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Caspases are a family of cysteine proteases that predominantly cleave their substrates
after aspartic acid residues. Much of what we know of caspases emerged from
investigation a highly conserved form of programmed cell death called apoptosis. This
form of cell death is regulated by several caspases, including caspase-2, caspase-3,
caspase-7, caspase-8 and caspase-9. However, these “killer” apoptotic caspases have
emerged as versatile enzymes that play key roles in a wide range of non-apoptotic
processes. Much of what we understand about these non-apoptotic roles is built on work
investigating how “killer” caspases control a range of neuronal cell behaviors. This review
will attempt to provide an up to date synopsis of these roles.
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INTRODUCTION

The process of apoptosis, a type of programmed cell death, is understood in some detail (Figure 1).
Briefly, signals of various types that range from physiological to chemical insult activate pathways
that culminate in the activation of a family of cysteine proteases called caspases. The cleavage of
numerous proteins by these caspases brings about the death of the cell.

The first caspase identified, caspase-1 plays a central role in inflammation, processing pro-
interleukin-1β to its mature form and also inducing pyroptosis (Fink and Cookson, 2006), a form of
necrotic cell death. Other caspases, notably caspase-4 and -5 also play pro-inflammatory and
pyroptotic roles (J. Shi et al., 2014). However, it was the realization that apoptotic cell death in the
nematode Caenorhabditis elegans relied on a caspase called CED-3 (Yuan, 1993) (Figure 2) that led
to the discovery of mammalian apoptotic caspases and the elucidation of the molecular pathways that
cause cell death (Figure 1). Much subsequent research identified the roles of caspases-2, 3, -7, -8 and
-9 in cell death, demonstrating the ability of “initiator caspases” like caspase-2, -8 and -9 to couple
upstream signals to the activation of “effector caspases”, like caspase-3 and -7. Caspase-6 is an
apoptotic effector caspase and is typically placed downstream of caspase-3 (Slee et al., 1999). During
apoptosis it brings about several changes in nuclear architecture (Ruchaud, 2002).

Caspase-dependent cell death is important in many contexts, playing key roles during tissue
development and regeneration, regulating cell numbers and providing a mechanism for removing
infectious or cancerous cells. However, the caspases that kill cells are far more versatile than we first
appreciated. Roles for caspases typically associated with cell killing were identified in several types of
cell differentiation, including the differentiation of neurons. These discoveries fundamentally altered
how “killer” caspases were viewed. Where previously caspase activation was seen as synonymous
with cell death, it became clear that activation of caspases is not necessarily a cellular death sentence
and that activated killer caspases can induce other cell fates/behaviors. Exactly how cell death is
avoided, and how killer caspases induce non-cell death fates is an area of active research, much of it
conducted using neuronal models. This review is an attempt to integrate what we know about the
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non-canonical activity of apoptotic pathways in the nervous
system, describing the relevant processes and where possible
the signals that activate caspases, the regulation of caspase
activity that prevents cell death and the substrates cleaved
during non-apoptotic processes.

NON-APOPTOTIC ROLES OF CASPASES IN
AXONAL GROWTH AND ROUTING DURING
DEVELOPMENT AND AFTER INJURY
During development neurons extend axons along chemotactic
gradients to establish a network of interactions with other
neurons. Apoptotic caspases regulate many aspects of axonal
behavior (Figure 2). Axonal growth depends upon the growth
cone at the tip of an axon, a specialized structure with a high
dynamic cytoskeleton that responds to cues that guide an axon
to proper target. Genetic and pharmacological experiments
have clearly established that apoptotic caspases play
important roles in this process. In vitro inhibition of
caspase-3 activity also reduced the extension of neurites
from neurosphere bodies, a process which mimics the
dendritic and axonal branching that occurs in vivo
(Fernando et al., 2005). The neural cell adhesion molecule
(NCAM) is a cell-cell adhesion protein and is required for
proper axonal guidance (Walsh and Doherty, 1997) and
NCAM−/- mice show significant defects in axonal growth
and pathfinding (Cremer et al., 1997). Caspase-3 and
caspase-8 inhibitors block NCAM-dependent neurite
outgrowth in cultured mouse hippocampal neurons
(Westphal et al., 2010). Ligand bound NCAM clusters in
lipid rafts, triggering several downstream signaling
pathways and promoting neurite outgrowth (Maness and
Schachner, 2007). NCAM also binds to caspase-8.

Activating Caspases During Axonal Growth
and Routing
Initiator caspases, like caspase-8 can be activated by
dimerization following induced proximity (Shi, 2004), so
NCAM clustering may bring caspase-8 molecules together,
causing dimerization and activation. Once active, caspase-8
can in turn activate caspase-3. It is proposed that caspase-3
then cleaves spectrin, altering the cytoskeleton and allowing
neurite outgrowth. Increased caspase-3 is also seen in retinal
neurons responding to the chemotrophic signals
lysophosphatidic acid or netrin. Caspase inhibitors prevent
this chemotrophic response (Campbell and Holt, 2003).

Caspase-3 and -9 activation has also been detected at the
axonal branch points of retinal ganglion cells (Campbell and
Okamoto, 2013). The role of caspase-9 in activating caspase-3
in the mitochondrial pathway in other contexts suggests that
the mitochondrial pathway is important in this instance too.
In support of this idea, axons are misrouted and synapse
formation by sensory neurons is impaired in Apaf-1 null mice
and caspase-9 null mice. The cleavage by caspase-9 of
semaphorin 7A, a protein necessary for proper axonal

growth appears to explain these deficits (Ohsawa et al.,
2009, 2010). This is particularly interesting as there are
relatively few caspase-9 substrates known compared to
effector caspases like -3 and -7, and during apoptosis the
role of caspase-9 appears to be primarily the activation of
these effectors. Cleavage of semaphorin is a rare example of a
non-lethal caspase substrate for caspase-9 whose cleavage is
functionally important. Interestingly, NCAM and neuron-glia
cell adhesion molecule (NgCAM), another protein prevalent
on axons and a promoter of neurite growth and axonal
fasciculation, are also caspase-3 substrates (Westphal et al.,
2010; Weghorst et al., 2020), although the functional
significance of this cleavage is not known.

Caspase Substrates Cleaved During Axonal
Growth and Routing
The cleavage by caspase-3 of cytoskeletal growth cone
proteins (Campbell and Holt, 2003) as well as proteins like
Gap43 that regulate growth cones (Denny, 2006) has also been
demonstrated, leading to the suggestion that caspase-
mediated remodelling of the cytoskeleton is central to
axonal growth and guidance (reviewed by (Kellermeyer
et al., 2018)). During apoptosis, caspase-3 cleaves actin,
producing a 15 kDa fragment and causing condensation
and fragmentation of the actin network (Mashima et al.,
1997). Actin remodelling is also seen in the growth cones
in the termini of developing neurons (Pacheco and Gallo,
2016). Interestingly, the 15 kDa fragment is detected in non-
apoptotic neurons from the aged and from Alzheimer’s
disease patients and co-localizes with an active form of
caspase-3 (Rossiter et al., 2000), although the significance
of this non-apoptotic caspase activation for the disease’s
pathology remains uncertain. More recently, proteomic
studies of proteins cleaved in the chick auditory brainstem
have uncovered a non-apoptotic role for caspase-3 in cell-cell
communication (Weghorst et al., 2020). The authors reported
that many of the substrates cleaved were associated with non-
apoptotic functions of caspases. Analysis of the substrates also
revealed a disproportionately high level of proteins found in
extracellular vesicles (EVs), a finding corroborated by
proteomic analysis of EVs from the auditory brainstem.
This analysis also identified NCAM and NgCAM in the
EVs. These data suggest that caspase-3 activity may affect
development of the auditory brainstem by modifying the
cargo of EVs. Thus, despite many uncertainties, it appears
that cleavage of proteins by caspase-3, -8 and -9 can regulate
different cellular behaviors that are key for axon growth and
guidance.

Caspases in Axonal Regeneration
Axon growth and routing also occurs during the regeneration of
broken axons. Inmammals, caspase-3 inhibitors, but not a caspase-
9 inhibitor block axon regeneration in dorsal root sensory neurons
by preventing the formation of the growth cone (Verma et al.,
2005). Inhibitors of caspase-3 or of calpain (a calcium-activated
protease) also block axon regeneration in dorsal root ganglion cells
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(Öztürk et al., 2013). This process also involves local increases in
protein translation at the site of injury (Verma et al., 2005), raising
the possibility that a local increase of caspase activators is a key
event. However, there are alternative explanations: after axotomy
the local concentration of calcium rises into millimolar range (Ziv
and Spira, 1995) before falling back to normal levels. These calcium
fluxes are likely to activate the calcium sensitive protease, calpain.
In apoptotic contexts calpain inhibitors or siRNA against µ-calpain
block caspase-3 activation (Varghese et al., 2001), so perhaps
calpain may play a role in growth cone formation and
regeneration by activating caspase-3.

In C. elegans, CED-4 (which is the nematode homolog of
Apaf-1) and CED-3, (the homolog of caspase-9) are key proteins
in axonal regeneration after axotomy of ALM mechano-sensory
neurons (Pinan-Lucarre et al., 2012). The axonal regeneration is
not dependent on EGL-1, the upstream regulator that controls

FIGURE 2 | Non-apoptotic axonal processes involving apoptotic
caspases. Caspases typically associated with cell death in mammals, flies and
worms all play roles in aspects of axonal processes, including development
(guidance), pruning/degeneration and regeneration. Created with
BioRender.com.

FIGURE 1 | During apoptosis “executioner” caspases (caspase-3,-6 and -7) are activated by upstream “initiator” caspases (caspase-8 and caspase-9). In the
extrinsic or death receptor pathway caspase-8 is activated by ligands binding tomembers of the death receptor family. Ligand binding triggers the recruitment of proteins
to a large complex, the Death Inducing Signalling Complex (DISC). Caspase-8 is amongst those proteins, and its recruitment drives the autocatalytic processing and
activation of caspase-8. In some cells caspase-8 then cleaves and activates caspase-3 directly. In other cells, caspase-8 cleaves a protein called Bid, an event that
allows the cleaved Bid to activate the intrinsic or mitochondrial apoptotic pathway. In the mitochondrial death pathway signals cause the release of proteins from the inner
mitochondrial membrane space. One of these proteins, cytochrome c, then binds to a cytosolic protein called Apaf-1. Cytochrome c binding causes Apaf-1
oligomerization and the formation of a protein complex (the apoptosome) that recruits and activates caspase-9. Caspase-9 is then able to activate the downstream
effector caspases. Proteins of the Bcl-2 family control the release of cytochrome c from mitochondria, and can be both pro- and anti-apoptotic. Bax and Bak are pro-
apoptotic members that sit in the mitochondrial membrane and are required for cytochrome c release. The pro-apoptotic activity of Bax and Bak is suppressed by the
binding of anti-apoptotic members like Bcl-2 and Bcl-XL. BH3-only proteins like Bid, PUMA, Bim etc are pro-apoptotic Bcl-2 family members that act either by inhibiting
anti-apoptotic Bcl-2 proteins, or by directly binding the pro-apoptotic proteins. Created with BioRender.com.
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CED-4 during apoptosis (Figure 3). Instead, CED-4 appears to be
locally activated by signals arising from axonal damage and
involves increased levels of intracellular calcium. These
calcium fluxes activate the conserved Dual Leucine Zipper
Kinase-1 (DLK-1) regeneration pathway to induce axonal
regeneration (Hammarlund et al., 2009; Yan et al., 2009; Shin
et al., 2012) upstream of CED-4/CED-3. As DLK-1 can induce
local protein translation, it is possible that this is important for
CED-3 activation. While DLK-1 is part of a conserved
regeneration pathway in mammals, millimolar levels of
calcium are known to bind and inhibit Apaf-1 (Bao et al.,
2007) and Apaf-1 proteolysis is triggered by increases in
calcium (Reimertz et al., 2001) so the role of Apaf-1 in
mammalian axonal regeneration is not clear. Which proteins
are cleaved by CED-3 during non-canonical processes is poorly
understood, but cleavage of LIN-14, LIN-28 and DISL-2, which

are key regulators of development involved in microRNA
processing, is seen in non-apoptotic context (Weaver et al., 2014).

NON-APOPTOTIC ROLES OF CASPASES IN
AXON AND DENDRITE DEGENERATION
DURING DEVELOPMENT
While correct guidance of axons during development and
recovery from insult is one possible function of non-apoptotic
caspase cascades, so too is the remodeling of dendritic arbors that
is critical for ongoing neuronal plasticity. Class IV dendritic
arborisation (ddaC) sensory neurons are extensively remodeled
during Drosophila metamorphosis, with old dendrites being
pruned away from the cell body before new dendrites are
extended to make new sets of contacts. The destruction of the

FIGURE 3 | Conserved cell death pathways in mice, flies and worms that play non-apoptotic roles. The core proteins of the cell death machinery are highly
conserved: Apaf-1, DARK and CED-4 play similar roles in caspase activation. Caspase-9, DRONC, and CED-3 are caspases activated directly by Apaf-1 or its
homologs. Downstream of caspase-9 and DRONC are caspases-3, -6 and -7 in mammals while DRICE and DCP-1 are downstream of DRONC in Drosophila. Inhibitor
of apoptosis proteins (IAPs), such as XIAP, DIAP-1 and others play key roles in binding and so inhibiting the activity of caspases. Created with BioRender.com.
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dendrite arbor requires DRONC, the Drosophila homolog of
caspase-9. During DRONC-dependent pruning of dorsal
dendritic arborisation C neurons in Drosophila, DRONC
activity is confined to the dendrites being pruned (Williams
et al., 2006).

Activating Caspases During Axon Pruning
During apoptosis inDrosophilaDRONC is activated by the Apaf-
1 homolog, DARK. Kang et al. (2017) reported DRONC-
dependent axon pruning of ddaC neurons and that this
occurred in DARK null flies, suggesting a DARK-independent
activation mechanism. The basal level of DRONC activity is held
in check by Drosophila homolog of X-linked inhibitor of
apoptosis protein (XIAP), DIAP-1. DIAP-1 itself is
antagonized by the pro-apoptotic proteins Grim, Reaper, Hid
and Scythe (Silke and Meier, 2013). Basal levels of DRONC
activation are known to play roles in Drosophila development
being freed of DIAP-1 inhibition (Shinoda et al., 2019) and
pruning also relies on the basal levels of activated DRONC.
Consistent with this idea, the non-apoptotic remodelling of
sensory neurons is dependent on the DIAP-1 inhibitors,
Reaper, Hid and Grim (Mukherjee et al., 2021), and the tight
control of Hid levels is vital for the process (Bhogal et al., 2016).
The DARK-independent mechanism for sub-lethal activation of
DRONC during pruning involves Tango7 (Kang et al., 2017), a
protein that has also been linked to apoptosome regulation during
spermatogenesis in Drosophila (D’Brot et al., 2013). Thus the
DRONC activation occurs by distinct mechanisms depending on

whether an apoptotic or non-apoptotic process is underway, the
first involving an Apaf-1 homolog and the second critically
dependent on inhibitor of apoptosis proteins.

Apaf-1-independent but caspase-dependent pruning also
occurs in mammalian cells (Cusack et al., 2013), but how the
caspases are activated is less well understood. In mammals,
caspase-9 can be activated independently of Apaf-1 in a
pathway triggered by the Patched receptor (Fombonne et al.,
2012) or by the Deleted in Colorectal Cancer (DCC) dependence
receptor (Forcet et al., 2001). There is also evidence that basal
levels of active caspase-3 held in check by XIAP are freed to drive
axon degeneration by XIAP degradation (Schoenmann et al.,
2010; Ertürk et al., 2014). This is supported by several lines of
evidence: XIAP regulates axonal degeneration (Unsain et al.,
2013), and XIAP null mice have fewer synapses and learning
and memory deficits (Gibon et al., 2016). These findings may be
relevant to neurodevelopmental abnormalities: overexpression of
E6AP is linked to autism and leads to significant loss of dendritic
arborization. E6AP ubiquitinylates XIAP, increasing caspase
activity and causing local degeneration and retraction at the
tips of dendritic branches (Khatri et al., 2018). XIAP is also
regulated by Smac/Diablo and Omi/Htr2A, two proteins that are
released from mitochondria during apoptosis and that bind
XIAP, relieving caspase inhibition (Ekert and Vaux, 2005).
Although loss of Omi/Htr2A is neuroprotective (Martins et al.,
2002), and Omi/Htr2A has been linked to Parkinson’s (Strauss
et al., 2005) suggesting important roles in controlling neuron
apoptosis, it is not clear whether non-apoptotic caspase activity
involves the release of Omi/Htr2A (or Smac/Diablo). However,
Omi/Hrt2A does play a non-apoptotic role as a serine protease in
neurons, controlling the distribution of mitochondria along
axons by cleaving vimentin (Lucotte et al., 2015). Caspase
dysregulation has been implicated in Down Syndrome (DS),
but has largely been linked to cell death through traditional
apoptotic signaling. However, there are changes in the
dendritic arbor of hippocampal pyramidal cells in the Ts65Dn
mouse model of DS (Uguagliati et al., 2021) that suggest a non-
apoptotic mechanism. The protein DYRK1A regulates caspase-9
in the developing retina (Laguna et al., 2008) and the gene is
amplified in DS (Laguna et al., 2013). This constellation of
observations suggests a caspase-mediated pathway may be
central to abnormal connectivity seen in DS neurodevelopment.

Caspase Cleavage of RUFY3 Is Required for
Axonal Degeneration
During axonal degeneration of mouse TRKA + sensory neurons a
neuronal protein called RUFY3 is cleaved by caspase-3. Deletion of
RUFY3 protects the axon, even when caspase-3 is activated,
suggesting that RUFY3 is the key substrate in caspase-3-
mediated axonal degeneration. Phosphorylation of RUFY3 at
Ser34 prevents axonal degeneration, so local dephosphorylation
of RUFY3 may provide a mechanism to spatially limit axon
degeneration (Hertz et al., 2019). RUFY3 is also known to limit
axonal growth, and loss of RUFY3 results inmultiple axons that are
shorter (Mori et al., 2007; Wei et al., 2014). This may be explained
mechanistically by RUFY3 forming complexes with Fascin, an

FIGURE 4 | Synaptic plasticity. Caspase-3 activated by the
mitochondrial pathway play a role in synaptic plasticity. Increased intracellular
calcium levels activate calcineurin, a phosphatase that dephosphorylates the
pro-apoptotic protein Bad, an event that leads to cytochrome c release
from mitochondria. The resulting increase in caspase-3 produces a down-
regulation of the AMPA receptor from the post-synaptic membrane. Adapted
from “Long-Term Potentiation”, by BioRender.com (2021). Retrieved from
https://app.biorender.com/biorender-templates.
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actin-bundling protein, and Drebrin 1 (DBN1) (Wei et al., 2014).
DBN1 can regulate actin too (G. Wang et al., 2015), but it also
binds CXCR4, a chemokine that regulates neuronal migration
(Shan et al., 2021). These data hint at multiple roles for RUFY3
in both axonal growth and axonal degeneration although caspase-3
cleavage of RUFY3 during axonal growth has not been reported.

The Role of Caspase-6 in Axonal
Degeneration
The primacy of caspase-3 in axonal degeneration is not clear:
Nikolaev et al. (2009) showed that caspase-6 was present and
activated in dorsal root ganglion axons after withdrawal of NGF
in a Bax-dependent manner, and that this activation was required
for axonal degeneration. The dependence on Bax suggests that
caspase-6 was activated by the mitochondrial pathway (see
Figure 1). Sympathetic neurons in caspase-6 null mice also
show less axonal degeneration (Uribe et al., 2012). This role of
caspase-6 may have disease relevance as caspase-6 has been
linked to Alzheimer’s (Gervais et al., 1999; Guo et al., 2004;
Albrecht et al., 2007) and to Huntington’s disease (Graham et al.,
2006; Graham et al., 2010). Caspase-6 inhibitors reverse the
cognitive impairment caused by caspase-6 overexpression and
loss of caspase-6 reduces other disease aspects in a mouse model
of Huntington’s (Wong et al., 2015; Pakavathkumar et al., 2017).
Bax-dependent caspase-6 activity during axonal degeneration
was also implicated in another study (Schoenmann et al.,
2010), but a more complex picture was presented. On NGF
withdrawal both caspase-3 and caspase-6 activity increased,
but blocking caspase activity alone was insufficient to protect
the axons. However combining caspase inhibition with NAD+ did
protect the axons, suggesting a caspase-dependent pathway
working in parallel with an NAD+ sensitive pathway. Because
loss of Bax provided a more profound protection, it appears that it
lies upstream of both the caspase-dependent and the NAD+

sensitive pathway.
The Bax-dependence of caspase-6 activity during axonal

degeneration suggests that Apaf-1, caspase-9 and caspase-3 lie
upstream of caspase-6. However, caspase-6 can also be activated
by other pathways. For example, axonal degeneration in primary
cultures of human neurons involves activation of neuronal
NLRP1, which then forms an inflammasome to activate
caspase-1, and caspase-1 cleaves and activates caspase-6
(Kaushal et al., 2015). However the crystal structure of
caspase-6 suggests that unlike other effector caspases (-3 and
-7), caspase-6 could also be activated by self-cleavage (Wang
et al., 2010). This autocatalytic activation is controlled by caspase-
6 phosphorylation, which locks caspase-6 in an inactive state
(Cao et al., 2012).

The substrates that caspase-6 cleaves to cause axonal
degeneration are not clear. Proteomic and other approaches
have identified substrates cleaved during apoptosis, such as
Lamin A (Ruchaud, 2002), or during neuronal degeneration
such as CBP/p300 (Rouaux et al., 2003). Others have
identified ~24 substrates in neurons (Klaiman et al., 2008) and
~47 substrates in other cell types (Cho et al., 2013). The identified
substrates have roles in the cytoskeleton, signaling, chaperones,

protein synthesis regulation, metabolism, proteolysis and
membrane and lipid binding, but none are tied specifically to
axonal degeneration.

Bcl-2 Family Members and the Control of
Caspase Activation During Non-Apoptotic
Processes
In mammals at least, Apaf-1 is controlled by cytochrome c release
from mitochondria, an event that is regulated by pro- and anti-
apoptotic members of the Bcl-2 family. Axons in sensory and
sympathetic neurons are protected from pruning in Bax null
animals (Nikolaev et al., 2009) or by overexpression of the anti-
Bcl-2 family member, Bcl-XL (Vohra et al., 2010). While
permeabilization of the outer mitochondrial membrane does
more than simply release cytochrome c, the observations that
Bcl-2 family members also play roles in axonal regeneration
and guidance is consistent with a role for Apaf-1 and caspase-9.
Similarly, axon pruning in mammals requires Bax (Nikolaev et al.,
2009; Schoenmann et al., 2010; Simon et al., 2012), caspase-9
(Simon et al., 2012), and caspase-3 (Schoenmann et al., 2010),
which suggests apoptosome involvement, even though a role for
Apaf-1 was not tested directly in these studies. Axonal
degeneration has also been indirectly linked to the
mitochondrial pathway (Maor-Nof et al., 2016): the dual
specificity phosphatase-16 (DUSP-16) is required for the
preservation of sensory axons in vivo, and its loss accelerated
axonal degeneration. DUSP-16 negatively regulates the pro-
apoptotic BH3-only protein PUMA which causes axonal
degeneration (Simon et al., 2016) and is required for the
degeneration caused by loss of DUSP-16.

Bcl-2 Proteins May Play Roles That Do Not
Involve Caspases
However, the Bcl-2 proteins also have non-apoptotic roles that
are separate from their ability to regulate caspases (reviewed in
(Glab et al., 2020)), so concluding there is a role for the
mitochondrial pathway in a non-apoptotic process simply on
the basis it is regulated by Bcl-2 proteins is inappropriate. For
example, Bad−/− mice are resistant to acute seizures induced by
either kainic acid or pentylenetetrazole (Giménez-Cassina et al.,
2012) and a DGN-specific Bad knockout is sufficient to reduce
seizure-like activity. Bad functions to control neuronal
excitability by regulating cellular metabolism: Bad increases
glucose metabolism and cellular ATP in response to
phosphorylation on Ser155 (mouse Bad) or Serine 118
(human Bad). Phosphorylation on Ser155 also blocks Bad’s
apoptotic activity (Virdee et al., 2000). In contrast, the pro-
apoptotic effect of Bad is increased by phosphorylation on
serine 128 (Konishi et al., 2002). The change in intracellular
ATP regulates an ATP sensitive potassium channel, thus
influencing neuronal excitability (Ramón Martínez-François
et al., 2018). The reduced ATP levels affect the likelihood of
KATP channel opening in neurons, decreasing the excitability of
the neurons and reducing the risk of seizures (Giménez-Cassina
et al., 2012).
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The BH3-only members of the Bcl-2 proteins, most typically
described as inducers of apoptosis, can also play non-apoptotic
roles in a range of cellular contexts (Esposti et al., 2001; Danial
et al., 2003, 2008; Sinha and Levine, 2008; Giménez-Cassina et al.,
2012) including in the nervous system. For example, the reactive
(and non-apoptotic) astrocytes that contribute to disease
pathology in a mouse model of Amyotrophic Lateral Sclerosis
(ALS) have increased expression of the BH3-only proteins, Bid,
Hrk and Bnip3L. These data suggest that the BH3-only proteins
are contributing to the development of ALS (Duval et al., 2018).
There are also roles reported in non-mammalian models: in C.
elegans EGL-1 expression increases in the URX pair of sensory
neurons after changes in oxygen levels without killing the cells
(Cohn et al., 2019).

NON-APOPTOTIC ROLES OF CASPASES IN
SYNAPTIC PLASTICITY

Caspases bring about dynamic changes in axons and dendrites, but
synapses are also dynamic structures. The long-term potentiation
(LTP) or long-term depression (LTD) of synapses can involvemany
different discrete events, from phosphorylation or
dephosphorylation of receptors, insertion or removal of receptors
in the membrane, and signaling cascades that result in production
of new proteins. Synaptic plasticity has been reckoned by many to
underpin learning and memory as blockade of the mechanisms of
LTP and LTD results in spatial memory deficits (D’Hooge and de
Deyn, 2001). Pharmacological experiments have shown that caspase
inhibitors also impair spatial memory formation (Dash et al., 2000),
avoidance behaviour (Stepanichev et al., 2005), and auditory
memory formation in birds (Huesmann and Clayton, 2006).
Moreover, active caspase-3 is present in post-synaptic structures.
Caspase inhibitors disrupt LTP in rat hippocampal neurons
(Gulyaeva et al., 2003) suggesting that caspase activity plays
important roles in controlling synaptic plasticity. Gene knockout
studies substantiate this idea: caspase-3 null mice show impaired
LTD (Li et al., 2010; Lo et al., 2015). Caspase-3-dependent LTD is
accompanied by cytochrome c release, and mice lacking the pro-
apoptotic Bcl-2 proteins, Bax and Bad also show a defect in LTD
(Jiao and Li, 2011). These data strongly suggest that the
mitochondrial pathway and Apaf-1 is playing a non-apoptotic
role in LTD. Consistent with this idea, the elimination of
GABAnergic synapses in C. elegans requires the Apaf-1 homolog
CED-4 (Miller-Fleming et al., 2016). This collection of findings
suggests that caspase cascades are intimately involved in ongoing
plasticity in the mammalian brain, and may in fact have major
molecular roles quite apart from the cell death mechanism with
which they have been associated (Figure 4).

Whether minority MOMP plays a role in generating sub-lethal
caspase activation during LTD is not known, and a role for Apaf-1 in
LTD has not been demonstrated. Nonetheless, caspase-3 activity is
required for the removal of AMPA receptors from the post-synaptic
membrane and suppression of synaptic transmission. XIAP is also
important in LTD (Gibon et al., 2016), and it appears to be regulated
by FAIM-L (Moubarak et al., 2013), a protein that stabilizes XIAP
and that is important for controlling LTD and axonal degeneration

(Martínez-Mármol et al., 2016). SIVA-1 is a pro-apoptotic protein
that plays a non-apoptotic role in LTD by modulating AMPAR
internalization. SIVA-1 binds FAIM-L and disrupts the FAIM-
L–XIAP interaction, increasing XIAP ubiquitination and caspase-3
activity (Coccia et al., 2020). How caspase activity brings about LTD is
an area of active research. A proteomic approach identified neuronal
caspase-3 substrates, including Gap43, which is required for AMPA
receptor internalization, and showed that Gap43 is cleaved in post
synaptic structures during LTD (Han et al., 2013). Another proteomic
study identified caspase substrates in mouse synaptosomes (Victor
et al., 2018), including known caspase substrates and novel substrates
(like the proton pump subunit ATP6V1B2 and the
N-ethylmaleimide-sensitive fusion protein). More recently a role
for Bax, Bad and caspase-3 in controlling synaptic vesicle pools
via autophagy has been proposed (Gu et al., 2021). These findings
may be relevant for the treatment of neuropathic pain: peripheral
nerve injury causes a downregulation of caspase-3 which prevents
LTD and causes hypersensitivity to pain (Y. J. Wang et al., 2020).

Non-Apoptotic Roles of Caspases in Neural
and Neuronal Differentiation
In the fly, the sensory organ precursor cell (SOP) gives rise to
mechano-sensory organs in the peripheral nervous system by
dividing asymmetrically to make the shaft, socket, and sheath cells,
and a neuron that comprise each sensory organ. The formation of
SOPs is negatively regulated by DARK-dependent non-apoptotic
caspase activation (Kanuka et al., 2005). Mechanistically, DRONC
regulates this development by cleaving Shaggy, a negative regulator of
Wingless signalling, which is required for SOP formation (Kanuka
et al., 2005). DRONC activity is controlled by IKK-related kinase
(DmIKKε)-mediated phosphorylation of DIAP-1. DIAP-1
phosphorylation increases DIAP-1 ubiquitinylation, which leads to
a decrease in DIAP-1 levels through proteasome-mediated
degradation (Kuranaga et al., 2006).

Caspase-3 is activated in non-apoptotic cells during
mammalian neuronal differentiation in a cultured neurosphere
model, and preventing this activation disrupts differentiation
(Fernando et al., 2005). There is also evidence for the
mitochondrial pathway playing a role during neuronal cell
differentiation an siRNA against caspase-9 reduced neuronal
differentiation in a cell culture model (Pistritto et al., 2012).
Changes in calcium levels during the differentiation of neuronal
cells have also been implicated in caspase activation (Rebellato
et al., 2019). The mechanism of caspase activation is not clear, but
it involves the low-voltage-dependent T-type calcium (Ca2+)
channel Cav3.2 which mediates increased levels of Ca2+ that
are required to activate caspase-3-dependent neurogenesis during
cortical development (Rebellato et al., 2019).

CONTROLLING APOPTOTIC CASPASES
DURING NON-APOPTOTIC PROCESSES

When considering the non-apoptotic roles of caspases there is an
obvious question: why don’t the cells die? Caspases are cleaving
substrates to alter cell behaviour, so there is expected to be a
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difference in identities of the proteins cleaved when different cell
fates are induced and perhaps also differences in the level of
cleavage. There are data consistent with these expectations,
showing that substrate cleavage may be controlled during non-
apoptotic processes by limiting both the amount and the sub-
cellular localization of caspase activity.

Controlling Levels of Caspase Activity
In Drosophila salivary cells undergoing remodelling there is a 30-
fold increase in Reaper expression, compared to a 1000-fold
increase in dying cells (Kang et al., 2017). The implication is
that there is two orders of magnitude more caspase activity in
dying cells, and that the decision between a non-apoptotic fate
and an apoptotic fate is made at the level of Reaper expression.
Low level caspase activity is involved in the emergence of neural
precursor cells inDrosophila (Kanuka et al., 2005; Kuranaga et al.,
2006). In mammalian cells control of XIAP and expression of
Apaf-1 are reported to be important in determining the choice
between death and differentiation (Wright et al., 2004; Potts et al.,
2005; Johnson et al., 2007; Yin et al., 2007; Smith et al., 2009). At
least one mechanism for controlling XIAP in non-apototic
processes has been described (see above, (Moubarak et al.,
2013; Coccia et al., 2020)), but in neurons it appears that the
level of Apaf-1 limits the caspase activity (Wright et al., 2004).

How levels of Apaf-1 are controlled during differentiation is
unresolved. In cancer cells Apaf-1 transcription is controlled by
E2F-1 (Furukawa et al., 2002) and by TP53 (Rozenfeld-Granot
et al., 2002), so the decrease in E2F-1 that accompanies exit from
the cell cycle and that precedes differentiation may provide a straight
forward explanation for a decrease in Apaf-1 that limits caspase
activation during differentiation. Apaf-1 levels are also decreased in
some cancers bymicroRNAs. Notably onemiRNA that targets Apaf-
1, miR-221, is increased during neuronal differentiation (Hamada
et al., 2012) and during myogenesis (Liu et al., 2018), both systems
where a decrease in Apaf-1 level appears to be important step during
differentiation (Fernando et al., 2005; Dehkordi et al., 2020). Other
microRNAs are reported to regulate Apaf-1 in cancers, but their roles
in neurogenesis and myogenesis are not well described.

Controlling Localization of Active Caspases
There is evidence that caspase localization is important in
apoptosis. For example, in lung cancer cells the nuclear
localization of active caspase-3 is linked to sensitivity to cancer
chemotherapy (Joseph et al., 2001). During spermatid
individualization caspases are activated by DARK to remodel
the spermatid without apoptosis (Arama et al., 2003; Arama et al.,
2007; Huh et al., 2004). This activity is localized through the
interplay of an E3-ligase inhibitor, Soti and the IAP-like dBruce
protein (Kaplan et al., 2010). In a different Drosophila model,
Amcheslavsky et al. (2018) used cells lacking Drice (which are
unable to undergo apoptosis) to show that Myo1D localizes
DRONC to the plasma membrane where DRONC increases
expression of NADPH-oxidase Duox, generating eROS that
drives apoptosis induced cell proliferation. In DRONC-
dependent salivary cell remodeling, Tango7 is required for the
cortical localization of active DRONC (Kang et al., 2017). These
data are very interesting as they show the activation of caspases in

distinct sub-cellular domains being driven by different caspase-
activation pathways. In Drosophila neurons caspase activity is
restricted to dendrites during pruning, but is not seen in the soma
or axon (Kuo et al., 2006; Williams et al., 2006). Nuclear
localization of active caspase-3 is seen in non-apoptotic
Bergmann Glial cells (Noyan-Ashraf et al., 2005). This activity
appears to be important for the differentiation of these cells
(Oomman et al., 2006).

FUTURE PERSPECTIVES

The diverse roles of caspases enumerated here reflect specific
caspase-mediated cleavage events driving distinct non-apoptotic
processes. This implies a clear delineation between the particular
substrates that are cleaved during the different non-apoptotic
processes. This perhaps most important in the axon, where both
growth, regeneration and degeneration are produced by caspase
activity. Part of the reason that caspases drive different outcomes
lies in the caspases involved in each process. For example,
caspase-3 appears to be important in growth, while caspase-6
appears key in degeneration. These two caspases have distinct sets
of substrates (Cho et al., 2013; Julien et al., 2016), so this provides
an immediate explanation for how two different outcomes are
produced, even though we don’t know much about the particular
proteins that are being cleaved. Different caspase-dependent
outcomes occurring in different locations (e.g. the soma for
differentiation or synapses during LTD) but induced by the
same caspase are a different case, but may be explained by
subcellular localization of the caspase activity or the relevant
substrates, and there is evidence of this for caspase-3 as discussed
above. Detailed proteomic analysis of the substrates involved in
some of these neuronal processes has begun (Klaiman et al., 2008;
Hertz et al., 2019), but a more detailed knowledge of how
substrate cleavage produces different outcomes will improve
our understanding of normal and diseased neuronal tissue as
well as helping us understand how caspases kill in other cell types.

A related, and unresolved set of questions is how the caspases
are activated. There is evidence for the mitochondrial apoptotic
pathway being central in many of the non-apoptotic processes, but
there are also less well-understood mechanisms involving
dependence receptors, NCAM, and changes in intracellular
calcium concentrations. These activation pathways seem likely
to be linked to several different neurodegenerative diseases, and
a detailed molecular understanding of the steps leading up to
caspase activation may uncover promising new therapeutic targets.
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