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The caspase family of cysteine proteases represents the executioners of programmed
cell death (PCD) type I or apoptosis. For years, caspases have been known for their
critical roles in shaping embryonic structures, including the development of the central
nervous system (CNS). Interestingly, recent findings have suggested that aside from
their roles in eliminating unnecessary neural cells, caspases are also implicated in
other neurodevelopmental processes such as axon guidance, synapse formation, axon
pruning, and synaptic functions. These results raise the question as to how neurons
regulate this decision-making, leading either to cell death or to proper development and
differentiation. This review highlights current knowledge on apoptotic and non-apoptotic
functions of caspases in the developing CNS. We also discuss the molecular factors
involved in the regulation of caspase-mediated roles, emphasizing the mitochondrial
pathway of cell death.
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INTRODUCTION

Apoptosis is considered to be a programmed cell death (PCD) through which a multicellular
organism removes damaged cells without affecting neighboring cells (Wickman et al., 2012).
Apoptotic cells exhibit specific characteristics, including cell shrinkage, chromatin condensation
and fragmentation, and cell membrane blebbing, followed by apoptotic body formation (Taylor
et al., 2008). Shreds of evidence suggest that apoptosis, which is considered to be a self-destructive
program, may also take place in healthy cells to ensure the daily functions of tissues and organs
(Suzanne and Steller, 2013; Shalini et al., 2015).

The central nervous system (CNS), including the brain and spinal cord, is a complex structure
that begins to appear at early stages of embryonic development. The first significant event is the
formation of the neural tube from the neural plate during primary and secondary neurulation.
During primary neurulation, a portion of dorsal ectoderm specifies into neural plate. Neural plate
cells can be distinguished from surrounding non-neural cells by their elongated morphology.
Shortly after its establishment, neural plate border thickens and rises up to create a U-shape groove.
The two lateral sides of the neural groove continue to bend toward each other until their edges
meet and merge to form the neural tube. Secondary neurulation then begins at the caudal end. In
this latter process, that takes place in chicken and some mammalian embryos, mesenchymal cells
gather to form the medullary cord under the ectoderm layer. In the next step, the medullary cord is
reshaped to create a hollow cavity (Smith and Schoenwolf, 1997; Gilbert, 2000).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 July 2021 | Volume 9 | Article 702404

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.702404
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.702404
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.702404&domain=pdf&date_stamp=2021-07-16
https://www.frontiersin.org/articles/10.3389/fcell.2021.702404/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702404 July 12, 2021 Time: 17:25 # 2

Nguyen et al. Caspases in Nervous System Development

From a simple straight structure at the beginning, the anterior
part of the neural tube expands to form three primary vesicles:
prosencephalon (forebrain), mesencephalon (midbrain), and
rhombencephalon (hindbrain). These latter vesicles continue
to subdivide and ultimately form the different regions of
the brain (Smith and Schoenwolf, 1997; Stiles and Jernigan,
2010). Concurrently, neural progenitors, derived from the
neuroepithelial cells of the ectoderm, differentiate into neurons
and glial cells (Götz and Huttner, 2005; Paridaen and Huttner,
2014). Neurons and glial cells are organized into layers (cortex)
or clusters (nuclei). From the luminal germinal neuroepithelium,
newborn cells migrate outward to form layers at the marginal
zone (Ayala et al., 2007). The most recently born neurons
migrate through the previous cell layers to give rise to the more
superficial regions.

Apoptosis is known to play essential roles in the development
of the CNS. Indeed, cell death events have been largely described
in the brain of vertebrate embryos, whereas experimental
suppression of apoptosis in the developing embryo mainly
results in deleterious malformations in the nervous system
(Yamaguchi and Miura, 2015).

Caspases, a family of intracellular proteases considered to
be the executioners of apoptosis, have been highlighted for
their role in the development of the CNS (Yuan and Yankner,
2000). Indeed, by acting as cell death accelerators, they precisely
delineate the size of cell populations in the developing embryo,
including in the brain and spinal cord. Intriguingly, recent studies
suggest that caspases not only induce apoptosis but also promote
neural development processes, including axon branching and
synapse formation, independent of their apoptosis-related roles
(D’Amelio et al., 2010; Mukherjee and Williams, 2017). However,
the mechanisms underlying the choice by neural cells to
activate either death-related or differentiation-promoting roles of
caspases remain obscure.

In this review, we highlight the current knowledge on
the apoptotic and non-apoptotic roles of caspases in the
development of the CNS. We depict molecular aspects of
caspase regulation, which might be critical for neural cell destiny
during embryonic development and further discuss current
“controversies” in the field.

OVERVIEW OF THE CASPASE FAMILY
OF APOPTOSIS EXECUTIONERS

In metazoans, apoptotic mechanisms are evolutionarily
conserved and allow multicellular organisms to preserve tissue
homeostasis (Ameisen, 2002). Ced-3 was the first apoptosis
executioner discovered in Caenorhabditis elegans (Ellis and
Horvitz, 1986). Its first mammalian homologs, interleukin-
1β-converting enzyme in humans and nedd-2 in mice, were
described shortly after (Yuan et al., 1993). Homologs of these
proteins were also found in insects, namely Dcp-1 and Drice
in Drosophila. These proteins were named caspases, which
stands for Cysteine Aspartyl-Specific Proteinases, reflecting their
specificity for sites containing aspartic acid peptide bonds, which
they cleave through the cysteine present in their active site. So

far, about 15 caspase family members have been described in
humans and mice (Shalini et al., 2015). Of note, in mammals,
certain caspases are implicated also in inflammation. In this
respect, it has been found that a given caspase can contribute
to either apoptosis or inflammation, but not both (Martinon
and Tschopp, 2004; Shalini et al., 2015). This review focuses
on apoptotic caspases and their roles in the development of
the nervous system.

Classification and Structure
Apoptotic caspases, including those in humans, are classified
into two groups: the initiators (caspase-8, -9, and -10) and
the executioners (caspase-3, -6, and -7). These proteases are
synthesized as proteolytically inactive zymogens. On the one
hand, initiator caspases comprise an extended prodomain in the
N-terminus moiety, upstream of the conserved region encoding
the large and small subunits of the active site (Figure 1A).
On the other hand, executor caspases have a short or even
absent prodomain. During the process of initiator caspase
activation, the prodomain and the linker region between both
subunits, are removed, giving rise to a homodimer (namely,
a tetramer) with two active sites (Figure 1B; Li and Yuan,
2008; Shalini et al., 2015). Initiator caspases can self-activate via
autocatalysis, however, additional interactions with an activating
protein platform is usually required. For instance, activation rate
is several orders of magnitude higher when caspase-9 is docked
in a supramolecular complex referred to as the apoptosome,
compared to the free form (Rodriguez and Lazebnik, 1999). In
this respect, two well-known activation platforms of initiator
caspases are death-inducing signaling complex (DISC) and
the apoptosome complex. The former activates caspase-8, and
the latter activates caspase-9 (Figure 2). Unlike the initiators,
executor caspases, lacking a proper prodomain, can dimerize
shortly after being synthesized. However, the linker region
between the large and small subunits prevents activation.
Removal of the linker is performed by initiator caspases, such
a caspase-8 and -9, after which activated executioners cleave a
broad set of substrates, leading to apoptosis (Kumar, 2007).

Caspase Substrates
Several hundreds of proteins are cleaved by caspases during
apoptosis, but only a small proportion is considered to be of
biological significance for cell remodeling (Julien and Wells,
2017). Among the most well-known targets of caspases are
cytoskeletal proteins, including actin and tubulin (Mashima et al.,
1999; Sokolowski et al., 2014), and nuclear envelope proteins,
including lamins (Slee et al., 2001; Raz et al., 2006).

In fact, a number of caspase-substrates are involved
in non-apoptotic processes, including cell proliferation and
differentiation (Kuranaga and Miura, 2007). During such
processes, cleavage of caspase targets remains strictly controlled
in time and space, avoiding detrimental cell death. For instance,
in erythropoiesis, the transcription factor GATA-1 is protected
from caspase-mediated proteolysis by the chaperon protein
Hsp70 (De Maria et al., 1999; Ribeil et al., 2007).

So far, an exhaustive view of the specific roles of each member
of the caspase family is lacking. The precise map of their actual
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FIGURE 1 | The caspase family of proteases. (A) Members of the caspase family, are synthesized as inactive precursors called zymogens composed of a
prodomain, a p20 large subunit and a p10 small subunit. The p20 subunit contains the active site of the enzyme harboring a “QACXG” pentapeptide motif. Initiator
Caspases are characterized by the presence of a long N-terminal prodomain whereas the N-terminus domain of effector caspases is shorter. (B) Caspase activation
is achieved by proteolytic cleavage between the large and small subunits and removal of the N-terminus prodomain. This post translational modification leads to new
conformational state in which caspase homodimers are fully active.

substrates also remains to be determined, although the preferred
cleavage sites of each caspase were identified by proteomic
studies. For instance, caspase-3 and -7 both cleave the same
DEVD motif. However, caspase-3 was shown to be more efficient
than caspase-7 in cleaving well-known substrates such as Bid,
XIAP, and caspase-6. Moreover, the amplification of the apoptotic
cascade through the caspase-9 feeding loop depends on caspase-3
but not on caspase-7 (Walsh et al., 2008).

MECHANISMS OF CASPASE
REGULATION

The caspase activation cascade occurs via two broadly recognized
pathways, referred to as extrinsic and intrinsic. In the extrinsic
pathway stimulation of death receptors such as Fas/Apo1
or TRAIL, leads to the activation of initiator caspase-8 and
downstream cleavage of effector caspase-3. The intrinsic pathway

involves the mitochondria, and notably the release of cytochrome
c from the mitochondrial intermembrane space into the cytosol.
Released cytochrome c binds to the Apaf-1 docking protein and
facilitates the formation of the apoptosome complex that recruits
and activates caspase-9. This caspase-9/Apaf-1/cytochrome c
apoptosome complex is the holoenzyme form of caspase-9, which
activates the caspase-3 apoptosis executioner by proteolytic
cleavage (Figure 2; Hengartner, 2000).

Bcl-2 Family Proteins
Mitochondria play a central role in caspases activation through
the intrinsic pathway (Singh et al., 2019). Upon various death-
inducing stimuli the mitochondrial outer membrane (MOM)
is altered, allowing cytochrome c release into cytosol and
subsequent activation of the caspase cascade. This phenomenon,
referred to as mitochondrial outer membrane permeabilization
(MOMP), is strictly regulated by the Bcl-2 protein family
(Kale et al., 2018).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 July 2021 | Volume 9 | Article 702404

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702404 July 12, 2021 Time: 17:25 # 4

Nguyen et al. Caspases in Nervous System Development

FIGURE 2 | Schematic representation of caspase activation and regulation during MOMP. During apoptosis, the MOM is permeabilized, leading to the release of
pro-apoptotic molecules into the cytosol. When released in the cytosol, cytochrome c interacts with the adaptor protein Apaf-1 in presence of ATP. A multiprotein
complex called the apoptosome, comprising cytochrome c, Apaf-1 and caspase-9 activates caspase-3, leading to cell death. The IAPs prevent caspase activation
and apoptosis whereas Smac/Diablo and HtrA2/Omi exert the opposite effect by reversible direct binding and/or proteolytic cleavage. Crosstalk between extrinsic
and intrinsic apoptosis pathways takes place through caspase-8-mediated Bid cleavage which activates Bax and Bak and subsequent MOMP.

Bcl-2 proteins share one or multiple conserved Bcl-2
homology (BH) domains (Youle and Strasser, 2008). Based
on structure and function analyses, Bcl-2 proteins have
been classified into three groups: BH3-only, pro-apoptotic
multidomain, and anti-apoptotic multidomain (Youle and
Strasser, 2008; Chipuk et al., 2010). Once activated, pro-apoptotic
multidomain proteins, such as Bax and Bak, form homo-
and hetero-oligomeric channels on the MOM, inducing the
leakage of apoptogenic agents into the cytosol (Bleicken et al.,
2013; Zhang et al., 2017). Anti-apoptotic multidomain Bcl-2
homologs, including Bcl-2, Bcl-xL, and Mcl-1, neutralize Bax
and Bak through a hydrophobic groove formed by their BH1,

BH2 and BH3 domains, therefore protecting the cell from
apoptosis (Petros et al., 2004). BH3-only proteins are pro-
apoptotic proteins that play the role of “sentinels” capable of
integrating diverse cellular stresses and of shifting the balance
between pro- and anti-apoptotic toward MOMP by antagonizing
anti-apoptotic Bcl-2 family members or activating Bax and Bak
(Youle and Strasser, 2008).

Caspase Inhibitors
Caspase activity is also controlled by the inhibitor of
apoptosis proteins (IAPs). Such control may occur via either
direct inhibition or degradation through ubiquitination
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and downstream ubiquitin-targeted proteasome machinery
(Joazeiro and Weissman, 2000; Zhang et al., 2019). Intriguingly,
X-linked IAP (XIAP) was also shown to be a direct caspase
inhibitor, independent of ubiquitin. Indeed, XIAP inhibits
the enzymatic activity of both initiator and executor caspases
(Eckelman et al., 2006). Following MOMP-induction, other
apoptogenic molecules aside from cytochrome c, including
Smac/DIABLO, HtrA2/Omi, AIF, and endonuclease G are
also released into the cytosol. In turn, Smac/DIABLO and
HtrA2/Omi neutralize the IAPs, which results in caspase-induced
cell remodeling (Du et al., 2000).

Regulation Through Phosphorylation
Both initiator (capase-8 and -9) and executioner caspases
(caspase-3 and -7) are directly regulated by phosphorylation
(Parrish et al., 2013; Zamaraev et al., 2017). Caspase-3 activity
has been reported to be inhibited by p38MAPK though
phosphorylation of the highly conserved S150 residue,
which is reversed by protein phosphatase 2A (PP2A)
(Alvarado-Kristensson et al., 2004; Alvarado-Kristensson
and Andersson, 2005). Caspase-9 has the largest subset of
reported phosphorylation sites. Most of these sites are located in
the large and small subunits but not in the active site (Zamaraev
et al., 2017). Tyr153 is the only phosphorylation site reported
to promote caspase-9 activation whereas other sites impede
auto-processing and block substrate binding (Raina et al., 2005;
Allan and Clarke, 2007; Serrano et al., 2017; Serrano and
Hardy, 2018). Both inhibitory and activating phosphorylation
sites are present in caspase-3, whereas only the former have
been described in caspase-7 (Alvarado-Kristensson et al., 2004;
Voss et al., 2005; Eron et al., 2017). However, the regulation
of caspase activity by phosphorylation remains to be formally
demonstrated in nerve cells.

APOPTOTIC ROLE OF CASPASES IN
THE DEVELOPING NERVOUS SYSTEM

Control of Neural Tube Closure
Numerous apoptotic events occur during the development
of the nervous system in vertebrates and invertebrates. At
an early developmental stage, apoptotic cells are found at
the boundaries between the non-neural ectoderm and the
neuroepithelial layer during and after neural tube closure (NTC)
(Geelen and Langman, 1977; Weil et al., 1997). Interestingly,
apoptosis takes place throughout the major steps of NTC,
including neural fold bending and fusion processes, remodeling
of the dorsal neural tube and of the ectoderm, as well as migration
of neural crest cells away from the neural tube (Massa et al., 2009;
Washausen et al., 2018). Indeed, suppression of apoptosis with
caspase inhibitors entirely impedes the NTC in the chick embryo
(Weil et al., 1997). Furthermore, there is evidence of a potential
link between mutations in apoptosis-related genes (caspase-3,
caspase-9, and apaf-1) and neural tube closure defects in human
(Liu et al., 2018; Spellicy et al., 2018; Zhou et al., 2018).

In mice, caspase-3- and apaf-1-null embryos only show neural
tube closure defects in the midbrain and the hindbrain, while

neurulation proceeds normally in the forebrain and the spinal
cord. Interestingly, pharmacological inhibition of apoptosis using
the pan caspase inhibitor z-VAD-FMK or the p53 inhibitor
Pifithrin-α does not impact neural tube closure in ex vivo
cultured embryos (Massa et al., 2009). This observation suggests
that the observed neural tube closure defect may not be a
direct consequence of the suppression of apoptosis but could
be due to the abnormal persistence of certain signal-secreting
cell populations that should have been eliminated by apoptosis.
Indeed, this may explain why neural tube malformations were not
observed in ex vivo cultures, where secreted factors are expected
to be rapidly diluted in the culture medium.

Control of Cell Population Size
Apoptosis is widely recognized as main regulator of cell
number during development. In developing CNS, neurons are
generated excessively. Then, this population is trimmed down via
apoptosis: neurons without proper connection with their target
are eliminated. In the context where apoptosis is suppressed or
compromised, the nervous system, especially the brain, would be
overloaded with neurons, leading to protrusions and ventricular
obstruction (Jacobson et al., 1997; Buss et al., 2006).

Several knock out mouse models demonstrated the critical
role of caspase-dependent apoptosis in controlling the size of
neuron populations during development. Caspase-3 invalidation
in 129 × 1/SvJ mice leads to exencephaly, a defect in which
the brain exhibits abnormal protrusions and ventricular absence
due to hyperplasia (Kuida et al., 1996). Moreover, caspase-9-null
embryos showed prenatal malformations in the brain and the
spinal cord, similar to those observed in caspase-3-null embryos,
including protrusion formation and ventricular obstructions.
Both caspase-3- and caspase-9-null mice die rapidly after birth
(Kuida et al., 1998). Of note, these mice show an abnormal
increase in neuron number, suggesting that MOMP is indeed
required for neuronal death during the development of the
CNS. Interestingly, invalidation of apaf-1, a gene coding for
a key component of the apoptosome, results in more severe
hyperplasia phenotype than in caspase-3- or caspase-9-null mice,
further supporting the role of the intrinsic apoptosis pathway in
brain homeostasis (Cecconi et al., 1998; Yoshida et al., 1998).
Finally, mouse embryonic fibroblasts derived from cytochrome c-
null embryos failed to activate caspase-3 in response to different
apoptotic stimuli. Of note, the latter embryos exhibited delayed
development, dying at E10.5 (Li et al., 2000). However, it
remains unclear if these effects are due to apoptosis failure or
mitochondrial electron transport chain deficiency.

Regarding the extrinsic pathway of apoptosis, even though
caspase-8 invalidation, causes heart malformation erythrocyte
congestion, and neural tube defects, leading to embryonic
death at E13.5, the malformations observed in the nervous
system are conceivably not directly linked to caspase-8 silencing
(Varfolomeev et al., 1998; Sakamaki et al., 2002).

It should also be noted that malformations of the neural
tube induced by the invalidation of caspase-3 and apaf-1 are
mouse-strain specific. Indeed, contrary to 129 × 1/SvJ mice,
caspase-3-null C57BL/6J mice showed no macroscopic anomalies
and reached adulthood without any detectable brain pathology
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(Leonard et al., 2002). Similar strain-dependent effect was
also observed in apaf-1-null mice. In effect, C57BL/6J and
CD1 mice show significantly delayed lethality compared to
129/Sv mice. These controversial observations might be due to
some redundancy between effector caspases. Actually, although
neither caspase-6 nor caspase-7 appear to be critical for CNS
development, caspase-7 is capable to trigger apoptosis in a
caspase-3-independent manner and is potentially responsible
for the “rescued” phenotype in C57BL/6J caspase-3-null mice
(Houde et al., 2004; Lakhani, 2006; Uribe et al., 2012).

Finally, although this issue was not addressed in above studies,
compensation by other types of PCD such as autophagy and
necroptosis cannot be eliminated.

The notion that, during development, cell number is
exclusively controlled by apoptosis has recently been challenged
by Nonomura et al. (2013). In this study, apoptosis suppression
by caspase-9 or apaf-1 invalidation, even in a 129S1 background,
did not lead to an increase of nerve cell number, whereas severe
brain malformations were still observed. Actually, the size of
neuron populations would be controlled by proliferation rate and
other types of PCD.

In contrast, apoptosis was shown to be essential to control
the FGF-8-producing cell population. Indeed, after the NTC,
apoptosis is maintained in the midline of the neural tube,
where these cells are localized. During development, activation
of apoptosis around day E10 leads to the removal of these FGF-
8-producing cells, preventing ectopic diffusion of FGF-8 to the
ventral telencephalon (Nonomura et al., 2013). Together, these
observations support the notion that the roles of apoptosis in the
developing nervous system are actually cell-type specific.

NON-APOPTOTIC ROLES OF CASPASES
IN THE DEVELOPING NERVOUS
SYSTEM

Axon Branching and Arborization
Recent studies proposed that caspases, particularly caspase-3,
play multiple roles aside from apoptosis. Activation of caspase-
3 has been observed transiently and locally in the axons, notably
at the level of branching points (Campbell and Okamoto, 2013;
Katow et al., 2017). Intriguingly, this transient activation of
caspase-3 did not always lead to apoptosis of the host neuron.
Inhibition of caspase-3 in these models resulted in a decrease
in the number of axonal branches. Caspase-3 cleavage was also
shown to mediate the growth cone formation (Campbell and
Holt, 2003; Verma, 2005).

The role of caspase-3 in axon regeneration was further
highlighted in a model of axon disruption in Caenorhabditis
elegans. In the latter, the homolog of vertebrate caspase-3 is
encoded by the ced-3 gene. Using neurons from a ced-3-null
C. elegans strain, Pinan-Lucarre et al. (2012) showed that axons
had lower outgrowth rate, being unable to re-connect after
axotomy. Recently, in C. elegans Wang et al. (2019) successfully
detected increased ced-3 activity following axotomy which was
correlated to axon regeneration. Moreover, in neurons derived

from rat DRG, caspase-3 inhibitors were found to impact growth
cone formation, which is critical for restoring injured axons
(Verma, 2005).

The mechanisms by which caspase-3 regulates growth cone
formation and axon branching are still elusive. However, the
contribution of the cytoskeleton is presumably important. In
axons and dendrites, cytoskeleton components comprise actin
microfilaments, microtubules, and intermediate filaments. In
developing neurons, actin filaments are mainly found in growth
cones. In contrast, microtubules are evenly distributed along the
axons. However, it should be noted that the rate of microtubule
remodeling is much higher in the axon terminus, compared
to axon shafts. The growth cone is a guiding structure at the
terminus of developing axons, characterized by actin enriched
structures referred to as filopodia and lamellipodia (Pacheco and
Gallo, 2016). Most interestingly, cytoskeletal actin was reported
to be a substrate for caspase-3. Actin cleavage by caspase-3
gives rise to a 15 kD fragment inducing a more condensed and
fragmented actin network (Mashima et al., 1999). Moreover,
caspase-3 was demonstrated to cleave Rho-associated kinase
ROCK I, generating a truncated form with higher intrinsic kinase
activity. Such activated ROCK I stabilizes actin microfilaments,
phosphorylates myosin light chains, and promotes the coupling
between actin and myosin filaments, causing cellular contractions
(Coleman et al., 2001). Thus, in the context of neuronal cells,
caspase-3 may exert the same function in order to stabilize the
cytoskeleton of new axon branches.

Aside from actin microfilaments, intermediate filaments are
also potential targets of caspase-3 in axons. Immature neurons
mainly express vimentin and nestin as intermediate filaments,
which are replaced by neurofilaments in mature neurons. Beside
their role as scaffolding structures, vimentin and nestin function
as adaptors, contributing to axon growth cues (Adolf et al., 2016;
Bott et al., 2019).

In addition to the cytoskeleton, caspases may further
contribute to axon guidance through their impact on cell
adhesion molecules, such as Neural cell adhesion molecule
(NCAM), and extracellular vesicle proteins (Westphal et al., 2010;
Weghorst et al., 2020).

Axon Pruning
Axon pruning is a process that eliminates collateral extensions
or small terminus arborization with improper connectivity at
the axon terminus. This process occurs at embryonic or early
postnatal stage to fine-tune neural connectivity and has been
well described in the peripheral nervous system (PNS). Axon
pruning can be reproduced in vitro through the withdrawal of
trophic factors such as nerve growth factor (NGF) or brain-
derived neurotrophic factor (BDNF) from neuron cultures,
including from DRG. In the developing CNS, although still
poorly understood, similar mechanisms of network fine-tuning
may occur at early postnatal stage (Innocenti and Price, 2005;
De León Reyes et al., 2019).

In the sympathetic and DRG models, caspase-6 is widely
recognized as an active contributor to axon pruning (Nikolaev
et al., 2009; Cusack et al., 2013; Unsain et al., 2013). In contrast,
the role of caspase-3 was initially overlooked. In the study of
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Nikolaev et al. (2009), activation of caspase-3 was not detected
in axons using an immunofluorescent marker or the fluorescent
reporter FAM-DEVD-fmk in sympathetic neurons in culture,
following NGF withdrawal. Furthermore, inactivation of caspase-
3 with pharmacological inhibitors or siRNAs did not prevent
caspase-6 cleavage and axon degeneration.

However, recent reports from different laboratories
highlighted the implication of caspase-3 in axon pruning,
using genetic approaches. These latter studies demonstrated that
caspase-3 KO prevented axon degeneration in NGF-deprived
neurons. Interestingly, in vitro studies showed that, caspase-6
can be only processed by caspase-3, even at low levels of active
caspase-3 (Simon et al., 2012; Cusack et al., 2013; Unsain
et al., 2013). The difference between these observations and
the ones of Nikolaev might be due to the small amounts of
activated caspase-3 in this context, which cannot be detected
by immunofluorescence. In fact, small remaining amounts of
active caspase-3, having escaped pharmacological inhibitors
or siRNA are presumably sufficient to promote the observed
caspase-6-dependent pruning.

The roles of caspases in axonal network fine-tuning remains
to be further investigated. Recently, regarding in vivo studies,
caspase-3 has been shown to be activated in the axon and
not in the cell body of spinal cord neurons of postnatal mice.
Suppression of caspase-3 activation by bax/bak double KO led
to a less tailored network of neuron branches in the spinal cord
at postnatal day 14, which disturbed the reorganization of the
corticospinal circuit and consequently impaired the development
of skilled movements in adult mice (Gu et al., 2017).

Synapse Maturation and Synaptic
Functions
Recent studies have suggested that, aside from refining the
developing axonal network, caspases also promote fine-tuning of
protein structure at the level of the synapses, which may be critical
for their functioning. Synapses are at the key player structures
regarding neuron communication. There are two existing types
of synapses referred to as electrical and chemical, the latter
being the most abundant in the CNS. In electrical synapses,
signals are transmitted by an electrical current through gap
junctions. In chemical synapses, communication between two
neurons is performed by the secretion of a neurotransmitter
in the synaptic cleft. Once released into the synaptic cleft, the
neurotransmitter binds to receptors at the post-synaptic level and
induces electrical signals by acting on ion channel permeability
(Purves et al., 2018).

In the PNS, caspase-3 fine-tunes the post-synaptic
neurotransmitter receptor network. During development,
this process namely occurs at the neuromuscular junction,
regarding the nicotinic acetyl choline receptor (AchR). Indeed, at
early stages of development, AchRs are abundantly distributed.
Later on, AchRs gather into clusters that are stabilized by agrin
released from axon terminals. Moreover, motor neurons secrete
acetylcholine, which acts as a negative signal, disrupting AChR
clusters that do not interact with axon terminals. Of note,
this disrupting effect of acetylcholine is mediated by caspase-3

which cleaves Disheveled 1 (Dvl1), a signaling protein of the
Wnt pathway. Indeed, prevention of caspase-3 activation or
Dvl1 cleavage suppresses acetylcholine-dependent AChR cluster
disruption (Wang et al., 2014).

Certain similarities between synaptogenesis processes in the
CNS and the PNS have been described, such as clustering of
neurotransmitter receptors at the post-synaptic level (Garner
et al., 2002; Purves et al., 2018). Regarding the underlying
molecular mechanisms, agrin-like molecules and Ephrin-
Bs have been reported to contribute to the clustering of
N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors,
respectively (Garner et al., 2002). It remains to be explored
if the role of caspase-3 in sculpturing post-synaptic receptor
clusters in the PNS is conserved in the CNS.

Caspase-3 is also involved in synaptic plasticity, notably
in long-term depression (LTD), a process during which the
efficiency of synaptic transmission is lowered in the long-
term. This process was thoroughly studied in the context
of the glutamatergic synapse. The post-synaptic region of
these synapses contains AMPA and NMDA receptors, which
both respond to glutamate. Coordination between both
receptors is critical for optimal synaptic transmission. In LTD,
the AMPA receptor is withdrawn from the post-synaptic
membrane by endocytosis, which leads to a decrease in
synaptic sensitivity (Purves et al., 2018). Interestingly, caspase-
3 activation is essential for AMPA receptor internalization
at the synapse in response to NMDA stimulation in vitro
(Li et al., 2010). Inhibition of the XIAP caspase-3 inhibitor
enhances AMPA receptor internalization and increases LTD
(Gibon et al., 2016). In addition, caspase-3 mediates synapse
loss upon long-term exposure to NMDA (Henson et al.,
2017). Furthermore, local activation of caspase-3 induced
by Mito-killer Red photo-stimulation results in local spine
shrinkage and subsequent elimination of spines without
neuronal apoptosis (Erturk et al., 2014). Dendritic spine
regulation by BDNF is also mediated by caspase-3 (Guo
et al., 2016). In vivo, caspase-3 KO mice display a lack of
attention and hyperactive disorder, potentially related to a failure
in synaptic plasticity mechanisms, such as AMPA receptor
regulation in response to chronic or repeated stimuli (Lo
et al., 2015). In contrast, xiap KO mice exhibit better learning
performance, which could be explained by increased LTD
(Gibon et al., 2016).

In addition, caspase-3 regulates synaptic vesicle pool and
eliminates dysfunctional dendritic spines (Chen et al., 2020).
Collectively, these data highlight the central roles of caspase-3 in
synaptic plasticity and functions.

Local and Temporal Activation of
Caspases in Non-apoptotic Processes
Activation of caspases in the above described non-apoptotic
contexts seem to be both local and transient. Most of the time,
ultimate caspase-3 activation is required for axon remodeling
and synapse functions. Mitochondria present at axon terminals
were reported to be critical for axon branching (Courchet et al.,
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2013), suggesting that such caspase-3 activation presumably
depends on the mitochondrial pathway. Indeed, the release of
cytochrome c into the cytosol appears to occur prior to local
caspase-3 activation (Li et al., 2010; Guo et al., 2016). Finally,
caspase-9 inhibition was shown to prevent such local caspase-3
activation, further confirming the contribution of mitochondria
(Ohsawa et al., 2010; Erturk et al., 2014; Khatri et al., 2018).
Intriguingly, even though the role of caspase-9 in local caspase-
3 processing appears to be clearly established in this context, the
role of the apoptosome remains unclear (Ohsawa et al., 2010;
Cusack et al., 2013).

Although most studies acknowledge that the mitochondrial
pathway is the key player in caspase-3 activation in non-apoptotic
contexts, it remains unclear how neurons can control caspase-
3 activity locally and temporally. A priori, several scenarios are
possible (Figure 3).

First, it is likely that a limited number of mitochondria are
actually permeabilized and release cytochrome c, to allow such
sub-optimal caspase activation. MOMP was widely thought to
be a point of no-return from which cells commit suicide. There
is evidence that apoptotic signals can be initiated by a limited
number of mitochondria and then spread throughout the cell
in “apoptotic waves” (Pacher and Hajnóczky, 2001; Cheng and
Ferrell, 2018). In axons, mitochondria are more distant compared
to the cell body. This topological barrier might result in the
permeabilization of a fraction of the mitochondria, leaving most
of them intact and healthy.

The mechanisms underlying the propagation of “apoptotic
waves” is a matter of debate. Indeed, Ca2+ may play a role in

this respect. Aside from cytochrome c and cognate apoptogenic
agents, depolarized mitochondria initiate Ca2+ waves and trigger
the depolarization of surrounding mitochondria (Pacher and
Hajnóczky, 2001; Ziegler et al., 2021). Actually, the propagation
of waves of released cytochrome c have been reported during
apoptosis (Lartigue et al., 2008; Cheng and Ferrell, 2018). Such
a propagation of waves of cytochrome c into the cytosol seems to
independent of pro-apoptotic proteins Bax and Bak. Intriguingly,
the presence of cytochrome c in the cytosol failed to trigger cell
death in sympathetic neurons (Deshmukh and Johnson, 1998).
Overall, these observations suggest that additional mechanisms
controlling apoptosis are presumably involved in neuronal cells.
Indeed, in post-mitotic neurons, an E3 ligase, referred to as
Cullin 9 (CUL9) or Parkin-like cytoplasmic protein (PARC)
was reported to mediate cytosolic cytochrome c degradation
(Gama et al., 2014), suggesting that, in neurons, the propagation
of cytosolic cytochrome c may be blocked by proteasome-
mediated degradation.

Of note, partial cytochrome c release has been described in
physiological contexts, beyond apoptosis. Basically, under certain
conditions, MOMP may occur only in some mitochondria while
the others remain intact (Tait et al., 2010). Incomplete MOMP
appears to have physiological effects in some instances. For
example, microbial infection stimulates MOMP in a fraction
of mitochondria of the host cell, allowing sublethal caspase
activation to promote cytokine secretion in the context of an
innate immune response (Brokatzky et al., 2019). Thus, partial
caspase activation might occur through similar mechanisms in
developing neurons (Figure 3).

FIGURE 3 | Schematic representation of local caspase activation and potential regulation pathways in neural development. Caspase-3 is activated locally and
transiently in the axons of developing and mature neurons. This activation might result from a phenomenon called “minority MOMP” in which only a subpopulation of
mitochondria is permeabilized while the others remain healthy. The retrograde transport of active caspases via dynein is also inhibited. Finally, IAPs can suppress
caspase-3 activity through direct inhibition or proteasome mediated degradation.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 July 2021 | Volume 9 | Article 702404

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-702404 July 12, 2021 Time: 17:25 # 9

Nguyen et al. Caspases in Nervous System Development

Second, in neurons, it can be anticipated that some
mechanisms may have been set up to avoid uncontrolled
propagation of active caspases. Indeed, there are shreds of
evidence of cleaved caspase retrograde transport via the
microtubule network (Carson et al., 2005; García et al.,
2013; Barreiro-Iglesias et al., 2017). Activated caspase-8 was
demonstrated to interact with the dynactin/dynein complex,
which is responsible for retrograde axonal transport, and to
be transferred in this way from axon terminals to the cell
body (Carson et al., 2005; Barreiro-Iglesias et al., 2017). Thus,
retrograde movement of caspase-8 leads to caspase-3 cleavage
along the axons as well as in the cell body. Activated caspase-3 was
also found to directly associate with dynein, suggesting that it can
be transported back to the soma through a similar mechanism
(García et al., 2013). In non-apoptotic contexts, including neuron
differentiation, the interaction between activated caspase-3 and
the dynactin/dynein complex might thus be inhibited.

Third, active caspases, after having performed their extra-
apoptotic mission, must be rapidly neutralized to avoid
deleterious alterations of cell components due to uncontrolled
proteolysis. The IAP family of caspase inhibitors, including
XIAP, may contribute to such neutralization. Indeed, in dorsal
root ganglio (DRG) neurons, XIAP is localized in axons
and slackens off caspase-3-dependent axonal degeneration
(Unsain et al., 2013). Caspases can also be eliminated through
IAP-mediated ubiquitinylation and proteasomal degradation.
Evidence indicates a dynamic equilibrium of proteasome
anterograde and retrograde transport in neurons. Proteasome
components are actively transported to distal axons via kinesin
motors (Otero et al., 2014). Indeed, the presence of the
proteasome at the end of axons is essential to maintain protein
homeostasis. This is highlighted in certain neurodegenerative
pathologies such as Alzheimer’s disease, in which proteasomal
degradation is aberrant along the axons. On the contrary,
in nascent synapses, proteasome components are retrogradely
transported via dynein motors, which permits the stabilization
of synaptic structures (Hsu et al., 2015). Apparently, by
controlling anterograde and retrograde transports, the guidance
of proteasome components in axons is precisely controlled in
accordance with intra- and extra-cellular cues. Thus, it might be
assumed that local proteasome recruitment may occur to regulate
caspase activation during axonal growth or branching.

Bcl-2 FAMILY: POTENTIAL REGULATORS
OF CASPASE ROLES IN THE
DEVELOPING CNS

Apoptosis and Mitochondria
As mentioned above, it has long been acknowledged that the
Bcl-2 family regulates caspase activation via the mitochondrial
pathway of apoptosis. Pore formation in the MOM by pro-
apoptotic proteins Bax and Bak is a key step of this canonical
pathway. These pores permit the release of cytochrome c and
other apoptogenic molecules into the cytosol. In addition, Bax
and Bak also mediate the release of Ca2+ from the endoplasmic

reticulum (ER) lumen (Scorrano et al., 2003). Consequently,
mitochondria are overloaded with Ca2+, which further induces
the mitochondrial permeability transition pore (MPTP) (Giorgi
et al., 2012). The nature of MPTP is still ambiguous, however,
it seems to act synergistically with the Bax/Bak pores to foster
the release of intermembrane-space components into the cytosol
(Zhang and Armstrong, 2007). Finally, it is noteworthy that
the anti-apoptotic proteins, including Bcl-2, Bcl-xL, Mcl-1, and
Bcl-w, antagonize Bax and Bak in both mitochondria- and Ca2+-
dependent PCD pathways.

In the developing CNS, Bax, Bak, Bcl-xL, and Mcl-1 are
expressed at a high level (Lindsten et al., 2000; Arbour et al.,
2008; Nakamura et al., 2016). Bcl-2 is also found to be
highly expressed during embryonic development, although bcl-
2 invalidation does not seem to affect the development of the
CNS in mice (Michaelidis et al., 1996). Bax and Bak apoptosis
accelerators often show overlapping roles. Bax invalidation does
not entirely eliminate apoptosis in the developing CNS but
affects some specific neural populations, including neuroblasts,
retinal ganglion cells and Cajal–Retzius neurons (Knudson
et al., 1995; Péquignot et al., 2003; Ledonne et al., 2016). Bak
KO mice develop normally without detectable malformation
in the CNS (Lindsten et al., 2000). Bax/bak double KO leads
to perinatal lethality in about 90% homozygous offspring
(Lindsten et al., 2000).

There is evidence that the loss of Bax and Bak, can be partly
compensated by the apoptosis accelerator Bok, a multidomain
Bcl-2 homolog whose functions remain poorly understood
(Ke et al., 2018).

Although ventricular obstruction was observed due to an
abnormal increase of neuron number in bax/bak double KO,
these mice did not exhibit exencephaly, unlike caspase-3-
or caspase-9- null mice. Interestingly, interdigital webs and
imperforate vagina were observed in bax/bak double KO, but
not in caspase-3- or caspase-9- null mice (Lindsten et al., 2000).
These diverging phenotypes presumably underscore the role of
Bax and Bak roles in the other types of PCD (Kawai et al., 2009;
Karch et al., 2013, 2017).

Conversely, regarding cell death inhibitors, the two anti-
apoptotic Bcl-2 homologs Mcl-1, and Bcl-xL, appear to hamper
apoptotic cell death in neurons. Indeed, Mcl-1 is critical for the
survival of neural progenitors (Arbour et al., 2008), whereas Bcl-
xL protects post-mitotic neurons from cell death (Nakamura
et al., 2016). Of note, the full KO of bcl-x leads to embryonic
lethality due to massive apoptosis in the CNS (Motoyama et al.,
1995; Fogarty et al., 2016; Nakamura et al., 2016).

Incomplete MOMP and Non-apoptotic
Functions
Bcl-2 proteins have also been found to regulate incomplete
MOMP in several instances (Singh et al., 2019; Bock and Tait,
2020). A suggested model for incomplete MOMP is based
on the heterogeneous distribution of Bcl-2 proteins in the
MOM. According to this model, mitochondria harboring high
amounts of anti-apoptotic proteins, such as Bcl-2 and Bcl-xL,
would be protected from Bax and Bak-induced permeabilization,
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whereas mitochondria deprived of apoptosis inhibitors would be
privileged prey for Bax and Bak (Tait et al., 2010).

The mechanism allowing such heterogeneity is still unclear.
It might involve a signal to recruit Bax/Bak to a specific
population of mitochondria and/or a signal to shift anti-
apoptotic proteins either to another mitochondrial pool or
to the cytosol. In line with this, the retromer is a system
conceivably able to mediate the translocation of anti-apoptotic
proteins to distinct mitochondrial populations. Indeed, a recent
study showed that Bcl-xL forms a complex with VPS35/VPS26
retromer proteins. This complex promotes the mitochondrial
localization of Bcl-xL (Farmer et al., 2019). Thus, a signal may
be present on mitochondria to recruit this Bcl-xL-retromer
complex. Anti-apoptotic proteins might also be eliminated from
mitochondria through Mitochondrial-anchored protein ligase
(MAPL)-mediated mitochondria-derived vesicles, a structure
transferring MOM proteins from the mitochondria to the
peroxisome (Neuspiel et al., 2008).

In mature neurons, moderate Bax activation is observed
in response to NMDA receptor-dependent LTD. Interestingly,
in this instance, translocation of Bax to mitochondria could
not be detected, suggesting that only a minor fraction of Bax,
already present at the level of the mitochondria, was activated.
Alternatively, Bax translocation might be too low to be detected
with current methods (Jiao and Li, 2011). Nevertheless, such
partial Bax activation may also occur in developing neurons.

Mitochondrial Dynamics
Finally, Bcl-2 proteins were reported to control mitochondrial
morphology and motility. Indeed, Bcl-xL increases both the
fusion and fission rate of mitochondria (Berman et al., 2009).
Furthermore, Bcl-xL interacts with dynamin-related protein
(Drp1) and promotes the transport of mitochondria in axons
(Li et al., 2008). In hippocampal neurons, this interaction favors
mitochondrial fission to form “tiny mitochondria” capable of
being distributed to new axon branches. It was also reported
that inhibition of Bcl-xL by ABT-737 lowers the number of
mitochondria along the axon, decreasing synapse number and
synaptic vesical clusters.

CONCLUSION

Caspase-mediated apoptosis has been considered as an essential
mechanism regulating CNS development in vertebrates for
years. Recent studies propose new insights into how apoptosis

shapes the mammalian nervous system. These new observations
challenge the conventional model of cell number control. Current
data suggest that apoptosis may affect the behavior of neighboring
cells or trim down a specific cell population (Nonomura et al.,
2013; Yamaguchi and Miura, 2015). Genetically-modified mouse
models have highlighted the role of caspase-3 as the main
caspase effector in the developing CNS. However, why the effect
of caspase-3 invalidation in mice is strain-specific is still an
open question. This is possibly due to the compensation of
other effector caspases, such as caspase-7 (Houde et al., 2004).
In this respect, compensation mechanisms either from other
types of PCD, such as autophagy, or proliferation inhibition by
senescence, should also be considered.

Novel techniques allowing to detect slight and transient
caspase-3 activation in neurons have been recently documented.
It is conceivable that such activation is physiologically relevant in
the context of neurogenesis and day-to-day synaptic functions.
The existence of two “opposite” effects of caspase-3 activation
suggests that nerve cells may be equipped with the adequate
regulation pathways to engage in distinct cell fates. The Bcl-
2 family protein is a potential candidate to regulate these
pathways. As Bcl-2 proteins control caspase-3 activation through
MOM permeability, they may also allow incomplete MOMP
and subsequent caspase-3 activation at low levels. The upstream
mechanisms underlying this Bcl-2 family-dependent incomplete
MOMP are currently unknown. They definitely deserve to be
further studied in the near future.
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