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RESUMO 

 

VELÁSQUEZ, Erika. Análise proteômica aplicada na caracterização subcelular do córtex 

orbitofrontal de pacientes com esquizofrenia. Tese (Doutorado em Bioquímica) – Instituto 

de Química, Universidade Federal do Rio de Janeiro, Rio de Janeiro, 2019 

 

 

A esquizofrenia é um distúrbio neuropsiquiátrico crônico caracterizado pelo 

comprometimento das funções mentais que afeta cerca de 1% da população mundial. A 

caracterização proteômica de frações subcelulares do córtex orbitofrontal podem fornecer 

informações valiosas sobre os mecanismos moleculares envolvidos na fisiopatologia 

desta doença. O proteoma quantitativo de sinaptossomas (SIN), mitocôndrias (MIT), 

fração nuclear (NUC) e citoplasma (CIT) foi obtido para 12 pacientes com esquizofrenia 

e para um pool com 8 controles saudáveis livres de doenças mentais usando técnicas 

quantitativas diferentes como iTRAQ, label-free e targeted (PRM e SRM). Na fração SIN 

foram identificadas um total de 2018 grupos de proteínas usando uma abordagem label-

free e marcação com iTRAQ. Análises estatísticas revelaram a variação significativa na 

abundância de 12 e 55 proteínas quantificadas por iTRAQ e label-free, respectivamente. 

As principais proteínas desreguladas estavam relacionadas ao desequilíbrio da via de 

sinalização do cálcio, estresse do retículo endoplasmático e morte celular programada, 

refletidas na desregulação de proteínas como o Reticulon-1 e o Citocromo c. Além disso, 

encontramos um aumento significativo de proteínas associadas à regulação do 

comportamento humano como a LSAMP e Proteína quinase II dependente de cálcio e 

calmodulina. Por outro lado, a análises de espectrometria de massas identificou 939 

grupos de proteínas na fração MIT, 2021 em NUC e 2433 em CIT. Um total de 358 grupos 

de proteínas foi encontrado desregulado entre as frações MIT, NUC e CIT. Por meio da 

análise proteômica quantitativa, detectamos como principais vias biológicas afetadas as 

relacionadas ao desequilíbrio de cálcio, apoptose, metabolismo de glutamato, ruptura da 

sinalização celular da ativação de CREB, orientação de axônios e proteínas envolvidas na 

ativação da sinalização de NF-kB juntamente com o aumento da proteína complemento 

C3. Com base em nossa análise de dados, sugerimos a ativação do NF-kB como uma 

possível via que liga a desregulação do glutamato, do cálcio, a apoptose e a ativação do 

sistema imune em pacientes com esquizofrenia. 
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ABSTRACT 

VELÁSQUEZ, Erika. Proteomic analysis applied in the subcellular characterization of 

the orbitofrontal cortex of patients with schizophrenia. Análise proteômica aplicada na 

caracterização subcelular do córtex orbitofrontal de pacientes com esquizofrenia. Tese 

(Doutorado em Bioquímica) – Instituto de Química, Universidade Federal do Rio de 

Janeiro, Rio de Janeiro, 2019 

Schizophrenia is a chronic neuropsychiatric disorder characterized by the impairment of 

mental functions which affects about one percent of the world population. The proteomic 

characterization of subcellular fractions from the orbitofrontal cortex is useful for 

providing valuable information about the molecular mechanisms involved in the 

physiopathology of these disease. The quantitative proteome of synaptosome (SYN) 

(MIT), crude nuclear (NUC) and cytoplasm fractions (CIT) were obtained from 12 

patients with schizophrenia and a pool of 8 healthy controls free of mental illness using 

different quantitative techniques such as iTRAQ, label-free and targeted (PRM and 

SRM). In SYN fraction was identified a total of 2018 protein groups using a Label-free 

and iTRAQ labelling approach. Statistical analyses reveal the significant variation in the 

abundance of 12 and 55 proteins by iTRAQ and label-free, respectively. The main 

dysregulated proteins were related to calcium signaling pathway imbalance, endoplasmic 

reticulum stress and programmed cell death, reflected through the dysregulation of 

proteins such as Reticulon-1 and Cytochrome c. Also, we found a significant increase of 

proteins associated to the regulation of human behaviour as limbic system-associated 

membrane protein and α-calcium/calmodulin-dependent protein kinase II. On the other 

hand, mass spectrometry analyses identified 939 protein groups in MIT fraction, 2021 in 

NUC and 2433 in CYT. A total of 358 protein groups were found dysregulated among 

MIT, NUC and CYT fractions. Through the quantitative proteomic analysis, we detect as 

the main biological pathways those related to calcium imbalance, apoptosis, glutamate 

metabolism, cell signaling disruption of CREB activation, axon guidance and proteins 

involved in the activation of NF-kB signaling along with the increase of complement 

proteins C3. Based on our data analysis, we suggest the activation of NF-kB as a possible 

pathway that links the deregulation of glutamate, calcium, apoptosis and the activation of 

the immune system in schizophrenia patients 

Keywords: Schizophrenia, cellular fractions, orbitofrontal cortex, quantitative 

proteomics. 
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ORGANIZAÇÃO DA TESE 

 

No primeiro capítulo é apresentada uma introdução geral sobre a esquizofrenia; 

as principais características clínicas da doença, tratamento farmacológico, a 

neuroquímica da doença e os principais achados genéticos e proteômicos.   

No segundo capítulo são apresentados conceitos gerais da proteômica; as 

principais estratégias de analises, analisadores de massas e diversas estratégias utilizadas 

na quantificação relativa de proteínas.  

No terceiro capítulo será exposta a justificativa e os objetivos deste projeto de 

pesquisa. Seguidamente, a metodologia utilizada, os resultados obtidos, a discussão e as 

conclusões estarão apresentados em conformidade com os manuscritos publicados e em 

fase de revisão.  

No quarto capítulo, descreve-se a través de um capitulo de livro o protocolo 

detalhado da técnica de marcação com iTRAQ e sua aplicação na quantificação de 

proteínas de tecido cerebral post-mortem para o estudo de doenças psiquiátricas. 

No quinto capítulo é apresentada, através de um artigo publicado, as análises 

proteômicas quantitativas da fração de sinaptossoma utilizando as técnicas de label-free, 

iTRAQ e PRM. 

Finalmente no sexto capitulo, através de um artigo submetido, discutimos os 

principais achados das análises quantitativas das frações de mitocôndria, núcleo e 

citoplasma utilizando a marcação por iTRAQ e SRM.  
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CAPÍTULO I 

INTRODUÇÃO: CARACTERÍSTICAS GERAIS DA ESQUIZOFRENIA 

 

  



16 

 

1.1.  Esquizofrenia: características clínicas, diagnóstico e tratamento  

A esquizofrenia é um transtorno neuropsiquiátrico crônico caracterizado pelo 

comprometimento das funções psíquicas superiores. A doença se manifesta 

principalmente através dos sintomas positivos caracterizados por delírios, alucinações, 

distúrbios motores; e negativos como avolição, alogia, apatia substancial, deterioração 

funcional nas relações interpessoais e cuidado pessoal e déficit cognitivo (GAUR et al., 

2008). 

Segundo a Organização Mundial da Saúde (2018) a esquizofrenia afeta mais de 

23 milhões de pessoas em todo o mundo, sendo mais comum em homens do que em 

mulheres. A idade média de aparição da enfermidade varia entre os 18 anos nos homens 

e 25 anos nas mulheres, no caso do sexo feminino existe um risco maior de manifestar a 

doença nos meados dos 40 anos (SIE, 2011).   

O diagnóstico e a categorização da esquizofrenia são baseados nas apreciações 

subjetivas obtidas nas entrevistas com os pacientes, classificando-se em diferentes 

subtipos clínicos através da ponderação dos diversos sintomas. De acordo com a última 

atualização do Manual Diagnóstico e Estatístico de Transtornos Mentais (EROGLU S., 

TOPRAK S., URGAN O, MD, OZGE E. ONUR, MD, ARZU DENIZBASI, MD, 

HALDUN AKOGLU, MD, CIGDEM OZPOLAT, MD, EBRU AKOGLU, 1994) a 

esquizofrenia é classificada em cinco subtipos conforme a Tabela 1. 

 

Tabela 1. Classificação e principais sintomas da esquizofrenia segundo o DSM-V. 

Código 

DMS-V 

Subtipo de 

esquizofrenia 

Principais sintomas 

295.30 Tipo 

paranóico 

• Delírios Alucinações auditivas 

frequentesNão apresenta fala 

desorganizada, comportamento catatônico 

ou desorganizado, afeto plano ou 

inadequado 

295.10 Tipo 

desorganizado 

Fala desorganizada Comportamento 

desorganizado 

• Afeto plano ou inadequado 

295.20 Tipo •  Imobilidade motora, evidenciada pela 

catalepsia ou estupor 
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catatônico • Atividade motora excessiva (sem 

propósito e nãoinfluenciado por estímulos 

externos) 

• Negativismo extremo ou mutismo 

• Peculiaridades do movimento voluntário  

• Posturas inadequadas ou bizarras, 

maneirismos proeminentes ou careta 

proeminente 

• Ecolalia ou ecopraxia 

295.90 Tipo 

indiferenciado 

• Não são atendidos exclusivamente os 

critérios de classificação para os de tipo 

paranoide, desorganizado ou tipo 

catatônico 

295.60 Tipo residual • Ausência de delírios proeminentes. Pode 

apresentar de forma atenuada crenças, 

experiências perceptuais incomuns, 

alucinações, fala desorganizada, 

comportamento desorganizado ou 

catatônico. 

• Presença continua de sintomas negativos  

 

Os antipsicóticos, também conhecidas como neurolépticos, são os medicamentos 

indicados para o tratamento da esquizofrenia e de outros transtornos com episódios 

psicóticos (Tabela 2). A eficácia do tratamento antipsicótico apresenta limitações 

significativas. Apenas 50% dos pacientes tratados respondem positivamente ao 

tratamento, observando-se principalmente a melhoria dos sintomas positivos 

concomitantemente com os diversos efeitos colaterais da medicação (LALLY; 

MACCABE, 2015). Os sintomas negativos e cognitivos permanecem atualmente sem 

uma opção terapêutica totalmente eficaz (MÖLLER, 2016).  Por último, é necessário 

destacar que 30% dos pacientes com esquizofrenia não respondem a nenhum tratamento 

farmacológico disponível (NUCIFORA et al., 2018).  
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Tabela 2. Antipsicóticos para o tratamento da esquizofrenia. (Adaptado de 

(STĘPNICKI; KONDEJ; KACZOR, 2018) 

Classificação 

do 

antipsicótico 

Mecanismo de 

ação 

Efeitos colaterais 

Antipsicóticos 

de primeira 

geração ou 

típicos. 

Exemplos: 

clorpromazina, 

haloperidol, 

loxapina 

• Antagonista 

dos receptores 

D2 

• Efeitos extrapiramidais  

• Elevação da prolactina 

• Perturbações do sono, demência, 

perda dememória e depressão 

• Afecção no sistema 

cardiovascular, sistema urinário e 

reprodutivo, sistema gastrointestinal, 

fígado, depressão do sistema 

respiratório e imunológico 

• Desordens metabólicas como 

hiperlipidemia, hiperglicemia, 

aumento de peso 

Antipsicóticos 

de segunda 

geração ou 

atípicos. 

Exemplos: 

clozapina, 

olanzapine, 

risperidone 

• Antagonistas 

dos receptores 

5-HT2A, 

receptores D4 e 

D2 (parciais) 

• Agonistas 

parciais dos 

receptores 5-

HT1A 

• Obesidade 

• Diabetes 

• Sedação  

• Agranulocitose (clozapina) 

Antipsicóticos 

de terceira 

geração. 

Exemplos: 

aripiprazol, 

• Agonistas 

parciais dos 

receptores D1, 

D2/D3, 5-HT1A 

• Insônia, ansiedade, dor de cabeça, 

constipação ou náusea 

• Acatisia  
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brexpiprazole, 

cariprazine 

• Antagonistas 

dos receptores 

5-HT2A, 5-

HT2B e 5-HT7 

 

1.2. Neuroquímica da esquizofrenia  

1.2.1. Teoria dopaminérgica 

A hipótese dopaminérgica da esquizofrenia surgiu inicialmente de várias 

evidências indiretas, uma delas na década de 1970 com a eficácia clínica dos 

antipsicóticos antagonistas dos receptores D2 de dopamina no tratamento dos sintomas 

positivos da doença (SEEMAN et al., 1976). Posteriormente, foi demostrado que a 

administração de anfetaminas e outros compostos que aumentam as concentrações 

extracelulares de dopamina podem induzir sintomas psicóticos semelhantes aos 

observados na esquizofrenia (BREIER et al., 1997). 

A teoria clássica da psicose estabelece que na esquizofrenia existe uma 

hiperatividade da dopamina na via mesolímbica, abundante em receptores de tipo D2 o 

alvo dos neurolépticos, o que gera a manifestação dos sintomas positivos (BRISCH et al., 

2014). Paralelamente, foi observada uma hipoatividade da dopamina na via mesocortical 

com hipostimulação do receptor da dopamina D1 do córtex pré-frontal, o que é 

manifestado nos sintomas negativos e cognitivos (CHOHAN et al., 2016). Foi 

demonstrado que o bloqueio prolongado dos receptores D2 leva à regulação negativados 

receptores D1 no córtex pré-frontal, resultando na deterioração significativa da memória 

de trabalho (CASTNER; WILLIAMS; GOLDMAN-RAKIC, 2000). 

Recentemente, a meta-análise de estudos utilizando tomografia por emissão de 

pósitrons (PET) e tomografia por emissão de fótonúnico (SPECT) achou inconsistências 

na teoria mesolímbica, demonstrando que há um aumento significativo na síntese e 

liberação da dopamina no corpo estriado dorsal durante as psicoses (MCCUTCHEON et 

al., 2018). Em tecido cerebral post-mortem de pacientes com esquizofrenia, 

especificamente no nucleus accumbens e no corpo estriado dorsal, foram encontradas 

concentrações de dopamina elevadas assim como aumento dos receptores 

dopaminérgicos (MCCOLLUM et al., 2015). Finalmente, foi demonstrado que a 

dopamina do corpo estriado e a dopamina cortical têm uma relação bidirecional, sendo 

que o incremento da liberação da dopamina na área estriada dorsal pode diminuir a 
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liberação de dopamina na região mesocortical produzindo alterações cognitivas 

(SIMPSON; KELLENDONK; KANDEL, 2010).   

 

1.2.2. Teoria glutamatérgica 

O glutamato é o neurotransmissor excitatório mais comum no cérebro dos 

mamíferos, os neurônios glutamatérgicos representam aproximadamente 60-80% da 

atividade metabólica cerebral total (ROTHMAN et al., 2003). Distúrbios na 

neurotransmissão glutamatérgica, especialmente no funcionamento do receptor N-metil 

D-Aspartato (NMDA), pode influenciar a plasticidade sináptica e os microcircuitos 

corticais (HARRISON; WEINBERGER, 2005). Os antagonistas do receptor NMDA, 

como a fenciclidina e cetamina podem mimetizar a psicose com sintomas semelhantes à 

esquizofrenia (FARBER NB, 2003). Num estudo in vivo utilizado SPECT, foi observado 

um déficit relativo na atividade do receptor de NMDA no hipocampo de pacientes com 

esquizofrenia que ainda não tinham recebido tratamento antipsicótico (PILOWSKY et 

al., 2006). Por outro lado, os níveis de glutamato e glutamina encontra-se aumentados em 

indivíduos com risco familiar de esquizofrenia (TANDON et al., 2013). No primeiro 

episódio psicótico de pacientes não medicados, o nível de glutamato foi achado 

aumentado no núcleo caudado (FUENTE-SANDOVAL et al., 2011). Da mesma forma, 

pacientes com esquizofrenia resistentes ao tratamento farmacológico, possuem uma 

maior quantidade de glutamato no córtex cingulado anterior em comparação com o grupo 

de pacientes com esquizofrenia que responde ao tratamento e ao grupo controle 

(DEMJAHA et al., 2014). 

O papel potencial do glutamato na fisiopatologia da esquizofrenia tem sido 

reforçado pelas descobertas genéticas recentes, onde se verificou polimorfismos de 

nucleotídeo único no gene GRIN2A (subunidade 2A do receptor ionotrópico do 

glutamato tipo NMDA), que codifica para uma subunidade do receptor NMDA, assim 

como no gene SRR (Serine racemase), que desempenha um papel fundamental nas vias 

que conduzem à ativação do receptor NMDA (RIPKE et al., 2014). Do mesmo modo, 

estudos no tecido cerebral post-mortem de cérebro de pacientes com esquizofrenia, 

detectaram alterações na densidade dos receptores do tipo NMDA no córtex pré-frontal e 

no giro frontal superior (CATTS et al., 2015). Alguns propõe que a anormalidade da 

densidade deste receptor se deve primariamente a uma localização aberrante e não a um 

déficit generalizado (J.C. HAMMOND, D. SHAN, 2014). 

O mecanismo completo pelo qual os antagonistas do receptor de NMDA geram alterações 
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no metabolismo do glutamato e neurotóxicidade em modelos animais ainda não foi 

completamente elucidado. Evidências indicam que a hipofunção dos receptores NMDA 

dos interneurônios GABAérgicos, implicaria a desinibição dos neurônios piramidais com 

o aumento da neurotransmissão glutamatérgica (HOMAYOUN; MOGHADDAM, 2008).  

Porém, também foi proposta a hipóteses de que a hipofunção glutamatérgica dos 

interneurônios pode ser devida a diminuição da neurotransmissão dos interneurônios 

parvalbumina-positivos (ROTARU; LEWIS; GONZALEZ-BURGOS, 2013). Outrossim, 

como parte central deste mecanismo, foram consideradas as alterações nos níveis de 

espécies reativas de oxigênio induzidas pelos antagonistas do receptor de NMDA, já que 

a redução dos níveis de superóxido evitou as alterações induzidas pela cetamina na 

atividade dos interneurônios bloqueando o efeito comportamental em modelos animais 

(BEHRENS et al., 2007).  

 

1.2.3. Teoria serotoninérgica e GABAérgica 

A hipótese serotoninérgica da esquizofrenia é derivada das observações sobre o 

mecanismo de ação da droga alucinógena dietilamida do ácido lisérgico e sua ligação à 

serotonina (AGHAJANIAN; MAREK, 2000).  Além disso, a maioria dos chamados 

antipsicóticos atípicos, agem como agonistas parciais ou antagonistas sobre os receptores 

de serotonina do tipo 5-HT1A e 5-HT2A respectivamente (QUEDNOW; GEYER; 

HALBERSTADT, 2010). Foi sugerido que o incremento na atividade do sistema 

serotoninérgico no núcleo dorsal da rafe pode perturbar a atividade dos neurônios 

corticais na esquizofrenia, sendo que se esta hiperatividade for de forma extensa e 

prolongada, pode impactar o funcionamento do córtex cingulado anterior (ACC) e o lobo 

frontal dorsolateral (DLFL), gerando os sintomas deste distúrbio psiquiátrico (EGGERS, 

2013). Imagens adquiridas por PET demonstraram a desregularão na densidade do 

receptor da serotonina, comprovando que a alteração no sistema serotoninérgico está 

presente durante as fases iniciais da doença e antes da exposição aos neurolépticos 

(NGAN et al., 2000). 

Por outro lado, também tem sido postulada a hipótese GABAérgica. O ácido 

gama-aminobutírico (GABA) é o principal neurotransmissor inibitório no sistema 

nervoso e o desequilíbrio na sua sinalização causa o desbalanço entre os sinais 

excitatórios e inibitórios no córtex cerebral, fator chave na fisiopatologia da esquizofrenia 

(GUIDOTTI et al., 2005). Estudos post-mortem apoiam a hipótese de uma transmissão 

GABAérgica alterada na esquizofrenia, devido à redução na expressão do glutamato 
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descarboxilase-67, dos interneurônios parvalbumina positivos e do transportador GAT-1 

no córtex pré-frontal dorsolateral, ACC e córtex visual primário (JONGE, DE et al., 

2017). Pesquisas recentes sugerem que a modulação seletiva do sistema GABAérgico é 

uma intervenção promissora para o tratamento dos defeitos cognitivos associados à 

esquizofrenia (XU; WONG, 2018).  

 

1.3. Esquizofrenia: neurodesenvolvimento e alterações neuroanatômicas 

Por muitos anos, a esquizofrenia tem sido classificada como uma doença do 

neurodesenvolvimento. Desde o ano 1982, o pesquisador Feinberg (FEINBERG, 1982) 

observou uma redução importante na densidade sináptica cortical nos pacientes com 

esquizofrenia, o qual considerou um defeito na maturação análoga à poda sináptica e 

eliminação programada de elementos neurais nas etapas inicias do desenvolvimento. Os 

primeiros sintomas da doença geralmente aparecem na adolescência e são eventos 

estressantes, indicando que fatores ambientais podem contribuir de forma significativa na 

aparição dos primeiros sintomas da esquizofrenia (SIRIS, 1988). 

Os primeiros achados em relação às mudanças estruturais no cérebro de pacientes 

com esquizofrenia datam da década de 70, detectando-se do volume ventricular em 

pacientes com esquizofrenia (JOHNSTONE; FRITH; KREEL, 1976). Atualmente, a 

meta-análise de diversos estudos morfométricos de diferentes áreas do cérebro de 

pacientes com esquizofrenia determinou que existem alterações significativas. Foi 

reportada a diminuição na matéria branca, especificamente nas regiões do corpo caloso, 

ACC, cápsula interna, na área temporal esquerda e no córtex pré-frontal medial (mPC), 

por outro lado, na matéria cinzenta, houve uma diminuição nas áreas da insula bilateral 

/giro temporal superior, ACC dorsal e rostral, tálamo e no mPC (BORA et al., 2011).  

Diversos estudos longitudinais e transversais apontaram a redução generalizada e 

progressiva do volume de massa cinzenta principalmente no lobo frontal de pacientes 

com esquizofrenia (ZHANG et al., 2018). É necessário enfatizar que a primeira fase do 

desenvolvimento do córtex pré-frontal se dá na gestação, finalizando o amadurecimento 

na adolescência com a eliminação de sinapses, constituindo dois períodos críticos de 

vulnerabilidade (PETANJEK et al., 2011). Durante a adolescência, período no qual 

geralmente se manifestam os primeiros sintomas psicóticos, as situações sociais adversas 

elevam o estresse e aumentam a estimulação dopaminérgica da via mesocortical levando 

a uma poda sináptica exagerada (SELTEN et al., 2013). Num modelo primata, 

comprovou-se que a hiperestimulação dopaminérgica diminui a densidade dos neurônios 
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piramidais do córtex pré-frontal provocando disfunção cognitiva (SELEMON et al., 

2007).  

 

1.4. Genômica e proteômica na esquizofrenia  

A taxa de herdabilidade da esquizofrenia está estimada em 64-81%, no entanto, a 

importância da influência dos fatores ambientais é importante nesta doença (DONGEN, 

VAN; BOOMSMA, 2013). Existe uma herança genética como parte importante da 

etiologia da esquizofrenia (RIPKE et al., 2014). Atualmente são conhecidos pelo menos 

108 loci por estudos de associação genômica ampla (GWAS) relacionados a genes 

envolvidos na neurotransmissão glutamatérgica, plasticidade sináptica, receptor de 

dopamina D2, subunidades de canais de cálcio voltagem-dependentes e também o 

complexo de histocompatibilidade principal, um candidato consistente encontrado em 

outros estudos de GWAS (RIPKE et al., 2014) (GIEGLING et al., 2017) Embora as 

análises de GWAS gerem dados importantes, esses não respondem completamente às 

perguntas elementares sobre a fisiopatologia da doença, nem tampouco contribuem na 

identificação de biomarcadores com valor preditivo para o risco da doença ou resposta 

terapêutica. Na última década, os esforços foram centrados nos estudos de 

transcriptômica baseados em microarranjos usando tecido cerebral post-mortem de 

pacientes com esquizofrenia e indivíduos-controle. Os dados mostraram que existem 

várias vias moleculares afetadas na esquizofrenia, incluindo inflamação, metabolismo 

energético, função sináptica e via da mielinização. Um fator limitante de tais pesquisas é 

a ocorrência de mudanças sutis na expressão dos genes que, nem sempre, podem ser 

extrapoladas à expressão de proteínas (PENNINGTON; COTTER; DUNN, 2005).  

Na última década, estudos de proteômica tentaram contribuir na elucidação da 

fisiopatologia da esquizofrenia a analisando diferentes áreas de tecidos cerebrais post-

mortem de pacientes esquizofrênicos em comparação com controles livres de doenças 

mentais. Atualmente, a caracterização proteômica de áreas cerebrais, como o córtex pré-

frontal, revelou alteração de proteínas envolvidas no metabolismo energético e dos 

oligodendrócitos  (MARTINS-DE-SOUZA; GATTAZ; SCHMITT; REWERTS; 

MARANGONI et al., 2009) nas vias de sinalização comprometidas com a formação de 

axônios e plasticidade sináptica, como GNA13-ERK1-eIF4G2 (HIRAYAMA-KUROGI 

et al., 2017) desequilíbrio na homeostase do cálcio e no sistema imunológico (MARTINS-

DE-SOUZA; GATTAZ; SCHMITT; REWERTS; MACCARRONE et al., 2009) e 

aumento significativo da expressão de proteínas sinápticas como a proteína de união à 
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sintaxina e a proteína de membrana associada ao sistema límbico (LSAMP) (BEHAN et 

al., 2009). A análise proteômica do lobo temporal (MARTINS-DE-SOUZA; GATTAZ; 

SCHMITT; NOVELLO; MARANGONI et al., 2009) tálamo mediodorsal (MARTINS-

DE-SOUZA et al., 2010) e corpo caloso (SAIA-CEREDA et al., 2015) também 

reportaram a desregulação das proteínas envolvidas no metabolismo energético, 

oligodendrócito, homeostase do cálcio e regulação do citoesqueleto. No caso do córtex 

cingulado anterior, apresenta variação na abundância de proteínas vinculadas ao processo 

de endocitose mediada por clatrina e dos receptores NMDA (FÖCKING et al., 2015).  

Até o momento, foram realizados poucos estudos utilizando uma abordagem proteômica 

subcelular, entre os quais podemos mencionar a caraterização do proteoma nuclear de 

tecido cerebral do corpo caloso e lobo temporal anterior (SAIA-CEREDA et al., 2017), 

no qual se reportaram as proteínas do spliceosome e à sinalização cálcio/calmodulina 

como os principais processos biológicos afetados.   
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CAPÍTULO II 

INTRODUÇÃO: ANÁLISE PROTEÔMICA 
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2.1. Análises proteômica e suas diferentes abordagens  

O proteoma pode ser definido como o complemento proteico do genoma e consiste 

no conjunto de proteínas expressas por um sistema biológico num momento determinado 

(WILKINS et al., 1996). A proteômica, é um conjunto de técnicas cujo fim é o estudo do 

proteoma ; (HUBER, 2003). A análise proteômica fornece informação sobre o conjunto 

de proteínas expressas por um organismo em condições determinadas (EIDHAMMER et 

al., 2007).  

O estudo do proteoma pode ser abordado através de três estratégias diferentes, a 

primeira delas, através da análise direta de proteínas intactas, chamada top-down 

(CATHERMAN; SKINNER; KELLEHER, 2015) e a segunda, denominada bottom-up, 

onde as proteínas são hidrolisadas por uma enzima de clivagem específica, geralmente a 

tripsina, a partir de amostras em solução ou previamente separadas numa corrida 

eletroforética (WOLTERS; WASHBURN; YATES, 2001). Esta última estratégia é a 

mais comum, fornecendo a detecção indireta das proteínas através de análises, 

identificação e quantificação de seus respectivos peptídeos (ZHAN et al., 2013). E 

finalmente, a terceira estratégia chamada de middle-down, é aplicada na analises 

peptídeos longos naturais ou gerados através da digestão da amostra com enzimas com 

sítios de clivagem menos frequentes que a tripsina como GluC ou AspN. Uma aplicação 

clássica desta abordagem é no estudo das caudas das histonas, com a finalidade de obter 

mais informações sobre modificações pós-traducionais (PTMs) coexistentes (SIDOLI; 

GARCIA, 2017). 

 

2.2. Espectrometria de massa 

Atualmente, a espectrometria de massas (MS) é a ferramenta analítica que permite 

a identificação do analito em função de sua relação massa–carga (m/z). Na proteômica, o 

MS é constituído por três elementos essências: (1) fonte de ionização branda, geralmente 

acoplada a um sistema de nano-cromatografia (nano-LC), (2) analisador de massas, que 

seleciona e fragmenta os analíticos para serem analisados em função da sua razão m/z (3) 

detector que permite captar e registrar a informação dos espectros obtidos (JAYARAM, 

2013). Em seguida, descrever-se-á cada um dos elementos separadamente  

 

2.2.1. Fonte de ionização  

A aplicação da MS na análise de amostras biológicas como as proteínas foi 

possível graças ao desenvolvimento de técnicas eficazes de ionização branda, como a 
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ionização por electrospray (ESI) e a dessorção/ionização por laser assistida por matriz 

(MALDI), onde as moléculas ionizadas alcançam a fase gasosa sem sofrer uma 

fragmentação excessiva.  

Na ionização por ESI, as amostras em solução são dispersas em forma de aerossol, 

gerando gotículas carregadas (LOO; UDSETH; SMITH, 1989). Uma vez aplicado o 

potencial elétrico no capilar onde se encontra retida a amostra, sobre o líquido agem duas 

forças a saber, a tensão superficial e as forças de Coulomb, o que conduz à formação do 

“Cone de Taylor”. O analito carregado emerge do cone através de um processo de 

“brotamento” no qual a força eletrostática aplicada supera à tensão superficial 

(BANERJEE; MAZUMDAR, 2012). Uma vez expelidas do cone, tem-se proposto que 

as gotículas carregadas sofrem um processo de evaporação e fissão por meio de explosões 

de Coulomb até a formação eventual de gotículas contendo um único íon (GASKELL, 

1997) ou através da evaporação progressiva do solvente das gotículas até a ejeção dos 

íons solvatados (WILM, 2011).  

Por outro lado, na técnica de ionização por MALDI, a amostra é co-cristalizada 

em conjunto com uma matriz geralmente composta por ácidos orgânicos fracos de baixo 

peso molecular, cuja função principal é assistir à ionização do analito através da doação 

de prótons (LEWIS; WEI; SIUZDAK, 2006). O cristal formado é bombardeado comum 

laser UV que permite a volatilização da amostra junto com a matriz; dois modelos 

principais foram postulados para este tipo de ionização (1) o modelo de ionização 

fotoquímica, onde os íons são produzidos a partir de um processo de protonação ou 

desprotonação envolvendo uma molécula de analito colidindo com íons da matriz na fase 

gasosa (2) O modelo de ionização por cluster de íons, onde o analito carregado é 

dessorvido por forte foto absorção pelas moléculas da matriz (CHANG et al., 2007). 

 

2.2.2. Analisadores de massa 

Neste momento encontram-se no mercado diversos tipos de analisadores de massa 

como os instrumentos de tempo de vôo, o triplo quadrupolo, a armadilha de íons linear, 

o analisador por ressonância ciclotrônica de íons e o Orbitrap, que utilizam diferentes 

técnicas de fragmentação para as análises das amostras. Nesta secção serão apenas 

descritos os métodos de fragmentação e instrumentos utilizados nesta pesquisa de tese, o 

analisador Orbitrap nos instrumentos LTQ Orbitrap Velos (espectrômetro de massa 

híbrido) e no Q Exactive Plus e o TSQ Quantiva, um triplo quadrupolo.  

 



28 

 

O Orbitrap consiste em uma armadilha com um eletrodo externo em forma de 

barril e um eletrodo central fusiforme ao longo do eixo (Figura 1A). Os íons são injetados 

tangencialmente no campo elétrico entre os eletrodos, movimentando-se em trajetórias 

estáveis de rotação e oscilação ao longo do eixo; a frequência dessa oscilação harmônica 

é independente da velocidade do íon e é inversamente proporcional à raiz quadrada da 

relação m/z (MAKAROV, 2000). A aquisição de imagens, que procedem do sinal da 

tensão induzida pelas oscilações dos íons e registrada em forma de transientes e 

transformada rapidamente mediante as transformações de Fourier para obter o espectro 

de massa (HU et al., 2005). Geralmente o Orbitrap, utiliza uma técnica de fragmentação 

exclusiva chamada de dissociação de colisão por alta energia (High Energy Collision 

Dissociation – HCD). A fragmentação por HCD é realizada com gás nitrogênio numa 

câmara de colisão ou octopolo; o peptídeo é transportado e acelerado por um gradiente 

de pressão que provoca sua aceleração e colisão com o nitrogênio, gerando fragmentos 

que posteriormente são analisados no Orbitrap (THERMO FISHER SCIENTIFIC, 2009).   

No caso do triplo quadrupolo, como o nome indica, é uma seria linear de três 

quadrupolos Q1, Q2 e Q3 onde cada um consiste em quatro hastes de metal dispostas de 

forma paralela (GROSS; GROSS, 2011) (Figura 1B). Q1 e Q3 agem com filtros de 

massas, que no caso do TSQ Quantiva (ThermoScientific), utiliza uma relação variável 

de tensão de radiofrequência (RF) assimétrica que aumenta a sensibilidade e a 

transmissão iônica e de tensão de corrente direta (DC) gerando um campo elétrico que dá 

oscilações estáveis aos íons com um m/z específico. O Q2 atua como cela de colisão cheia 

de argônio de alta pressão onde uma determinada RF cria um campo elétrico que fornece 

oscilações estáveis aos íons numa janela de valores m/z; no eixo axial uma DC acelera o 

trânsito de íons dentro da célula (THERMO FISHER SCIENTIFIC, 2017).  
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Figura 1. A) Desenho básico de um analisador Orbitrap. B) Representação do um 

analisador triplo quadrupolo.  
Disponível em: A) http://analyteguru.com/resources/intact-monoclonal-antibody-characterization-

using-a-bench-top-orbitrap-mass-spectrometer/. B) www.researchgate.net/figure/Figura-1-Esquema-

de-um-analisador-triplo-quadrupolo_fig1_297659998Acesso: 15 fevereiro 2019.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Proteômica quantitativa  

Para uma maior compreensão dos sistemas biológicos, a proteômica desenvolveu 

várias estratégias para efetuar com precisão a análise quantitativa tanto absoluta como 

relativa da expressão de proteínas num proteoma determinado.  Assim, através da 

proteômica podemos efetuar uma quantificação exata de uma proteína, por exemplo, em 

termos de ng ou nmoles. Contudo, uma das estratégias mais amplamente implementadas, 

são aquelas que visam à quantificação relativa das proteínas, isto é, a relação de duas o 

mais condições (por exemplo, paciente versus controle) calculada em termos de razão 

para determinar quantas vezes aumenta ou diminui uma condição experimental com 

relação à outra (LI et al., 2017). A seguir, serão apresentadas as técnicas de quantificação 

relativa mais empregada nos estudos proteômica e na presente teses de pesquisa.  

 

2.3.1. Quantificação por marcação com isóbaros (iTRAQ) 

A marcação química por iTRAQ é um método de quantificação relativa que 

permite quantificar ao mesmo tempo várias condições experimentais, através da 

introdução de uma modificação química nas amostras. O reagente iTRAQ, constituído 

por diferentes combinações de isótopos 13C, 15N e 18O é formado por um grupo repórter 

(N-metilpiperazina) unido a um grupo de equilíbrio de massa (carbonil) e um grupo 

amino-reativo (éster NHS) o qual se une aos grupos Ɛ-amino de lisina e à porção N-

terminal dos peptídeos(ROSS et al., 2004) (Figura 2A). As diversas combinações de 

http://analyteguru.com/resources/intact-monoclonal-antibody-characterization-using-a-bench-top-orbitrap-mass-spectrometer/
http://analyteguru.com/resources/intact-monoclonal-antibody-characterization-using-a-bench-top-orbitrap-mass-spectrometer/
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isótopos, permite estabelecer várias etiquetas isóbaras com grupos repórter de massas 

diferentes sem mudar a massa total do reagente (Figura 2B). 

Por essa razão, as amostras de várias condições podem ser analisadas 

simultaneamente no espectrômetro de massas, já que, após sofrer o processo de 

fragmentação MS2, a estrutura do reagente de iTRAQ é clivada, e o grupo repórter é 

liberado permitindo calcular a concentração relativa dos peptídeos a partir das 

intensidades obtidas dos íons repórteres correspondentes (Figura 2C) (ROSS et al., 2004). 

 

  

Figura 2. Marcação com iTRAQ. a) Estrutura do reagente de iTRAQ. b) A molécula de 

reagente de iTRAQ utiliza isótopos 13C, 15N e18O para manter as mesmas massas. c) Em 

uma varredura inicial as massas para cada grupo repórter são iguais. Uma vez 

fragmentados, cada repórter é liberado e sua intensidade é proporcional à abundância 

relativa desse peptídeo em cada amostra. (Figura adaptada de ROSS et. al, 2004) 
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Uma das principais vantagens da marcação com o iTRAQ é a diminuição do 

tempo de análises no espectrômetro de massas e a melhora na reprodutibilidade entre as 

diferentes réplicas experimentais. Por outro lado, entre as desvantagens encontra-se o 

elevado custo dos reagentes e a restrição no número de canais disponíveis para efetuar a 

marcação limitando a comparação ao número de amostras. Primeiramente, foi 

desenvolvido o reagente de iTRAQ 4-plex de quatro canais (ROSS et al., 2004) e 

posteriormente o iTRAQ 8-plex (CHOE et al., 2007). Atualmente, encontram-se 

disponíveis no mercado outras estratégias de marcação com isóbaros como TMT2-plex, 

6-plex, 10-plex e 11-plex, mas estudos sinalizam que o reagente iTRAQ- 4plex se destaca 

por ser mais eficiente em termos de identificação e quantificação de peptídeos e proteínas 

(PICHLER et al., 2010). 

 

2.3.2. Quantificação livre de marcação 

Em contraste com os métodos quantitativos por marcação química, nos métodos 

livres de marcação, cada amostra é preparada separadamente e submetida à análise 

individual por LC-MS. Geralmente são utilizadas duas estratégias para este tipo de 

quantificação relativa, a primeira delas, baseada no valor da área do pico obtida no LC-

MS. Cada íon de uma determinada m/z possui uma intensidade que é detectada e 

registrada num momento determinado da análise. Nos primeiros testes para avaliar esta 

metodologia, foram utilizadas diversas concentrações de mioglobina. Verificou-se que na 

medida em que aumentava a concentração do analito, a intensidade do sinal e a áreas 

cromatográficas dos picos procedentes dos peptídeos de mioglobina, aumentavam 

guardando uma correlação linear com a concentração de proteína (CHELIUS; 

BONDARENKO, 2002). Esta abordagem apresenta diversas limitações, uma destas é a 

variabilidade da intensidade dos picos entre cada corrida de LC-MS, além disso, o tempo 

de retenção também pode variar após múltiplas injeções de amostra numa mesma coluna, 

gerando imprecisões na quantificação (LAI; WANG; WITZMANN, 2013). 

Outra estratégia de quantificação relativa consiste na contagem espectral. A 

quantificação da proteína é obtida comparando o número de PSMs da mesma proteína em 

cada um dos conjuntos de corridas. Segundo este método, quanto mais abundante o 

peptídeo, maior é a probabilidade de ser selecionado para análise MS / MS, resultando no 

aumento da cobertura da sequência proteica, no número de peptídeos únicos identificados 

e no número de espectros MS / MS totais identificados para cada proteína (WONG; 

CAGNEY, 2009). A contagem espectral ofereceu uma ampla faixa dinâmica de 
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quantificação e com boa reprodutibilidade, no entanto, várias considerações devem ser 

levadas em conta, como por exemplo, a influência de parâmetros experimentais como a 

exclusão dinâmica de íons precursores, velocidade de varredura do instrumento MS, 

distribuição do comprimento dos peptídeos gerados que determina quantos peptídeos 

diferentes podem ser detectados dentro da uma faixa de massa, a variabilidade na 

quantificação de proteínas curta se o efeito de saturação em altas concentrações de 

proteína (BANTSCHEFF et al., 2012).  

 

2.3.3. Quantificação alvo direcionada: Monitoramento de Reação Selecionada 

(SRM) e Monitoramento Paralelo de Reações (PRM) 

A quantificação alvo direcionada é uma estratégia que permite a análise de um 

conjunto específico de proteínas ou uma proteína de interesse. No caso do SRM, este é 

realizado em espectrômetros de massa triplo quadrupolo onde o primeiro analisador de 

massa está configurado para filtrar um íon peptídeo precursor de interesse numa janela de 

isolamento estreita. O peptídeo isolado é fragmentado no Q2, e cada transição ou par 

precursor/íon produto é analisada separadamente no Q3 (BORRÀS; SABIDÓ, 2017) 

(Figura 3A). A probabilidade de dois fragmentos peptídicos terem a mesma massa, 

derivar de dois peptídeos isobáricos diferentes, com exatamente o mesmo tempo de 

retenção é muito baixa, portanto, o método do uso de transições torna esta estratégia de 

quantificação altamente específico e sensível (LANGE et al., 2008). 

Uma das principais diferenças entre o PRM e o SRM é a análise simultânea de 

todos os fragmentos gerados do peptídeo de interesse. Neste método, o primeiro 

analisador de massa (um quadrupolo) é definido para filtrar numa janela de m/z estreita e 

isolar o íon de interesse. O peptídeo selecionado é fragmentado e os íons resultantes são 

analisados simultaneamente no analisador de massa de alta resolução (Figura 3B) 

(PETERSON et al., 2012). Estudos utilizando SRM e PRM demostraram que ambos 

métodos têm sensibilidade, linearidade e faixa dinâmica comparáveis, com alta precisão 

e reprodutibilidade e na quantificação de proteínas, contudo, o PRM tem certas vantagens 

sobre o SRM, devido a que é mais simples construir o método de aquisição de dados, 

fornece alta especificidade porque os dados MS/MS são adquiridos em alta resolução 

sendo capaz de incluir nas análises todos os íons potenciais derivados do peptídeo alvo e 

confirmar sua identidade (RAUNIYAR, 2015). 
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2.4. Análise de dados 

A informação dos espectros obtidos está contida num arquivo RAW o qual é 

utilizado para as análises de dados. Atualmente, as buscas dos espectros são 

automatizadas, implementando para interpretação de dados estratégias de alinhamento 

entre o espectro teórico, gerado in silico utilizam do banco de dados, e o espectro 

experimental, atribuindo-se um score para essa associação. Esta estratégia de alinhamento 

é chamada de Peptide Spectrum Match (PSM) e existem diversos algoritmos disponíveis 

como o SEQUEST (ENG; ASHLEY, MCCORMACK L. AND YATES, 1994), Mascot 

(PERKINS et al., 1999), ProLuCID (XU et al, 2006), Comet (ENG; JAHAN; 

HOOPMANN, 2013) entre outros, que usam a PSM como estratégia de busca. 

Contudo, diferença entre os dados experimentais e os peptídeos preditos in silico, 

como a presença de modificações pós-traducionais, modificações na sequência peptídica, 

problemas na digestão e fragmentação dos peptídeos, não geram nenhuma identificação 

(ZHAN et al., 2013). Geralmente, os algoritmos de buscas consideram parâmetros como 

modificações inerentes à preparação da amostra, tolerância de massa, enzima utilizada, 

presença de PTMs ou o uso de técnicas de quantificação por marcação como o iTRAQ, 

para identificação correta dos espectros. Do mesmo modo, quando se investiga por 

proteômica um organismo com genoma não-sequenciado, a análise por PSM é menos 

eficaz, sendo necessário recorrer a outro tipo de estratégia como o uso de sequenciamento 

de novo dos espectros MS/MS e busca por similaridade de sequência de proteínas nas 

bases de dados para validar as identificações pouco confiáveis geradas por PSM 

(SHEVCHENKO; VALCU; JUNQUEIRA, 2009); (LEPREVOST et al., 2014). 

Figura 3. a) Representação do esquema geral do SRM. b) Representação do PRM. (Figura 

adaptada de BURNUM-JOHNSON et. al, 2016) 
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CAPÍTULO III 

JUSTIFICATIVA E OBJETIVOS 
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3.1-Justificativa 

A esquizofrenia é uma doença incurável com episódios recorrentes de internação 

dos pacientes em centros de saúde especializados, tornando-a a doença psiquiátrica de 

maior custo com uma despesa anual estimada de U$ 2,3 bilhões (ASCHER-SVANUM 

et. al, 2010). A terapia farmacológica disponível está dirigida na melhora dos sintomas 

positivos, sendo ineficazes no tratamento dos sintomas negativos e cognitivos, 

indicadores importantes da função social (STEEDS, CARHART-HARRIS e STONE, 

2015). Além disso, há uma perda de 50-75% da eficácia dos tratamentos convencionais e 

cerca de 30% dos pacientes não respondem aos antipsicóticos (LALLY E MACCABE, 

2015). Outro problema associado a esta doença são as altas taxas de ideação suicida; 40% 

dos pacientes com esquizofrenia tenta suicídio pelo menos uma vez e 15% morrem por 

esta causa (HOR e TAYLOR, 2010). 

Apesar dos esforços da comunidade científica, a fisiopatologia da esquizofrenia 

ainda não é totalmente compreendida. Foram desenvolvidos diferentes modelos 

biológicos, porém esses modelos são limitados na avaliação de sintomas negativos e 

ideação suicida (FILIOU et al., 2011) Por essa razão, o estudo do tecido cerebral post-

mortem ainda pode fornecer informações valiosas sobre a fisiopatologia deste transtorno. 

O primeiro objetivo deste estudo é realizar a caracterização proteômica das frações de 

sinaptossoma, mitocôndria, núcleo e citoplasma de uma das áreas cerebrais menos 

compreendidas, como é o córtex orbitofrontal, cuja função está envolvida na regulação 

da resposta emocional adequada, participando na aprendizagem, na previsão e tomada de 

decisões em relação aos comportamentos emocionais e relacionados à recompensa 

(Hospital &Kringelbach, 2005). Por outro lado, é conhecido que a função proteica está 

relacionada à localização subcelular e essas mudanças na localização das proteínas 

regulam a atividade de diversos processos biológicos (Itzhak, Tyanova, Cox, &Borner, 

2016). Neste contexto, a identificação e quantificação das proteínas das frações 

subcelulares utilizando as técnicas de iTRAQ, label-free, PRM e SRM, abre a 

possibilidade de observar alterações dinâmicas do proteoma subcelular, com uma 

abordagem diferente ao reportado na literatura para este tipo de amostras, que possa 

sugerir novos mecanismos celulares na fisiopatologia desta doença. Finalmente, este 

projeto contribui na construção de um mapa abrangente do proteoma humano dentro do 

projeto do Proteoma Humano – Projeto Proteoma Humano Centrado no Cromossomo, 

(C-HPP) criado pela Organização do projeto proteoma humano (HUPO) sendo o Brasil 

responsável pelo cromossomo 15. Estudos de GWAS relacionam o cromossomo 15 
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(regiões 15q11.2 e 15q13.3) com a esquizofrenia (GIEGLING et al., 2017). O objetivo 

do C-HPP é inicialmente mapear e anotar pelo menos uma proteína codificada pelos genes 

de cada cromossomo humano incluindo as “missing proteins”, que são aquelas que 

possuem alguma evidência por transcriptômica, anticorpos e/ou por homologia, mas não 

possuem evidência por espectrometria de massas, e correlacioná-las às doenças (projeto 

proteoma humano orientado à biologia / doença, BD-HPP) para compreender os 

processos moleculares na presença ou ausência de determinada patologia (AEBERSOLD 

et al., 2013). 

 

3.2.- Objetivos 

3.2.1.- Geral  

1. Caracterizar e comparar o proteoma subcelular do córtex orbitofrontal de pacientes 

com esquizofrenia e grupo controle. 

 

3.2.2.- Específicos 

1.- Quantificar por marcação com iTRAQ as proteínas das frações de núcleo, citoplasma, 

mitocôndria e sinaptossoma de pacientes com esquizofrenia e controles. 

2.- Quantificar por label-free as proteínas da fração de sinaptossoma de pacientes com 

esquizofrenia e controles. 

3- Validar por SRM e PRM os peptídeos das proteínas de interesse nas diferentes frações. 

4- Detectar as possíveis “missing proteins” com ênfase no cromossomo 15. 
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CAPÍTULO IV  

APLICAÇÃO DO ITRAQ SHOTGUN PROTEOMICS PARA A MEDIÇÃO DE 

PROTEÍNAS CEREBRAIS EM ESTUDOS DE DISTÚRBIOS PSIQUIÁTRICOS 

Capítulo de livro publicado na Proteomic Methods in Neuropsychiatric Research 

Adv Exp Med Biol. 2017;974:219-227. doi: 10.1007/978-3-319-52479-5_18.  
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Chapter 18 

Application of iTRAQ Shotgun Proteomics for Measurement of Brain Proteins in 

Studies of Psychiatric Disorders 

 

Erika Velásquez Núñez, Paul C. Guest, Daniel Martins-de-Souza, Gilberto Barbosa 

Domont, and Fábio César Sousa Nogueira 

 

18.1 Introduction 

Psychiatric disorders are a leading cause of medical disability throughout the 

world, affecting one out of every three people at some point in their lifetime [1]. Despite 

the fact that years of intensive research have led to a better understanding of the biological 

pathways that are perturbed in people with these disorders, none of this information has 

led to newer and better approaches for patient management, particularly in the area of 

improved diagnosis and treatment. Thus far, this has been hindered by a poor 

understanding of the molecular pathways affected in these diseases and may also be a 

direct cause of disease complexity and overlap of symptoms across the supposedly 

different disorders [2, 3]. The current state-of-the-art diagnosis is based on evaluation of 

symptoms during clinical interviews, but this is only subjective and can vary depending 

on the experience, training, and methodology of the attending clinician and the validity 

of information given by the patient. Taken together, this can make effective disease 

management a difficult prospect. 

The availability of biomarker tests based on the pathologies underlying psychiatric 

disorders would help to overcome some of these difficulties. Using biomarker tests 

targeting the affected pathways would give empirical readings, which could be used in 

combination with the standard methods for improved accuracy and timeliness of 

diagnosis. In turn, this would allow the access of patients to earlier and more efficient 

treatment options. In the initial discovery stages, it is important that brain tissue is 

analyzed in order to identify potential biomarkers, considering that this is likely to be the 

direct cause of symptoms due to effects on neuronal pathways [4]. 
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Furthermore, proteomic-based biomarkers are likely to be the most useful for 

development of diagnostic and prognostic tests considering the dynamic nature of 

proteins in general in response to changing environmental stimuli [5]. 

Mass spectrometry (MS) profiling is one of the key proteomic techniques in the 

study of disease biomarkers [6], and the incorporation of isobaric labeling methods in MS 

approaches, such as isobaric tags for relative and absolute quantitation (iTRAQ), has 

allowed measurement of multiple proteomes simultaneously [7]. Although the iTRAQ 

labels have an indistinguishable mass in MS mode, reporter fragment ions of different 

masses are released in MS/MS mode in the collision chamber. This enables peptides from 

different samples to be differentiated and quantitated based on the intensity of their 

specific reporter ions [8]. The iTRAQ approach has now been used for analysis of up to 

four [7] or eight samples [9]. In comparison to label-free MS techniques, the multiplexing 

potential of the iTRAQ approach allows a simultaneous analysis of different biological 

samples, decreases the inherent variations in chromatographic analysis between the 

samples, and requires fewer technical replicates to obtain a good accuracy in the 

measurement. In the iTRAQ 4-plex approach, the reagent contains an N-methylpiperazine 

reporter, carbonyl balance, and NHS-ester reactive groups. Each reagent has the same 

mass (145 Da) achieved by a combination of 13C, 15N, and 18O in the reporter (114–

117 Da) and balance groups (31–28 Da). The labeled peptides have identical retention 

times during chromatographic separation, and the peptides appear as a single peak with 

the same m/z in MS spectra. However, fragmentation of the precursor ion produces MS/ 

MS spectra with reporter ion peaks at low mass region (114, 115, 116, and 117 Da) and 

peptide fragmentation ion peaks of higher masses. The intensity of the reporter ion peaks 

directly reflects the abundance of the peptide in each sample (Fig. 18.1). 
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Fig. 18.1 Schematic diagram of the iTRAQ4-plex mass spectrometry approach 

 

Here, we describe a detailed sample preparation and iTRAQ 4-plex labeling 

protocol for relative quantification of postmortem brain samples from patients with 

psychiatric disorders such as schizophrenia compared to those from controls. In addition, 

we outline a strategy for peptide fractionation after the iTRAQ-labeling procedure. 

 

18.1 Materials (See Note 1) 

18.1.1 Protein Extraction of Brain Tissues (See Note 2) 

 

Procedure 1 

1. RapiGest® (Waters Corporation; Milford, MA, USA) 

2. 1 M triethylammonium bicarbonate (TEAB; Sigma-Aldrich; Sao Paulo, Brazil) 

 

Procedure 2 

1. Extraction solution: 7 M urea/2 M thiourea and 2% sodium deoxycholate (Sigma-

Aldrich) 
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2. Cold acetone 

 

18.1.2 Enzymatic Digestion 

1. Qubit® 2.0 fluorometric assay kit for protein analysis (Invitrogen; Waltham, MA, 

USA) 

2. Reducing solution: 100 mM dithiothreitol (DTT) or 50 mM tris(2-carboxyethyl) 

phosphine (TCEP) (see Notes 3 and 4) 

3. Alkylating solution: 400 mM iodoacetamide (IAA) (see Note 5) 

4. Sequencing grade modified trypsin (Promega; Madison, WI, USA) 

5. Acetic acid 

6. 10% trifluoroacetic acid (TFA) 

 

18.1.3 iTRAQ Peptide Labeling 

1. 0.1% TFA 

2. 0.1% TFA, 50% acetonitrile (ACN) 3. 0.1% TFA, 70% CAN 

3. iTRAQ reagent 4-plex kit (Applied Biosystems Sciex; Foster City, CA, USA) 

4. C18 macro-spin column (Harvard Apparatus; Holliston, MA, USA) (see Note 6) 

5. Strong cation exchange (SCX) macro-spin column (Harvard Apparatus) (see Note 7) 

6. Buffer A: 5 mM KH2PO4, 25% ACN (pH 3) 

7. Buffer B: 1 M KCl stock solution 

8. LC-20AT high-performance liquid chromatography (HPLC) instrument for    

hydrophilic interaction chromatography (HILIC) (Shimadzu Corporation; Kyoto, Japan) 

(see Note 8) 

9. 3 μm x 5 cm x 2 mm TSKgel® amide-80 column (Sigma-Aldrich) for use with 

the LC-20AT instrument (see Note 9) 

10. Solvent A (HILIC-A): 90% ACN, 0.1% TFA 

11. Solvent B (HILIC-B): 0.1% TFA 

 

18.1.4 Labeled Peptide Analysis by Nano LC-MS/MS 

1. Trap column: 2 cm length, 200 μm inner diameter 

2. Analytical capillary column: 18 cm length, 100 μm inner diameter, 5 μm resin 

ReproSil-Pur C18 (Dr. Maisch GmbH; Ammerbuch, Germany) 

3. Phase A: 0.1% formic acid, 5% ACN 

4. Phase B: 0.1% formic acid, 95% CAN 
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5. Nano LC EASY II (Thermo Fisher Scientific; Waltham, MA, USA) 

6. LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) 

 

18.1.5 Data Analysis 

1. Data inspection: Xcalibur 2.1 software (Thermo Fisher Scientific) 

2. Database searches: Proteome Discoverer 2.1 software (Thermo Fisher Scientific) 

with the SEQUEST algorithm 

3. Databases: UniProt (www.uniprot.org/), NCBI (www.ncbi.nlm.nih.gov/), and 

neXtProt (www.nextprot.org/) 

 

18.3 Methods 

18.3.1 Protein Extraction in Brain Tissues 

1. Pulverize and macerate the tissues in liquid nitrogen [10]. 

2. Add 0.1% RapiGest in 50 mM TEAB (see Note 10) or extraction solution. 

3. Vortex the samples and centrifuge 30 min at 20,000 × g at 4 °C. 

4. Transfer the supernatant to another tube and take one aliquot for protein 

quantification. 

5. When using the extraction solution, precipitate the proteins with 4 volumes of 

cold acetone overnight and centrifuge at 20,000 × g at 4 °C for 30 min. 

6. Wash the pellet three times with cold acetone followed by centrifugation at 

20,000 × g at 4 °C for 10 min. 

7.  Remove the acetone excess and dry the pellet. 

8. Solubilize the pellet in 7 M urea and 2 M thiourea solution. 

 

18.3.2 Protein Digestion with Trypsin 

1. Quantitate proteins using the Qubit 2.0 fluorometric assay kit according to the 

manufacturer’s instructions. 

2. Carry out reduction of disulfide bonds in proteins by incubating samples with DTT 

or TCEP solution at a final concentration of 10 mM for 1 h at 30 °C. 

3. Alkylate thiol groups in proteins by incubating samples with IAA solution at a final 

concentration of 40 mM for 30 min at room temperature in the dark. 

4. Add trypsin at a 1:50 enzyme/protein ratio and incubate 12–18 h at 37 °C (see Note 

11). 

5. Stop the reaction by adding 10% TFA to give a final concentration of 0.1% (see 

http://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/
http://www.nextprot.org/
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Note 12). 

 

18.3.3 iTRAQ Peptide Labeling [11, 12] 

1. For peptide cleaning, incubate C18 spin columns with 500 μL 100% ACN for 15 

min and centrifuge at 2000 × g for 1 min. 

2. Add the same amount of ACN and repeat the centrifugation step. 

3. Equilibrate columns with 150 μL 0.1% TFA and centrifuge at 2000 × g as above. 

4. Repeat this step three times. 

5. Add 75–150 μL sample and centrifuge at 2000 × g as above. 

6. Wash the columns using 0.1%TFA and centrifuge at 2000 × g as above. 

7. Repeat the wash/centrifugation cycle three times. 

8. Elute the peptides in two successive steps into the same collection tube by add- ing 

0.1% TFA/50% ACN and 0.1% TFA/70% ACN followed by centrifugation at 2000 × g 

as above. 

9. Dry the peptides by vacuum centrifugation. 

10. Suspend peptides in 30 μL 20 mM TEAB (pH 8.5) (see Note 13) and quantify using 

the Qubit 2.0 fluorometric assay to normalize peptide amounts in each condition (20–100 

μg). 

11. Briefly centrifuge the iTRAQ reagent solution vial at room temperature to collect 

the content in the bottom of the tube and add 70 μL ethanol to each vial. 

12. Vortex the vials and centrifuge briefly as above. 

13. Transfer the contents of each vial to the specific sample tube, vortex, and 

centrifuge again (see Note 14). 

14. Incubate samples at room temperature for 1 h. 

15. Stop the reaction by adding formic acid at a final concentration of 1% and vor- tex 

and centrifuge as above (see Note 15). 

16. Combine the contents of all samples labeled with different iTRAQ tags into one tube, 

vortex, and centrifuge. 

17. Dry the contents in a vacuum centrifuge but stop before complete dryness is reached 

(see Note 16). 

 

18.3.4 iTRAQ-Labeled Peptide Fractionation 

1. SCX fractionation: suspend the semidry pellets in 100 μL of 5 mM KH2PO4, 25% 

ACN solution to give an approximate 1 μg peptides/μL concentration and vortex. 
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2. Incubate the SCX spin column with 500 μL of the same solution for 15 min at room 

temperature. 

3. Centrifuge at 2000 × g until all solution has passed through the column and repeat 

this step. 

4. Add the sample to the spin column, centrifuge at 2000 × g, and collect the col- umn 

flow through. 

5. Carry out four sequential elution steps using 150 μL of the 5 mM KH2PO4/25% ACN 

solution, containing 75, 150, 250, and 500 mMKCl, followed by centrifu- gation each time 

at 2000 × g, and collect the eluates in separate tubes. 

6. Desalt the samples using the peptide cleaning step above (3.4.1–3.4.9). 

7. Suspend the samples in 0.1% formic acid and quantify as above. 

8. For HILIC fractionation [13, 14], suspend the samples in 100 μL of HILIC-A 

solution at approximately 1 μg/μL, vortex, centrifuge briefly, and collect the supernatant. 

9. Load samples at a flow rate of 0.2 mL/min into the TSKgel Amide-80 column on the 

LC-20AT HPLC system. 

10. Fractionate peptides by applying 100% HILIC-A (0% HILAC-B) for 10 min, 12% 

HILIC-B for 2 min, 20% HILIC-B for 30 min, 30% HILIC-B for 30 min, 100% HILIC-

B for 5 min, and return into 100% HILIC-A for 5 min. 

 

18.3.5 Labeled Peptide Analysis by Nano LC-MS/MS 

1. Load 1 μg labeled peptides onto the trap and capillary columns on the nanoLC 

system coupled online to LTQ Orbitrap Velos mass spectrometer. 

2. For peptide elution, apply a gradient from 100% phase A to 35% phase B over 120 

min at a flow rate of 200 nL/min. 

3. After each run, wash the column with 90% phase B and re-equilibrate with phase A. 

4. Acquire spectra in positive mode applying a data-dependent automatic survey MS 

scan and MS/MS (see Note 17). 

5. Set the resolution of the Orbitrap mass analyzer at 60,000 at m/z 400, automatic gain 

control target at 1 × 106, and maximum ion injection at 500 ms. 

6. Acquire MS/MS spectra at a resolution of 7500 at 400 m/z, a signal threshold of 

30,000, normalized collision energy of 40, and dynamic exclusion enabled for 30 s with 

a repeat count of 1. 

7. Place an Eppendorf tube covered with 5% ammonia water solution under the nano 
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ESI needle (see Note 18). 

 

18.3.6 Data Analysis 

1. Inspect raw data using the Xcalibur software. 

2. Perform database searches against target and decoy (reverse) databases from UniProt, 

NCBI, and neXtProt using the following search parameters: MS accuracy = 10 ppm, 

MS/MS accuracy = 0.1 Da, trypsin digestion with two missed cleavages allowed, fixed 

carbamidomethyl modification of cysteine, and variable modification of oxidized 

methionine. 

3. For identification of iTRAQ-labeled peptides, also include the iTRAQ 4-plex 

monoisotopic mass = 144.102 and variable modification for N-terminus, lysine, and 

tyrosine. 

4. Accept false discovery rates of less than 1% and peptide rank = 1. 

 

18.4 Notes 

1. Reagents should be of analytical grade, solvents HPLC or LC-MS grade and 

solutions should be prepared with ultrapure water (18 MΩ-cm at 25 °C). LC-MS solutions 

should be made with LC-MS grade water. 

2. It is advisable to use protease inhibitors in this step to prevent degradation of proteins 

caused by proteases in the sample. In addition, for phosphoproteomics, it is necessary to 

use phosphatase inhibitors to prevent dephosphorylation during preparation and handling 

of samples. 

3. It is recommended to use a fresh DTT stock solution. 

4. TCEP has the advantage of being a more powerful reducing agent than DTT, by 

providing an irreversible reaction. In addition, it is more hydrophilic, active in alkaline 

and acidic conditions, and more resistant to air oxidation. Also, it does not reduce metals 

and is significantly more stable than DTT in the absence of a metal chelator. 

5. It is necessary to prepare the IAA solution immediately before use and keep it 

protected from light because it is unstable and light sensitive. 

6. The C18 macro-spin column has a binding capacity of 30–300 μg of sample, 

accepting a sample volume of 70–150 μL. Review the manufacturer’s specifica- tions 

before use. 

7. The SCX macro-spin column has an ion capacity of 0.18–0.25 mmol (Cl)/mL, has a 

binding capacity of 30–300 μg of protein sample, and accepts a sample volume of 70–
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150 μL. Review the manufacturer’s specifications before use. 

8. It is possible to use a HPLC instrument with an equivalent configuration. 

9. HILIC is recommended to remove excess iTRAQ reagent from iTRAQ-labeled 

peptides to increase compatibility with mass spectrometry analysis. This elimi- nates an 

additional step of sample cleaning. 

10. We recommend addition of 200 μL of 0.1% RapiGest per 100 mg of tissue. 

11. Samples in 7 M urea, 2 M thiourea must be diluted to final concentrations lower than 

1 M urea using 100 mM TEAB and heating must be avoided. Check the pH to ensure that 

it is close to 8. 

12. For RapiGest samples, acidify the samples with TFA to a final concentration of 1% 

to stop the reaction and incubate 40 minutes at room temperature. Centrifuge for 30 min at 

20,000 × g to remove the insoluble material. 

13. Before peptide labeling, ensure that the pH is close to 8.5. 

14. It is advisable to use commercial peptides (e.g., Glu-1-fibrinopeptide B) at a known 

concentration at the time of labeling to serve as an internal control and to facilitate data 

normalization. 

15. It is advisable to analyze a peptide sample aliquot by mass spectrometry before 

making the final mix of all iTRAQ labels in order to confirm the presence of labeled 

peptides with the appropriate m/z peaks for each reporter ion. If the labeling process was 

not successful, repeat the labeling procedure. 

16. The peptide pellets are easier to resuspend if they are not completely dry. 

17. The data-dependent acquisition method consisted of the selection and fragmen- tation 

of the tenth most intense precursor ions by high-energy collision disso- ciation. The MS2 

spectra range must include the m/z of the reporter ions. 

18. The presence of 5% ammonia during analysis avoids the supercharge effect of the 

iTRAQ 4-plex tag [15]. 
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ABSTRACT: Schizophrenia is a chronic and incurable neuropsychiatric disorder which 

affects about one percent of the world population. The proteomic characterization of the 

synaptosome fraction of the orbitofrontal cortex is useful for providing valuable 

information about the molecular mechanisms of synaptic functions in these patients. 

Quantitative analyses of synaptic proteins were made with 8 paranoid schizophrenia 

patients and a pool of 8 healthy controls free of mental diseases. Label-free and iTRAQ 

labeling identified a total of 2018 protein groups. Statistical analyses revealed 12 and 55 

significantly dysregulated proteins by iTRAQ and label-free, respectively. Quantitative 

proteome analyses showed an imbalance in the calcium signaling pathway and proteins 

such as Reticulon-1 and Cytochrome c, related to endoplasmic reticulum stress and 

programmed cell death. Also, it was found that there is a significant increase of limbic 

system-associated membrane protein and α-calcium/calmodulin-dependent protein 

kinase II, associated to the regulation of human behavior. Our data contribute to a better 

understanding about apoptosis as a possible pathophysiological mechanism of this 

disease, as well as neural systems supporting social behavior in schizophrenia. This study 

also is a joint effort of the Chr 15 C-HPP team and the Human Brain Proteome Project of 
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B/D-HPP. All MS proteomics data are deposited in the ProteomeXchange Repository 

under PXD006798. 

Keywords: Schizophrenia, synaptosome, orbitofrontal cortex, quantitative proteomics 

 

1. INTRODUCTION 

Considered chronic and incurable neuropsychiatric disorder schizophrenia affects 

about one percent of the world population. Typical clinical manifestations of this disease 

are the positive symptoms as hallucinations, delusions, disordered thoughts and speech, 

negative symptoms like anhedonia, apathy, blunting of affect, social withdrawal with 

substantial functional deficiency in interpersonal relationships, work or personal care 

along and cognitive deficit with difficulty in attention and working memory 1 2. Around 

30% of patients with schizophrenia will not respond satisfactorily to the use of 

antipsychotics3 and current pharmacological therapy is largely ineffective for the 

treatment of cognitive impairments and negative symptoms4. Schizophrenia inheritance 

is passed along by several genetic variations each with small effects. The genome-wide 

association studies (GWA) made by the Schizophrenia Working Group of Psychiatric 

Genomics Consortium5 revealed in a total of 128 significant independent single 

nucleotide polymorphisms distributed in 108 independent loci are related to 

schizophrenia, highlighting genes involved in glutamatergic neurotransmission, synaptic 

plasticity, dopamine receptor D2, voltage-gated calcium channel subunits, and also the 

major histocompatibility complex, a consistent candidate found in other GWA studies6. 

However, the underlying causes and pathophysiological mechanisms of this disease are 

still not fully elucidated. 

The evidence of synaptic dysfunction present in the etiology of schizophrenia was 

indirectly demonstrated after the discovery of the antipsychotic properties and mechanism 

of action of dopamine D2-like receptor antagonists, which ameliorated psychotic 

symptoms through their action upon neurotransmitter systems7. In the last decade, 

proteomics studies have tried to elucidate the pathophysiology of schizophrenia using 

different areas of post-mortem brain tissue from schizophrenia patients and comparing 

the results to mentally healthy controls8. Already, proteomic characterization of different 

brain areas has revealed the following biochemical alterations: energy metabolism9; 

oligodendrocyte function10; signaling pathways associated with axon formation and 

synaptic plasticity11; calcium homeostasis and the immune system12; expression of 
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synaptic proteins like syntaxin-binding protein, brain abundant membrane-attached signal 

protein 1, and limbic system-associated membrane protein13; and in the clathrin-mediated 

endocytosis and N-methyl-D-aspartate proteins, which are part of the endocytic and long-

term potentiation pathways, respectively14. 

Despite the development of animal15 and in vitro16 biological models for 

understanding the interactions between neurotransmitter systems and correlating their 

relationship with schizophrenia symptoms, these models are limited in the evaluation of 

pathophysiological processes of negative symptoms and suicidal ideation17. However, the 

study of post-mortem brain tissue can still provide valuable information about the 

pathophysiology of schizophrenia18. The objective of this study was to perform a 

proteomic characterization of the synaptosome fraction of the orbitofrontal cortex, which 

was still unexplored. This brain region receives connections from the medial prefrontal 

cortex, amygdala, hypothalamus, insula/operculum, and dopaminergic midbrain, as well 

as areas of the basal ganglia, like the ventral and dorsal striatum19 20. Its function regulates 

appropriate emotional responses in association with learning, prediction, and decision-

making for emotional- and reward-related behaviors19. Additionally, protein functions are 

related to subcellular localization, because organelles offer different interaction partners 

and chemical environments; these changes in protein localization regulate the activity of 

the biological pathways involved21. In this context, synaptosomes are useful for studying 

the molecular mechanisms of synaptic function and the identification. The quantification 

of synaptic proteins using label-free and iTRAQ labeling will be helpful to unravel new 

cellular mechanisms for this disease, providing a better understanding of schizophrenia 

pathogenesis and allowing the identification of possible candidates as new therapeutic 

targets. 

Finally, this research improved the characterization of disease-associated proteins 

that will contribute to the construction of a comprehensive map of the entire human 

proteome following the goal of the Chromosome-centric and Biology/ Diseases Human 

Proteome Projects.  

 

2. EXPERIMENTAL PROCEDURES 

2.1. Brain samples 

Brain tissue samples (Orbitofrontal, Prefrontal cortex, PFC) were collected 

postmortem from 8 chronic schizophrenia patients diagnosed antemortem by an 

experienced psychiatrist according to the Diagnostic and Statistical Manual of Mental 
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Disorders (DSM-IV) criteria as residual schizophrenia, with paranoid episodes (295.6) 

and 8 controls (Table S-1). Patient samples were collected at the State Mental Hospital in 

Wiesloch, and control samples from the Institute of Neuropathology, Heidelberg 

University, in Heidelberg, both in Germany. Controls were free from any brain or somatic 

diseases and had not taken antidepressants or antipsychotics during their lifetime. All 

brains analyzed here were submitted for neuropathological characterization to rule out 

any other associated brain disorders. Braak staging was required to be less than II for all 

brains. Schizophrenia patients have a record of antipsychotic treatment, so 

chlorpromazine equivalents (CPE) could be calculated. For typical neuroleptics and 

clozapine, we used Jahn and Mussgay’s algorithm 22. All patients and controls were white 

Germans with no history of alcohol or drug abuse, according to subjects and familial 

information. All assessments, postmortem evaluations, and procedures were approved by 

the ethics committee of the Faculty of Medicine, Heidelberg University, Heidelberg, 

Germany.  

 

2.2. Subcellular enrichment.  

PFC brain tissue (50mg) was homogenized in 10 volumes of buffer A (0.32M 

sucrose, 4mM HEPES pH 7.4, protease cocktail inhibitor tablet (Roche) and phosphatase 

inhibitor cocktail I and II (Sigma). All procedures were performed at 4 0C. The 

homogenate was centrifuged at 1,000 x g for 10 min, the supernatant was transferred to a 

new tube (S1) and the pellet (P1) was resuspended in 10 volumes of buffer A and 

centrifuged at 1,000 x g for 10 min (S2, P2). S1 and S2 (S) were combined and centrifuged 

at 17,000 x g for 55 min (S3, P3). P3 was resuspended in 0.32M sucrose and laid on top 

of a discontinuous sucrose density gradient (1ml 0.32/1ml 0.8/1ml 1.2) and 

ultracentrifuged at 25,000 rpm for 2h. The synaptosomal fraction was (SYN) extracted 

from 1.2/0.8 interphase, diluted 1:1 (v/v) in water and ultracentrifuged at 40,000 rpm for 

60 min (S4, P4). P4 was diluted in 10 μl distilled water and stored at -20 0C. Efficiency 

of cellular compartment enrichment was verified by Western blot (Figure 1). Once 

enriched, proteins from each of the compartments were extracted as described in the study 

of Saia-Cereda and collaborators 23.  

 

2.3. Western blot  

Protein lysates had their protein concentrations determined using a Bradford assay 

(BioRad; Munich, Germany). Protein extracts (20 μg) from each sample were 
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electrophoresed in 12% SDS-PAGE (BioRad; Hercules, CA, USA). Proteins were then 

transferred electrophoretically to Immobilon-FL polyvinyldiphenyl fluoride (PVDF) 

membranes (Millipore; Bedford, MA, USA) at 100 V for 1 h, using a cooling system. 

PVDF membranes containing the transferred proteins were treated with 5% Carnation 

instant non-fat dry milk powder in Tris buffered saline (pH 7.4) containing 0.1% Tween 

−20 (TBS-T) for 4 h, rinsed in TBS-T three times for a total of 20 min and incubated with 

collapsin 2 for cytosolic proteins, ATP5A1 for mitochondrial proteins, PSD95 for 

synaptosomal proteins, and HDAC1 for nuclear proteins, at a dilution of 1:1000 in TBS-

T overnight at 4 0C (all antibodies were from Abcam; Cambridge, UK). Following the 

overnight incubation, the membranes were washed twice with TBS-T for 15 min per 

wash. Next, the membranes were incubated with anti-c-MYC-peroxidase antibody 

1:10000 (GE Healthcare; Uppsala, Sweden) for 40 min at room temperature, washed with 

water and TBS-T, and incubated with Enhanced Chemiluminescence (ECL) solution (GE 

Healthcare) for 1 min. The membranes were scanned using a Gel DocTM XR+ System 

(Silk Scientific Incorporated; Orem, UT, USA) and the optical densities of the 

immunoreactive bands were measured using Quantity One software (Bio-Rad). Protein 

loading was determined by staining PVDF membranes with Ponceau S to ensure equal 

loading in each gel lane. 

 

2.4. Enzymatic digestion.  

Ten µg of SYN proteins were reduced with 5 mM tris(2-carboxyethyl)phosphine 

(1 hour at 30 0C), alkylated with 10 mM iodoacetamide (30 min at room temperature), 

and diluted 1:10 with 50 mM triethylammonium bicarbonate (TEAB) pH 8, followed by 

digestion with trypsin (1:50) for 18 hours at 35 0C. Peptides were desalted in C18 micro 

columns (Harvard apparatus), dried in a vacuum centrifuge, resuspended in 30 µl of 20 

mM TEAB pH 8,0 and quantified by Qubit® protein assay (Invitrogen) for iTRAQ 

labeling, following the manufacturer’s recommendations. In label-free analyses the 

peptides were resuspended in 0.1% formic acid, quantified by Qubit® protein assay, and 

analyzed by mass spectrometry.  

 

2.5. iTRAQ Labeling  

Following manufacturer's instructions, 5 µg of peptides were labeled with 

iTRAQ® Reagents – 4-plex. The organization of iTRAQ 4-plex was made up as follows: 

three channels (114, 115 and 116) were labeled with one different schizophrenia 
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preparation and one channel (117) containing a pool of control samples (n=8). The pool 

of controls was the common element used for normalization and comparison between the 

iTRAQ sets .Labeled peptides were dried to 20 µl and diluted to a final volume of 100 µl 

with KH2PO4 5 mM / ACN 25% pH 3 for SCX chromatography (Harvard apparatus) by 

one-step peptide elution with 500 mM KCl24. Samples were cleaned in a C18 column, 

dried, and resuspended in 0.1% formic acid for quantification (Qubit®) and LC-MS/MS 

analyses.  

 

2.6. LC-MS/MS analyses 

Two μg of peptides were analyzed in technical triplicate after three hours of 

gradient (5% to 40% B / 167 minutes; 40% to 95% B / 5 min; 95% B / 8 minutes). nanoLC 

solvent A consisted of (95% H2O / 5% acetonitrile (ACN) / 0.1% formic acid) and solvent 

B of (95% ACN / 5% H2O / 0.1% formic acid). Trap-column length was 3 cm with an 

internal diameter of 200 µm (5 µm spheres-Reprosil Pur C18, Dr. Maish) and analytical 

column of 15 cm and internal diameter of 75 µm (3 µm spheres- Reprosil Pur C18, Dr. 

Maish). In iTRAQ analyses, nanoESI was carried out under steam atmosphere provided 

by 5% ammonium hydroxide using a nLC Proxeon EASY-II system (Thermo Scientific) 

on-line with LTQ Orbitrap Velos (Thermo Scientific) mass spectrometer; label-free 

quantification was performed in an Easy-nLC 1000 (Thermo Scientific) coupled to a 

QExactive Plus (Thermo Scientific).  

LTQ Orbitrap Velos settings for data-dependent acquisition mode (DDA) were: 

dynamic exclusion list of 90 s, spray voltage at 2.5 kV, and no auxiliary gas flow. Full 

MS scan was acquired at a resolution of 60,000 and at m/z 400 in the Orbitrap analyzer, 

and the ten most intense ions were selected for fragmentation by higher-energy collision 

dissociation (HCD) with normalized collision energy of 40. MS2 spectra were analyzed 

in the Orbitrap (resolution of 7,500at m/z 400). QExactive Plus in FullScan-DDA MS2 

mode used a dynamic exclusion list of 45 s and spray voltage at 2.30 kV. Full scan was 

acquired at a resolution of 70,000 at m/z 200, with a m/z range of 350-2000, AGC of 

1x106, and injection time of 50 ms. Selection of the twenty most intense ions for HCD 

fragmentation used a normalized collision energy of 30, precursor isolation window of 

m/z 1.2 and 0.5 off-set, a resolution of 17,500 at m/z 200, AGC at 5x105, and injection 

time of 100 ms. 

 

2.7. Data analysis 
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Data were analyzed by the Proteome Discoverer 2.1 software using a human 

database downloaded from neXtprot (May 2017). The parameters used were: full-tryptic 

search space, up to two missed cleavages allowed for trypsin, precursor mass tolerance 

of 10 ppm, and fragment mass tolerance of 0.1 Da. Carbamidomethylation of cysteine 

was included as fixed modification, and methionine oxidation and protein N-terminal 

acetylation as dynamic modifications in Label-free quantification. iTRAQ modifications 

(K, Y, and N-terminal) were additionally considered as dynamic modifications for the 

iTRAQ labeled samples.  

Spectra analyses used a target-decoy strategy considering maximum delta CN of 

0.05, all available peptide-spectrum matches, and a target false discovery rate (FDR) 0.01 

(strict). Parameters in the peptide filter were set up for high confidence with a minimum 

peptide length of 6 aminoacids. For protein filter was considered the minimum number 

of peptide sequence as 1, counting only rank 1 peptides. Peptide shared between multiple 

proteins was counted for the top scoring protein. The confidence thresholds in FDR 

protein validator were 0.01 for target FDR (strict). The strategy for protein grouping was 

strict parsimony. In the peptide and protein quantification module, for iTRAQ and label-

free analysis, unique peptides were considered. The calculation of fold-change was made 

using the patients as numerator and pool of controls as denominator. For iTRAQ 

quantification, reporter abundance was automatic, applying the correction for the 

impurity reporter and a filter to do not report quantitative values for a single-peak in the 

precursor isotope pattern. Extraction ion chromatography strategy was used for label-free 

quantification. 

 

2.8. Statistical analyses 

Statistical evaluation of the data was performed by the Inferno RDN program 

(Polpitiya et al., 2008), unique peptides being normalized using Central Tendency and 

the absolute deviation of adjusted median (MAD). The peptides were extrapolated to their 

corresponding protein through RRollup using the Grubbs test, with a minimum of three 

peptides and p-value <0.05. To determine the statistical significance of dysregulated 

proteins the z-score and the p-value associated with a 95% confidence level were 

calculated using robust estimators such as the median and median absolute deviation 

(MAD).  
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2.9. Bioinformatics Functional Analysis 

Comparative analyses were carried out with the program Venny 2.125. For the 

cellular component, biological processes, and molecular function of quantified proteins, 

we used the program DAVID 6.826 , Human Protein Reference Database27 and Reactome 

Pathways28. Proteins whose variation in abundance was statistically significant, STRING 

1029 (considering high-confidence interactions) and KEGG program30, were used for 

protein-protein interaction analyses and evaluations of functional enrichment in the 

network. 

 

2.10. PRM analysis 

We have used 2 µg of peptides from patients and control samples spiked with the 

heavy version of the peptide VAGALQAQVK (K:13C(6)15N(2)) (JPT Peptide 

Technologies). Peptide separation were carried out using an EASY-nLC 1000 (Thermo 

Scientific), trap column (2 cm x 100 µm ID, 5 µm spheres-Reprosil Pur C18, Dr. Maish) 

and analytical column (30 cm x 75 µm ID, 3 µm spheres- Reprosil Pur C18, Dr. Maish). 

Peptide elution was performed by applying a flow of 300 nL/min and gradient of 5 to 

40% of solvent B (95% acetonitrile, 0.1% formic acid) over 100 min followed by 10 min 

of 40-95% solvent B and 10 min of washing at 95% solvent B. Solvent A is composed by 

5% of acetonitrile and 0.1% of formic acid. PRM mode was performed in a QExactive 

Plus (Thermo Scientific) using an inclusion list for the target ions with 2-Th window, 

resolution of 35,000 (at m/z 200), AGC of 5x105, injection time of 150 ms, spray voltage 

at 2.30 kV, and MS/MS scans were acquired with a starting mass of m/z 100 and 

normalized collision energy of 27. We analyzed the PRM data using the Skyline software 

(64-bit, 3.6.0.10493). 

 

 3. RESULTS AND DISCUSSION 

 

3.1. General proteome analysis 

Our strategy consisted of a synaptosome enrichment of postmortem PFC brain 

tissue from patients with schizophrenia and from controls. Label-free and iTRAQ-based 

quantitative proteomics were employed as complementary approaches to characterize the 

synaptosome proteome (Figure 2). In the total synaptosome proteome, 2018 proteins were 

identified, combining results from the iTRAQ and label-free techniques (Figure 3A and 

3B, Table S-2 and Table S-3). Quantitative analysis by iTRAQ identified 1176 proteins 
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comprising 513 groups, 127 of them with robust quantification (Figure 3A). The selection 

criteria for up- and down-regulated proteins included, besides p-value, the same 

quantitative behavior in at least half of the patients studied (n≥3) (Table 1 and Table S-

4). Statistical analysis of iTRAQ data revealed 12 significantly dysregulated proteins. On 

the other hand, label-free quantification identified 4904 proteins in 1917 groups (Figure 

3A); and of the 341 quantified proteins, 55 showed statistically significant variations in 

their abundance (Table 1 and Table S-4). They were found 3 deregulated proteins in 

common between iTRAQ and Label-free data (Table S-4). 

GO analyses of the synaptosome proteome, using DAVID for all identified 

proteins showed the cellular component distribution of proteins expected for a 

synaptosome fraction (Figure 3D, Table S-5). Important biological processes in this total 

proteome were related to signal transduction and cell-cell adhesion, whereas the most 

important molecular functions of proteins were ATP and protein binding, and cell- cell 

adhesion. In more detailed analyses, Reactome pathway highlighted axon guidance and 

membrane trafficking as principal biological processes (Table S-5).  

 

3.2. Label free qualitative analysis 

The label-free comparative analysis of patients and control groups (Figure 3C) 

showed that 161 proteins were identified only in the control, but only 10 of those were 

identified with two or more unique peptides (Table S-6). Proteins detected only in the 

control condition were involved in the biological processes of neural cell adhesion, 

protein binding, molecular chaperones, and the activation of the GABA A receptor (Table 

S-7). Deficiencies in GABA function in the prefrontal cortex result in neurotransmissive 

and cognitive impairments in schizophrenia patients31. It was shown that Disrupted-in-

schizophrenia 1 gene (DISC1) participates in the dynamic regulation and trafficking of 

GABAAR, and the knockdown of DISC1 significantly reduced changes of GABAAR-

mediated synaptic inducing in surface expression32. 

On the other hand, 741 proteins were identified in the patient group; but only 6 

proteins of these were present in all patients and identified with two or more unique 

peptides (Table S-6). The biological functions of the proteins identified only in patients 

are associated with membrane traffic processes and chemical synaptic transmission 

(Table S-7). Moreover, among these proteins the Programmed cell death 6-interacting 

protein, HSP70 and the adhesion protein Cadherin-13 stand out.  

Cadherin-13 mediates cell–cell adhesion and is involved in intracellular signaling 
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pathways such as synaptogenesis, early embryonic patterning to circuit formation, and 

synaptic plasticity in the mature brain33. Cadherin-13 is associated with neuropsychiatric 

disease, suggesting that it may contribute to the genetic risk of schizophrenia34. Recently, 

a relationship between the Cadherin-13 and the GABA system was demonstrated. 

Cadherin-13 is located at GABA synapses and Cdh13−/− mice show an increase in 

inhibitory activity without changes in excitatory input, resulting in an excitatory–

inhibitory imbalance35, but the relationship and the impact of the interaction of these 

proteins in the pathophysiology of schizophrenia has not been determined.  

 

3.3. Quantitative analysis of iTRAQ and Label free data  

In relation to proteins with robust quantification, the functional analyses of these 

with DAVID and Reactome Pathways software, revealed that most of these proteins 

contribute mainly to cell adhesion processes, membrane trafficking, and vesicle- 

mediated transport (Table S-8). However, the proteins that presented statistically 

significant variation and met the criteria to be considered as dysregulated (Table 1) are 

mostly associated with synaptic activity and signaling pathways associated with calcium 

(Figure 4A, Table S-9). PRM analysis confirmed the quantification of SERCA, 

MARCKS, CAM1, CYCS, RTN1-C, LSAMP and PDCD6IP proteins in four patients 

(Table S-10), obtaining similar results regarding quantitative iTRAQ and Label-free 

techniques. Figure 5 shows XIC for the top 6 fragments of the internal standard (Figure 

5A) and the peptide EAFSLFDKDGDGTITTK from calmodulin-1 (Figure 5B). This 

protein presents a lower abundance in patients with schizophrenia compared with the 

control group, which confirm our finds of the label-free and iTRAQ labeling data. 

The protein-protein interaction analysis of dysregulated proteins (Figure 4B) 

showed that the main point of interaction converges on CaM, an important intracellular 

calcium sensor that converts the Ca2+ signal into a variety of biochemical changes, 

whereby regulating important proteins for synaptic plasticity36. CaM is downregulated in 

this study and it was shown that the knockdown of CaM decreased the probability of 

synaptic vesicle release37. Moreover, a significant decrease was reported through 

immunostaining in the Brodmann area 9, layer III of schizophrenia patients, indicating a 

loss of CaM in pyramidal cells, which suggests that calcium/CaM-dependent pathways 

may be affected in the pyramidal cells of the prefrontal cortex 38.  

In the analysis of network associations, it was observed that CaM interacts with 

relevant proteins in the processes of synaptic plasticity such as MARCKS and αCaMKII 
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(Figure 4B). CaM binds to MARCKS, removing it from membranes 39. Curiously, in our 

study, MARCKS is found to be up-regulated in the SYN fraction simultaneously with a 

down-regulation of CaM. MARCKS acts to modulate actin-dependent processes by 

regulating the membrane-associated phospholipid PIP2 availability40, to participate in 

neuronal migration, proliferation, and neurite outgrowth, and is known for its importance 

for memory and maintenance in synaptic plasticity 40. It was shown that the upregulation 

of MARCKS is able to produce significant impairments in spatial learning 41. In addition, 

MARCKS is increased in the membrane fraction of postmortem hippocampal tissue from 

patients with suicidal behavior, with and without major depressive disorder 42. In 

dorsolateral prefrontal cortices from schizophrenia and bipolar disorder patients, 

MARCKS mRNA expression was increased. Rats with chronic administration of 

haloperidol or clozapine did not show significant changes in the relative expression of 

MARCKS mRNA 43, or protein expression in the frontal cortex44. On the other hand, 

CaMKII is important for interaction with the NMDA receptor and long-term potentiation. 

Reduction of CaMKII activity is related to synaptic plasticity impairment, whereas its 

overexpression increases synaptic strength 45. However, recently, studies have reported 

that the overexpression of specific isoforms of αCaMKII in mutant mice induced a 

significant increase in anxiety and detrimental changes in social behavior, suggesting that 

changes in αCaMKII expression levels strongly affect emotional state 46. 

Parallel to the network association analysis, KEGG pathway was used to highlight 

the activation of G-protein coupled receptors and PLCβ activation in the calcium 

signaling route (Figure 6). PLCβ activation is involved in a variety of cellular functions 

associated with the hydrolysis of phosphatidylinositol 4,5-bisphosphate to produce 

secondary messengers such as inositol 1,4,5-trisphosphate (IP3)47. IP3 mediates an 

increase in cytosolic Ca2+ releasing intracellular stores through IP3 receptor channel 

activation48. In response to calcium release from the ER, the up-regulation of SERCA and 

plasma membrane Ca2+ ATPase (PMCA) was observed in this signaling pathway (Figure 

6). Their main functions are to deplete the excess of cytosolic calcium into ER lumen and 

outside the cell respectively, restoring the Ca2+ 49 to basal levels.  

An excess of intracellular calcium is associated with ER stress and activation of 

cell death pathways 50. In that sense, the up-regulation of Reticulon-1 (RTN1-C) protein 

(Table 1) was found in our data. RTN1-C is localized on the ER membrane, and its 

overexpression also results in elevated cytosolic Ca2+ levels due to ER store depletion, 

resulting in ER stress-induced cell death with ultrastructural changes in the mitochondria 
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51. In fact, the increase of RTN1-C protein levels resulted in ER stress-induced cell death, 

mediated by an increase of cytosolic Ca2+, and significantly sensitized cells to different 

ER-stress inducers. Also, the Programmed cell death 6-interacting protein (PDCD6IP) 

was identified only in schizophrenia patients (Table S-6). When calcium imbalance from 

homeostasis occurs and ER stress is generated, PDCD6IP takes part in apoptosis as a 

crucial mediator of Caspase-9 activation 52. The overexpression of PDCD6IP in vivo is 

sufficient to induce cell death 53.  

There is a link between ER stress-mediated apoptosis and the mitochondria 

transition pore 5. The Ca2+ flux activates mitochondrial permeability transition pore 

stimulating the apoptosis with the release of cytochrome c and other pro-apoptotic factors 

54. Indeed, the second main point of the network association analysis (Figure 4) included 

proteins involved with apoptosis such as SLC25A6 and VDAC2, which participated in 

the formation of the permeability transition pore complex, controlling mitochondrial 

permeability55. During the activation of apoptosis, SLC25A6 overexpression increases 

caspases 9 and 356 and VDAC2 facilitates Bax stabilization in the mitochondrial outer 

membrane 57. Another important and classical indicator of apoptosis, CYCS, is part of 

this interaction network. When mitochondrial membrane permeability is altered, CYCS 

released into the cytosol triggers apoptotic processes. The overexpression of CYCS 

enhances Caspase activation58 forming the apoptosome through interaction with the 

Apoptotic protease activating factor-1 and subsequent activation of the caspase-9 death 

pathway59. Furthermore, the Serine/threonine-protein phosphatase PGAM5, a novel 

partner of Apoptosis-inducing factor, was also increased in schizophrenia patients and its 

overexpression induced caspase activation and cell death 60. Also, anti-apoptotic proteins 

were identified, such as BAG3, induced by stressful stimuli, which acted synergistically 

with Bcl-2 on the inhibition of apoptosis processes mediated by Bax and  Fas61 62, Hsp70 

protein, identified only in patients (Table S-6), enhanced cell survival under ER stress 

conditions, preventing the formation of an active apoptosome 63 ; and 14-3-3η which 

conferred neuroprotection in NMDA-induced cellular stress and cell death 64 

There is a link between ER stress-mediated apoptosis and the mitochondria 

transition pore 5. The Ca2+ flux activates mitochondrial permeability transition pores, 

stimulating apoptosis with the release of cytochrome c and other pro-apoptotic factors 54. 

Indeed, the second main point of the network association analysis (Figure 4) included 

proteins involved with apoptosis such as SLC25A6 and VDAC2, which participated in 

the formation of the permeability transition pore complex, controlling mitochondrial 
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permeability55. During the activation of apoptosis, SLC25A6 overexpression increases 

caspases 9 and 356 and VDAC2 facilitates Bax stabilization in the mitochondrial outer 

membrane 57. Another important and classical indicator of apoptosis, CYCS, is part of 

this interaction network. When mitochondrial membrane permeability is altered, CYCS 

released into the cytosol triggers apoptotic processes. The overexpression of CYCS 

enhances Caspase activation58 forming the apoptosome through interaction with the 

Apoptotic protease activating factor-1 and subsequent activation of the caspase-9 death 

pathway 59. Furthermore, the Serine/threonine-protein phosphatase PGAM5, a novel 

partner of Apoptosis-inducing factor, was also increased in schizophrenia patients and its 

overexpression induced caspase activation and cell death 60. Also, anti-apoptotic proteins 

were identified, such as BAG3, induced by stressful stimuli, which acted synergistically 

with Bcl-2 on the inhibition of apoptosis processes mediated by Bax and Fas61 62. Hsp70 

protein, identified only in patients, enhanced cell survival under ER stress conditions, 

preventing the formation of an active apoptosome 63 ; and 14-3-3η which conferred 

neuroprotection in NMDA-induced cellular stress and cell death 64.  

Apoptosis has been proposed as a process in the pathophysiology of 

schizophrenia. There is evidence including reduced gray matter volume, synaptic 

markers, and neuropil, that suggests a form of programmed cell death in the progressive 

gray matter volume loss during the course of illness in the frontal, parietal and temporal 

areas 65. A longitudinal study that determined the long-term effects of antipsychotic 

treatment in brain volumes proposed the possibility that antipsychotic treatment is not 

efficient in counteracting the pathophysiologic processes of schizophrenia, rather 

aggravating the progressive brain tissue volume reductions 66. In fact, an increase in 

caspase-3 activity was reported as a delayed effect of typical and atypical antipsychotic 

treatment; but there was no evidence of DNA fragmentation, indicating that antipsychotic 

treatment did not induce apoptosis by itself but could still contribute to the progressive 

cortical gray matter loss in the early stages of schizophrenia65. On the other hand, in 

fibroblast cultures from first-episode schizophrenia patients, there is an increased 

susceptibility to apoptosis, displaying a correlation between regional brain volume and 

changes in levels of brain glutamate and N-acetylaspartate in the anterior cingulate and 

the left thalamus 67. Besides this, the serum levels of apoptotic markers were significantly 

higher in deficit schizophrenia syndrome patients than in non-deficit schizophrenia 

patients and healthy controls68 suggesting the importance of apoptotic processes in the 

negative symptoms of schizophrenia.  
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The third most important point of protein-protein interaction network revealed the 

dysregulation of oligodendrocyte proteins connected to myelin sheath formation (Figure 

4B). We found three main proteins: myelin basic protein (MBP), a calmodulin binding 

protein whose main function is related to the adhesion of multi-lamellar compact myelin 

into the plasma membrane; the proteolipid protein (PLP), a principal component of 

compact myelin; and the myelin oligodendrocyte glycoprotein (MOG), a specific 

constituent of CNS myelin, mostly present on the outer loop of the myelin sheath10 69. 

MBP, PLP, and MOG are expressed during the beginning of myelin sheath formation 

around axons70. However, PLP increase and sequestration of MOG have been associated 

to myelin degeneration and the axonopathy observed in PLP1-transgenic animals and 

Pelizaeus-Merzbacher patients71. The overexpression of PLP in transgenic animals leads 

to ER stress is associated with inefficient transport of PLP from the ER to the myelin 

sheath, causing a blockage of transport for other myelin proteins such as MOG71. ER 

stress induces apoptosis with a loss of myelin and the death of oligodendrocytes in gray 

matter of the central nervous system.71 Moreover, expression of Contactin-1, a cell 

adhesion molecule, is also increased in our study. Contactin-1 is implicated in axon 

growth and guidance, neural differentiation, synapse formation, myelination formation, 

organization, and as a critical signal for axon–glia communication in CNS myelin72 . In 

vitro experiments of unmyelinated axons have associated the up-regulation of Contactin-

mediated signals with trigger events that orchestrate the expression of proteins such as 

PLP, MBP, and MGO for myelin formation 73. Also, it was demonstrated that calmodulin 

regulation of MPB modifies cytoskeleton-mediated events in myelinogenesis74  

The dysregulation of oligodendrocyte proteins has already been described in 

previous proteomic studies10 and a qualitative electron microscopy study of the prefrontal 

cortex from patients with schizophrenia or bipolar disorder confirmed ultrastructural 

changes in oligodendrocytes corresponding to apoptosis75. Findings associated with 

myelin must be accepted cautiously and require validation, as these proteins (or their 

fragments) could be contaminants to the synaptosomal fraction, which is supposed to be 

separated from the myelin fraction.  

In the last group of dysregulated proteins, it is necessary to highlight variations in 

the abundance of proteins related to cell adhesion processes and cytoskeletal organization 

(Table 1). One of these proteins is LSAMP, increased in all patients analyzed by iTRAQ 

strategy. LSAMP is a glycosylated protein with three immunoglobulin (Ig) domains 

integrated into membranes via a glycosyl-phosphatidyl-inositol (GPI) anchor76. It is 
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predominantly expressed on the surface of proximal dendrites and soma, and acts in 

neural cell adhesion and neuritis formation and outgrowth 77. The LSAMP gene is linked 

to human behavior and it has been shown that a transcript level increment in the 

amygdaloid area, periaqueductal gray, raphe, hippocampus, and frontal cortex is 

connected with acute fear reaction, fear conditioning, and higher trait anxiety 78. Allelic 

variants located in the intronic region of the LSAMP gene are correlated with the 

pathoetiology of suicidal behavior79 and there is a significant allelic and haplotype 

association between the LSAMP gene and schizophrenia 80. Also, in a proteomic study of 

membrane microdomains of postmortem brain tissue in the dorsolateral prefrontal cortex 

from schizophrenia patients, LSAMP expression appeared significantly increased 

exclusively in the brains of patients with schizophrenia and not in the brains of patients 

with bipolar disorder (Behan et. al, 2008)13 , indicating that this protein may play an 

important role in the pathophysiology of schizophrenia. Currently, LSAMP has been 

suggested to have a possible role in the mechanisms of psychiatric disorders, specifically 

in the regulation of emotional behavior77. Another protein, alpha-internexin is also up-

regulated in this fraction. Primarily expressed in the CNS axons of neurons undergoing 

differentiation and maturation, this suggests that it has important role in the regulation of 

the outgrowth and shape of neurites, thus maintaining the network of intermediate 

filaments in mature neurons 81. Previously, alpha-internexin was found to be increased in 

the synaptic membrane fraction of the left dorsolateral prefrontal cortex of patients with 

schizophrenia82. The overexpression of this protein causes a deficit in motor coordination 

in transgenic mice with varying degrees of neuronal dysfunction and degeneration 

proportional to the levels of mis-accumulated neuronal intermediate filaments83 ; however 

the exact relationship between this protein and the impairments in motor coordination in 

schizophrenia must be investigated.  

 

3.4. Missing proteins candidates 

Finally, through this study, it was possible to suggest the existence of two missing 

proteins (Figure S-1). Protein unc-79 homologous isoform Iso 3 located on chromosome 

14, initially with evidence only at transcript level, was identified with 2 unique peptides. 

The second protein, putative cytochrome b-c1 complex subunit Rieske-like protein 1 

isoform Iso 1, belonging to chromosome 22, with evidence classified as uncertain, was 

identified with 1 unique peptide (Table S-11). 
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4. CONCLUSION  

The orbitofrontal cortex, a subdivision of the prefrontal cortex, is directly involved 

in the regulation of emotions. Neuropsychology and neurophysiology studies, as well as 

structural and functional neuroimaging, indicate that this area of the brain plays an 

important role in the development of diseases such as mood, anxiety, and personality 

disorders; drug addiction; and schizophrenia; 84 which makes proteomic characterization 

important for the comprehension of this diseases.  

The calcium signaling pathway was one of the main dysregulated routes in this 

brain area in schizophrenia patients. Imbalance in the calcium signaling pathway has been 

implicated in the development of psychiatric diseases, reported to play a major role in 

regulating several neuronal processes like transmitter release, neuronal excitability, and 

synaptic plasticity 85. Cognitive impairment is a common symptom that prevails after 

treatment with currently available antipsychotics; and, in association, this study shows a 

higher level of MARCKS protein in patients. The abnormal expression of MARCKS may 

contribute to impairments in the synaptic plasticity in schizophrenia patients.  

Since long time, apoptosis has been proposed as one possible mechanism that 

contributes to the pathophysiology of schizophrenia. A great deal of evidence indicates 

progressive clinical deterioration and neurostructural changes in schizophrenia patients, 

and recent studies have linked apoptosis with the negative symptoms of schizophrenia 86 

68. This research found for the first time in post-mortem brain tissues in an important brain 

area involved in the regulation of emotions as the orbitofrontal cortex, evidences of 

deregulated apoptotic proteins related to ER stress and programmed cell death triggering 

such as reticulon-1 and cytochrome C. In here we propose as a potential mechanism, 

based on the deregulation of these proteins, the apoptosis mediated by ER stress in the 

orbitofrontal area 

Finally, schizophrenia patients are characterized by social interaction difficulties 

that do not improve after standard treatments87. Two important proteins, previously 

related with the regulation of human behavior in other studies were found significantly 

increased in this study: LSAMP whose increment was previously correlated with 

abnormal response to fear, panic, and suicidal behavior 78 79 80 and αCaMKII linked to an 

increase in anxiety and detrimental effects on social behavior in mouse model46 .The 

increment of these proteins in the orbitofrontal cortex could be related to the aberrant 

social behavior in these patients. We propose these proteins as potentials markers of social 

impairment. 
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Authors recognize that the protein-level FDR is an estimate based on several 

imperfect assumptions, and present the FDR with appropriate precision and acknowledge 

that not all proteins surviving the threshold are “confidently identified”.   

All MS proteomics data are deposited in the ProteomeXchange Repository under 

PXD006798. 
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TABLE AND FIGURES 

Table 1: Dysregulated proteins and their biological process. 

Figure 1: A. Polyacrylamide Gel Electrophoresis (SDS-PAGE 12%.) B. Western 

blot evaluation of cellular compartment enrichment efficiency using collapsin 2 (CRMP2) 

for cytosolic (Cyto), histone deacetylase 1(HDAC1) for nuclear (Nuc), postsynaptic 

density protein 95 (PSD95) for synaptosomal (Syn) and ATP synthase subunit alpha 

(ATP5A1) for mitochondrial proteins (Mito). 

Figure 2: Experimental pipeline for iTRAQ labeling and label-free 
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quantifications. 

Figure 3: A. Proteins identified and quantified by iTRAQ and label-free analysis. 

B. Total coverage of proteins identified by iTRAQ and label-free. C. Qualitative analysis 

of label-free data. D. GO cellular component analyses of all proteins identified by iTRAQ 

and label-free. 

Figure 4: A.  Reactome pathway analysis of proteins with statistically significant 

variation. B. Protein-protein interaction network analysis of dysregulated proteins. The 

first hub is calmodulin-1 (CaM) that interacts with proteins responsible for synaptic 

plasticity such as αCa2 + proteins / calmodulin-dependent protein kinase II (αCaMKII) 

and MARCK related protein (MARCKS). The second main interaction point discloses 

proteins involved in apoptosis as ADP/ATP translocase 3 (SLC25A6), voltage-dependent 

anion-selective channel protein 2 (VDAC2) and cytochrome c (CYCS). The third hub is 

around myelin basic protein (MBP), which interacts with proteolipid protein (PLP) and 

the myelin oligodendrocyte glycoprotein (MOG), associated with cell-cell adhesion and 

formation of myelin sheath. 

Figure 5: PRM analysis using the software Skyline. Chromatogram of the internal 

standard (Figure 5A) and the peptide EAFSLFDKDGDGTITTK from calmodulin-1 

(Figure 5B) from patient (Pat_1. Pat_2, Pat_3, and Pat_8) and control (Ctrl) samples. 

Figure 6: Adapted from KEGG pathway. The biological function of the main 

dysregulated proteins converges around the regulation of calcium signaling pathways and 

the apoptotic process. CALM1 modulates proteins related to synaptic plasticity as 

αCaMKII and the MARCKS. On the other hand, the activation of receptors GPCR 

generates second messengers as IP3 by Phospholipase C beta with the release of Ca2+ into 

the cytoplasm. The increment of RTN1-C also increases the cytoplasmic Ca2+ levels 

inducing ER stress and cell death. It is also observed, the dysregulation of pro-apoptotic 

proteins as PGAM5, SLC25A6, VDAC and CYCS and anti-apoptotic proteins as HSP70 

and BAG3. Red: Down-regulated proteins. CALM1: Calmodulin-1. Yellow: Up-

regulated proteins. PMCA: The plasma membrane Ca2+ ATPase, HSP70: The 70 

kilodalton heat shock proteins, Gq: heterotrimeric G protein subunit, PLCβ: 

Phospholipase C beta, CYCS: cytochrome c, BAG3: Bcl2-associated athanogene 3, 

PGAM5: Serine/threonine-protein phosphatase PGAM5, mitochondrial, SLC25A6: 

ADP/ATP translocase 3, VDAC: Voltage-dependent anion-selective channel protein. 

SERCA: Sarcoplasmic/endoplasmic reticulum calcium ATPase, RTN1-C: Reticulon-1, 

MARCKS: Myristoylated alanine-rich C-kinase substrate, αCaMKII: Ca2+/Calmodulin-
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dependent Protein Kinase II α. Green: Quantified proteins with no significant variation 

in their abundance. CaV2: calcium voltage-gated channel, PKC: Protein kinase C. Blue: 

Proteins and second messengers that were not identified but are part of the metabolic 

pathway. GPCR: G-protein-coupled receptors, IP3: inositol 1,4,5-trisphosphate, IP3R: 

Inositol trisphosphate receptor, AIF: Apoptosis-inducing factor. ER: Endoplasmic 

reticulum, MIT: Mitochondria 

 

SUPPORTING INFORMATION  

Supporting Table S-1: Clinical data of patients and control. This file contains 

all the information related to the clinical history of the patients, such as type of 

schizophrenia, duration of illness, time and type of antipsychotic treatment etc.   

Supporting Table S-2: Proteins identified by iTRAQ labeling. The supporting 

information contains the table of proteins identified by iTRAQ strategy, as well as the 

groups of peptides per protein and their respective quantification.  

Supporting Table S-3: Proteins identified by label-free. This file contains all 

the information related to the proteins identified by Label-free strategy, as well as the 

groups of peptides per protein and their respective quantification. 

Supporting Table S-4: Up- and down regulated proteins by iTRAQ labeling 

and label-free. In this file is finding the information about the dysregulated proteins 

quantified by iTRAQ and Label-free in all patients analyzed. 

Supporting Table S-5: GO and Reactome analysis of the synaptosome 

proteome. The supporting file contains gene ontology analyses, biological processes, 

cellular function and Reactome pathway analyses of the total proteome of synaptosome 

fraction. 

Supporting Table S-6: Proteins specifically identified by label-free in patient 

or control groups. The supporting table has the label free qualitative analysis of proteins 

identified in all patients or control groups with two or more unique peptides.   

Supporting Table S-7: GO and Reactome analysis of proteins specifically 

identified by label-free in patient or control groups. Gene ontology analyses, 

biological processes, cellular function and Reactome pathway analyses of label free 

qualitative analysis of proteins identified in patients or control groups 

Supporting Table S-8: GO and Reactome analysis of quantified proteins. 

Gene ontology analyses, biological processes, cellular function and Reactome pathway 

analyses of proteins with robust quantification 
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Supporting Table S-9: Reactome analysis of up- and down regulated 

proteins. This file contains the information about the Reactome pathway analyses of 

dysregulated proteins quantified by iTRAQ and Label-free strategy.  

Supporting Table S-10: PRM data. Parallel reaction monitoring analysis 

confirming the quantification of proteins as SERCA, MARCKS, CAM1, CYCS, RTN1-

C, LSAMP and PDCD6IP protein in four patients and control pool.  

Supporting Table S-11: Missing protein candidates. The table contains the 

information of missing protein candidates as description, annotated sequences of 

peptides etc provided by Proteome discoverer software 2.1.   

Supporting Figure S-1: Spectra of missing proteins candidates. A. Spectrum of 

Putative cytochrome b-c1 complex subunit Rieske-like protein 1 isoform Iso 1. B, C. 

Spectra of Protein unc-79 homolog isoform Iso 3. 
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Table 1. Dysregulated proteins and their biological process. 

ID Description 
Regul

ation 
GO: Biological process 

nxp:NX 

P62158-1 
Calmodulin isoform Iso 1 Down 

Cell 

communication; Signal 

transduction 

nxp:NX 

O14880-1 

Microsomal glutathione S-transferase 3 

isoform Iso 1 
Up 

Metabolism; Energy 

pathways 

nxp:NX 

P02686-6 
Myelin basic protein isoform Iso 6 Up 

Immune 

response; Neurogenesis 

nxp:NX 

P05023-1 

Sodium/potassium-transporting ATPase 

subunit alpha-1 isoform Iso 1 
Up Transport 

nxp:NX 

P12036-1 

Neurofilament heavy polypeptide isoform 

Iso 1 
Up 

Cell growth and/or 

maintenance 

nxp:NX 

P12236-1 
ADP/ATP translocase 3 isoform Iso 1 Up Transport 

nxp:NX 

P37840-1 
Alpha-synuclein isoform Iso 1 Up Protein metabolism 

nxp:NX 

P51674-1 

Neuronal membrane glycoprotein M6-a 

isoform Iso 1 
Up Neurogenesis 

nxp:NX 

P60201-1 
Myelin proteolipid protein isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX 

Q13449-1 

Limbic system-associated membrane 

protein isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q16352-1 
Alpha-internexin isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX 

Q16653-1 

Myelin-oligodendrocyte glycoprotein 

isoform Iso 1 
Up Immune response 

nxp:NX 

O14827-1 

Ras-specific guanine nucleotide-releasing 

factor 2 isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX Synapsin-3 isoform Iso 1 Up Transport 
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O14994-1 

nxp:NX 

O43426-2 
Synaptojanin-1 isoform Iso 2 Up Metabolism 

nxp:NX 

O43581-3 
Synaptotagmin-7 isoform Iso 3 Up Regulation of exocytosis 

nxp:NX 

O75396-1 

Vesicle-trafficking protein SEC22b 

isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

O75899-1 

Gamma-aminobutyric acid type B receptor 

subunit 2 isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

O75964-1 

ATP synthase subunit g, mitochondrial 

isoform Iso 1 
Up 

Metabolism; Energy 

pathways 

nxp:NX 

O94760-1 

N(G),N(G)-dimethylarginine 

dimethylaminohydrolase 1 isoform Iso 1 
Up 

Metabolism; Energy 

pathways 

nxp:NX 

O94967-4 

WD repeat-containing protein 47 isoform 

Iso 4 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

O95817-1 

BAG family molecular chaperone regulator 

3 isoform Iso 1 
Up Apoptosis 

nxp:NX 

O95837-1 

Guanine nucleotide-binding protein 

subunit alpha-14 isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

P00568-1 

Adenylate kinase isoenzyme 1 isoform Iso 

1 
Up 

Metabolism; Energy 

pathways 

nxp:NX 

P00918-1 
Carbonic anhydrase 2 isoform Iso 1 Up 

Metabolism; Energy 

pathways 

nxp:NX 

P06733-1 
Alpha-enolase isoform alpha-enolase Up 

Metabolism; Energy 

pathways 

nxp:NX 

P07437-1 
Tubulin beta chain isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX 

P11137-1 

Microtubule-associated protein 2 isoform 

Iso 1 
Up 

Cell growth and/or 

maintenance 
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nxp:NX 

P12532-2 

Creatine kinase U-type, mitochondrial 

isoform Iso 2 
Up Energy pathways 

nxp:NX 

P13637-3 

Sodium/potassium-transporting ATPase 

subunit alpha-3 isoform Iso 3 
Up Transport 

nxp:NX 

P13637-3 

Sodium/potassium-transporting ATPase 

subunit alpha-3 isoform Iso 3 
Up Transport 

nxp:NX 

P13861-1 

cAMP-dependent protein kinase type II-

alpha regulatory subunit isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

P14618-2 
Pyruvate kinase PKM isoform M1 Up 

Energy 

pathways; Metabolism 

nxp:NX 

P15104-1 
Glutamine synthetase isoform Iso 1 Up 

Metabolism; Energy 

pathways 

nxp:NX 

P16615-1 

Sarcoplasmic/endoplasmic reticulum 

calcium ATPase 2 isoform Iso 1 
Up Transport 

nxp:NX 

P18669-1 
Phosphoglycerate mutase 1 isoform Iso 1 Up 

Metabolism; Energy 

pathways 

nxp:NX 

P19086-1 

Guanine nucleotide-binding protein G(z) 

subunit alpha isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

P24539-1 

ATP synthase F(0) complex subunit B1, 

mitochondrial isoform Iso 1 
Up 

Metabolism; Energy 

pathways 

nxp:NX 

P29966-1 

Myristoylated alanine-rich C-kinase 

substrate isoform Iso 1 
Up 

Cell growth and/or 

maintenance 

nxp:NX 

P31930-1 

Cytochrome b-c1 complex subunit 1, 

mitochondrial isoform Iso 1 
Up 

Energy 

pathways; Metabolism 

nxp:NX 

P37840-1 
Alpha-synuclein isoform Iso 1 Up Protein metabolism 

nxp:NX 

P45880-1 

Voltage-dependent anion-selective channel 

protein 2 isoform Iso 1 
Up Transport 

nxp:NX 

P68366-1 
Tubulin alpha-4A chain isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX Disks large homolog 4 isoform Iso 2 Up Cell communication 
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P78352-2 

nxp:NX 

P99999-1 
Cytochrome c isoform Iso 1 Up 

Metabolism; Energy 

pathways 

nxp:NX 

Q01814-2 

Plasma membrane calcium-transporting 

ATPase 2 isoform WA 
Up Transport 

nxp:NX 

Q04917-1 
14-3-3 protein eta isoform Iso 1 Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q07960-1 

Rho GTPase-activating protein 1 isoform 

Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q08495-1 
Dematin isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX 

Q13449-1 

Limbic system-associated membrane 

protein isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q13509-1 
Tubulin beta-3 chain isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX 

Q13885-1 
Tubulin beta-2A chain isoform Iso 1 Up 

Cell growth and/or 

maintenance 

nxp:NX 

Q15286-1 
Ras-related protein Rab-35 isoform Iso 1 Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q16352-1 
Alpha-internexin isoform Iso 1 Up Protein metabolism 

nxp:NX 

Q16720-1 

Plasma membrane calcium-transporting 

ATPase 3 isoform XB 
Up Transport 

nxp:NX 

Q16799-1 
Reticulon-1 isoform RTN1-A Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q16851-1 

UTP--glucose-1-phosphate 

uridylyltransferase isoform Iso 1 
Up 

Metabolism; Energy 

pathways 

nxp:NX AP2-associated protein kinase 1 isoform Up Transport 
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Q2M2I8-1 Iso 1 

nxp:NX 

Q3ZCQ8-2 

Mitochondrial import inner membrane 

translocase subunit TIM50 isoform Iso 2 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q86UX6-1 

Serine/threonine-protein kinase 32C 

isoform Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q96HS1-1 

Serine/threonine-protein phosphatase 

PGAM5, mitochondrial isoform Iso 1 
Up 

Metabolism; Energy 

pathways 

nxp:NX 

Q9H115-1 

Beta-soluble NSF attachment protein 

isoform Iso 1 
Up Transport 

nxp:NX 

Q9NQ66-1 

1-phosphatidylinositol 4,5-bisphosphate 

phosphodiesterase beta-1 isoform A 
Up Signal transduction 

nxp:NX 

Q9UHC6-1 

Contactin-associated protein-like 2 isoform 

Iso 1 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q9UPV7-1 
PHD finger protein 24 isoform Iso 1 Up 

Biological_process 

unknown 

nxp:NX 

Q9UQM7-1 

Calcium/calmodulin-dependent protein 

kinase type II subunit alpha isoform A 
Up 

Cell 

communication; Signal 

transduction 

nxp:NX 

Q9Y2T3-3 
Guanine deaminase isoform Iso 3 Up 

Metabolism; Energy 

pathways 
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FIGURE 5 
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FIGURE 6 
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CAPITULO VI  

ANÁLISES PROTEÔMICA DA FRAÇÃO MITOCONDRIAL, NÚCLEO E 

CITOPLASMA DO CÓRTEX ORBITOFRONTAL DE PACIENTES COM 

ESQUIZOFRENIA 

Artigo submetido na edição especial da revista Journal of Proteome Research  
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ABSTRACT  

Schizophrenia is a chronic disease characterized by the impairment of mental functions 

with a marked social dysfunction. A proteomic approach using iTRAQ labeling and 

selected reaction monitoring, applied to the characterization of mitochondria (MIT), 

crude nuclear fraction (NUC) and cytoplasm (CYT), can allow the observation of 

dynamic changes in cell compartments providing valuable insights concerning 

schizophrenia physiopathology. Mass spectrometry analyses of the orbitofrontal cortex 

from 12 schizophrenia patients and 8 healthy controls identified 939 protein groups in 

MIT fraction, 2021 in NUC and 2433 in CYT. We found 358 groups of proteins 

dysregulated among all enriched cellular fractions. Through the quantitative proteomic 

analysis, we detect as the main biological pathways those related to calcium and 

glutamate imbalance, cell signaling disruption of CREB activation, axon guidance and 

mailto:gilberto@iq.ufrj.br
mailto:fabiocsn@iq.ufrj.br
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proteins involved in the activation of NF-kB signaling along with the increase of 

complement proteins C3. Based on our data analysis, we suggest the activation of NF-kB 

as a possible pathway that links the deregulation of glutamate, calcium, apoptosis and the 

activation of the immune system in schizophrenia patients. All MS data are available in 

the ProteomeXchange Repository under the identifier PXD014284 and PXD014350. 

Keywords: Schizophrenia, cellular fractions, proteomics, quantification.  

 

1. INTRODUCTION 

Schizophrenia is a chronic disease characterized by the impairment of mental 

functions with a marked social dysfunction. Over the years several hypotheses have 

emerged about its etiology and physiopathology but it is widely accepted that factors such 

as genetic susceptibility and environmental influences can cause the onset of the disease1. 

Diagnosis and classification depend mainly upon a collection of clinical features through 

the observation of positive symptoms including delusions, hallucinations, speech or 

disorganized behavior, as well as negative symptoms as affective bottling, anhedonia, 

alogia, avolition, social withdrawal and impaired cognitive capacity2. Negative and 

cognitive symptoms currently remain without totally effective therapeutic options, 

persisting in the chronic phase3. 

One of the main brain areas related to cognitive and behavioral disturbances is the 

frontal cortex. The dysfunction of this brain region is associated with mental disorders 

like psychosis, depression, and anxiety4. Particularly the orbitofrontal cortex (OFC), a 

subdivision of prefrontal cortex, is involved in the emotional and executive processing, 

reward-guided behavior and decision-making duet to its connection with neuroanatomical 

structures as the hippocampus, ventral striatum, amygdala, hypothalamus, anterior 

cingulate and other medial temporal areas5. Clinical findings have linked social 

functioning impairment with anatomic structural abnormalities in the OFC in first-

episode schizophrenia patients6. In the same way, it was showed the relationship between 

structural brain abnormalities in the OFC and the severity of negative symptoms7,8 

suggesting the key role of OFC in the abnormal emotional responses and social disability.  

According to the Schizophrenia Working Group of the Psychiatric Consortium of 

Genomic (2014)9, single nucleotide polymorphisms related to schizophrenia gene risk are 

associated with several genes involving dopamine receptor, glutamate neurotransmission, 

and immunity. Otherwise, transcriptomic data show that pathways linked with 
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mitochondrial function and energy production, tight junction signaling, protein 

translation, neurodevelopment, and immune system seem to be very important in the 

pathophysiology of schizophrenia10, 11, 12. 

Several studies have been carried out the proteomic characterization of post-

mortem brain tissue of different areas from patients with schizophrenia, showing that the 

dysregulation of synaptic function as the NMDA receptors hypofunction, calcium 

homeostasis,  imbalance of mitochondrial energy metabolism and oxidative stress, 

dysregulation in proteins of cytoskeleton and immune system are the main pathways 

reported so far13. However, only a few of these proteomic studies have deepened into the 

subcellular level14,15,16. The traditional proteomic approach lacks the important spatial 

information of the data; protein function is related to its environment, and the 

pathophysiological process can involve changes in protein subcellular localization17.   

We analyzed OFC post-mortem brain tissue from patients classified as residual 

schizophrenia according to the DMS-IV manual. In this classification, the patients do not 

manifest prominent positive psychotic symptoms but prevail characteristic disturbance of 

negative symptoms18. Through the comparison of patient´s samples against a pool of 

control subjects without any history of psychiatric illness we generated an organellar 

proteome map from different subcellular fractions such as mitochondria (MIT), crude 

nuclear fraction (NUC) and cytoplasm (CYT) with the aim to monitor the subproteome 

changes using iTRAQ labelling for relative quantification and Selected Reaction 

Monitoring (SRM) for targeted quantification. Subcellular proteome maps allowed to 

observe dynamic changes in cell compartments providing valuable insights concerning 

schizophrenia physiopathology in the chronic phase of the disease.  

 

2. EXPERIMENTAL PROCEDURES 

2.1. Brain samples 

The OFC postmortem tissues were collected from 12 schizophrenia patients at the 

State Mental Hospital in Wiesloch, Germany. Patients were diagnosed as residual 

schizophrenia (295.6) according to the Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV) criteria18. The OFC control samples were collected from eight 

individuals at the Institute of Neuropathology, Heidelberg University, in Heidelberg, 

Germany (Table S-1). It was selected control subjects without any medical records of 

mental clinical diseases, antidepressants or antipsychotics treatment during their lifetime 
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and no history of alcohol or drug abuse. Other neuropathologies were ruled out by 

histopathological analysis, considering only brains with Braak staging less than II. All 

assessments, postmortem evaluations and procedures were approved by the ethics 

committee of the Faculty of Medicine, Heidelberg University, Heidelberg, Germany.  

 

2.2. Subcellular enrichment 

For nuclear enrichment, fifty milligrams of OFC tissue were homogenized in 10 

volumes of Buffer A pH 7.4 (0.32M sucrose, 4mM HEPES and protease cocktail inhibitor 

tablets (Roche)) and phosphatase inhibitor cocktail I and II (Sigma). The homogenate was 

centrifuged at 1.000g for 10 min, 4oC obtaining the P1: crude nuclei. In the case of the 

mitochondria and cytoplasm enrichment, thirty milligrams of intact OFC brain tissue was 

incubated for 15 min on ice with 180µl of 250-STM buffer (250 mM Sucrose, 50 mM 

Tris-HCl pH 7,4, 5 mM MgCl2, Mini protease inhibitor and phosphatase inhibitor 

(Roche)). The tissue homogenization was made two times with a pestle for 1-2 minutes 

incubating for 10 min. The sample was centrifugated at 800g for 15 min 4°C, obtaining 

the supernatant Cyt 1 (cytoplasm + mitochondria). The pellet was resuspended in 640µl 

250-STM buffer, centrifuging at 800g, 15 min, 4°C until the supernatant was clear. All 

supernatants were combined and centrifugated at 6.000g, 15 min, 4°C. The last 

supernatant was collected as CYT fraction and saved to -80°C until its use and the pellet 

(PM) was used for mitochondria enrichment.  

PM was resuspended in 250 µl of 250-STM buffer and centrifuged at 6.000g, 15 

min, 4°C. The pellet was resuspended in 250µl Hepes buffer (10 mM Hepes, (pH 7,9 / 

Mini protease inhibitor and phosphatase inhibitor (Roche) and incubated at 4°C for 30 

min (Eppendorf ThermoMixer®, cold room/ mixing). The enriched mitochondria were 

loaded on a sucrose gradient containing 1,75ml of 50% sucrose, 1,75 ml of 36% sucrose 

and 0,75 ml of 20% sucrose centrifuging at 25.000rpm, 4°C, 60 min. The MIT fraction 

was transferred to a new tube, filling in with Hepes buffer until 2 ml and centrifuged at 

17.200g, 20 min, 4°C. This procedure was repeated four times. Finally, the pellet was 

saved to -80°C until use.  

 

2.3. Protein extraction and western blot analysis 

Protein extraction was made according to Saia-Cereda and collaborators protocol 

(2016)15, determining the protein concentration by the Bradford assay (BioRad; Munich, 
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Germany). For SDS-PAGE electrophoresis and the Western blot analysis we proceeded 

as previously described16, evaluating the subcellular enrichment efficiency using 

antibodies against collapsin 2 for cytosolic proteins, ATP synthase subunit alpha 

(ATP5A1) for mitochondrial proteins, postsynaptic density protein 95 (PSD95) for 

synaptosomal proteins, and histone deacetylase 1 (HDAC1) for nuclear proteins.  

 

2.4. Protein digestion  

Enzymatic digestion for iTRAQ labeling experiment used 10 µg of protein from 

MIT (n=6), 25 µg of NUC (n=12), 50 µg of CYT (n=11) and control pool (20 µg MIT, 

100 µg NUC, and 200 µg CYT, all with n=8). The samples were reduced with 5 mM 

TCEP for 1 hour at 30 oC, alkylated with 10 mM iodoacetamide for 30 minutes at room 

temperature followed by dilution (1:10) with 50 mM triethylammonium bicarbonate 

(TEAB) pH 8 and digestion with trypsin (1:50) for 18 hours at 35 o C. The samples were 

cleaning in C18 MacroSpin Columns (Harvard Apparatus) The peptides were dried in 

Speed Vac and resuspended in 30 µl of TEAB 20 mM for Qubit® assay quantification. 

For SRM experiments were digested 8 µg of proteins from all subcellular fractions (MIT 

n=12, NUC n=8, and CYT n=12) and 8 µg of control pool (n=8 for MIT, NUC, and CYT) 

following the procedure above. 

 

2.5. Isobaric tag labeling with iTRAQ and strong cation exchange (SCX)  

The peptides from each subcellular fraction were labeled according to Núñez and 

collaborators protocol (2017). The organization of 4-plex iTRAQ in all subcellular 

fractions was made up as follows: three channels (114, 115 and 116) were labeled with 

patients’ samples and one channel (117) containing the pool of 8 control samples. Labeled 

peptides were dried to a volume of 20 µl. For SCX chromatography (MacroSpin Columns 

- Harvard Apparatus) the samples were completed to a final volume of 100 µl with a 

solution of KH2PO4 5 mM / ACN 25% pH 3.  Peptides were eluted by one step with 500 

mM KCl for MIT and NUC fractions and 75, 150, 250 and 500 mM KCl for CYT fraction. 

Samples were desalted in C18 MacroSpin columns (Harvard apparatus), dried and 

suspended in 0.1% formic acid for quantification (Qubit® protein assay Kit – Thermo 

Scientific).   

 

2.6. Mass spectrometry analyses 
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Peptides (2 μg) were analyzed in technical triplicate by nLC Proxeon EASY-II 

system (Thermo Scientific). The chromatographic condition was as follow: flow-rate of 

250 nL/min, three hours of gradient beginning with 5% to 40% B for 167 minutes, 40% 

to 95% B for 5 min, 95% B for 8 minutes, using as solvent A a solution of 95% H2O / 5% 

ACN / 0.1% formic acid and solvent B 95% ACN / 5% H2O / 0.1% formic acid. The 

analytical column length was 15 cm and an internal diameter of 75 µm (3 µm spheres- 

Reprosil Pur C18, Dr. Maish) and the trap-column length was 3 cm with an internal 

diameter of 200 µm (5 µm spheres-Reprosil Pur C18, Dr. Maish). Data acquisition was 

carried out under a stream atmosphere provided by 5% ammonium hydroxide19.  

The chromatographic system was coupled on-line to an LTQ Orbitrap Velos 

(Thermo Scientific) mass spectrometer. A dynamic exclusion list of 90 s, spray voltage at 

2.5 kV and no auxiliary gas flow were the settings used for data-dependent acquisition 

mode. For Full MS scan was used a scan range of m/z 375-2000 and a resolution of 60,000 

(at m/z 400) in the Orbitrap analyzer. We selected the ten most intense ions for 

fragmentation, excluding unassigned and 1+ charge state, acquiring the MS2 spectra in 

the Orbitrap (resolution of 7,500 at m/z 400) with higher-energy collision dissociation 

(HCD) using normalized collision energy of 40.   

 

2.7. Mass spectra analysis 

Raw data was analyzed using Proteome Discoverer 2.1 software against the 

human database from UniProt (48883 protein entreis) using a target-decoy strategy 

(maximum delta CN of 0.05) and concatenated calculation of target false discovery rate 

(FDR) of 0.01. The search space was full-tryptic considering two missed cleavages for 

trypsin. The precursor mass tolerance and fragment mass tolerance were 10 ppm and 0.1 

Da respectively. As fixed modification was included the carbamidomethylation of 

cysteine. Methionine oxidation, protein N-terminal acetylation and iTRAQ modifications 

(K, Y, and N-terminal) were considered as dynamic modifications. The peptide filter was 

set up for high confidence counting only peptides rank 1 with a minimum length of 6 

amino acids using as peptide validation settings an automatic control level peptide error 

with a strict target FDR of 0.01 (contatenated). The confidence threshold in FDR protein 

validator was 0.01, grouping the proteins by maximum parsimony.  

iTRAQ quantification was made with unique peptide using patients’ value as 

nominator and pool of controls as the denominator for fold-change calculation. Additional 
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filters as a correction for the impurity reporter and a filter to do not report quantitative 

values for a single-peak in the precursor isotope pattern were applied.  

 

2.8. Statistical evaluation of the data  

Data analyses were performed in the InfernoRDN program20 using unique 

peptides. For data normalization was applied to the Central Tendency and the absolute 

deviation of the adjusted median. Grubbs test, with a minimum of three peptides and p-

value <0.05, was used as a parameter to group the peptides in their corresponding protein. 

Robust estimators such as the median and median absolute deviation were used to 

calculate the z-score and the p-value associated with a 95% confidence level, determining 

the statistically significant variations in the relative abundance of proteins. Also, 

InfernoRDN was used for the principal component analysis (PCA) of the different 

subcellular fractions.  

 

2.9. Biological and functional analysis  

Subcellular localization protein assignment was made using UniProt21. 

Comparative analyses of data were performed in Venny 2.1 program22. The biological 

function was analyzed by Reactome Pathways23. For protein-protein interaction analyses 

and evaluations of functional network enrichment in the deregulated proteins were used 

the STRING 10.524 (considering high-confidence interactions) and KEGG program25.  

 

2.10. SRM Analysis 

The SRM analysis was performed in an EASYII-nano-LC (ThermoScientific) in 

a C18 column PicoChip 75µm x 105mm (New Objective) and C18 trap column Acclaim 

PepMap 75µm x 2 cm (ThermoScientific). As Solvent A was used a solution of 95% H2O 

/ 5% ACN / 0.1% formic acid and solvent B 95% ACN / 5% H2O / 0.1% formic acid in a 

flow-rate 320 nL/min during 60 min.   

The data were acquired in a positive mode using the SRM (Selected Reaction 

Monitoring) mode in the TSQ Quantiva (Thermo Scientific) mass spectrometer. The first 

and third quadrupoles were set up with a resolution of 0.7 (FWHM) using a cycle time of 

2 s. The precursor ions fragmentation was carried out with Argon gas with a CID gas 

pressure of 1.5 mTorr using normalized collision energy for each peptide in a range of 

10-30. Regarding the ion source parameters, the spray voltage and the ion transfer tube 
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temperature used was 2,6kV and 280ºC, respectively, and the sweep gas was set up as 0 

(Arb). The data analysis of SRM results was performed with Skyline v. 4.2 software using 

a public NIST library of peptide ion fragmentation spectra (Ion Trap: Human. SpectraST 

format with short peptides (<7AA) excluded. File Name: NIST_human_IT_2012-05-

30_7AA.splib.zip).  Available in: 

https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/buildDetails?atlas_build_id=479

). For data normalization, we use as global standard the heavy peptide sequence 

AVLDLFEETSNIGSK. For proteins with more than one monitored peptide, the sum of 

normalized areas of all peptides were used for the statistical analyses. The statistically 

significant variations were calculated applying a completely randomized ANOVA test 

followed by Tukey HSD all-pairwise comparisons considering an alpha value of 0.05 

using the Statistix 8.0 software. 

 

3. RESULTS AND DISCUSSION 

3.1. Proteins identified by mass spectrometry 

In the mass spectrometry analyses we identified 939 protein groups from MIT 

fraction, 2021 proteins groups in NUC and 2432 protein groups in CYT (Table S-2), 

getting the identification of 3358 protein groups among all fractions (Figure 1). The 

estimated FDR values were reported in the Table S-2.  Venny diagram reveals that the 

proteins identified in all fractions (17.8%) are mainly related to metabolism and axon 

growth. Five percent of proteins were identified only in MIT and they are involved in 

electron transport, citric acid cycle, and ATP synthesis. The percentage of proteins found 

only in NUC and CYT represents 18,7 % and 33,1% respectively. In NUC the biological 

function of these proteins is related to mRNA splicing, on the other hand, in CYT fraction 

proteins are involved in polyamines metabolism and NF-κB activation (Figure 1B; Table 

S-3). In figure 1C, the PCA shows three well-defined different subpopulations 

corresponding to the patient data distribution for each fraction. 

After data normalization, we applied the Grubbs test with a minimum of three 

peptides and p-value <0.05 per protein, in order to obtain the highest quality data for 

protein quantification. iTRAQ labeling robustly quantified a total of 1727 proteins, in 

which 523 for MIT fraction, 1109 for NUC and 1341 for CYT (Figure 1D; Table S-4).   

 

3.2. Dysregulated proteins and their functional analysis 
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For the selection of dysregulated proteins, in addition to the use of rigorous 

statistical criteria, we also consider the same quantitative behavior for up- and down-

regulated proteins in at least 50% of patients. These criteria drastically reduce the number 

of proteins considered as dysregulated to a total of 358 in all fractions (Figure 1D; Table 

S-5).  Proteins as γCaMKII, UCH-L1, MAPK2, C3, GS, and NF-kB family were selected 

for quantification by SRM analysis (Table S-6).  

 

3.2.1.  Mitochondrial fraction 

Mitochondrial dysfunction and structural changes have been widely reported in 

schizophrenia patients26,27,28. According to a recent review29 in post-mortem brain tissue, 

mitochondrial abnormalities in these patients vary according to the brain area, cell type 

and also to treatment response. Twenty-three proteins were found dysregulated in MIT 

fraction (Table S-5). We detected five proteins down-regulated such as UCH-L1, CLH-

17, PGAM-B, Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 and 

PPIase A (Table S-5).  Some of these proteins have participation in apoptosis processes. 

Additionally, we found 18 up-regulated proteins, mainly involved in the biological 

processes such as oxidative phosphorylation, the terminal pathway of complement and 

cristae formation (Figure 2; Table S-7).  

In our study, we found up-regulated proteins involved in oxidative 

phosphorylation (OXPHOS) as cytochrome c oxidase 2 (MT-CO2), cytochrome b-c1 

(complex III) and ATP1-ATP synthase. In a previous study, proteins as MT-CO2 was 

found decreased in the Substantia Nigra/Ventral Tegmental Area in schizophrenia 

patients30.  However, the increase of these proteins in our results must be analyzed in 

accordance with the biological context. In previous work by our group, in an analysis of 

the synaptosome fraction of schizophrenic patients from the same brain area16, we 

observed the deregulation of calcium metabolism pathway concomitantly with the 

activation of an apoptotic process.  Indeed, we found the Protein NipSnap homolog 2 

(NipSnap2) increased in MIT fraction. It was demonstrated that NipSnap2 acts as a 

positive regulator of L-type Ca2+ channels and its overexpression increase the intracellular 

Ca2+ influx impacting the CREB phosphorylation31 and mitophagy signaling32. Also, it is 

well known that Ca2+ is an important cell death regulator and it has been proposed that 

Ca2+ influx through cell channels can be apoptogenic33. In this sense, it was shown that 

MT-CO2 and ATP1-ATP synthase complex are up-regulated during apoptosis34 and 
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recently the complex III is apparently involved in triggering apoptosis in animal cells; 

under oxidative stress condition complex III can trigger the intrinsic apoptosis pathway35. 

Additionally, the up-regulation of proteins such as voltage-dependent anion-

selective channel protein 1 (VDAC1) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) are consistent with these observations, being dysregulated in previous studies 

as well27,36. VDAC1 overexpression mediated the mitochondrial apoptosis and its 

oligomerization seems to be important for the release of the pro-apoptotic proteins from 

the mitochondrial intermembrane space to the cytosol37. In the same way, it was reported 

that GAPDH accumulates in mitochondria during apoptosis and interacts with VDAC1 

leading the increase of Ca2+ uptake, mitochondrial swelling and the permeabilization of 

the inner mitochondrial membrane with the release of cytochrome c (Cyt c) and apoptosis-

inducing factor (AIF)38. These data match with what it was previously reported by our 

group where Cyt c was found up-regulated in the synaptosome fraction16.  VDAC1 is also 

the point of interaction that connects specialized endoplasmic reticulum (ER) 

microdomains known as mitochondria-associated membranes with the mitochondria; 

these hot spots allow the crosstalk between the ER and mitochondria to maintain the Ca2+ 

homeostasis and mitochondrial metabolism balance39. In this context, calnexin (CNX) a 

molecular chaperone protein located in the mitochondria-associated membrane (MAMs) 

was found increased in the MIT fraction. This evidence indicates that CNX 

overexpression can induce apoptosis without exogenous ER stress conditions, but usually, 

it is involved in the early steps of apoptotic death by overwhelming ER stress40. 

When an apoptotic signal is activated the balance between pro- and anti-apoptotic 

stimulus determines the cell death. In response to the apoptotic signals, we found the 

increase of the terminal pathway of complement, represented by clusterin, a glycoprotein 

that inhibits Bax oligomerization and subsequently the release of Cyt c and the activation 

of the caspase41. Also, the cristae formation pathway is dysregulated in schizophrenia 

patients. One of the most noticeable alterations in the apoptotic processes is the structural 

changes of mitochondria and it has been suggested that mitochondrial cristae remodeling 

can impact Cyt c release and mitochondrial storage42. In that sense, scaffolding proteins 

involved in maintaining crista architecture, membrane organization and membrane 

contact sites formation as Mic19 and its paralog Mic2543,44,45 are up-regulated in MIT 

fraction.   
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3.3. Crude Nuclear fraction 

In NUC fraction we found 164 proteins with significant variation in their relative 

abundance (Table S-5). Forty less abundant proteins are related with Transmission across 

Chemical Synapses including cAMP and Ca2+ responsive-element-binding protein 

(CREB) phosphorylation through the activation of Calcium/calmodulin-dependent 

protein kinase II (CaMKII). On the other hand, 124 proteins increased the abundance in 

this subcellular fraction, and many of these are involved in chemical synapses 

transmission and respiratory electron transport (Table S-7).  

 

3.3.1- Proteins located in the cell nucleus 

3.3.1.1. CREB signaling activation  

Cognitive impairments are widely reported in schizophrenia patients as one of the 

main symptoms of the illness. We found down-regulated pathways involving the 

chemical synaptic transmission including CREB phosphorylation through the activation 

of CaMKII. First, we would like to highlight the αCaMKII dysregulation in the NUC 

fraction. αCaMKII is critical for memory formation and neuronal plasticity; its inhibition 

or knocking out affect the long-term potentiation (LTP) impairing learning and memory 

process46. αCaMKII not only participates in AMPA receptors functioning, but also it is 

translocated to the nucleus after cellular calcium influx for CREB phosphorylation and 

gene expression for the LTP maintenance46. The genetic deletion of αCaMKII cause 

behavioral changes similar to the cognitive symptoms of schizophrenia. A αCaMKII null 

mutation in mouse models entails a significant working memory deficit47 and αCaMKII 

heterozygous knock-out animals displayed significantly increase of dopamine D2 

receptors as well48. Moreover, a sub-chronic dose of the non-selective NMDAR 

antagonist ketamine induces NMDAR hypofunction with a αCaMKII loss decreasing the 

insulin-like growth factor receptor 1 signaling49.  

As part of this same pathway, we also found decreased calmodulin (CaM) in NUC. 

CaM was also identified and quantified in the CYT fraction but no significant differences 

were observed between schizophrenia patients and controls. When the L-type Ca2+-

channels are open, the calcium influx promotes the CaM translocation into the nucleus50 

for CREB activation. Nuclear translocation of CaM activates the Calcium/calmodulin-

dependent protein kinase kinase (CaMKK) and Calcium/calmodulin-dependent protein 

kinase IV (CaMKIV) trigging CREB phosphorylation and downstream c-fos expression 
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proportionally to nuclear Ca2+/CaM increase51. Also, it was demonstrated that in vivo 

CaM nuclear signaling phosphorylated the S133 of CREB and the use of a specific CaM 

nuclear inhibitor affects the memory consolidation52. 

On the other hand, we find increased pathways related to chemical synapses in the 

NUC fraction. This is represented principally with the increase of proteins as 

Calcium/calmodulin-dependent protein kinase type II gamma (γCaMKII). γCaMKII is a 

shuttle protein that binds Ca2+/CaM. After the cytosolic increase of Ca2+, γCaMKII 

translocate CaM from the cytoplasm to the nucleus46. This protein was reported 

previously up-regulated (together with CaM) in a nuclear fraction from corpus callosum 

and anterior temporal lobe of schizophrenia patients15, also it was shown that γCaMKII 

has an abnormal regulation in the prefrontal cortex by the miR-219 in the dizocilpine 

murine model53. γCaMKII unique peptides were mapped and quantified using the SRM 

technique in the NUC and CYT fractions (where previously it could not be identified) 

demonstrating that γCaMKII apparently is mainly located in NUC since it was found 

increased in that fraction and no significant change in CYT. However, how can be 

increased the nuclear γCaMKII in our results if the nuclear CaM remains decreased? 

Previously, studies demonstrated that γCaMKII needs to be phosphorylated in Thr287 for 

effective CaM nuclear delivery54,55 and for this process, it was shown that βCaMKII 

kinase function is responsible for pThr28754. In accordance with these observations, we 

found βCaMKII down-regulated in CYT fraction.  Ma and colleagues (2014) elegantly 

demonstrated that without βCaMKII phosphorylation at T287, the nuclear translocation 

of the γCaMKII in not affected but nuclear delivery of CaM and CREB activation is 

impaired54 (Figure 3).  

The crude nuclear fraction obtained during the sample processing, in addition to 

enriching nuclear proteins, brings common contaminants such as mitochondria 

(especially those located in the perinuclear region), sheets of the plasma membrane and 

also, possibly, minor contaminants such as lysosomes, peroxisomes, Golgi membranes, 

and various membrane vesicles56. The methodology implemented restricts the 

interpretation of the biological function of proteins that can share different subcellular 

locations besides the nucleus, in this data set, we detect as the main contaminants of NUC 

fraction, proteins whose more frequent subcellular location has been reported in 

mitochondrion and cellular membrane, nevertheless, some of these proteins are 

interesting to mention due to their biological importance.  
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3.3.2. Mitochondrial proteins present in the crude nuclear fraction 

We quantified proteins in the crude nuclear fraction whose subcellular location 

has been reported only in the mitochondrion and for which in the MIT fraction we have 

not identified or observed any significant variation in the relative abundance compared to 

the control group. What could, then, explain that these proteins do not significantly 

change their abundance in the MIT fraction and, at the same time, are dysregulated in this 

crude nuclear fraction? One possible answer is that these proteins have a nuclear function 

not yet described or, the most plausible explanation is that these proteins could reflect the 

activity of the perinuclear mitochondria, due to the technical limitations mentioned above 

for this type of enrichment for nuclear proteins. Since a long time ago, the heterogeneity 

of mitochondria in a single cell has been reported57. In the same cell the mitochondria can 

be morphologically heterogeneous in terms of ultrastructure, cristae density, and shape, 

having different respiratory status and functional properties as divergences in Ca2+ and 

reactive oxygen species (ROS) levels, protein composition, mitochondrial membrane 

potential, respond differently to apoptotic and mitophagy signals and also, they can have 

a different fission and fusion dynamic57,58,59,60,61.   

Among these mitochondrial proteins are dysregulated those belonging to ATP 

synthase complex and the ATPase inhibitor (IF1) which is increased in schizophrenia 

patients. IF1 overexpression has the capacity to limit the cell death avoiding the ATP 

depletion from the mitochondrial matrix induced by the reverse pumping of F1Fo-ATP 

synthase during reduced membrane potential conditions62. IF1 also controls the 

mitochondrial cristae morphogenesis and structure in a synergic to dynamin-related 

protein optic atrophy 1 (OPA1) up-regulated in this fraction as well63. OPA1 oligomers 

are necessaries for mitochondrial cristae formation and seem that IF1 through the 

regulation of OPA1 can preserve the mitochondrial structure during apoptosis63. 

The NADH dehydrogenase 1 alpha subcomplex subunit 9 and NADH 

dehydrogenase 1 alpha subcomplex subunit 5 were also found down-regulated while 

NADH dehydrogenase iron-sulfur protein 4 and NADH dehydrogenase 1 beta 

subcomplex subunit 11 are up-regulated in our data set. Complex I subunits were reported 

down-regulated in post-mortem brain tissues from different brain areas in schizophrenia 

patients13,64,65  and it was demonstrated that antipsychotic treatment and early onset of 

illness have a strong correlation with Complex I decline64. On the other hand, the mRNA 

expression of certain Complex I and Complex III subunits was significantly higher in 
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blood samples of schizophrenia group, having a positive correlation with the first-episode 

schizophrenia subgroup66. It is still not fully elucidated the biological meaning about the 

discrepancy in the abundance of the different complex I subunits, nevertheless, 

impairments in mitochondrial metabolism have been associated with cognitive and 

behavioral abnormalities during the clinical course of schizophrenia66.  

Another set of important proteins that we detect in this fraction were those related 

to the glutamate metabolism such as glutaminase (GA) and glutamine synthetase (GS), 

increased in their abundance, and glutamate dehydrogenase (GLDH) and aspartate 

aminotransferase (ASAT) found as decreased (Figure 4).  Almost all of them are located 

in the astrocytes, where the glutamate is taken up from the synaptic cleft and converted 

to glutamine by GS, or in α-ketoglutarate by GLDH or undergoes transamination by 

ASAT67. In this case, we can interpret from our data that glutamine production can be 

dysregulated in these patients. On the other hand, once the glutamine is produced in the 

astrocytes it is transported to the neurons where it is converted back into glutamate by the 

GA68 so we can infer that maybe the amount of glutamate is higher than in the control 

group.  

Over the years, the deregulation of glutamate has been formulated as one of the 

main hypotheses in the pathophysiology of schizophrenia in patients. High levels of 

glutamate plus glutamine have been reported in unmedicated patients when they are 

compared with healthy subjects69. The GA and GS transcripts have been reported as up-

regulated in schizophrenia thalamus suggesting the enhanced glutamatergic 

neurotransmission70. Moreover, GS was found decreased in the prefrontal cortex and 

increased in the anterior cingulate and cerebellar cortex whereas no significant 

differences were observed in the posterior cingulate cortex71. Despite this, a study points 

out that there are no significant differences between the GS activity in the prefrontal 

cortex of schizophrenia patients and controls72. On the other hand, the level of platelet 

GLDH before antipsychotic treatment has been reported as significantly lower in 

schizophrenia patients73 and significantly higher in post-mortem brain tissues from the 

pre-frontal cortex of chronic patients72. Nevertheless, in a study performed by Lander and 

colleges74 the gene expression profile of Glud-1 was found down-regulated in the CA1 

region of schizophrenia patients, proving that Glud-1 deficient mouse had an elevated 

excitatory/ inhibitory balance in CA1 region with similar behavioral abnormalities to the 

schizophrenia symptoms. It is important to highlight that enzymes as GLDH has been 
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previously reported in the rat cell nucleus75 and also expressed in the nuclear membrane 

of human cortex in subpopulation of astrocytes and oligodendrocytes, but the exact 

function of nuclear GLDH remains unclear; it was suggested that maybe the nuclear α-

ketoglutarate acts as co-factor of nuclear dioxygenases that participates in DNA and 

histone deacetylation76. 

 

3.3.2. Membrane proteins present in the crude nuclear fraction 

The first cluster of proteins dysregulated that we would like to highlight are those 

related to glutamate pathways, such as excitatory amino acid transporter 1(EAAT1) and 

2 (EAAT2), whose main function is the regulation of total glutamate uptake (Figure 4). 

EAAT1 and EAAT2 are mainly localized in the plasma membrane of astrocytes, but also 

in other cells as oligodendrocytes, microglia; and recently EAAT2 was also identified in 

neurons77. EAAT2 is the main transporter, responsible for about 90% of the glutamate 

clearance in the synaptic cleft78.   

It is widely reported the abnormal amount of transcript and protein level of 

EAATs in the different brain areas of schizophrenia patients. EAAT1 mutant mice exhibit 

a similar phenotype of schizophrenia symptoms79 and it was shown that an acute 

glutamate exposure downregulates EAAT1 expression and plasma membrane 

availability80. Additionally, it was detected in the dorsolateral prefrontal cortex of 

schizophrenia patients a decrease in EAAT1 protein expression without any variation in 

the amount of EAAT2 transcript or protein level81. However, in another study the mRNA 

levels of EAAT2 in prefrontal cortex of medication-free patients was increased compared 

to controls82; in fact, data reveals that in the thalamus, the astrocytes have a decrease in 

the mRNA levels of EAAT1 whereas the in excitatory neurons had a compensatory 

increment in the EAAT2 mRNA expression suggesting an impairment in the clearance of 

glutamate capacity by astrocytes and decoupled glutamate metabolism in the tripartite 

synapse83. Finally, EAATs are associated with proteins as sodium/potassium-transporting 

ATPase (Na+/K+-ATPase) also up-regulated in schizophrenia patients (Figure 4). Na+/K+-

ATPase produces an electrochemical gradient for glutamate uptake and through its 

interaction with EAAT2 modulates the localization, trafficking, and activity of these 

transporter complexes84,85. In ketamine rat models, Na+/K+-ATPase was increased in the 

prefrontal cortex, suggesting that it could have an important role in the physiopathology 

of glutamate neurotransmission system86. 
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The second group of proteins that we would like to mention is involved in the 

complement system pathway and its relation to certain nuclear proteins quantified in the 

NUC fraction. First, we quantified as up-regulated the CD59 glycoprotein, an important 

cell membrane whose main function is the inhibition of C9 complement molecule in order 

to prevent the pore membrane attack complex (MAC)87. In Alzheimer disease was 

observed that CD59 activation is not efficient to suppress the complement pathway88. In 

parallel, we were able to detect the increase of several nuclear proteins related to NF-kB 

activation (Figure 5A), such as 1) RhoB89 which can also have elevated the caspase 3 in 

the corticohippocampal neurons90, 2) HMGB1, involved in the excitoneurotoxicity 

mediated by  NF-kB91 is released from neurons to astrocytes activating the nuclear factor-

kB92,93; it  is important to mention that HMGB1 activates the canonical NF-kB pathway 

via ERK-dependent mechanism94, in this sense, we have detected by SRM the protein 

ERK-2 which is increased in NUC fraction, an indirect evidence of ERK activation95, 3) 

Ubiquitin-conjugating enzyme E2N (UBE2N), involved in the lysine 63-linked 

polyubiquitin of NF-kB, an important mechanism for the signal transduction of this 

pathway96,97,98. Also, we found the nuclear Protein kinase beta involved in NF-kB 

regulation down-regulated99,100.  

A microarray profiled from the superior temporal gyrus of patients with 

schizophrenia suggest that NF-kB signaling is down-regulated in this brain area101, but a 

recent study of Volk and colleagues102 extensively map the expression of genes related to 

NF-kB signaling through the canonical and non-canonical pathways in the prefrontal 

cortex of schizophrenia patients, concluding that both pathways are increased and they 

are not affected by the antipsychotic treatment. Recently, it has been described an 

activation in astrocytes of the NF-kB signaling pathway, one of the main sources of NF-

kB that promote the production of C3 which stimulates C3R neuronal receptors, 

generating a calcium imbalance and morphological change in dendrites103.   

Based on this information and the importance of the complement pathway in 

schizophrenia disease, we decided to implement a targeted approach to quantify the 

complement C3 and members of the NF-kB family using SRM (Table S-6). We observed 

that C3 is increased in schizophrenia patients compared to the control only in the NUC 

fraction, which probably suggests its location in the plasma membrane and the activation 

of complement pathway (Figures 5B and 5C). The NF-kB family members such as NF-

kB1 and NF-kB2 were also increased in NUC fraction, suggesting an important role of 
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this pathway as a possible mechanism for C3 activation. Complement proteins are 

required for the central nervous system to carry out the elimination of inappropriate 

synapses104. The expression of C3 fragments on the cell surface also allows the 

recognition of this signal by microglia CR3 receptors promoting the engulfment of 

synaptic elements105.This process could participate in the active elimination of long-term 

depression synapses when apoptotic mechanism as caspase-3 cascade is activated in 

dendrites without causing cell death106,104. 

Over the years the complement system has been indicated as an important element 

in the schizophrenia pathogenesis. Recently, one of the most extensive genetic studies 

links the human major histocompatibility complex as one of the most significant loci 

related to schizophrenia9. In 2016, Sekar and colleagues107 have reported elevated 

expression of the C4A transcript in schizophrenia patients, reinforcing the theory that C4 

leads the C3 activation and the synapsis elimination. 

 

3.4. Cytoplasmatic fraction 

In the CYT fraction, we quantified 216 dysregulated proteins (Table S-5). This 

fraction stands out because most of the proteins, that fulfilled our selection criteria, are 

not only down-regulated but counter-regulated in relation to the other fractions, that is, 

the same protein is mostly up-regulated in NUC or/and in MIT fraction. The biological 

functions associated with these proteins are the axon guidance process and eukaryotic 

translation elongation (Table S-7).  

One of the main proteins involved in axon guidance, neuronal outgrowth, and 

synaptic plasticity is the neuromodulin (GAP-43), decreased in the schizophrenia cohort. 

GAP-43 down-regulation inhibits the initiation of axonal regrowth after axotomy108. In 

schizophrenia, subjects were observed a significant reduction of GAP-43 in the dentate 

gyrus109. Moreover, the astrocytic GAP43 knockdown induces the over-expression of 

EAAT2 what causes the excessive extracellular glutamate uptake activating the astrocyte-

induced neurotoxicity and microglial activation110.   

In the same way, discs large homolog 1 (DLG1) is also decreased in CYT fraction. 

DLG1 is located in glia cells and neurons as part of the postsynaptic density-95/discs 

large/zone occludens-1 (PDZ)111,112. PDZ is responsible for membrane organization and 

stability.  EAAT2 through the interaction with DLG1 maintains its expression on the cell 

surface112. In post-mortem brain tissue from PC, protein abundance of DLG1 was 
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reduced113 also; a real-time RT-PCR revealed that DLG1mRNA levels are significantly 

decreased in patients with early-onset schizophrenia114. The dynamic in DLG1 regulation 

can impact the glutamatergic signaling through the interaction with EAAT2 isoforms112. 

Another protein from PDZ that it is also down-regulated in our data is the PSD-95. The 

reduction in its expression in the dorsolateral prefrontal cortex of schizophrenia patients 

is associated with abnormal traffic of AMPAR and an atypical localization of GluN2B 

NMDAR subunit115. It was suggested that PSD-95 decrease can compromise the synaptic 

spine cytoarchitecture and downstream signaling pathway of PSD-95116.  

Several proteins belonging to the ubiquitin-proteasome system (UPS) were found 

dysregulated. UPS is the main system for protein degradation but acts in receptors 

recycling, vesicle trafficking and vacuolar degradation117. The decrease of UPS system in 

the superior temporal gyrus and dentate granule neurons of individuals with 

schizophrenia results in impairment of AMPAR homeostasis, an abnormal structure in 

dendritic spine and accumulation of aberrant proteins in the ER118,119. An inefficient UPS 

can make the neurons more vulnerable to reactive oxygen species contributing to the 

mitochondrial impairments reported in schizophrenia118. 

The eukaryotic translation elongation pathway is another important cluster of 

proteins to mention. We found decreased principally the ribosomal proteins (RP),  from 

the 60S and 40S ribosomal subunits (RS), responsible for catalyzing, during the protein 

synthesis process, the peptide bond formation and for binding, decoding and pairing the 

mRNAs codons and aminoacylated tRNAs respectively120. New protein synthesis is 

essential for structural remodeling and functional change behind the long-term 

potentiation and depression, to establish new synaptic connections and/or strength the 

pre-existing synaptic communication; the molecular basis for memory formation and 

maintenance121. An integrated study of proteomics and transcriptomic analysis using 

human olfactory neurosphere-derived from schizophrenia patient, detect a significant 

reduction in 17 ribosomal proteins with a lower global protein synthesis rates compared 

with control, also it was noticed a dysregulation in the upstream signaling pathways that 

control the protein synthesis such as the eIF2 and mTOR signaling122. 

Nevertheless, in this study, our dataset reveals something else about the eukaryotic 

translation elongation cluster. When we look the quantification in the other fractions, 

specifically in NUC fraction, two of that RP are up-regulated in NUC, together with the 

Elongation factor 2 (eEF2) and Elongation factor 1-alpha 2 (eEF1A2) whereas the 
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Elongation factor 1-alpha 1 (eEF1A1) remains down-regulated in this fraction. For years, 

it has been investigated the role of extraribosomal function of RS in different 

physiological and pathological processes, especially during ribosomal stress, 

development, immune response, and tumorigenesis123. The main function of the 

dysregulated RP with extraribosomal function are described in Table 1.  

Among all quantified RP we can highlight S19 and L23. S19 inhibits the 

Macrophage migration inhibitory factor (MIF) and prevents its transcription and protein 

expression124,125. Interestingly, we found in CYT fraction a decrease abundancy of MIF. 

The overexpression of MIF protects against the apoptosis induced by oxidative stress and 

in vitro ischemia/reperfusion through the reduction of caspase 3 activation126. Indeed, in 

neutrophils, MIF prevents the apoptosis from delaying the cleavage of Bid, Bax and 

cytochrome c and Smac release from the mitochondria127. MIF-knockout is characterized 

by the increase in caspase 3 activity and down-regulation of MIF, under hypoxia 

condition, increment the neuronal loss through the NF-kB signaling126. 

On the other hand, L23 inhibits the transactivation of MIZ1, a protein responsible 

for the activation of genes that control cell arrest cycle in carcinoma cell lines128,129. 

Furthermore, in our NUC proteins set, we found to increase the Far upstream element-

binding protein 1, a regulator that induces the overexpression of MYC130,131, a key protein 

with opposite biological functions, depending on the cellular context, as cell proliferation, 

and apoptosis132. Specifically, in neurons, MYC overexpression promotes the activation 

of the cell cycle leading to neuronal cell death133,134 and participates in the apoptotic 

response mediated by NF-kB signaling in response to neuronal excitotoxicity135. Among 

all its functions, MYC also regulates the expression of the target gene of L23129 and it can 

inhibit MIZ1 as well as L23136. In myelodysplastic syndrome, the RPL23/Miz-1/c-Myc 

circuit provides a regulatory feedback to lead apoptotic resistance137; nevertheless, it was 

reported that in fibroblast models, MIZ1 inactivation is essential for MYC apoptotic 

function not for cell cycle progression and transformation138. However, in the context of 

nervous system cells (NSC), it has been described as different functions for MIZ1 such 

as the regulation of genes responsible for vesicular transport and autophagy139. Until the 

moment, the function of L23-MIZ1 in the cells of the nervous system has not been 

described, but it is possible that L23 could exert a regulation of the MIZ1 function on the 

transcription of this type of genes in the NSC. Although, despite the lack of evidence in 

this sense, it is curious that in our data, we observed the decreased of proteins such as 
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TBC1 domain family member 24 and VAMP-associated protein which have similar 

functions to those observed by Wolf and collaborators139, but the biological functions of 

L23-MIZ1-Myc remains to be elucidated in schizophrenia physiopathology.   

Finally, the different elongation factors that we quantify, eEF1A1 and eEF1A2,  

act as a proapoptotic and anti-apoptotic factor140. The overexpression of eEF1A confers 

significant resistance to apoptosis triggered by ER stress141 and one of the main proposed 

mechanisms through which they exert the anti-apoptotic effect is through the regulation 

of the protein p53142; moreover, data indicate that eEF2 induces a decrease in protein 

translation as a protective mechanism against glutamate excitotoxicity143. 

 

4. CONCLUSION  

OFC is a brain area that plays a key role in sensory integration and feedback 

processing. Changes in OFC volume gray matter is associated with the severity of 

negative as well as cognitive deficits in schizophrenia. In a previous study of this same 

brain area, we perform the proteomic characterization of the synaptosome fraction, 

finding as one of the main dysregulated routes the calcium signaling pathway together 

with proteins involved in ER stress and activation of the apoptosis process16.  

In accordance with our previous results, one of our first conclusions is that 

proteins related to calcium metabolism are important in the physiopathology of 

schizophrenia, at least in the OFC and other brain areas144. In the first place, contributing 

to the activation of an apoptotic process as we saw it reflected in the increase of pro-

apoptotic proteins in MIT as VDAC1, MT-CO2, and ATP1-ATP synthase complex and 

for its participation in the cell signaling disruption of CREB activation, an important 

element in LTP maintenance reported in the NUC fraction. The decreased abundance of 

nuclear αCaMKII and in what seems to be the dysregulation of the nuclear shuttle of 

Ca2+/CaM by γCaMKII when the cytoplasmatic βCaMKII is down-regulated54 can be a 

mechanism for the imbalance in CREB activation and cognitive disability in 

schizophrenia patients.  

Second, the dysregulation of glutamate metabolism apparently happens in the 

regulation of its synthesis and clearance from the synaptic cleft, simultaneously with 

impairment of the cytoplasmatic membrane traffic, which impact in EAATs regulation. 

Evidence indicates that glutamate dysregulation can lead to synaptic damage and neuron 

death, with a marker behavioral and cognitive dysfunction145. Also, glutamate can 
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activate NF-kB pathway146. One of the most important findings of this study is the 

overexpression of proteins intimately related to the activation of NF-kB. In NUC fraction, 

we found RhoB, HMGB1, Ubiquitin-conjugating enzyme E2N; in the same way, we also 

found in NUC and CYT fraction, proteins involved in the regulation of NF-kB signaling 

as Protein kinase beta and L23 respectively, as well as proteins that under influence of 

NF-kB pathway can induce neuronal loss, for instance, MIF down-regulation and  Myc 

activation. 

Finally, the abnormality in the cytoarchitecture of schizophrenia patients’ brains 

has been widely reported and this evidence indicates that the loss of volume in the OFC 

is not a consequence of the antipsychotic drug treatment147. As we mentioned earlier, in 

astrocytes the NF-kB signaling pathway activation can promote the astrocytic production 

of C3, stimulating the C3R neuronal receptors which entail a calcium imbalance and 

changes in neural morphology103. Our data reveal the increase of the complement system 

C3 in the OFC. The expression of C3 can promote and excessive synaptic pruning by 

microglia engulfment constituting one of the possible main mechanisms of gray matter 

loss in schizophrenia patients. Based on our data analysis, we suggest the activation of 

NF-kB as a possible pathway that links the deregulation of glutamate, calcium, apoptosis 

and the activation of the immune system in schizophrenia patients. 

 

Authors recognize that the protein-level FDR is an estimate based on several 

imperfect assumptions, and present the FDR with appropriate precision and acknowledge 

that not all proteins surviving the threshold are “confidently identified”.   
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TABLE 

Table 1: Extra-ribosomal functions of ribosomal proteins. 

 

FIGURES  

Figure 1. A) Venn diagram of proteins identified among all cellular fractions. B) 

Biological functions of the proteins identified exclusively in each subcellular fraction. C) 

Principal component analysis of the patient proteome data from different fractions. D) 

The total number of proteins identified, quantified and dysregulated in each subcellular 

fraction. 

Figure 2. Representation of the main proteins involved in apoptosis from the MIT 

fraction. During the apoptotic process proteins as VDAC1 and GAPDH interact, leading 

the increase of mitochondrial Ca2+ uptake. VDAC1 also is linked with CNX in the 

MAMs, establishing the crosstalk between ER and mitochondria in the apoptosis. 

Calnexin (CNX), Voltage-dependent anion-selective channel protein 1 (VDAC1), 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Mitochondria-associated 

membrane (MAMs). 

Figure 3.  Imbalance in CREB activation.  Cytoplasmatic βCaMKII quantified as 

down-regulated in CYT fraction was reported as a key kinase that phosphorylates 

γCaMKII. It is represented how the low availability of βCaMKII could affect γCaMKII 

phosphorylation which would impact γCaMKII/Ca2+/CaM interaction. The inappropriate 

interaction between γCaMKII with Ca2+/CaM leads an inefficient nuclear shuttle of 

Ca2+/CaM by γCaMKII, who is translocated to the cell nucleus without the Ca2+/CaM. 

On the other hand, nuclear αCaMKII is also decreased in the nucleus. The deficit in 

nuclear translocation of Ca2+/CaM harms CREB activation by other Ca2+/CaM dependent 

kinases such as CaMKK, CaMKIV, and αCaMKII. CREB: Ca2+/cAMP response element 

binding protein, βCaMKII: Calcium/calmodulin-dependent protein kinase beta, 

γCaMKII: Calcium/calmodulin-dependent protein kinase gamma, Ca2+/CaM: 

Calcium/calmodulin, αCaMKII: Calcium/calmodulin-dependent protein kinase alpha.  

Figure 4. Dysregulation in glutamate metabolism. In astrocytes, the glutamate is 

taken up from the synaptic cleft by the excitatory amino acid transporters and Na+/K+-

ATPase and converted to glutamine by glutamine synthetase (GS). In the pre-synaptic 

terminal, the glutamine is transported and it is converted back into glutamate by 

glutaminase (GA). The deviation of the metabolism towards the preferential production 
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of glutamate is also favored whereby the decrease of GLDH and ASAT in astrocytes and 

neurons. Gln: glutamine, Glu: glutamate, EAAT1/ EAAT2: excitatory amino acid 

transporters, Na+/K+-ATPase: sodium/potassium-transporting ATPase, GLDH: 

glutamate dehydrogenase, ASAT: aspartate aminotransferase, TCA: tricarboxylic acid 

cycle. 

Figure 5. A) NF-kB signaling pathway. The increase of RhoB, HMGB1, ERK-2 

and UBE2N together with the glutamate activate the NF-kB signaling pathway and the 

decrease of protein kinase beta is involved in its regulation. NF-kB signaling pathway 

activation can promote the astrocytic production of complement C3. B) Quantification of 

complement C3 in NUC fraction C) Quantification of complement C3 in CYT fraction. 

NF-kB: Nuclear Factor kappa B, RhoB: Ras Homolog Family Member B, HMGB1: High 

Mobility Group Box 1, ERK-2: Mitogen-activated protein kinase 1, UBE2N: Ubiquitin-

conjugating enzyme E2 N. 

 

SUPPORTING INFORMATION  

Table S-1: Clinical information of patients and controls. 

Table S-2: Group of proteins and peptides identified by iTRAQ in each 

enrichment of subcellular fraction. 

Table S-3: Reactome pathway analysis of the proteome from each enriched 

subcellular fraction. 

Table S-4: Group of proteins quantified after InfernoRND normalization.  

Table S-5: Dysregulated proteins quantified by iTRAQ in each enriched 

subcellular fraction.  

Table S-6: Selected reaction monitoring analysis of proteins as γCaMKII, 

MAPK2, C3, GS, UCH-L1 and NF-kB family.  

Table S-7: Reactome pathway analysis of the dysregulated proteins 

quantified by iTRAQ of each enriched subcellular fraction. 
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FIGURE 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



125 

 

Table 1: Extra-ribosomal functions of ribosomal subunits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ribosomal 

protein 

CYT 

fraction 

NUC 

fraction 

Extra-ribosomal 

function 
Reference 

L10 = ↑ ROS regulator, autism 
(147); 

(148) 

S19 ↓ ↑ 
Inhibition of Mif, ERK 

and NF-kB 

(124); 

(125) 

L7a = ↑ 
Protective stress 

responses 
(150) 

L23 n.q. ↑ 
p53 activation. 

Regulation of Miz1 

function. 

(151); 

(128); 

(129) 

S23 ↓ ↑ 
Sre1 activity 

modulation (yeast) 
(152) 

L15 = ↑ 
Diamond–Blackfan 

anemia 
(153) 

L28 n.q. ↑ 
Extraribosomal 

functions unknown 
 

n.q.: not quantified 

=: non-significant quantitative changes  
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