondria are not impacted in the soma of ER-xL neurons? The status of the death accelerator

Bax and the contribution of the endoplasmic reticulum are unknown.

- what are the impacted underlying molecular mechanisms? In this model, we observe that suppression

of Mito-Bcl-xL results in increased caspase-3 activity, which presumably impacts a number of pro-

cesses, including endocytosis, cytoskeleton remodeling, metabolism and electrical activity. The

description of the impacted pathways remains to be carried out.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

Figure 7. Loss of mitochondrial Bcl-xL induces changes in axonal mitochondrial morphology, dynamics, and potential

(A) Quantification of mitochondrial membrane potential by TMRE of axonal mitochondria in WT and ER-xL neurons at DIV5. Each point represents the

average value for a given neuron Datashow average value GSEM from three independent experiments. Student’s t test was used for statistical analysis.

NWT = 68, NER-xL = 71.

(B) Expression of mitochondrial proteins in neurons at DIV5 derived from the cortex of WT and ER-xL E15.5 cerebral cortices. Western blot analysis was

performed with indicated antibodies. Actin was used as the loading control.

(C–E) Quantification of area occupied by mitochondria per 100 mm of the axon (C), mitochondria size (D), and number of mitochondria per 100 mm axon (E) of

the cortical neuron at DIV5. Neurons were electroporated at E15.5 by electroporation ex vivo with Venus to mark the axon and mitoDsRed to label

mitochondria. Data show average values GSEM. Data are from three independent experiments. Mann-Whitney test was used for statistical analysis.

NWT = 79, NER-xL = 69.

(F) Representative kymographs of axonal mitochondria in dissociated cortical neurons at DIV5. Neurons were electroporated with MitoDsRed and mVenus.

(G) Quantification of motile axonal mitochondria. Data show average valuesGSEM. Data are from three independent experiments. Student’s t test was used

for statistical analysis. NWT = 19, NER-xL = 20. (H) Representative image of miMOMP in the axon of HET and ER-xL cortical neurons. Permeabilization of

individual mitochondrion was detected by colocalization of mito-mCherry-FRB (targeted to themitochondrial inner membrane (MIM) by Apoptosis Inducing

Factor (AIF) sequence) and cyto-GFP-FKBP.When a mitochondrion is permeabilized, cyto-GFP-FKBP freely accesses themitochondrial inner membrane and

can dimerize with mito-mCherry-FRB in the presence of a dimerization inducer. Cortical neurons were electroporated with vectors containingmito-mCherry-

FRB and cyto-GFP-FKBP. After 7 days in culture, neurons were treated with the A/C heterodimerizer for 1 h to induce the dimerization between FRB and FKBP

and imaged by confocal microscopy using Airyscan. Arrowhead points to the permeabilizedmitochondrion, which is detected by the colocalization between

mito-mCherry and cyto-GFP signals.

(I) Quantification of permeabilized mitochondria in the axon of cortical neurons. Data are from three different embryos. Datashow average value GSEM.

Mann-Whitney test was used for statistical analysis: NWT = 15; NER-xL = 14*p<0.05; **p<0.01; ***p<0.001.
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B Ex vivo electroporation

B Primary cortical neuron culture

B Microfluidic chamber preparation

B Western blotting

B Co-immunoprecipitation

B Subcellular fractionation

B TMRE labeling

B Immunofluorescence

B Immunohistochemistry

B Mitochondrial permeabilization detection

B Image acquisition and analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.106674.

Figure 8. Mitochondrial Bcl-xL regulates axonal local caspase-3 activation via Drp-1

(A) Immunoblot analysis of co-immunoprecipitation between Flag-tagged Bcl-xL WT and Bcl-xL-ER with Drp-1 in HeLa cells.

(B) Expression of mitochondrial fusion and fission proteins in the cortical neurons at 7DIV. Western blot analysis was

performed with indicated antibodies. F0F1 ATPase is used as the loading control.

(C) Representative images of cortical neurons in the microfluidic device at 7DIV: WT without treatment (control), WT with

m-divi 5 mM from 5DIV, ER-xL without treatment, (control) and ER-xL with m-divi 5 mM from 5DIV.

(D and E) Quantification of caspase-3-positive foci (D) or area (E) per axon channel at DIV7. Data are from

three independent experiments. Data show average value G SEM. ANOVA test was used for statistical analysis.

NWT = NWT+m-divi = NER-xL+m-divi =7, NER-xL=6.*p < 0.05; **p < 0.01; ***p < 0.001.

Figure 9. Proposed model for the role of mitochondrial pool of Bcl-xL in the developing axon

Bcl-xL has a dual cellular localization: ER and mitochondrial. In normal condition (left panel), mitochondrial Bcl-xL regulates non-lethal caspase activation

(NLCA) in the developing axon through: 1/preventing mitochondrial Bax accumulation via retro-translocation and 2/regulating Drp-1-regulated

mitochondrial fission. These activities confine caspase activation in the range that promotes neuronal development. Mitochondrial Bcl-xL lack, whereas its

ER pool is maintained, leads to increase of caspase activation perturbing axon branching and synaptogenesis (right panel).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Vinculin Santa Cruz Cat#sc-55465; RRID: AB_630433

Anti-Calnexin Abcam Cat#ab22595; RRID: AB_2069006

Anti-F0F1 ATP synthase b BD Biosciences Cat#612518; RRID: AB_399819

Anti-Bcl-xL (54H6) Cell signaling Cat#2764; RRID: AB_2228008

Anti-Cleaved caspase-3 Cell signaling Cat#9661; RRID: AB_2341188

Anti-Tau (Tau-5) Abcam Cat#ab80579; RRID: AB_1603723

Anti-bIII Tubulin (clone TUJ1) Biolegend Cat#801201; RRID: AB_2313773

Anti-Synaptophysin Abcam Cat#ab14692; RRID: AB_301417

Anti-PSD95 (clone 7E3-1B8) Millipore Cat#MAB1598; RRID: AB_94278

Anti-Actin Sigma-Aldrich Cat#A2066; RRID:AB_476693

Anti-VDAC1 Abcam Cat#ab14734; RRID: AB_443084

Anti-Drp1 Invitrogen Cat#PA1-16987; RRID: AB_2093523

Anti-Flag Sigma-Aldrich Cat#F7425; RRID: AB_439687

Anti-phospho Drp1 Ser616 Cell signaling Cat#3455; RRID: AB_2085352

Anti-Opa1 BD Biosciences Cat#612607; RRID: AB_399889

Anti-Mfn2 Cell signaling Cat#11925; RRID: AB_2750893

Polyclonal goat anti-Rabbit immunoglobulins – HRP Dako P0448; RRID: AB_2617138

Goat anti-mouse IgG - HRP Invitrogen G21040; RRID: AB_2536527

Chemicals, peptides, and recombinant proteins

Z-DEVD-FMK Cayman Chemical Cat#14414

TMRE Sigma-Aldrich Cat#87917

A/C Heterodimerizer Takara Bio Cat#635056

m-divi Sigma-Aldrich Cat#M0199

WEHI-539 Cayman chemical Cat#21478

Critical commercial assays

DABMap Kit Roche 05266360001

Experimental models: Cell lines

HeLa ATCC CCl-2; RRID: CVCL_0030

Experimental models: Organisms/strains

Mouse C57/BL6J ER-xL This paper N/A

Oligonucleotides

Primers:

EX3-F: GGAAAGGCCAGGAGCGCTTC

XTAG-R: CCCAACCCTGTGATAGGGCAAG

IDT-DNA (Leuven) N/A

Recombinant DNA

pSCV2 Julien Courchet lab, see Hand and Polleux51 N/A

pCAG-mitoDsRed Julien Courchet lab, see Courchet et al.52 N/A

Mito-mCherry-FRB Gabriel Ichim lab see Ichim et al.12 N/A

Cyto-GFP-FKBP Gabriel Ichim lab, see Ichim et al.12 N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Germain Gillet (germain.gillet@univ-lyon1.fr).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

d The data presented in this article will be made available by the lead contact upon request.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Heterozygous ER-xL KI mice were generated on a C57BL/6J background. Thesemice express mouse Bcl-xL

exon 3 with a modified transmembrane domain-containing an ER-targeting Cb5 sequence.

Animal care was in accordance with the recommendation of the European Community and the French

National Committee. Animals had access to food and water ad libitum and were kept at a constant tem-

perature on a 12-hour light/dark cycle.

To generate embryos for histology and primary neuron experiment, males and females from 6 weeksold

were mated for one night. For the subcellular fractionation experiment, brains were extracted from

newborn mice. The sex of the animals used in this study (embryos and newborns) was not investigated.

METHOD DETAILS

Ex vivo electroporation

DNA plasmid at 1 mg/mL mixed with 0.5% Fast Green (Sigma, 1:10 ratio) was injected into the lateral ven-

tricles of isolated E15.5 embryonic mouse heads that were decapitated and reserved in complete Hank’s

Balanced Salt Solution (HBSS) (Life Technologies). Electroporation was performed on the whole head with

skull and skin intact, using gold-coated electrodes (GenePads BTX) and the ECM 830 electroporator system

(BTX). Electroporation parameters were: five unipolar pulses of 100 ms in length, with a 100 ms interval be-

tween each pulse. After electroporation, the brain was immediately used for culture preparation.

Primary cortical neuron culture

Cortices from E15.5 mouse embryos were dissected in sterile complete HBSS (cHBSS) supplemented with

HEPES 2.5 mM (Sigma, 11560496), CaCl2 1 mM (Sigma), MgSO4 1 mM (Sigma), NaHCO3 4 mM (Sigma), and

D-glucose 30mM. After dissection, cortical parts were dissociated by incubating with papain 10 units/mL in

cHBSS for 15minat 37�C, followed by 1 min of incubation with DNase 1,500 units/mL in cHBSS. After

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCS2+ Flag Bcl-xL WT This paper N/A

pCS2+ Flag Bcl-xL ER This paper N/A

pCAG-Drp1 K38A This paper N/A

Software and algorithms

Prism 9 Graphpad N/A

ImageJ/Fiji N/A N/A

Other

Anti-Flag M2 magnetic beads Millipore M8823
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incubation, cortices were washed three times with cHBSS and mechanically dissociated by repeatedly pi-

petting in cHBSS. After dissociation, cells were plated at 100,000 cells per 12 mm coverslip or 300,000 cells

per 35 mm disk (Ibidi) coated with Poly-D-lysin (0.1 mg/mL, Sigma) in Neurobasal medium supplemented

with B27 1x (Life Technologies), N2 1x (Life Technologies), L-glutamine (0.5mM), 2-mercaptoethanol

(50 mM), and Penicillin 100units/mL – Streptomycin 100mg/mL, hereafter referred to as complete NB, for

5-7 days. For long-term cultures of 21 days, cells were cultured in complete NB supplemented with fetal

bovine serum (5%) for the first 7 days, then the serum-containing medium was gradually replaced by a

serum-free medium from day 7 to day 14. From day 14 to 21, medium was changed each 3 days.

Microfluidic chamber preparation

Microfluidic chambers were prepared as previously described.53 Briefly, microfluidic chambers were made

of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning). A mixture of 10:1 of liquid polymer and curing

agent was poured into an epoxy resin mold. The filled molds were incubated under vacuum for 1 h to re-

move air bubbles, then incubated at 60�C for 3 h. Polymerized PDMS microchambers were pulled out,

washed with alcohol 100% with quick passages through an ultrasonic bath, and finally washed with distilled

water. Microchambers were dried at 60�C for 30 min. Dry microchambers and 35 mm glass-bottom disks

(FluoroDish, WPI) were activated by a plasma cleaner treatment for 30 s. PDMS pieces were immediately

fixed on a 35 mm disk. Microchambers were then sterilized under UV light for 30 min. The microchambers

were coated with Poly-D-lysine (0.1 mg/mL, Sigma) in the upper and synaptic chamber, and a mixture of

Poly-D-lysine (0.1 mg/mL, Sigma) and laminin (10 mg/mL) in the lower chamber overnight at 4�C. The
next day, microchambers were washed three times with complete NB and placed at 37�C before plating.

Western blotting

Cells were washed in cold PBS (1X) buffer and then harvested in ice-cold lysis buffer containing 50 mM Tris

pH 7.5, 150 mM sodium chloride, 1% NP40, 0.25% sodium deoxycholate, 1 mM EDTA, supplemented with

protease inhibitor cocktail (Roche). Proteins were separated by SDS-PAGE and then transferred to the

PDVF membrane using Trans-blot� TurboTM Transfer System. After transfer, the membrane was blocked

in 5% milk in trisbuffered saline (25 mM Tris-base pH 7.4, 137 mM sodium chloride, and 2.7 mM potassium

chloride) plus 0.1% Tween�20 (TBS-T). After blocking, the membrane was incubated overnight at 4�C with

the primary antibody in 5% milk in TBS-T. The next day, the membrane was washed three times with TBS-T

and incubated with appropriate Horseradish peroxidase-conjugated secondary antibodies at the ratio of

1:3,000 in TBS-T at room temperature for 1 h. After washing three times with TBS-T, proteins were visualized

with Lumi-LightPLUSWestern Blotting Substrate (Roche) using ChemiDoc Imaging System (Biorad). Primary

antibodies used for Western blot were: Opa1 (1:1,000, BD Biosciences, 612607), Drp1 (1:500, Invitrogen,

PA1-16987), Vinculin (1:500, Santa Cruz, sc-55465), VDAC1 (1:1,000, Abcam, ab14734), Actin (1:100, Sigma,

A2066), phospho-Drp1 Ser616 (1:1,000, Cell Signaling, 4494), Mitofusin 2 (1:1,000, Cell Signaling, 9482),

Bcl-xL (1:1,000, Cell Signaling, 2764), Calnexin (1:1,000, Abcam, ab22595), F0F1 ATPase (1:2000, BD Biosci-

ences, 612518), Flag M2 (1:1,000, Sigma, F3165).

Co-immunoprecipitation

Immunoprecipitation experiments were performed on HeLa cells. Cells at 80-90% confluence in 6-well

plates were transfected with 2 mg of pCS2+ empty vector, pCS2+Flag-Bcl-xL WT or pCS2+Flag-Bcl-xL-

cb5, using X-tremeGENE� HP DNA Transfection Reagent (Roche) according to the manufacturer’s proto-

col. After 24 h of transfection, cells were harvested in the TNE buffer (10 mM Tris-HCl, 200 mM NaCl, 1 mM

EDTA (pH 7,4), supplemented with 0.2% NP-40, 2.5% sodium pyrophosphate, 0.1% glycerol-2-phosphate,

and protease inhibitor). Subsequently, protein extracts were incubated with 20 mL of AntiFlag M2magnetic

beads (Sigma Aldrich) overnight at 4�C.Magnetic beads were then washed three times with TNE buffer and

analyzed by immunoblot.

Subcellular fractionation

Subcellular fractionation experiments followed the previously described protocol.54 Briefly, 8-10 brains iso-

lated from newborn mice were washed twice in the PBS and cut into small pieces in ice-cold MB buffer

(210 mM mannitol, 70 mM sucrose, 1 mM EDTA, and 10 mM Hepes(pH 7.4) containing protease inhibitors;

Roche). Cells were homogenized and then disrupted using Dounce homogenizers (loose and tight) 4 to

5 times. The homogenized mixture was then centrifuged at 900 g to remove nuclei and undisrupted cells

and centrifuged at 10,600 g to obtain crude mitochondria. The pellet containing crude mitochondria was
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suspended in MB buffer and then gently laid on a Percoll medium (225 mM mannitol, 25 mM HEPES

(pH 7.4), 1 mM EGTA, and 30% Percol (vol/vol)) and centrifuged for 30minat 95,000 g separating the mito-

chondria-associated membranes (MAMs) from the mitochondria. The supernatant was centrifuged for 1hat

100,000 g. After centrifugation, the pellet contained the microsome fraction, and the supernatant con-

tained the cytosol fraction. Subcellular and total fractions were then analyzed byWestern blot (as described

above). Protein amounts were loaded as follows: total homogenate: 50mg, ER fraction: 10mg, mitochondrial

fraction: 5mg, cytosolic fraction: 25mg. This ensured obtain similar levels of fraction indicator marker in each

lane (vinculin, calnexin, F0F1 ATPase) for calibration.

TMRE labeling

For measurements of mitochondrial potential, neurons were pre-incubated in complete HBSS for 30minat

37�C, then incubated in 20 nM tetramethylrhodamine ethyl ester (TMRE) in complete HBSS for 30minat

37�C. The medium was then replaced by a 5 nM TMRE solution immediately before live imaging.

Immunofluorescence

Cortical neurons were seeded onto coverslips coated with Poly-D-lysine and laminin (Corning�). Neurons

were maintained in culture for 5-21 days, depending on experiments (indicated in each experiment). Cells

were then fixed in 4% paraformaldehyde solution for 20 min and washed three times with PBS. Following

permeabilization with 3% bovine serum albumin in PBS 0.1% Triton X-100, cells were incubated at room

temperature for 1 h with the primary antibodies. Goat anti-mouse or goat anti-rabbit immunoglobulin G

Alexa Fluor 488 or 568 were used as secondary antibodies (Molecular Probes) at 1:1,000 dilution for 1 h.

Nuclei were visualized using Hoechst 33342 dye (Invitrogen H3570) at 1:10,000 dilution.

Immunofluorescence of microfluidic chambers was performed following the protocol for neuron culture.

Incubation with the primary antibodies was performed at 4�C overnight.

For preparing cryosections, brains were isolated from newborn mice and fixed in 4% paraformaldehyde

solution. After fixation, brain samples were washed three times with PBS and then cryo-protected with a

range of 10%, 20%, and 30% sucrose solutions. Brains were frozen rapidly in OCT medium (TBS), cut into

10 mm-thick slices, and preserved at -20�C. Following 10min of thawing, brain slices were blocked with Anti-

body Diluent (Thermofisher, 003118). Slides were incubated at 4�C overnight. Goat anti-mouse or goat

anti-rabbit immunoglobulin G Alexa Fluor 488 or 568 were used as secondary antibodies. Slides were

then mounted with VECTASHIELD� with DAPI (Vectalabs, H-1200).

The primary antibodies used: cleaved caspase-3 (1:400, Cell Signaling, 9661), bIII-tubulin (1:1,000, Bio-

legend, 801201), tau (1:200, Abcam, ab80579), PostSynaptic Density Protein 95 (1:1,000, Chemicon�,

MAB1598), synaptophysin (1:200, Abcam, ab14692).

Immunohistochemistry

Mouse embryos were collected from euthanized pregnant mice and fixed in a 4% paraformaldehyde solu-

tion. After fixation, embryos were rinsed 3 times with PBS and then embedded in a paraffin block. Embryo

paraffin blocks were then sectioned at a 4-mm thickness and transferred onto glass slides. For immunohis-

tochemistry, embryo sections were deparaffinized by xylene and re-hydrated by dipping in 100%, 95%,

70%, and 50% alcohol. Epitope retrieval was conducted using a Tris-EDTA buffer pH 7.8 for 36 min. Slide

sections were then incubated with the primary antibody cleaved caspase-3 (1:400, Cell Signaling, 9664) at

37�C for 1 h. Goat anti-rabbit was used as a secondary antibody (1:300, Vector BA1000). Signals were visu-

alized using the DABMap kit (Roche, 05266360001). Immunohistochemistry steps were performed in the

Roche Discovery XT system.

Mitochondrial permeabilization detection

E15.5 embryo cortex was electroporated with Cyto-GFP-FKBP and Mito-mCherry-FRB (ratio 3:1). Subse-

quently, cortical neurons were isolated and cultured for 7 days. At DIV7, cortical neuron culture was treated

with A/C heteromerizer 0.5 mM for 1h. at 37�C, 5% CO2. After treatment, neurons were fixed with PFA 4% for

15minat 37�C, 5% CO2.
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Image acquisition and analysis

Confocal images were acquired on a Zeiss LSM 880 system equipped with Airyscan, with these lense ob-

jectives: 10x AN 0.45, 20x AN 0.8, and 63x AN 1.4. For axonal morphogenesis analysis, we performed a

large-field acquisition of a 434 tiling scan using a 20x objective. All neurons on the reconstituted image

were quantified, and axon length was measured using ImageJ.

During live imaging, the temperature was maintained at 37�C and CO2 at 5% v/v.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism (GraphPad). The normality test was performed using the

Shapiro-Wilk test. Statistical tests and the number of replicates are indicated in the figure legends.
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