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For the last two decades, caspases, a family of cysteine-aspartic proteases, have evolved from being considered solely as regulators of apoptosis or inflammation to having a wider range of functions. In this mini review, we focus on the most recent “non-apoptotic” roles of caspases in the CNS, particularly in neurons, astrocytes and oligodendrocytes. Non-apoptotic caspase functions in microglia have already been reviewed extensively elsewhere. Here we discuss the involvement of caspases in the activation of the inflammasome, autophagy, and non-apoptotic forms of cell death such as necroptosis and pyroptosis. Also, we review the involvement of caspases in synapses and the processing of aggregates key to neurodegenerative diseases such as Parkinson’s, Alzheimer’s and Huntington’s diseases. Likewise, we mention the recently described involvement of caspases in mitochondrial biogenesis, which is a function independent of the enzymatic activity. We conclude discussing the relevance that “new” functions of caspases have in the CNS and the future of this field of research.
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INTRODUCTION

Caspases are a family of proteins belonging to the cysteine aspartate proteases classically associated with different forms of programmed cell death (Stennicke and Salvesen, 1999; Hyman and Yuan, 2012; Tummers and Green, 2017).

Since the discovery of CED-3 in Caenorhabditis elegans (Ellis and Horvitz, 1986) and the caspase-1/Interleukin-1 converting enzyme (ICE) (Thornberry et al., 1992; Yuan et al., 1993), caspases were grouped based on their function as “apoptotic” or “inflammatory.” This classification has remained useful to some extent until recently, since new non-apoptotic or non-inflammatory roles have surfaced for caspases (Shalini et al., 2015; Baena-Lopez et al., 2018; Hollville and Deshmukh, 2018). Besides, over the last decade, evidence has been gathered detailing non-apoptotic roles for caspases in astrocytes, neurons, oligodendrocytes (ODCs) and microglia (Acarin et al., 2007; Li et al., 2010; Burguillos et al., 2011; Wagner et al., 2011).

The aim of this mini-review is to provide an update on the various functions of caspases (from those described over two decades ago, to recent functions described within the last 5 years) in the CNS, focusing mainly on neurons, astrocytes and ODCs (see Table 1). We will only briefly discuss microglia cells as we recently published an in-depth review on this topic (Shen et al., 2018).


TABLE 1. Non-apoptotic functions of caspases in different cell types.
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Caspases Inflammasome and Pyroptosis

The inflammasome (Martinon et al., 2002) is a multiprotein intracellular complex that senses pathogenic microorganisms and sterile stressors, which ultimately processes and releases IL-1β and IL-18. The activation of the inflammasome consists of a two-step pathway (First step: TLR activation; Second step: e.g., ATP). This leads to caspase-1, caspase-11 (de Rivero Vaccari et al., 2014; Walsh et al., 2014; Broz and Dixit, 2016; Voet et al., 2019) and caspase-8 (Zhang et al., 2018) activation. Also intracellular lipopolysaccharide (LPS) may bind directly to caspase-11, promoting its activation (Shen et al., 2018). Inflammasomes are categorized as canonical (caspase-1) or non-canonical (caspase-11) (Broz and Dixit, 2016) (for the general signaling pathway, see Figure 1A). In microglia cells, a recent study described a non-canonical inflammasome associated to caspase-8 (and independently of caspase-1), in which microglia were able to generate IL-1β in an Experimental autoimmune encephalomyelitis (EAE) mouse model (Zhang et al., 2018). This finding is contradictory of a previous study done in Bone Marrow Derived Macrophages (BMDM), where caspase-1 deficiency is necessary for caspase-8 processing and release of IL-1β (Schneider et al., 2017).
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FIGURE 1. Non-apoptotic roles for caspases in inflammasome, pyroptosis and necroptosis in the CNS. (A) Left panel represents the general mechanisms to trigger both canonical and non-canonical inflammasome activation and subsequent pyroptosis. Also, it is included the recently described caspase-8 dependent non-canonical inflammasome activation in microglia (mglia) and BMDM. Canonical inflammasome commences upon a first signal (“priming stage,” 1) induced by DAMPS or PAMPS that promote the expression of the components of the inflammasome. Three types of inflammasome have been described so far (NLRs, AIM2, and Pyrin inflammasomes). A second signal (2) is needed for inflammasome assembly via the protein adaptor ASC and caspase-1, which becomes active through cleavage. Cleaved caspase-1 (Casp-1cl) may either cleave pro-IL1β into IL1β that will be released, or process gasdermin D (GSDMD), the known effector of pyroptosis. In the non-canonical inflammasome, cytosolic LPS, from intracellular Gram negative bacteria binds with high affinity to caspase-11, provoking self-assembly and its activation. Active caspase-11 indirectly promotes the cleavage of the pro-IL1β by activating the NLRP3 inflammasome and caspase-1. Moreover, caspase-11 is also capable to directly cleave GSDMD to promote pyroptosis. Caspase-8 gets activated via the inflammasome in two different ways depending on the cell type. In microglia, the inflammasome gets activated via TLR-IRAKM axis, that promotes caspase-8 activation and IL-1β release. In BMDM, in the absence of GSDMD or caspase-1 activity, the inflammasome becomes activated upon Nigericin treatment, also promoting caspase-8 activation and inducing IL1β release and delayed cell lysis, via caspase-3, and independent of GSDMD. Necroptosis (right panel) is a programmed form of necrosis commonly triggered by tumor necrosis factor receptor (TNFR) or toll-like receptors (TLRs) upon inflammatory or neurodegenerative stimuli. Activation of these receptors leads to receptor-interacting serine/threonine-protein kinase 1 (RIPK1) disengagement from the receptor platform and the rapid recruitment of RIPK3 and Casp8 to form the ripoptosome. At this point, activation of caspase-8 will lead to apoptosis. However, absence or inhibition of caspase-8 will lead to phosphorylation of both RIPK1 and RIPK3 and the recruitment and phosphorylation of mixed lineage kinase domain like pseudokinase (MLKL). MLKL phosphorylation triggers its oligomerization, gaining pore-forming activity that leads to cell lysis. (B) Inflammasomes described in different CNS cell types described in this paper.


The activation of the inflammasome can evolve into a process of regulated cell death termed pyroptosis, which acts as a defense mechanism against infection by inducing pathological inflammation (Tait et al., 2014). In pyroptosis, both caspase-1 and caspase-11 (caspase-4 and caspase-5 in humans) have been described as mediators of this type of cell death (for the general signaling pathway, see Figure 1A; Aglietti et al., 2016; Pronin et al., 2019).

Inflammasomes were originally described in immune cells (Shen et al., 2018) though the presence of the inflammasome in other cells than microglia in the CNS has been reported too. In astrocytes, crucial regulators of the immune responses in the injured CNS, the presence of canonical and non-canonical inflammasomes occurs upon treatment with different stimuli in vitro (Minkiewicz et al., 2013; Du et al., 2017; Freeman et al., 2017; Ebrahimi et al., 2018). In vivo, high expression levels of nucleotide-binding oligomerization domain-like receptor protein (NLRP) 3 related to the neuroinflammatory response has been found in astrocytes of SOD1 mice and in Amyotrophic lateral sclerosis (ALS) patients (Johann et al., 2015). Also, different studies showed astrocytic pyroptosis in animal models of sepsis induced by LPS (Li et al., 2019; Sun et al., 2019).

Besides microglia and astrocytes, the presence of different types of inflammasomes have been reported in non-immune related cells, such as neurons (Figure 1B and Table 1). Over 10 years ago, the existence of NACHT leucine-rich-repeat protein 1 (NALP1) neuronal inflammasome was reported (Kummer et al., 2007). Since then, several studies have demonstrated that activation of the inflammasome occurs in neurons, followed normally by cell death induced by pyroptosis. In the context of Alzheimer’s disease (AD), pyroptosis occurs upon amyloid-β (Aβ) treatment in vitro, as well as in vivo in the APPSwe/PS1dE9 mice. In both cases, either knockdown of NLRP1 (another type of inflammasome) or caspase-1 conferred neuroprotection (Tan et al., 2014). Interestingly, in a recent study, NLRP3 inflammasome was characterized in dopaminergic neurons from Parkinson’s disease (PD) patients (von Herrmann et al., 2018). In this study the authors identified, via exome sequencing, a single-nucleotide polymorphisms (SNPs) for NLRP3 which results in a less soluble form of NLRP3 protein than NLRP3 wild-type. This less soluble form was associated with a significantly reduced risk of developing PD, highlighting the relevance of NLRP3 inflammasome in dopaminergic neurons in PD (von Herrmann et al., 2018).

In a recent study by Tsuchiya et al. (2019), the authors described how it was possible to alter the type of neuronal death (from pyroptosis to apoptosis), based on the levels of expression of Gasdermin D (GSDMD). GSDMD is a specific substrate for caspase-1, -4, -5 and -11, whose N-terminal cleavage product has a pore-forming activity that causes cell swelling and lysis via pyroptosis. In this sense, cortical neurons may die through apoptosis instead of pyroptosis after oxygen-glucose deprivation (OGD) and nigericin stimulation due to low expression of GSDMD (Tsuchiya et al., 2019).

Finally, in ODCs, the relevance of inflammasome activation has not been as well documented, with only a few reports published. For instance, prenatal administration of dexamethasone to mice, a treatment that promotes demyelination, induces NLRP3, caspase-1 and Apoptosis-associated speck-like protein containing a CARD (ASC) expression in ODCs, which the authors suggested could be contributing to demyelination (Maturana et al., 2017). Also, pyroptosis has been observed in myelin-forming ODCs in the EAE mice and in patients with Multiple sclerosis (MS) (McKenzie et al., 2018). In this case, inhibition of caspase-1, using the inhibitor VX-756, reduced pyroptosis in ODCs and microglia and promoted neuroprotection and improved performance in different neurobehavioral tests. In this case is hard to distinguish if VX-756 beneficial effect over behavior is based on inhibition of inflammasome and/or pyroptosis or both.



Caspases and Necroptosis

Originally necroptosis was considered a passive death of cells under pathological conditions, where the cellular contents are released and cause an immune response. However, currently it is considered a cell death pathway regulated through the interaction of different molecules including receptor-interacting protein kinase (RIPK)-1 and RIPK3, mixed lineage kinase domain-like protein (MLKL), and caspase-8 (whose activity is inhibited for instance by caspase-8 or pan-caspase inhibitors) (Figure 1A; Tait et al., 2014; Ofengeim et al., 2015).

Necroptosis mediates ODC degeneration induced by TNF-α, whose binding to TNFR1 triggers caspase-8 activation, and the inhibition of RIPK1 protects against ODC cell death in two animal models to study MS, and also in cell culture (Ofengeim et al., 2015). In the same paper, the authors found in cortical lesions of human MS samples defective caspase-8 activation and activation of RIPK1, RIPK3, and MLKL. Also in a different in vivo model of osmotic demyelination syndrome, ODC cell death has been linked to necroptosis based on an increase of phospho-MLKL immunoreactivity (Bouchat et al., 2018), but further experiments are needed to confirm this result.

In the developing brain, a study showed that neonatal rats subjected to hypoxia–ischemia (HI) and ODCs from neonatal rats treated with OGD together with the pan-caspase activity inhibitor zVAD die via necroptosis (Qu et al., 2017). Treatments aimed to block the interaction of RIPK3 with MLKL or CaMKIIδ, a new described substrate of RIPK3, managed to decrease necroptosis under these conditions (Qu et al., 2017).

Interestingly in neurons, a new interaction of RIPK3 with the protein apoptosis-inducing factor (AIF) has been reported. Their interaction and translocation into the nucleus in a model of 20-min global cerebral ischemia/reperfusion (I/R) has been described in CA1 neurons, which was critical to ischemic DNA degradation and programmed necrosis (Xu et al., 2016). The fact that these CA1 neurons lack caspase-8 expression, facilitates necroptosis in these cells.

In astrocytes, a study performed in mouse spinal cord astrocytes treated with LPS or TNF-α with zVAD in vitro, and subjected to spinal cord injury (SCI) in vivo, showed an increase in the expression of RIPK3 and MLKL proteins (Fan et al., 2016). Treatment with the chemical inhibitor of RIPK1 (Necrostatin-1) or RIPK3 genetic ablation (Fan et al., 2016) rescued the cells.

In the case of neurons, in a model of subarachnoid hemorrhage it has been reported that neuronal death occurs via RIPK3 and MKLK (Chen et al., 2018; Yuan et al., 2019). Moreover, inhibition of RIPK1 [using RIPK1-inhibitory compound (RIC)] in retinal degenerative diseases induced by glaucomatous insult has been proved to exert a neuroprotective effect (Jang et al., 2019).

Intriguingly, while necroptosis of neurons, ODCs and astrocytes is associated normally with demyelination and neurodegeneration, a new report in microglia cells (Lloyd et al., 2019) proposes that the remyelination process in white matter is driven by proinflammatory microglia necroptosis and the subsequent repopulation of positively regulated by type-1 IFN signaling microglia.



Caspases and Synapses

In the mature CNS, caspases are not only involved in mediating cell death but also regulatory events that are important for neuronal functions, such as, axon pruning and synapse elimination (D’Amelio et al., 2010; Hyman and Yuan, 2012; Hollville and Deshmukh, 2018).

During axonal pruning, the absence of neurotrophic factors provokes caspase-3/6 activation via JNK that facilitates mitochondrial depolarization (Hollville and Deshmukh, 2018). The role of caspases in axon pruning has also been studied in the context of axon degeneration induced by neurotrophic factor deprivation in sympathetic neurons. Caspase-3, caspase-6 or caspase-9 are required for the axon selective degeneration or pruning (Simon et al., 2012) but not Apaf-1 (Cusack et al., 2013), which is required for triggering cell death upon axonal Neuronal Growth Factor (NGF) deprivation. Caspase-3 was also found to control spine density and dendrite morphology in specific areas within the cell generating supernumerary spines in caspase-3 knockout mice (Ertürk et al., 2014). Caspase-2 participates in the control of dendrite spine density via activation of the RhoA/ROCK-II signaling pathway (Pozueta et al., 2013). Caspase-2 deficiency in J20 APP transgenic mice did not thwart cognitive function despite having similar Aβ load and neuroinflammatory response to wild type animals (Pozueta et al., 2013).

Caspases are also involved in axonal guidance and synaptogenesis like for instance caspase-9-mediated cleavage of Semaphorin 7 mediates the proper projection of axons in sensory neurons (Ohsawa et al., 2010). In the spinal cord of neonatal mice, caspase-3 regulates the number of axonal branches via Bax/Bak in the axons of corticospinal neurons. Early postnatal inactivation of Bax/Bak in motor cortex results in increased axonal branches in the spine of these animals when they reach adulthood. As a consequence, connectivity’s fine-tuning is lost and animals fail to acquire fine voluntary movements (Gu et al., 2017).

Normal brain functions depend on proper synaptic activity. Long-term potentiation (LTP) and long-term depression (LTD) are long-lasting modifications of synapses in the hippocampus region. Activation of caspase-3 during LTD occurs without cell death (Li et al., 2010; Simon et al., 2012) and facilitates the internationalization of AMPA receptor in the postsynaptic membrane. Furthermore, caspase-3 promotes modifications in AMPA-type receptor that lead to alterations of glutamatergic synaptic transmission and plasticity in Tg2576-APPSwe mice. Notably, pharmacological inhibition of caspase-3 activity in these mice rescued the observed AD-like phenotypes (D’Amelio et al., 2011).



Caspases and Neurotoxic Protein Aggregates

Caspases play a significant role in the pathogenesis of different neurodegenerative diseases including AD, PD and Huntington’s disease (HD), since they are able to modify the properties of different neurotoxic proteins aggregates (amyloid precursor protein (APP), Tau, α-synuclein (α-Syn) and huntingtin (htt) through cleavage.

Under apoptotic conditions, caspases cleave APP, either directly or following γ-secretase generation of the AICD fragment, to generate the C31 and Jcasp peptides [for more information see review (Nhan et al., 2015)]. While AICD and C31 are associated with cell death in vitro (Lu et al., 2000; Bertrand et al., 2001; Park et al., 2009), the impact of this in vivo may be minimal, since mice bearing mutant caspase-resistant APP displayed no rescue in learning or memory in a mouse model of AZ (Harris et al., 2010).

Tau is another substrate processed by caspases early in the progression of AD (Rissman et al., 2004). Cleaved Tau promotes nucleation-dependent filament formation which is phosphorylated by glycogen synthase kinase-3b in a process mediated by caspase-3 (Chu et al., 2017). Recently, it has been shown that caspase-2 specific cleavage in Tau provokes an inadequate sorting of Tau toward the dendritic spines, promoting cognitive impairment and synaptic dysfunction (Zhao et al., 2016). Interestingly, cleavage of APP promotes phosphorylation of Tau in different residues, in a process where C31 binds to the asparagine, proline, threonine, tyrosine (NPTY) motif of the catalytic subunit of the phosphatase PP2A, repressing its activity (Park et al., 2012).

α-Syn is an abundantly expressed neuronal protein localized in the presynaptic terminals of neurons. α-Syn is key to understanding the etiology of a group of overlapping neurodegenerative disorders called α-synucleinopathies, including PD. α-Syn is processed through caspase-1 forming a truncated protein whose effect is to accelerate the formation of aggregates as compared to the full-length form of α-Syn (Wang et al., 2016). Interestingly, truncated α-Syn itself stimulates caspase-1 activation which promotes more cleavage of α-Syn, in a positive feedback loop (Ma et al., 2018).

Finally, caspase cleavage of htt induces it’s accumulation in the nuclei of neurons of HD patients (Graham et al., 2010). Caspase-6 cleaves htt, and caspase-6 activation has been observed before the onset of motor abnormalities both in mouse and human HD brains (Graham et al., 2010). Strikingly, in vivo experiments using YAC mice expressing caspase-6-resistant cleavage of htt, showed no striatal neurodegeneration. Recently a new caspase cleavage site of htt has been described, in this case depending on caspase-1 activity that promotes aggregation of mutant htt (Martin et al., 2019).

While the evidence gathered in PD and HD studies suggests that caspase-dependent processing of α-Syn and htt may play a role in the pathogenesis of the diseases, conflicting results for APP in vitro and in vivo have been observed in AD models, requiring further investigation.

Also, the experiments to study cleavage of APP by caspases have been performed under apoptotic conditions, which makes difficult to conclude if the caspase cleavage of APP plays any pathological role or is just “collateral damage” that occurs during apoptosis. Further experiments under non-cell death conditions should be performed to resolve this issue.



Caspases and Autophagy and Mitochondria Biogenesis

Autophagy is a catabolic process that delivers cytoplasmic constituents into lysosome for degradation and eventual recycling. Under physiological conditions, autophagy promotes cell survival by elimination of damaged organelles and proteins aggregates (Zare-Shahabadi et al., 2015). However, autophagy has also been linked to cell death, either promoting it (Das et al., 2012) or at least being associated with it (Kroemer and Levine, 2008). Evidence suggests that autophagy may be controlled by caspases during apoptosis (Tsapras and Nezis, 2017). However, evidence of the interaction between autophagy-related proteins and caspases in the CNS are still scarce. In primary cultures of cortical neurons treated with rotenone, lack of caspase-2 prolonged cell survival by enhancing autophagy. However, the cells die eventually via necrosis (Tiwari et al., 2011).

A recent study showed that caspase-3-induced Beclin-1 cleavage and subcellular redistribution of the Beclin-1 N-terminal into the nucleus has been shown in neuron-glia co-cultures with Aβ1–42 and APPSwe/PS1dE9 mice. The authors hypothesized that cleavage of Beclin-1 by caspase-3 could affect autophagy and lead to defective protein clearance and neuronal death (Wang et al., 2017).

Despite all these roles that we have discussed in this mini-review, new and exciting roles are still emerging for caspases in the CNS. For instance, in a recent study performed by Kim et al. (2018) in dopaminergic neurons, the authors described how procaspase-3 acts as a regulator for mitochondria biogenesis without affecting autophagy. They showed that TFAM, Nrf-1, and PGC-1a (transcriptional activators of mitochondrial biogenesis) are regulated by procaspase-3. Furthermore, in the same study, the authors show that lack of procaspase-3 in dopaminergic neurons dramatically reduced electron transport chain complex I, II, and IV activity. Interestingly, treatment with caspase-3 inhibitor failed to mimic the observed effects thus raising the view that caspase-3-dependent mitochondrial biogenesis is independent of its catalytic activity.



DISCUSSION

Within the last decade, there has been an exponential growth in the number of studies of non-apoptotic functions of caspases. Some of these non-apoptotic roles have been extensively studied in specific cell types, such as the inflammasome in immune cells (Martinon et al., 2002). In the CNS, while many of these non-apoptotic functions have been studied in microglia cells, few reports have been published for neurons, astrocytes and ODCs in comparison. Here we attempt to shed light onto some “old and new” non-apoptotic functions for caspases in these cell types, which have been gathering momentum in recent years and their relevance under pathological conditions.

Why does the activation of executioner caspases not translate always into an apoptotic process? A possible explanation could be sequestration of effector caspases into different subcellular compartments (Li et al., 2010; Kavanagh et al., 2014; Amcheslavsky et al., 2018) and/or cleavage of non-cell death related substrates (Acarin et al., 2007).

Different manners in which caspases affect cellular signaling continue to emerge. Besides the diverse mechanisms employed to activate different caspases already commented in this mini-review, it has been shown that the reduction of the basal activity of caspase-3 promotes a change toward a tumor supportive phenotype in microglia cells in contact with glioma cells (Shen et al., 2016). Also, and in agreement with this, in embryonic stem cells (ESCs), basal caspase-3 activity regulates cell differentiation of these cells through Nanog processing (Baena-Lopez et al., 2018). We have also discussed previously in this mini-review how the zymogen (procaspase-3) mediates the mitochondrial biogenesis independently of its enzymatic activity (Kim et al., 2018). It is possible that these functions of caspase-3 can be extended to other caspases, opening new possibilities in the field of caspase biology, for new mechanistic roles of caspases with relevance not only limited to the CNS but applicable to all cell types.



AUTHOR CONTRIBUTIONS

MB and AE-O conceived the main outline. MB wrote the manuscript. All authors searched the references and decided the contents of the mini review.



FUNDING

JG-R has been funded by a grant from the Spanish Ministerio de Economia y Competitividad SAF2015-64171-R (MINECO/FEDER, EU). MB has been funded by the Spanish Ministerio de Economia y Competitividad (Programa Ramón y Cajal: RYC-2017-21804).


ACKNOWLEDGMENTS

We apologize to colleagues whose work we have not cited here as a result of space limitations.


REFERENCES

Acarin, L., Villapol, S., Faiz, M., Rohn, T. T., Castellano, B., and Gonzalez, B. (2007). Caspase-3 activation in astrocytes following postnatal excitotoxic damage correlates with cytoskeletal remodeling but not with cell death or proliferation. Glia 55, 954–965. doi: 10.1002/glia.20518

Aglietti, R. A., Estevez, A., Gupta, A., Ramirez, M. G., Liu, P. S., Kayagaki, N., et al. (2016). GsdmD p30 elicited by caspase-11 during pyroptosis forms pores in membranes. Proc. Natl. Acad. Sci. U.S.A. 113, 7858–7863. doi: 10.1073/pnas.1607769113

Amcheslavsky, A., Wang, S., Fogarty, C. E., Lindblad, J. L., Fan, Y., and Bergmann, A. (2018). Plasma membrane localization of apoptotic caspases for non-apoptotic functions. Dev. Cell 45, 450–464.e3. doi: 10.1016/j.devcel.2018.04.020

Baena-Lopez, L. A., Arthurton, L., Xu, D. C., and Galasso, A. (2018). Non-apoptotic caspase regulation of stem cell properties. Semin. Cell Dev. Biol. 82, 118–126. doi: 10.1016/j.semcdb.2017.10.034

Bertrand, E., Brouillet, E., Caillé, I., Bouillot, C., Cole, G. M., Prochiantz, A., et al. (2001). A short cytoplasmic domain of the amyloid precursor protein induces apoptosis in vitro and in vivo. Mol. Cell. Neurosci. 18, 503–511. doi: 10.1006/mcne.2001.1030

Bouchat, J., Couturier, B., Marneffe, C., Gankam-Kengne, F., Balau, B., De Swert, K., et al. (2018). Regional oligodendrocytopathy and astrocytopathy precede myelin loss and blood-brain barrier disruption in a murine model of osmotic demyelination syndrome. Glia 66, 606–622. doi: 10.1002/glia.23268

Broz, P., and Dixit, V. M. (2016). Inflammasomes: mechanism of assembly, regulation and signalling. Nat. Rev. Immunol. 16, 407–420. doi: 10.1038/nri.2016.58

Burguillos, M. A., Deierborg, T., Kavanagh, E., Persson, A., Hajji, N., Garcia-Quintanilla, A., et al. (2011). Caspase signalling controls microglia activation and neurotoxicity. Nature 472, 319–324. doi: 10.1038/nature09788

Chen, T., Pan, H., Li, J., Xu, H., Jin, H., Qian, C., et al. (2018). Inhibiting of RIPK3 attenuates early brain injury following subarachnoid hemorrhage: possibly through alleviating necroptosis. Biomed. Pharmacother. 107, 563–570. doi: 10.1016/j.biopha.2018.08.056

Chu, J., Lauretti, E., and Praticò, D. (2017). Caspase-3-dependent cleavage of Akt modulates tau phosphorylation via GSK3β kinase: implications for Alzheimer’s disease. Mol. Psychiatry 22, 1002–1008. doi: 10.1038/mp.2016.214

Cusack, C. L., Swahari, V., Hampton Henley, W., Michael Ramsey, J., and Deshmukh, M. (2013). Distinct pathways mediate axon degeneration during apoptosis and axon-specific pruning. Nat. Commun. 4:1876. doi: 10.1038/ncomms2910

D’Amelio, M., Cavallucci, V., and Cecconi, F. (2010). Neuronal caspase-3 signaling: not only cell death. Cell Death Differ. 17, 1104–1114. doi: 10.1038/cdd.2009.180

D’Amelio, M., Cavallucci, V., Middei, S., Marchetti, C., Pacioni, S., Ferri, A., et al. (2011). Caspase-3 triggers early synaptic dysfunction in a mouse model of Alzheimer’s disease. Nat. Neurosci. 14, 69–76. doi: 10.1038/nn.2709

Das, G., Shravage, B. V., and Baehrecke, E. H. (2012). Regulation and function of autophagy during cell survival and cell death. Cold Spring Harb. Perspect. Biol 4:a008813. doi: 10.1101/cshperspect.a008813

de Rivero Vaccari, J. P., Dietrich, W. D., and Keane, R. W. (2014). Activation and regulation of cellular inflammasomes: gaps in our knowledge for central nervous system injury. J. Cereb. Blood Flow Metab. 34, 369–375. doi: 10.1038/jcbfm.2013.227

de Rivero Vaccari, J. P., Lotocki, G., Marcillo, A. E., Dietrich, W. D., and Keane, R. W. (2008). A molecular platform in neurons regulates inflammation after spinal cord injury. J. Neurosci. 28, 3404–3414. doi: 10.1523/JNEUROSCI.0157-08.2008

Du, S. H., Qiao, D. F., Chen, C. X., Chen, S., Liu, C., Lin, Z., et al. (2017). Toll-like receptor 4 mediates methamphetamine-induced neuroinflammation through Caspase-11 signaling pathway in astrocytes. Front. Mol. Neurosci. 10:409. doi: 10.3389/fnmol.2017.00409

Ebrahimi, T., Rust, M., Kaiser, S. N., Slowik, A., Beyer, C., Koczulla, A. R., et al. (2018). α1-antitrypsin mitigates NLRP3-inflammasome activation in amyloid β1–42-stimulated murine astrocytes. J. Neuroinflammation 15:282. doi: 10.1186/s12974-018-1319-x

Ellis, H. M., and Horvitz, H. R. (1986). Genetic control of programmed cell death in the nematode C. elegans. Cell 44, 817–829. doi: 10.1016/0092-8674(86)90004-8

Ertürk, A., Wang, Y., and Sheng, M. (2014). Local pruning of dendrites and spines by caspase-3-dependent and proteasome-limited mechanisms. J. Neurosci. 34, 1672–1688. doi: 10.1523/JNEUROSCI.3121-13.2014

Fan, H., Zhang, K., Shan, L., Kuang, F., Chen, K., Zhu, K., et al. (2016). Reactive astrocytes undergo M1 microglia/macrohpages-induced necroptosis in spinal cord injury. Mol. Neurodegener. 11:14. doi: 10.1186/s13024-016-0081-8

Fann, D. Y., Lim, Y. A., Cheng, Y. L., Lok, K. Z., Chunduri, P., Baik, S. H., et al. (2018). Evidence that NF-κB and MAPK signaling promotes NLRP inflammasome activation in neurons following ischemic stroke. Mol. Neurobiol. 55, 1082–1096. doi: 10.1007/s12035-017-0394-9

Feng, J., Li, M., Wei, Q., Li, S., Song, S., and Hua, Z. (2018). Unconjugated bilirubin induces pyroptosis in cultured rat cortical astrocytes. J. Neuroinflammation 15:23. doi: 10.1186/s12974-018-1064-1

Freeman, L., Guo, H., David, C. N., Brickey, W. J., Jha, S., and Ting, J. P. (2017). NLR members NLRC4 and NLRP3 mediate sterile inflammasome activation in microglia and astrocytes. J. Exp. Med. 214, 1351–1370. doi: 10.1084/jem.20150237

Graham, R. K., Deng, Y., Carroll, J., Vaid, K., Cowan, C., Pouladi, M. A., et al. (2010). Cleavage at the 586 amino acid caspase-6 site in mutant huntingtin influences caspase-6 activation in vivo. J. Neurosci. 30, 15019–15029. doi: 10.1523/JNEUROSCI.2071-10.2010

Gu, Z., Serradj, N., Ueno, M., Liang, M., Li, J., Baccei, M. L., et al. (2017). Skilled movements require non-apoptotic Bax/Bak pathway-mediated corticospinal circuit reorganization. Neuron 94, 626–641.e4. doi: 10.1016/j.neuron.2017.04.019

Harris, J. A., Devidze, N., Halabisky, B., Lo, I., Thwin, M. T., Yu, G. Q., et al. (2010). Many neuronal and behavioral impairments in transgenic mouse models of Alzheimer’s disease are independent of caspase cleavage of the amyloid precursor protein. J. Neurosci. 30, 372–381. doi: 10.1523/JNEUROSCI.5341-09.2010

Hollville, E., and Deshmukh, M. (2018). Physiological functions of non-apoptotic caspase activity in the nervous system. Semin. Cell Dev. Biol. 82, 127–136. doi: 10.1016/j.semcdb.2017.11.037

Hyman, B. T., and Yuan, J. (2012). Apoptotic and non-apoptotic roles of caspases in neuronal physiology and pathophysiology. Nat. Rev. Neurosci. 13, 395–406. doi: 10.1038/nrn3228

Jang, K. H., Do, Y. J., Koo, T. S., Choi, J. S., Song, E. J., Hwang, Y., et al. (2019). Protective effect of RIPK1-inhibitory compound in in vivo models for retinal degenerative disease. Exp. Eye Res. 180, 8–17. doi: 10.1016/j.exer.2018.11.026

Johann, S., Heitzer, M., Kanagaratnam, M., Goswami, A., Rizo, T., Weis, J., et al. (2015). NLRP3 inflammasome is expressed by astrocytes in the SOD1 mouse model of ALS and in human sporadic ALS patients. Glia 63, 2260–2273. doi: 10.1002/glia.22891

Kaushal, V., Dye, R., Pakavathkumar, P., Foveau, B., Flores, J., Hyman, B., et al. (2015). Neuronal NLRP1 inflammasome activation of Caspase-1 coordinately regulates inflammatory interleukin-1-beta production and axonal degeneration-associated Caspase-6 activation. Cell Death Differ. 22, 1676–1686. doi: 10.1038/cdd.2015.16

Kavanagh, E., Rodhe, J., Burguillos, M. A., Venero, J. L., and Joseph, B. (2014). Regulation of caspase-3 processing by cIAP2 controls the switch between pro-inflammatory activation and cell death in microglia. Cell Death Dis. 5:e1565. doi: 10.1038/cddis.2014.514

Kim, J. S., Ha, J. Y., Yang, S. J., and Son, J. H. (2018). A novel non-apoptotic role of procaspase-3 in the regulation of mitochondrial biogenesis activators. J. Cell. Biochem. 119, 347–357. doi: 10.1002/jcb.26186

Kroemer, G., and Levine, B. (2008). Autophagic cell death: the story of a misnomer. Nat. Rev. Mol. Cell Biol. 9, 1004–1010. doi: 10.1038/nrm2529

Kummer, J. A., Broekhuizen, R., Everett, H., Agostini, L., Kuijk, L., Martinon, F., et al. (2007). Inflammasome components NALP 1 and 3 show distinct but separate expression profiles in human tissues suggesting a site-specific role in the inflammatory response. J. Histochem. Cytochem. 55, 443–452. doi: 10.1369/jhc.6a7101.2006

Li, L., Shu, M. Q., and Chen, J. (2019). CYLD deficiency exacerbates lipopolysaccharide (LPS)-induced pyroptosis in astrocytes of mice with sepsis. Biochem. Biophys. Res. Commun. 514, 1066–1073. doi: 10.1016/j.bbrc.2019.05.033

Li, Z., Jo, J., Jia, J. M., Lo, S. C., Whitcomb, D. J., Jiao, S., et al. (2010). Caspase-3 activation via mitochondria is required for long-term depression and AMPA receptor internalization. Cell 141, 859–871. doi: 10.1016/j.cell.2010.03.053

Lin, W. P., Xiong, G. P., Lin, Q., Chen, X. W., Zhang, L. Q., Shi, J. X., et al. (2016). Heme oxygenase-1 promotes neuron survival through down-regulation of neuronal NLRP1 expression after spinal cord injury. J. Neuroinflammation 13:52. doi: 10.1186/s12974-016-0521-y

Liu, W., Chen, Y., Meng, J., Wu, M., Bi, F., Chang, C., et al. (2018). Ablation of caspase-1 protects against TBI-induced pyroptosis in vitro and in vivo. J. Neuroinflammation 15:48. doi: 10.1186/s12974-018-1083-y

Lloyd, A. F., Davies, C. L., Holloway, R. K., Labrak, Y., Ireland, G., Carradori, D., et al. (2019). Central nervous system regeneration is driven by microglia necroptosis and repopulation. Nat. Neurosci. 22, 1046–1052. doi: 10.1038/s41593-019-0418-z

Lu, D. C., Rabizadeh, S., Chandra, S., Shayya, R. F., Ellerby, L. M., Ye, X., et al. (2000). A second cytotoxic proteolytic peptide derived from amyloid β-protein precursor. Nat. Med. 6, 397–404. doi: 10.1038/74656

Ma, L., Yang, C., Zhang, X., Li, Y., Wang, S., Zheng, L., et al. (2018). C-terminal truncation exacerbates the aggregation and cytotoxicity of α-Synuclein: a vicious cycle in Parkinson’s disease. Biochim. Biophys. Acta Mol. Basis Dis. 1864, 3714–3725. doi: 10.1016/j.bbadis.2018.10.003

Martin, D. D. O., Schmidt, M. E., Nguyen, Y. T., Lazic, N., and Hayden, M. R. (2019). Identification of a novel caspase cleavage site in huntingtin that regulates mutant huntingtin clearance. FASEB J. 33, 3190–3197. doi: 10.1096/fj.201701510RRR

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: a molecular platform triggering activation of inflammatory caspases and processing of proIL-beta. Mol. Cell. 10, 417–426.

Maturana, C. J., Aguirre, A., and Sáez, J. C. (2017). High glucocorticoid levels during gestation activate the inflammasome in hippocampal oligodendrocytes of the offspring. Dev. Neurobiol. 77, 625–642. doi: 10.1002/dneu.22409

McKenzie, B. A., Mamik, M. K., Saito, L. B., Boghozian, R., Monaco, M. C., Major, E. O., et al. (2018). Caspase-1 inhibition prevents glial inflammasome activation and pyroptosis in models of multiple sclerosis. Proc. Natl. Acad. Sci. U.S.A. 115, E6065–E6074. doi: 10.1073/pnas.1722041115

Minkiewicz, J., de Rivero Vaccari, J. P., and Keane, R. W. (2013). Human astrocytes express a novel NLRP2 inflammasome. Glia 61, 1113–1121. doi: 10.1002/glia.22499

Nhan, H. S., Chiang, K., and Koo, E. H. (2015). The multifaceted nature of amyloid precursor protein and its proteolytic fragments: friends and foes. Acta Neuropathol. 129, 1–19. doi: 10.1007/s00401-014-1347-2

Ofengeim, D., Ito, Y., Najafov, A., Zhang, Y., Shan, B., DeWitt, J. P., et al. (2015). Activation of necroptosis in multiple sclerosis. Cell Rep. 10, 1836–1849.

Ohsawa, S., Hamada, S., Kuida, K., Yoshida, H., Igaki, T., and Miura, M. (2010). Maturation of the olfactory sensory neurons by Apaf-1/caspase-9-mediated caspase activity. Proc. Natl. Acad. Sci. U.S.A. 107, 13366–13371. doi: 10.1073/pnas.0910488107

Park, S. A., Shaked, G. M., Bredesen, D. E., and Koo, E. H. (2009). Mechanism of cytotoxicity mediated by the C31 fragment of the amyloid precursor protein. Biochem. Biophys. Res. Commun. 388, 450–455. doi: 10.1016/j.bbrc.2009.08.042

Park, S. S., Jung, H. J., Kim, Y. J., Park, T. K., Kim, C., Choi, H., et al. (2012). Asp664 cleavage of amyloid precursor protein induces tau phosphorylation by decreasing protein phosphatase 2A activity. J. Neurochem. 123, 856–865. doi: 10.1111/jnc.12032

Pozueta, J., Lefort, R., Ribe, E. M., Troy, C. M., Arancio, O., and Shelanski, M. (2013). Caspase-2 is required for dendritic spine and behavioural alterations in J20 APP transgenic mice. Nat. Commun. 4:1939. doi: 10.1038/ncomms2927

Pronin, A., Pham, D., An, W., Dvoriantchikova, G., Reshetnikova, G., Qiao, J., et al. (2019). Inflammasome activation induces pyroptosis in the retina exposed to ocular hypertension injury. Front. Mol. Neurosci. 12:36. doi: 10.3389/fnmol.2019.00036

Qu, Y., Tang, J., Wang, H., Li, S., Zhao, F., Zhang, L., et al. (2017). RIPK3 interactions with MLKL and CaMKII mediate oligodendrocytes death in the developing brain. Cell Death Dis. 8:e2629. doi: 10.1038/cddis.2017.54

Rissman, R. A., Poon, W. W., Blurton-Jones, M., Oddo, S., Torp, R., Vitek, M. P., et al. (2004). Caspase-cleavage of tau is an early event in Alzheimer disease tangle pathology. J. Clin. Invest. 114, 121–130. doi: 10.1172/jci20640

Schneider, K. S., Groß, C. J., Dreier, R. F., Saller, B. S., Mishra, R., Gorka, O., et al. (2017). The inflammasome drives GSDMD-independent secondary pyroptosis and IL-1 release in the absence of Caspase-1 protease activity. Cell Rep. 21, 3846–3859. doi: 10.1016/j.celrep.2017.12.018

Shalini, S., Dorstyn, L., Dawar, S., and Kumar, S. (2015). Old, new and emerging functions of caspases. Cell Death Differ. 22, 526–539. doi: 10.1038/cdd.2014.216

Shen, X., Burguillos, M. A., Osman, A. M., Frijhoff, J., Carrillo-Jiménez, A., Kanatani, S., et al. (2016). Glioma-induced inhibition of caspase-3 in microglia promotes a tumor-supportive phenotype. Nat. Immunol. 17, 1282–1290. doi: 10.1038/ni.3545

Shen, X., Venero, J. L., Joseph, B., and Burguillos, M. A. (2018). Caspases orchestrate microglia instrumental functions. Prog. Neurobiol. 171, 50–71. doi: 10.1016/j.pneurobio.2018.09.007

Simon, D. J., Weimer, R. M., McLaughlin, T., Kallop, D., Stanger, K., Yang, J., et al. (2012). A caspase cascade regulating developmental axon degeneration. J. Neurosci. 32, 17540–17553. doi: 10.1523/JNEUROSCI.3012-12.2012

Stennicke, H. R., and Salvesen, G. S. (1999). Catalytic properties of the caspases. Cell Death Differ. 6, 1054–1059. doi: 10.1038/sj.cdd.4400599

Sun, Y. B., Zhao, H., Mu, D. L., Zhang, W., Cui, J., Wu, L., et al. (2019). Dexmedetomidine inhibits astrocyte pyroptosis and subsequently protects the brain in in vitro and in vivo models of sepsis. Cell Death Dis. 10:167. doi: 10.1038/s41419-019-1416-5

Tait, S. W., Ichim, G., and Green, D. R. (2014). Die another way–non-apoptotic mechanisms of cell death. J. Cell Sci. 127, 2135–2144. doi: 10.1242/jcs.093575

Tan, M. S., Tan, L., Jiang, T., Zhu, X. C., Wang, H. F., Jia, C. D., et al. (2014). Amyloid-β induces NLRP1-dependent neuronal pyroptosis in models of Alzheimer’s disease. Cell Death Dis. 5:e1382. doi: 10.1038/cddis.2014.348

Thornberry, N. A., Bull, H. G., Calaycay, J. R., Chapman, K. T., Howard, A. D., Kostura, M. J., et al. (1992). A novel heterodimeric cysteine protease is required for interleukin-1 beta processing in monocytes. Nature 356, 768–774. doi: 10.1038/356768a0

Tiwari, M., Lopez-Cruzan, M., Morgan, W. W., and Herman, B. (2011). Loss of caspase-2-dependent apoptosis induces autophagy after mitochondrial oxidative stress in primary cultures of young adult cortical neurons. J. Biol. Chem. 286, 8493–8506. doi: 10.1074/jbc.M110.163824

Tsapras, P., and Nezis, I. P. (2017). Caspase involvement in autophagy. Cell Death. Differ. 24, 1369–1379. doi: 10.1038/cdd.2017.43

Tsuchiya, K., Nakajima, S., Hosojima, S., Thi Nguyen, D., Hattori, T., Manh Le, T., et al. (2019). Caspase-1 initiates apoptosis in the absence of gasdermin D. Nat. Commun. 10:2091. doi: 10.1038/s41467-019-09753-2

Tummers, B., and Green, D. R. (2017). Caspase-8: regulating life and death. Immunol. Rev. 277, 76–89. doi: 10.1111/imr.12541

Voet, S., Srinivasan, S., Lamkanfi, M., and van Loo, G. (2019). Inflammasomes in neuroinflammatory and neurodegenerative diseases. EMBO Mol. Med. 11:e10248. doi: 10.15252/emmm.201810248

von Herrmann, K. M., Salas, L. A., Martinez, E. M., Young, A. L., Howard, J. M., Feldman, M. S., et al. (2018). NLRP3 expression in mesencephalic neurons and characterization of a rare. NPJ Parkinsons Dis. 4:24. doi: 10.1038/s41531-018-0061-5

Wagner, D. C., Riegelsberger, U. M., Michalk, S., Hartig, W., Kranz, A., and Boltze, J. (2011). Cleaved caspase-3 expression after experimental stroke exhibits different phenotypes and is predominantly non-apoptotic. Brain Res. 1381, 237–242. doi: 10.1016/j.brainres.2011.01.041

Walsh, J. G., Muruve, D. A., and Power, C. (2014). Inflammasomes in the CNS. Nat. Rev. Neurosci. 15, 84–97. doi: 10.1038/nrn3638

Wang, L., Xu, X. B., You, W. W., Lin, X. X., Li, C. T., Qian, H. R., et al. (2017). The cytoplasmic nuclear shuttling of Beclin 1 in neurons with Alzheimer’s disease-like injury. Neurosci. Lett. 661, 63–70. doi: 10.1016/j.neulet.2017.09.055

Wang, W., Nguyen, L. T., Burlak, C., Chegini, F., Guo, F., Chataway, T., et al. (2016). Caspase-1 causes truncation and aggregation of the Parkinson’s disease-associated protein alpha-synuclein. Proc. Natl. Acad. Sci. U.S.A. 113, 9587–9592. doi: 10.1073/pnas.1610099113

Xia, P., Pan, Y., Zhang, F., Wang, N., Wang, E., Guo, Q., et al. (2018). Pioglitazone confers neuroprotection against ischemia-induced pyroptosis due to its inhibitory effects on HMGB-1/RAGE and Rac1/ROS pathway by activating PPAR-γ. Cell. Physiol. Biochem. 45, 2351–2368. doi: 10.1159/000488183

Xu, Y., Wang, J., Song, X., Qu, L., Wei, R., He, F., et al. (2016). RIP3 induces ischemic neuronal DNA degradation and programmed necrosis in rat via AIF. Sci. Rep. 6:29362. doi: 10.1038/srep29362

Yuan, J., Shaham, S., Ledoux, S., Ellis, H. M., and Horvitz, H. R. (1993). The C. elegans cell death gene ced-3 encodes a protein similar to mammalian interleukin-1 beta-converting enzyme. Cell 75, 641–652. doi: 10.1016/0092-8674(93)90485-9

Yuan, S., Yu, Z., Zhang, Z., Zhang, J., Zhang, P., Li, X., et al. (2019). RIP3 participates in early brain injury after experimental subarachnoid hemorrhage in rats by inducing necroptosis. Neurobiol. Dis. 129, 144–158. doi: 10.1016/j.nbd.2019.05.004

Zare-Shahabadi, A., Masliah, E., Johnson, G. V., and Rezaei, N. (2015). Autophagy in Alzheimer’s disease. Rev. Neurosci. 26, 385–395. doi: 10.1515/revneuro-2014-0076

Zhang, C. J., Jiang, M., Zhou, H., Liu, W., Wang, C., Kang, Z., et al. (2018). TLR-stimulated IRAKM activates caspase-8 inflammasome in microglia and promotes neuroinflammation. J. Clin. Invest. 128, 5399–5412. doi: 10.1172/JCI121901

Zhao, X., Kotilinek, L. A., Smith, B., Hlynialuk, C., Zahs, K., Ramsden, M., et al. (2016). Caspase-2 cleavage of tau reversibly impairs memory. Nat. Med. 22, 1268–1276. doi: 10.1038/nm.4199

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2019 Espinosa-Oliva, García-Revilla, Alonso-Bellido and Burguillos. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Brainiac Caspases: Beyond the Wall of Apoptosis



		INTRODUCTION



		Caspases Inflammasome and Pyroptosis



		Caspases and Necroptosis



		Caspases and Synapses



		Caspases and Neurotoxic Protein Aggregates



		Caspases and Autophagy and Mitochondria Biogenesis







		DISCUSSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
frontiers '
in Cellular Neuroscience

Brainiac Caspases: Beyond
the Wall of Apoptosis





OPS/images/fncel-13-00500-t001.jpg









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





OPS/images/fncel-13-00500-g001.jpg
“Assembly and activation of the Inflammasome”

Second signal (e.g. ATP, crystaline structures)
I X I

c000 °
02308825858 .,
®00, %0

®e

“Priming stage”
First signal
(DAMPS, PAMPs,

e.g.LPS)

pro-IL1B

Canonica i flammasome
Non-cano | inflammasome
o
o

0%

<, Casp-11 ———> Casp-11 activation
‘g% \. Casp-15%44 /AGSDMD
.:"::- ------------- N0y
T IRAK e
‘::'.'.. = RN AL
XS — Hglia Casp-8cl
'M‘&... I Casp-3cl o
..‘:.0.. 000000 oo o -
VRS e e eusomensaonstn S SS /e
-, 111 =
1T
ASTROCYTES
OLIGODENDROCYTES
AB LPC ATP METH LPS. TNE Glucocorticoids, others
, TNFa l
NLRP3
NLRP3  NLRP4 NLRP2 Casp-11 NLRP3 l
\l / . Casp-1
Casp-1 Inflammation ~ “2P1 l
l Pyroptosis Pyroptosis
lnflammation demyelination

MMM S ¥

Casp-3 Casp-1 Casp-11 Casp-8 TLR

Inflammasome TNFR

Y,
- o::-"'"""%
‘" Casp-8

.
-'.:',.
o

-

TNER TLRs

RIPK1
RIPK3

MLKLQ/;Q

NEURONS

Deprivation

NLRP1

!

Casp-1
Casp-6

Cell lysis

AB

NLRP1

!

Casp-1
l Casp-11

-......:.‘,.?...

oo
S
....

Pore forming activity

\L Pyroptosis l

Axonal
degeneration

Pyroptosis

Cl
...o'.o'...

o

0..
Serteee e, s
IR

..
'o.:‘.'.






