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Introduction
Autism Spectrum Disorders

Autism spectrum disorders (ASDs) are heterogeneous pervasive neurodevelopmental
disorders (Fasano 2010; Kim et al. 2012). Some of the common characteristics
of ASDs are dysfunctions in social interaction and communication skills and
repetitive and stereotypic verbal and nonverbal behaviors (Toro et al. 2010; Williams
et al. 2010). Detailed description of these enigmatic conditions will be provided in
other chapters in this book. Briefly, ASDs are associated with several biochemical
events: oxidative stress, endoplasmic reticulum stress, decreased methylation
capacity, limited production of glutathione, mitochondrial dysfunction, intestinal
dysbiosis, inflammation, increased toxic metal burden, impaired detoxification, and
immune dysregulation and immune activation of neuroglial cells (Ming et al. 2008;
Bradstreet et al. 2010). Recently, it has been proposed a role for calcium signaling in
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the pathogenesis of ASDs (Napolioni et al. 2011). The exact aetiology of ASDs is still
unknown, and a complex combination of genetic, environmental (i.e., air pollution,
organophosphates, heavy metals), and immunological factors could participate in
ASD triggering events (Persico and Bourgeron 2006; Herbert 2010; Toro et al. 2010).

Recent evidences indicate a key role of several caspases in ASDs (Siniscalco
et al. 2012). Caspases, a family of aspartate-specific cysteine-dependent proteases,
are able to mediate both innate and adaptive immune responses (Yazdi et al. 2010;
van de Veerdonk et al. 2011) and play a critical role by acting as regulators of
monocyte cell fate (Parihar et al. 2010). Immune abnormalities and altered immune
responses in autism pathogenesis have been well reported (Gupta et al. 2010). In
addition, inflammatory responses, where caspases are strictly related, are highly
altered in ASDs. Caspase is also able to mediate the pro-inflammatory cytokine
production. Pro-inflammatory cytokines could induce some of the behavioral
symptoms of autism (Croonenberghs et al. 2002).

This chapter will focus on the role and function of several caspases involved in
ASDs development and maintenance.

Caspases

Caspases are an evolutionarily conserved structurally related family of aspartate-
specific cysteine-dependent proteases (Lamkanfi et al. 2002). The main role of their
function is in apoptotic and inflammatory signaling pathways. Beyond apoptosis,
recent data have elucidated their non-apoptotic functions, such as proteolysis and
other non-proteolytic functions. Indeed, these proteases are pleiotropic enzymes, as
they take a role also in cell differentiation, proliferation, as well as in activation and
nuclear reprogramming pathways (Algeciras-Schimnich et al. 2002).

Based on their discovery and publication and also on their activity mechanism,
caspases are mainly classified in two categories: regulatory, or upstream initiator,
caspases and effector (downstream) caspases (Williams et al. 2006). Caspases
formed by large prodomains containing related homotypic oligomerization motifs
have regulatory functions (caspase-1, caspase-2, caspase-4, caspase-5, caspase-9,
caspase-11, caspase-12). These large prodomain caspases are responsible to
activate the short prodomain caspases (executioner or effector caspase-3, caspase-6,
caspase-7, caspase-14) by proteolytic maturation. Indeed, caspases are synthesized as
inactive proenzymes (zymogens) with a prodomain of variable length and
then activated following cleavage at specific aspartate cleavage sites (Lamkanfi
et al. 2008). Activated effector caspases are able to cleave a wide range of intracel-
lular structural and regulatory proteins, leading to a set of biochemical changes in cell
morphology and eventual cell death (Chang et al. 2003). Some regulatory caspases
(i.e., caspase-12) can act as executioner caspase. Indeed, caspases can play a role in
both inflammatory and apoptotic processes (i.e., caspase-11 and caspase-12).

In the apoptosis pathway, caspases are responsible of specific cleavage of a wide
variety of substrates implicated in the regulatory and execution phases of apoptosis.
The cell death is the final outcome of these caspase-mediated proteolytic cascades.
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In the non-apoptotic events, caspases could become activated independently
of — or without — an apoptotic stimuli, thus leading to the cleavage of a specific
subset of substrates, such as cytokines, kinases, transcription factors, and poly-
merases (Lamkanfi et al. 2007).

Caspase-1

Historically, caspase-1 is the first one discovered and identified. It is the best-
characterized inflammatory caspase. Its role is determinant in the developing
inflammation, as it is able to cleave the inactive 31 kDa cytokine pro-IL-1f to
generate the active 17 kDa mature form of IL-1f (Cohen 1997), the potent pro-
inflammatory cytokine. Caspase-1 is formed by two domains of 20 kDa and 10 kDa,
respectively (Fig. 1). These subunits are derived from autoproteolysis of a large
prodomain. This autocatalytic process is mediated by the interaction of the
prodomain of the initiator caspase with its adaptor protein. Oligomerization of
caspase-1 is required for auto-processing. Activation of caspase-1 requires the
inflammasome formation, an activating molecular platform of a multiprotein com-
plex. The major functions of inflammasome are recognizing cytosolic pathogen-
associated molecular patterns and reacting to these patterns through activation of
pro-inflammatory cytokines and thereby initiating inflammation (Fig. 2) (Salskov-
Iversen et al. 2011). The active Nod-like receptor Nalp3 complexed to the apopto-
sis-associated protein (ASC) interacts with the caspase-1 forming the
inflammasome protein scaffold and inducing the proteolytic caspase activity of
the enzyme (Nicholas et al. 2011). In the inflammasome complex, caspase-1 is
brought into close proximity with another caspase, caspase-5, to facilitate the cross
activation (Martinon and Tschopp 2007). Once activated, caspase-1 subsequently
cleaves the pro-IL-1p. Besides IL-1p, caspase-1 is responsible to process another
pro-inflammatory cytokine, IL-18, also known as interferon-y-inducing factor
(Gracie et al. 2003; Bauernfeind et al. 2011). Interestingly, two mechanisms have
been proposed to trigger activation of the inflammasome complex, one as
a consequence of a bacterial product and the other following changes in the
intracellular ionic environment. Interleukin-18 (IL-18) is also involved in regulating
innate and acquired immune responses. IL-18 is expressed at sites of chronic
inflammation, in autoimmune diseases, and in numerous infectious diseases
(Gracie et al. 2003).

Through cytokine production, caspase-1 is able to trigger innate immune
responses; the release of IL-1f and IL-18 initiates Th1- and Th17-mediated adaptive
immune responses (van de Veerdonk et al. 2011). Immune system takes an important
role in ASD pathogenesis. Innate and adaptive immunity in ASDs shows several
changes (Gupta et al. 2010). In addition, in the brain of autistic patients, innate and
adaptive immune responses are increased through the Th1- pathway (Li et al. 2009).
Autistic children show increased activation of both Thl- and Th2-mediated
immune responses in peripheral blood mononuclear cells (PBMCs), together with
an imbalance in the critical components of innate immunity, i.e., CD3+, CD4+,
and CD8+ T cells, as well as in natural killer (NK) and in antigen-presenting (APC)
cells (Gupta et al. 2010). Indeed, monocytic cells from autistic children show
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Fig. 1 Structure of the
caspase-1 protein
(Reproduced from Worldwide
Protein Data Bank (www.
wwpdb.org). Copyright (c)
2012, Siniscalco. Permission
is granted to copy, distribute,
and/or modify this document
under the terms of the GNU
Free Documentation License)

Fig. 2 A model for inflammasome activation. Several stimuli are able to trigger activation of
NLRP3 leading to the secretion of interleukin (IL)-1p and IL-18. Signal 1 pathway, through the
Toll-like receptor (TLR)-MyD88-NFkB signaling pathway, leads to the expression of the pro-IL-1§
gene and production of the pro-IL-1f protein. Signal 2 pathway is responsible for the assembly of
a large macromolecular complex, through the recruitment of the apoptosis-associated speck-like
protein containing a C-terminal caspase recruitment domain (CARD) (ASC) adaptor protein and pro-
caspase-1 to NLRP3. Once activated, caspase-1 is able to cleave pro-IL-1f protein, thus forming the
active IL-1 B interleukin (Reproduced and adapted from Yang et al. 2012)
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excessive innate and adaptive immune responses (Jyonouchi et al. 2001). These cells
are able to overproduce IL-1f, resulting in long-term immune alterations (Enstrom
et al. 2010). Caspase-1 gene is overexpressed in ASD-PBMCs indicating that this
caspase is responsible for triggering immune response changes through cytokine
production.

Caspase-2

Caspase-2, the most conserved member of the caspase family, is cleaved
early during the apoptotic process. However, caspase-2 plays important functions
in a number of stress-induced cell death pathways and in cell cycle maintenance,
regulation, and DNA repair (Bouchier-Hayes 2010). Indeed, new mechanisms
regulating caspase-2 activation have been proposed, suggesting that its regulation
involves several kinases. This enzyme is linked to p53 via the activating
complex PIDDosome (Vakifahmetoglu-Norberg and Zhivotovsky 2010).
The caspase recruitment domain (CARD) of the pro-caspase-2 interacts
with several proteins to form the complex PIDDosome. Probably, the assembly
of the PIDDosome is engaged in response to DNA damage. After DNA
damage, caspase-2 is rapidly phosphorylated. The phosphorylation represents
a further type of caspase-2 modification that regulates its activity and specific
functions. Beyond its roles in cell death processes, caspase-2 takes also part in
the complex formed by RIP1 and TRAF2 that activates both the NF-kf
and p38 MAPK pathways (Lamkanfi et al. 2005). All these data highlight
a complex regulation mechanism of caspase-2 activation and function.
This regulation is strictly dependent upon the cell lineage, developmental
stage, tissue type, and nature of the apoptotic stimulus. Caspase-2 is involved
in the cellular stress response pathways, where through FoxO transcription
factors, it regulates the oxidative stress response (Shalini et al. 2012). Moreover,
unlike other caspases, caspase-2 is also constitutively localized in the
nucleus, where it is involved in the G2/M DNA damage checkpoint maintenance
(Shi et al. 2009). This role could be a novel biochemical process in ASDs. Indeed,
metabolic abnormalities in ASDs have been confirmed (Ghanizadeh 2012).
The “four major areas” involve immune dysregulation or inflammation, oxidative
stress, mitochondrial dysfunction, and environmental toxicant exposures
(Rossignol and Frye 2012). Oxidative stress-induced mechanisms are believed
to be the major cause for ASD pathogenesis. Oxidative stress markers
are strongly associated with major cellular damages and severe mitochondrial
dysfunction in autistic pathology (Essa et al. 2011). Caspase-2 could be enrolled
in the molecular processes triggering oxidative stress in ASDs, even if no
specific intracellular protein substrates of caspase-2 have been identified so far.
Prolonged endoplasmic reticulum (ER) stress (alterations in Ca®" homeostasis
and accumulation of unfolded proteins) triggers the activation of caspase-2 and
ultimately results in caspase-mediated cell death (Murakami et al. 2007). Indeed,
activated caspase-2 acts as sensors and/or effectors of cellular damage (Ruiz-Vela
et al. 2005). In ASDs, the activation of caspase-2 could indicate possible cellular
stress events.
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Caspase-4 and Caspase-5

Caspase-4 and caspase-5 are members of the caspase-1 subfamily (inflammatory
caspases) (Cohen 1997). However, they have different substrates with respect
to caspase-1. Caspase-4 and caspase-5 arise from the gene duplication of
a caspase-11-like ancestral gene (Martinon and Tschopp 2004). It has been
proposed that both caspase-4 and caspase-5 could also act as upstream activator
of caspase-1 (Faucheu et al. 1995; Martinon and Tschopp 2007). Recently, it has
been reported that caspase-4 and caspase-5 are involved in cytokine maturation
(Agard et al. 2010; Siniscalco et al. 2012). Indeed, caspase-4 is responsible to
product IL-18 through TNF receptor-associated factor 6 interaction (Lakshmanan
and Porter 2007). In this way, caspase-4 plays an important role in the LPS-induced
TLR4-signaling pathway that leads to NF-kf activation and consequent
upregulation and secretion of IL-8 and CCL4. Caspase-4 and caspase-5 mRNAs
are highly increased in ASD-PBMCs (Siniscalco et al. 2012). Both caspases,
together with caspase-1, are believed to act as inducers of altered immune responses
in autistic children. This fact is a novel issue opening the way for a possible new
therapeutic strategy in ASDs. Blocking caspase activity could restore the immune
imbalance in autistic children.

Caspase-3 and Caspase-7

Caspase-3 and caspase-7 belong to the executioner family and are closely related to
the apoptotic process. They take a pivotal role during apoptosis. Upon initiation of
the cell death program, caspase-3 and caspase-7 are recruited in the death-inducing
signaling complex (DISC) and the apoptosome, respectively, through interaction
with large prodomains of caspase-8 and caspase-9 (Lamkanfi et al. 2008) (Fig. 3).
Once activated via proximity-induced activation, these caspases-8 and caspase-9
are able to induce an apoptotic cascade by proteolytically removing the linker
region between the large and small catalytic subunits of caspase-3 and caspase-7
(Lamkanfi et al. 2008). Active caspase-3 and caspase-7 cleave several substrates,
resulting in the morphological and biochemical hallmarks of apoptosis (Timmer
and Salvesen 2007); however, they have different enzymatic sites, as well as
a different pattern of cleaved substrates (Riedl et al. 2001).

Besides programmed cell death, they could also play physiological roles
(Siniscalco et al. 2008). In inflammatory pathways, caspase-7 is a direct substrate
of caspase-1 (Lamkanfi et al. 2008). In ASDs, it is noteworthy to consider that
activated caspase-3 and caspase-7 are required for the proliferation of
T lymphocytes (Adam-Klages et al. 2005; Paulsen et al. 2008; McComb et al.
2010; Siniscalco et al. 2012). It has been proposed that the caspase-mediated
signaling pathway is involved in activation processes, such as NF-kappaf- and
AP-1-dependent gene transcription, leading to secretion of the autocrine growth
factor IL-2 (Adam-Klages et al. 2005). This cytokine is able to enhance T-cell
proliferation. Activated caspases are present in proliferating T cell in response to
a strong stimulus that requires fast and extensive T-cell activation. When acting as
activator of T lymphocyte proliferation, caspase-3 and caspase-7 are localized into
the cytoplasm. Subcellular localization of caspases could indicate which kind of
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activation process they are performing (Hayashi et al. 2006). Executioner caspases
target proteins, such as PARP, that are localized in the nucleus; thus, they cleave
nuclear substrates during apoptosis process, whereas cytoplasm-localized activated
caspase-3 and caspase-7 are required for the proliferation of T lymphocytes.

Caspase-3 and caspase-7 take an important role in T lymphocyte activation in
ASDs as they are responsible for triggering immune response imbalance. Indeed, both
these caspases are highly increased and activated in ASD pathology (Figs. 4 and 5)
(Siniscalco et al. 2012). However, a kind of executioner caspase-mediated mechanism
of regulation has been proposed in the expansion phase of the T lymphocyte response.
Here executioner caspases are activated in order to ensure the fast and efficient
apoptosis of the activated T cells and in this way the successful termination of the
immune response. The intensity of the stimuli could switch between the two models
of actions (Adam-Klages et al. 2005).

Apaf-1

Caspase-9

Caspase-12

Caspase-12 belongs to the same caspase group of caspase-1, caspase-4, and
caspase-5, the group I family (Szegezdi et al. 2003). Caspase-12 is a central
protease in ER stress. The folding and maturation of proteins destined to the
plasma membrane, extracellular space, and the exo/endocytic compartments is
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Fig. 4 Representative Western blot analysis of caspase-7 and caspase-12 protein levels in the
PBMCs obtained from the ASD patients and the healthy controls, respectively. Legend: CTL
healthy control subjects; ASD autism spectrum disorder patients. The histograms indicate percent-
age variations in caspase-7 and caspase-12 protein levels normalized with respect to the signal
obtained for B-actin housekeeping protein in the PBMCs of ASD patients compared to the healthy
controls (CTL). ° indicates significant differences vs healthy subjects. P < 0.05 was considered as
the level of significance (Data were reported in Siniscalco et al. 2012)

Fig. 5 Representative fluorescent photomicrograph of PBMCs showing immunocytochemistry
for active caspase-3. Arrows indicate active form caspase-3-positive staining (green fluorescent).
Cell nuclei were counterstained with bisbenzimide (blue fluorescence). a healthy control
subjects; b autism spectrum disorder patients. Scale bar: 15 pm (Data were reported in
Siniscalco et al. 2012)

performed in ER (Zhang and Kaufman 2006). The ER stress is a complex
molecular mechanism induced by accumulation of unfolded protein aggregates.
ER imbalance in Ca®* homeostasis and/or in the protein-folding machinery
triggers activation of caspase-12 (Momoi 2004). Indeed, caspase-12 is localized
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to the ER and activated by ER stress. It is noteworthy to consider that ASDs
are related to endoplasmic reticulum (ER) stress (Fujita et al. 2010). Indeed, in
ASDs ER stress arises from mutations in genes encoding synaptic adhesion
molecules, triggers a trafficking disorder of synaptic receptors, and leads
to their impaired synaptic function and signal transduction (Momoi et al. 2009).
Caspase-12 plays a pivotal role in these molecular events in ASD pathophysiology
(Siniscalco et al. 2012).

Activated caspase-12 can act as a regulator of inflammatory caspase-1-mediated
signaling pathways and as sensor and/or effector of cellular damage (Ruiz-Vela
et al. 2005). According to this hypothesis, caspase-12 takes a role in regulation and
blocking the inflammatory and innate immune responses initiated by caspase-1,
thus predisposing the organism to severe sepsis, protecting the organism from
possible damaging effects (Scott and Saleh 2007).

Conclusion

On the light of the several biochemical pathways where caspases are enrolled in
ASDs (Fig. 6), caspases could be an interesting potential target to better define
the immune and inflammatory molecular pathways involved in autism

IL1b maturation
Inflammation
Immune response
changes

Caspase-3,-
7

Altered immune
responses

Oxidative stress
Cellular damage

T cell activation
Inflammation

Fig. 6 Proposed model of caspase involvement in ASDs
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pathophysiology. Validation of caspases as a diagnostic tool and possible
therapeutic target in clinical setting is the next expectation of ASD research.

Key Terms

Adaptive immune system. This term is referred to highly specialized cells and
processes that eliminate or prevent pathogenic growth.

Apoptosis. This term derives from an ancient Greek word which means “the falling
of leaves from a tree.” It indicates a form of programmed cell death, a complex
mix of biochemical changes and activations that provide cell death. Specific
features are condensation of the nuclei, DNA fragmentation, chromatin
condensation, generation of involuted membrane segments, and cellular
shrinkage mitochondria disintegration.

Caspases. Caspases are a structurally related family of aspartate-specific cysteine-
dependent proteases. They are involved in the regulatory and execution phases
of several biochemical events.

Cytokines. Small signaling molecules secreted by several cell types in order to
communicate with other cells.

Inflammasome. A complex multiprotein oligomer consisting, at least, of caspase-1,
caspase-5, apoptosis-associated speck-like protein containing a CARD,
NOD-like receptor, and apoptosis-associated protein. It is assembled for
activation of inflammatory processes.

Innate immune system. The innate immune system comprises cells and
mechanisms that defend the host from infections by other organisms in a
nonspecific manner.

Oxidative stress. It is an imbalance between the production of reactive oxygen
species and the mechanism of detoxification of a cell.

Proteases. Proteases are enzymes that catalyze proteolysis, the reactions of hydro-
lysis of the peptide bonds that link amino acids together in the polypeptide chain
forming the protein.

Key Facts of Caspases

o Caspases are necessary for proteolytic activation of several biochemical
pathways.

e Usually, they are related to apoptotic functions; however, several caspase-
mediated non-apoptotic pathways have been elucidated.

* By cleaving a specific subset of substrates, caspases are responsible to trigger
a cascade of molecular activations.

¢ Inflammatory events, both innate and adaptive immune responses, are molecular
pathways in which caspases are involved.

e Several diseases and pathological states show caspase upregulation or over-
activation.
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Summary Points

« This chapter focuses on caspases involvement in autism.

» Caspases are proteolytic enzymes involved in many activation processes.

¢ Among the molecular pathway in which caspases take a pivotal role, inflamma-
tion and both innate and adaptive immune responses are mainly susceptible of
caspase action.

e Autism spectrum disorders show several biochemical and cellular changes.
Immune abnormalities and altered immune responses in autism have been
reported.

* Recently, upregulation and over-activation of several caspase have been dem-
onstrated in autistic children.

e Caspases could be an interesting target to better unravel the immune and
inflammatory molecular pathways involved in autism pathophysiology.
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