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Abstract Autism and autism spectrum disorders (ASDs)

are heterogeneous complex neuro-developmental disorders

characterized by dysfunctions in social interaction and

communication skills. Their pathogenesis has been linked

to interactions between genes and environmental factors.

Consistent with the evidence of certain similarities between

immune cells and neurons, autistic children also show an

altered immune response of peripheral blood mononuclear

cells (PBMCs). In this study, we investigated the activation

of caspases, cysteinyl aspartate-specific proteases involved

in apoptosis and several other cell functions in PBMCs

from 15 ASD children compared to age-matched normal

healthy developing controls. The mRNA levels for cas-

pase-1, -2, -4, -5 were significantly increased in ASD

children as compared to healthy subjects. Protein levels of

Caspase-3, -7, -12 were also increased in ASD patients.

Our data are suggestive of a possible role of the capsase

pathway in ASD clinical outcome and of the use of caspase

as potential diagnostic and/or therapeutic tools in ASD

management.
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Introduction

Autism and autism spectrum disorders (ASDs) are heter-

ogeneous neuro-developmental disorders characterized by

dysfunctions in social interaction and communication

skills, in addition to repetitive and stereotypic verbal and

non-verbal behaviours (Diagnostic and Statistical Manual

of Mental Disorders, 4th Edition, Text Revision (DSM-IV-

TR), American Psychiatric Association 2000; Toro et al.

2010; Williams et al. 2010). They are complex conditions

that have their origins in the interaction of genes and

environmental factors. The pathophysiology of autism is

still unclear and no defined mechanisms of pathogenesis or

effective treatments are currently available (Levy et al.

2009). Several biochemical and cellular events have been

reported to be linked to ASDs: oxidative stress, decreased

methylation capacity, limited production of glutathione,

mitochondrial dysfunction, intestinal dysbiosis, increased

toxic metal burden, and immune dysregulation and immune

activation of neuroglial cells (Bradstreet et al. 2010).
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Recent studies suggest that peripheral blood mononuclear

cells (PBMCs) may represent a useful tool to investigate

systemic neurochemical changes in neurodegenerative dis-

eases (Buttarelli et al. 2006). Moreover, dysfunction in

PBMC response could result in long-term immune altera-

tions also in ASDs (Stubbs and Crawford 1977; Ashwood

et al. 2006; Enstrom et al. 2010). Indeed, ASD children show

an altered immune cell ratio and a decreased number of T

lymphocytes, as well as altered gene expression in peripheral

blood leucocytes (Warren et al. 1986; Denney et al. 1996;

Gregg et al. 2008). In addition, PBMCs from ASD children

present elevated levels of pro-inflammatory cytokines and

interleukins (Molloy et al. 2006; Onore et al. 2009).

Caspases are cysteinyl aspartate-specific proteases that

play a critical role in the regulatory and execution phases

of apoptosis (Salvesen and Riedl 2008; Siniscalco et al.,

2008). An increasing number of studies highlight non-

apoptotic functions mediated by caspases (Launay et al.

2005; Yi and Yuan 2009; Bergmann and Steller 2010).

Indeed, caspases play a critical role by acting as regulators

of monocyte cell fate (Parihar et al. 2010) as well as by

mediating both innate and adaptive immune responses (van

de Veerdonk et al. 2011; Yazdi et al. 2010). Both these

immune responses are of great interest in ASDs in light of

the fact that immune abnormalities in autism pathogenesis

have been reported (Gupta et al. 2010). In addition, casp-

ases are related to several pro-inflammatory processes

(Martinon and Tschopp 2007). These inflammatory

responses are altered in ASDs. Moreover, pro-inflamma-

tory cytokines could induce some of the behavioural

symptoms of autism (Croonenberghs et al. 2002). There-

fore, caspases could be an interesting target to better define

the immune and inflammatory molecular pathways

involved in autism pathophysiology.

To our knowledge there are no studies aimed at identi-

fying possible changes in the expression of caspases in

ASDs patients. In this study, we have addressed the issue of

whether these disorders might modify over-expression and

over-activation of several caspases in PBMCs from ASD

patients.

Materials and Methods

Subjects

An informed consent was obtained from all subjects

enrolled in this study in compliance with national legisla-

tion and the Code of Ethical Principles for Medical

Research Involving Human Subjects of the World Medical

Association (Declaration of Helsinki).

Autistic (n = 15) and healthy control (n = 10) children

of both sexes age ranging 3–9 years old were enrolled into

the study from the outpatient Centre for Autism of La

Forza del Silenzio, Naples-Caserta, Italy. The diagnosis of

autism was made using a clinical evaluation according the

Diagnostic and Statistical Manual of Mental Disorders, 4th

Edition, Text Revision (DSM-IV-TR) (American Psychi-

atric Association 2000) criteria, along with the Childhood

Autism Rating Scale (Schopler et al. 1993). The autistic

children had to fulfil DSM IV criteria for autistic disorder,

and score at least 30 points in the CARS scale. Participants

were excluded if they had: a neurological and psychiatric

disorder other than autism and comorbid disorders, such as

epilepsy; history of liver, renal or endocrine disorder;

current infection of respiratory tract or fever state of

any origin; and mental retardation. Mental retardation or

behavioural disorders, including hyperkinetic disorder

or significant symptoms of hyperactivity, impulsiveness or

restlessness were exclusion criteria only for the group of

healthy control children, but were allowed as comorbid

condition in the autistic cohort. Children diagnosed with

Asperger’s syndrome were excluded from the study.

Isolation of Peripheral Blood Mononuclear Cells

(PBMCs)

Fresh peripheral blood samples from ASD patients and

healthy donors were drawn and collected in sterile EDTA

tubes (Becton–Dickinson, Franklin Lakes, NJ). Peripheral

blood mononuclear cells (PMBCs) were isolated by cen-

trifugation over Histopaque 1077 density gradient (Sigma

Chemical, St Louis, MO). Briefly, blood was diluted

1:1 in PBS, overlaid onto lymphocyte separation media

(Lymphocyte Separation Medium—Lonza, Walkersville,

MD), centrifuged at 2,200 rpm for 30 min at room tem-

perature and plasma was removed. Mononuclear cell

fraction was harvested and washed twice in phosphate

buffer saline (PBS) (Sigma, St. Louis, MO). Final pellet

was re-suspended in Tri-Reagent solution (Molecular

Research Center Inc., Cincinnati, OH) or protein lysis

buffer for further molecular analysis.

RNA Extraction and RT–PCR

Total RNA was extracted from PBMCs using a RNA Tri-

Reagent (Molecular Research Center Inc., Cincinnati, OH)

according to the manufacturer’s protocol. The total RNA

concentration and integrity were determined by Nanodrop

ND-1000 UV spectrophotometer (Nano-Drop� Technolo-

gies, Thermo Scientific, Wilmington, DE). The mRNA

levels of the caspase genes under analysis were measured by

RT–PCR amplification, as previously reported (Siniscalco

et al. 2007). Reverse Transcriptase from Avian Myelo-

blastosis Virus (AMV-RT; Promega, Madison, WI) was

used. Briefly, for first-strand cDNA synthesis 200 ng total
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RNA, random examers, dNTPs (Promega, Madison, WI),

AMV buffer, AMV-RT and recombinant RNasin ribonu-

clease inhibitor (Promega, Madison, WI) were assembled in

diethyl-pyrocarbonate-treated water to a 20 ll final volume

and incubated for 10 min at 65�C and 1 h at 42�C. RT

minus controls were carried out to check potential genomic

DNA contamination. These RT minus controls were per-

formed without using the reverse transcriptase enzyme in

the reaction mix. Aliquots of 2 ll cDNA were transferred

into a 25 ll PCR reaction mixture containing dNTPs,

MgCl2, reaction buffer, specific primers and

GoTaq Flexi DNA polymerase (Promega, Madison, WI),

and amplification reactions using specific primers and

conditions for human caspase genes cDNA were carried

out. Sequences for the human mRNAs from GeneBank

(DNASTAR INC., Madison, WI) were used to design

specific primer pairs for RT-PCRs (OLIGO 4.05 software,

National Biosciences Inc., Plymouth, MN) (primers avail-

able on request). Each RT–PCR was repeated at least three

times to achieve the best reproducibility data. The mean of

the inter-assay variability of each RT-PCR assay was 0.05.

The levels of mRNA measured were normalized with

respect to glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), which was chosen as the housekeeping gene.

Indeed GAPDH is one of the most stably expressed genes in

human peripheral blood (Stamova et al. 2009) To our

knowledge, there is no molecular evidence of variation in

GAPDH mRNA-levels in ASDs. The gene expression val-

ues were expressed as arbitrary units ± S.E.M. Amplifica-

tion of the genes of interest and GAPDH was performed

simultaneously. PCR products were resolved into 2.0%

agarose gel. A semi-quantitative analysis of mRNA levels

was carried out by the ‘‘Gel Doc 2000 UV System’’ (Bio-

Rad, Hercules, CA).

Protein Extraction and Western Blot Analysis

For protein extraction, PBMCs were suspended in protein

lysis buffer [HEPES 25 mM; EDTA 5 mM; SDS 1%;

Triton X-100 1%; PMSF 1 mM; MgCl2 5 mM; Protease

Inhibitor Cocktail (Roche, Mannheim, Germany); Phos-

pahatase Inhibitor Cocktail (Roche, Mannheim, Germany)].

Protein concentration was determined using the method

described by Bradford (1976). Each sample was loaded,

electrophoresed in a 15% SDS–polyacrylamide gel and

electroblotted onto a nitrocellulose membrane. The mem-

brane was blocked in 5% milk, 19 Tris-buffered saline and

0.05% Tween-20. Primary antibodies to detect Caspase-7

(StressGen, Victoria, Canada) and Caspase-12 (Chemicon-

Millipore, Temecula, CA) were used according to the

manufacturer’s instructions at 1:1000 dilutions. Immuno-

reactive signals were detected with a horseradish peroxi-

dase-conjugated secondary antibody and reacted with an

ECL system (Amersham Pharmacia, Uppsala, Sweden).

Protein levels were normalized with respect to the signal

obtained with anti-b-actin monoclonal antibodies (Santa

Cruz Biotechnology, Santa Cruz, CA; 1:1000 dilution).

The semi-quantitative analysis of protein levels was carried

out by the Gel Doc 2000 UV System and the Gel Doc

EZ Imager, using Image Lab 3.0 software (Bio-Rad,

Hercules, CA).

Immunocytochemistry

For immunocytochemical analysis, mononuclear cells were

re-suspended at 1 9 106 cell/ml in RPMI 1640 complete

medium (Lonza, Verviers, Belgium) containing 10% fetal

bovine serum (FBS) (EuroClone-Celbio, Milan, Italy),

2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml

streptomycin (all Lonza), were plated in slides into a

12-well plate and incubated for 4 days at 37�C with 5%

CO2. Cells were then fixed with 4% paraformaldheyde

fixative. After washing in PBS, non-specific antibody

binding was inhibited by incubation for 30 min in blocking

solution (1% BSA in PBS). Primary antibodies were dilu-

ted in PBS blocking buffer and slides were incubated

overnight at 4�C in primary antibodies to human polyclonal

anti-active (cleaved) form Caspase-3 (1:200; Chemicon-

Millipore, Temecula, CA). Fluorescent-labelled secondary

antibodies (1:1000; Alexa Fluor 488, Molecular Probe;

Invitrogen, Carlsbad, CA) specific to the IgG species used

as a primary antibody were used to locate the specific

antigens in each slide. Cells were counterstained with

bisbenzimide (Hoechst 33258; Hoechst, Frankfurt,

Germany) and mounted with mounting medium (90%

glycerol in PBS). Fluorescently labelled slides were viewed

with a fluorescence microscope (Leica, Wetzlar, Germany).

Immunofluorescence images were analyzed with Leica

FW4000 software (Leica, Wetzlar, Germany). Only bis-

benzimide counterstained cells were considered as positive

profiles so as to avoid over counting cells.

Statistical Analysis

Biomolecular data are expressed as means ± SEM.

ANOVA, followed by Student–Neuman–Keuls post hoc

test used to determine the statistical significance among

groups. p \ 0.05 was considered statistically significant.

Results

ASDs Trigger Over-Expression of Caspase Genes

We examined caspase expression mainly by RT–PCR,

since this technique is a far more sensitive method for the
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detection of gene expression than immunocytochemistry

(Giordano et al. 2011; Dickel et al. 2010). In addition,

caspases under analysis here also show a transcriptional

regulative mechanism (Aitken et al. 2011; Giordano et al.

2011; Salskov-Iversen et al. 2011; Andrianjafiniony

et al. 2010; Banerjee et al. 2010; Fang et al. 2010; Heikaus

et al. 2010; Lisi et al. 2010; Lakshmanan and Porter 2007;

Dai and Krantz 1999). The semiquantitative analysis of

PBMC-extracted mRNA levels, measured by RT-PCR

amplification, showed an increase in the pro-inflammatory

caspase-1, -4, -5 and in the cellular stress-related caspase-2

gene in PBMCs of ASD patients, whereas mRNA levels of

caspase-8 gene did not change (Fig. 1; Table 1).

ASDs Increase Caspase-3, Caspase-7 and Caspase-12

Protein Levels

As principal executioner caspases, caspase-3, -7 and -12

show post-translational regulation (Martinez et al., 2010;

Nakatsumi and Yonehara, 2010). We therefore determined

the activation profiles of caspase-7 and caspase-12 by

analysis of protein levels, as well as the activation of

caspase-3 by immunocytochemistry. Western blot analysis

showed a remarkable increase in caspase-7 and caspase-12

protein levels in ASD patients as compared to healthy

controls (Fig. 2). Protein level analysis in ASD patients and

control groups was performed simultaneously and in the

same way. Caspase protein level was enhanced in all the

ASD patients evaluated. Statistically significant differences

were not observed in the control group.

To visualize caspase activation, we also investigated the

protein levels of the active form of executioner caspase-3

in the PBMCs using fluorescence immunocytochemistry.

Immunofluorescence analysis carried out using an antibody

able to detect endogenous levels of the large fragments of

activated caspase-3 without recognizing full-length cas-

pase-3 or other cleaved caspases, confirmed that caspase-3

was over-activated in the PBMCs in ASD patients as

compared to healthy controls (Fig. 3).

Discussion

In this study we demonstrated for the first time the up-

regulation and activation of several caspases in PBMCs

from ASDs subjects.

It is well known that caspase activity is essential for

several cellular processes other than apoptosis, including

differentiation, activation and nuclear reprogramming

pathways (Li et al. 2010; Lamkanfi et al. 2007; Algeciras-

Schimnich et al. 2002).

Indeed, it is noteworthy that caspases are involved in the

activation-induced proliferation of T lymphocytes (Paulsen

et al. 2008), as well as in the activation of various hema-

topoietic cells, including the activation and differentiation

of monocytes (Adam-Klages et al. 2005).

Caspase-1 is essential for inflammasome protein scaf-

fold formation and for the subsequent cleavage and acti-

vation of the potent pro-inflammatory interleukin-1beta

(IL-1b) and IL-18 (Bauernfeind et al. 2011; Yazdi et al.

2010). In this way, caspase-1 triggers innate immune

responses; in addition IL-1b and IL-18 release initiates

Th1- and Th17-mediated adaptive immune responses (van

de Veerdonk et al. 2011). Recently, immunological

abnormalities and changes in innate and adaptive immunity

in autism pathogenesis have been reported (Gupta et al.

2010). Interestingly, the brain of ASD patients shows an

Fig. 1 Over-expression of caspase-1, -2, -4, and -5, but not of

caspase-8 in ASD-PBMCs. The measured mRNA levels were

normalized with respect to GAPDH (housekeeping gene) and gene

expression values were expressed as a percentage of arbitrary units

± SEM. Open circle indicates significant difference versus healthy

controls. p values \0.05 were considered statistically significant.

Legend: CTL healthy control subjects, ASD autism spectrum disorder

patients

Table 1 The mRNA levels (mean ± SE) of the genes under analysis

measured by RT–PCR amplification are reported. Each RT–PCR was

repeated at least three times

Gene Healthy subjects ASD patients

Caspase-1/GAPDH 0.82 ± 0.09 2.32 ± 0.04*

Caspase-2/GAPDH 0.60 ± 0.06 1.57 ± 0.01*

Caspase-4/GAPDH 0.68 ± 0.09 2.38 ± 0.04*

Caspase-5/GAPDH 0.95 ± 0.04 1.54 ± 0.04*

Caspase-8/GAPDH 1.07 ± 0.04 1.16 ± 0.04

The semi-quantitative analysis of mRNA levels was carried out by the

‘‘Gel Doc 2000 UV System’’ (Bio-Rad, Hercules, CA). The measured

mRNA levels were normalized with respect to GAPDH (housekeep-

ing gene) and gene expression values were expressed as arbitrary

units ± SE. *p \ 0.05 versus the corresponding healthy controls, as

analyzed by ANOVA, followed by Student-Neuman-Keuls test
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increased innate and adaptive immune response through

the Th1 pathway (Li et al. 2009). Innate and adaptive

immune responses are also excessive in ASD-PBMCs

(Jyonouchi et al. 2001). PBMCs from children with ASDs

show increased activation of both Th1- and Th2- mediated

immune response; however, it is not yet clear if these

immune alterations in ASD-PBMCs correlate with immune

changes within the central nervous system (Li et al. 2009).

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, has been

also demonstrated in ASDs (Gupta et al. 2010). In addition,

ASD-PBMCs are able to over-produce IL-1b, resulting in

long-term immune alterations (Enstrom et al. 2010).

The fact that we found caspase-1 gene over-expression

could indicate that this caspase could play a key role in

triggering immune response changes in ASD-PBMCs.

Besides caspase-1, the inflammatory caspase family

includes both caspase-4 and -5, also involved in cytokine

maturation (Lakshmanan and Porter 2007; Martinon and

Tschopp 2007; Agard et al. 2010). Our data showing increased

mRNAs for these pro-inflammatory caspases in ASD-PBMCs

suggest that these proteolytic enzymes may act as inducers of

altered immune responses in autistic children.

Caspase-3 and -7 belong to the executioner family and

are closely related to the apoptotic process. However, they

could also play physiological roles (Siniscalco et al. 2008).

Caspase-7 is a direct substrate of caspase-1 in inflamma-

tory processes (Lamkanfi et al. 2008) and has a different

enzymatic site to caspase-3 (Riedl et al. 2001). Very

interestingly, localized cytoplasm and activated caspase-3

and -7 are required for the proliferation of T lymphocytes,

indicating that these two caspases could be involved in the

activation of survival pathways, as well as a different

pattern of cleaved substrates (McComb et al. 2010; Paulsen

et al. 2008). Hence our results could indicate the partici-

pation of these two caspases in T lymphocyte activation in

ASDs.

Fig. 2 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 percentage variations in

caspase-7 and -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). Open circle
indicates significant differences

versus healthy subjects.

p \ 0.05 was considered as the

level of significance

Fig. 3 Representative fluorescent photomicrograph of PBMCs show-

ing 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 lm
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In some cases, caspases could act as cytoprotective

rather than cytotoxic agents (Launay et al. 2005); indeed,

we cannot exclude that also in our system they exert a

protective role in response to ASD-mediated inflammatory

stimuli.

However, due to the strong activation of caspase-3

found here, we cannot exclude an apoptotic process active

in ASD-PBMCs.

Beside its role in apoptosis, caspase-8 also plays a role

in T cell activation (Oberst et al. 2011). We did not find

any difference in caspase-8 gene expression in ASD chil-

dren compared to healthy matched controls. However,

post-transcriptional mechanisms of activation could be

taken into account. In addition, Lakshmanan and Porter

report that in monocytic cells it is unlikely that caspase-8 is

involved together with caspase-4 in cytokine production

(Lakshmanan and Porter 2007). Indeed, these authors

demonstrated that caspase-4 knock down monocytic cells

show decreased cytokine production, although normally

synthesizing procaspase-8.

A recent study reports that ASDs are related to endo-

plasmic reticulum (ER) stress (Fujita et al. 2010). ER

imbalance in Ca2? homeostasis and/or in the protein-folding

machinery triggers activation of caspase-12 (Momoi 2004),

whereas prolonged ER stress, such as sustained accumula-

tion of unfolded proteins, triggers the activation of caspase-2

and ultimately results in caspase-mediated cell death

(Murakami et al. 2007). However, 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). These two caspases are mainly

involved in cellular stress pathways (i.e. oxidative stress,

apoptosis). Indeed, activated caspase-2 and caspase-12 can

act as sensors and/or effectors of cellular damage (Ruiz-Vela

et al. 2005). On these issues and on the basis of our results, the

activation of these two proteases could indicate possible

cellular stress events in ASD-PBMCs.

Further experiments are required in order to better

characterize caspase involvement in ASDs, as well as the

exact molecular pathways activated by these proteolytic

enzymes. Recently, Voineagu observed upregulation of

immune response genes in the autistic brain. These immune

changes have no evidence of a common genetic component

and could be most likely secondary phenomena or caused

by environmental factors (Voineagu et al. 2011). The

caspase dysregulation in ASD-PBMCs we found here

could be due to secondary phenomena. Indeed, a more

recent study indicates that the influence of genetic factors

on the susceptibility to develop autism could be overesti-

mated, highlighting the potential role of environmental

triggers in causing ASDs (Hallmayer et al. 2011). How-

ever, we cannot exclude that caspases may be a key

mechanism linking primary and downstream processes.

Several studies indicate caspases as a therapeutic

target for apoptosis- and inflammatory-related diseases

(MacKenzie et al. 2010); this study provides evidence that

caspases are activated in ASD-PBMCs, providing potential

targets for the development of diagnostic and/or therapeutic

strategies for ASDs. Diagnostic value of caspases in ASDs

could derive from their unique and specific over-expression

and over-activation pattern. Indeed, while several other

diseases are characterized by activation of only specific

caspases, ASDs seems to be associated to generalized

activation of many caspase family members. Validation of

caspases as a diagnostic tools and possible therapeutic tar-

get in clinical setting are necessary to confirm our hypoth-

esis and are currently explored in our laboratories.
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