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Abstract

Complement system is one of the most important defense mechanisms of the innate immune 

system. In addition to their roles in immune regulation, complement proteins are also involved 

in neurodevelopment and adult brain plasticity. Complement dysregulation has been shown in 

neurodevelopmental disorders including schizophrenia and autism spectrum disorder as well as in 

mood disorders. A number of clinical as well as genetic studies suggest the role of complement 

proteins in the cortical thinning and excessive synaptic pruning frequently associated with 

schizophrenia. The changes in complement proteins are also associated with the pathophysiology 

of autism spectrum disorder, major depressive disorder and bipolar disorder, but warrant further 

research. In addition, rodent models suggest a strong case for complement system in anxiety-like 

behavior. In this article, we review the recent findings on the role of complement system in 

neuropsychiatric disorders. The possible uses for future complement targeted therapies are also 

discussed.
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Introduction

Traditionally thought as a liver-secreted set of soluble proteins that travel by blood, the 

complement system works to ‘complement’ the immune system and protect the body 
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(Bordet, 1909). Studies now show evidence for complement intersecting with normal 

cell physiology and maintenance, not just T cell effector function. Over 50 blood- and 

lymph- circulating proteins work to detect and remove pathogens. The classical, lectin, 

and alternative pathways have been identified for the trigger and process of pathogen/

cellular debris removal. The complement system performs 3 main functions: (1) to promote 

phagocytosis of bacteria, molecular debris, and foreign molecules via neutrophils or 

monocytes, (2) to induce an inflammatory response using small anaphylatoxin proteins 

(C3a, C4a, C5a) derived from cleavage of complement proteins, (3) pore formation in lipid 

membrane of invading pathogens. C1q, C1r, and C1s combine to form C1 complement 

protein complex. This complex activates the classical pathway by cleavage of C3 into 

active C3a and C3b (Sarma and Ward, 2011). C1q induces a pro-inflammatory response 

characterized by increased levels of tumor necrosis factor-alpha and interleukin-6 secreted 

by human microglial cells (Veerhuis et al., 2005).

Complement system in neuropsychiatric disorders

In neurodevelopment, the complement system mediates proliferation of progenitor cells, 

neuronal migration, and synaptic pruning (Coulthard et al., 2018; Gorelik, Sapir, Haffner-

Krausz, et al., 2017; Gorelik, Sapir, Woodruff, et al., 2017). Complement product C5a helps 

neural progenitor proliferation through protein kinase C pathway. Inhibition of C5a-C5aR 

signaling resulted in changes of neocortex morphology and behavior (Coulthard et al., 

2017). Conversely, inhibition of C3a-C3aR signaling enhanced progenitor proliferation. 

C3aR knockout mice showed normal neurogenesis, but memory was still impaired 

(Coulthard et al., 2018). This might be from compensatory mechanisms since C3aR was 

deleted from birth. The C1 complex, which initiates the classical pathway, is present in 

neurons and microglia to tag synapses for proper developmental pruning (Stevens et al., 

2007). This allows for redundant synapses to be removed by microglia and is essential for 

normal brain development/synaptic plasticity (Parkhurst et al., 2013; Paolicelli et al., 2011). 

Mice that lack C1q or C3 exhibited more synaptic inputs in the lateral geniculate nucleus 

and overlap of contralateral and ipsilateral tracts (Stevens et al., 2007; Chu et al., 2010). 

These studies show the importance of the classical pathway of the complement system in 

early postnatal synaptic refinement.

In zebrafish, C3 and C3aR regulate cell migration in the developing neural crest. 

Knockdown of C3aR in zebrafish caused neural crest cells to move towards abnormal 

locations. Neural crest cells in zebrafish are known to release C3, and C3aR works to 

attract these cells to their correct location (Carmona-Fontaine et al., 2011). Without these 

complement proteins, animals exhibited changes in cortical layering from deficient cell 

migration (Coulthard et al., 2018; Gorelik, Sapir, Haffner-Krausz, et al., 2017; Gorelik, 

Sapir, Woodruff, et al., 2017). Another way the complement system is activated in by 

mannose-associated serine protease 1 and 2 (MASP-1/MASP-2) in the lectin pathway. 

Knockout and knockdown for MASP-1 and MASP-2, and C3 showed neuronal migration 

impairment, but interestingly, were reversed by overexpression of C3a or administration 

of C3aR agonist (Coulthard et al., 2018; Gorelik, Sapir, Haffner-Krausz, et al., 2017; 

Gorelik, Sapir, Woodruff, et al., 2017). The importance of the complement system in 

neurodevelopment underscores its link to neuropsychiatric conditions. Accordingly, a 
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number of studies conducted in rodents and humans indicate that abnormal complement 

system leads to altered anatomy/physiology in the brain.

Complement system and schizophrenia

The Diagnostic and Statistical Manual of Mental Disorders (DSM-5) defines schizophrenia 

(SZ) as a mental disorder characterized by delusions, hallucinations, or disorganized 

speech and can include ‘grossly disorganized/catatonic behavior’ and ‘diminished emotional 

expression’. Complement dysregulation has been linked to risk of SZ. Genetic variations of 

complement component 4 (C4) have been linked to complement-mediated synaptic pruning 

and thinning of cortex (Sekar et al., 2016). An increased expression of C4A, a constituent of 

C4, was found in the post-mortem brain samples of SZ subjects when compared to healthy 

controls (Sekar et al., 2016). Using phosphorus magnetic resonance spectroscopy in two SZ 

cohorts, a direct link was found between C4A gene repeats and neuropil (dendrites, axons, 

synapses, glial cell processes, and microvasculature) contraction. Young adult-onset early-

course SZ patients with high C4A gene copy numbers had increased neuropil contraction 

in the inferior frontal and parietal cortical areas, while adolescent-onset SZ patients had 

increased neuropil contraction in the dorsolateral prefrontal cortex and thalamus (Prasad et 

al., 2018). Cortical thinning has been observed in the past as a hallmark of SZ (McCarley 

et al., 1999; Honea et al., 2005). In a study with 90 SZ patients and 75 healthy controls, 

peripheral mRNA for C5aR1, CR1, CR3a, CD55, C59, C3, C3b, and C4 were elevated in 

patient samples when compared to controls. In a subset of patients with high peripheral 

cytokine levels had a significant increase in peripheral C4A expression. In this same study, 

a high inflammation index score predicted a decrease in temporal lobe cortical thickness (Ji 

et al., 2022). Increased C5 and SERPING1 (encodes C1 inhibitor) mRNA levels were seen 

in adult Swedish twins with a total of 22 individuals diagnosed with SZ and 13 with bipolar 

disorder. This was associated with a decrease in superior frontal cortical thickness (Allswede 

et al., 2018).

The Schizophrenia Working Group of the Psychiatric Genomics Consortium performed 

a genome wide association study with 36,989 SZ patients and 113,075 controls. A single-

nucleotide polymorphism was identified for SZ-risk in chromosome 8 in the CUB and 

Sushi multiple domains 1 (CSMD1) (Ripke et al., 2014). The CSMD1 protein has been 

shown to inhibit the complement system by promoting C3b/C4b degradation and preventing 

MAC formation (Escudero-Esparza et al., 2013), interestingly, only in the classical and 

lectin pathways (Kraus et al., 2006). Serum and plasma of SZ patients showed higher 

concentrations of complement proteins compared to controls (Mayilyan et al., 2008; 

Arakelyan et al., 2011; Sória et al., 2012). Other studies looking into serum C3 and C4 

concentrations reported mixed results in SZ patients (Maes et al., 1997; Cazzullo et al., 

1998; Li et al., 2016), indicating a need for standardization of complement protein collection 

and detection. Variations and copy number of the C4A gene are the most discussed findings 

for the role of complement system in SZ. In contrast, the roles of other complement 

components in cortical thinning/aberrant synapse pruning often reported in SZ need further 

investigation.
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Complement system and autism spectrum disorder

The DSM-5 defines autism spectrum disorder as persistent deficits in social communication 

and interaction, restricted repetitive patterns of behaviors, interests, or activities, and 

symptoms presenting in early development. Our earlier findings showed that knockdown 

of C3 in the PFC of mice results in social interaction deficits and repetitive behavior (Fagan 

and Crider et al., 2017). In postmortem PFC samples from autism spectrum disorder (ASD) 

subjects, mRNA levels of C2, C5, and MASP-1 were significantly elevated, while levels of 

C1q, C3, and C4 were significantly lowered (Fagan and Crider et al., 2017). Reduced C4 

levels were also observed in astrocytes derived from ASD patients, suggesting that C4 might 

be needed for proper synaptic pruning and lack of C4 may lead to greater brain connectivity 

seen in ASD (Mansur et al., 2021). Accordingly, increased dendritic spine density has 

been reported in the cortex of ASD patients (Hutsler and Zhang, 2010). In ASD patients, 

plasma levels of C1q and C3 proteins were elevated (Corbett et al., 2007; Momeni et al., 

2012). Also, in the periphery, complement factor I, which degrades C3b, was increased in 

ASD patients (Momeni et al., 2012). Overall, increased complement activity can be seen 

peripherally in ASD subjects, but more studies are needed to determine the relationship 

between peripheral and CNS complement in ASD. Current literature in this area shows 

inconclusive results, especially when comparing peripheral and CNS complement.

Complement system and mood disorders

The DSM-5 defines major depressive disorder as a mood disorder expressing frequent 

and persistent depressed mood, decreased interest or pleasure in most activities, change 

in appetite, reduced cognition and physical activity, fatigue, feelings of worthlessness or 

excessive guilt, and recurring thoughts of death. Bipolar disorder is subdivided into Bipolar 

I, seen by manic episodes lasting at least a week, including excessive self-esteem, decreased 

need for sleep, increased desire to talk, racing thoughts, distractibility, and restlessness. 

Bipolar II is characterized by depressive episodes, lasting two weeks or more, alternating 

with hypomanic episodes. Serum levels of C1q have been observed to be significantly higher 

in major depressive disorder (MDD) patients (Yao and Li, 2020). In contrast, a lack of 

C1q in mice led to learned helplessness behavior (Madeshiya et al., 2022). Plasma levels 

of complement factor H (CFH), a regulator of the alternative pathway, were increased in 

drug-naïve MDD patients compared to healthy controls (Tang et al., 2021), while in another 

study CFH plasma levels were decreased (Chen et al., 2016). In postmortem PFC samples 

of depressed subjects, C3 mRNA levels were elevated, while inhibition of C3a signaling 

in mice protected them from stress-induced depressive-like behavior (Crider et al., 2018; 

Tripathi et al., 2021). CSF C5 levels were higher in MDD subjects compared to healthy 

controls (Ishii et al., 2018).

Serum levels of C3a and C5a were found increased in patients with bipolar disorder (BD), as 

measured by ELISA (Reginia et al., 2018). These complement components are essential for 

inducing proinflammatory signaling. In BD patients, higher serum concentrations of C1q, 

C3(b), C4, factor B and factor H were observed (Yu et al., 2021). In another study, chronic 

BD patients (n = 22) had a significantly higher peripheral monocyte mRNA expression of 

C1q, C4, and factor B, while having lower levels of serum C4, factor B, and C5b-9 when 

compared to first-time BD patients (n = 24) (Akcan et al., 2018). Although the above studies 
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indicate a potential role of complement proteins in mood disorders, additional studies are 

warranted to establish a strong connection between complement system and mood disorders.

Complement system and anxiety disorders

The DSM-5 defines anxiety disorders as disorders that share an “excessive fear and anxiety 

related behavioral disturbances”. These fear and anxiety phenotypes include excessive 

reactions to current threats (fear) and to future threats (anxiety) and may include avoidance 

behaviors to reduce fear/anxiety. In rodent studies, mice lacking C3 or C3ar1 were tested 

for anxious-like behavior in the elevated plus maze (EPM), a validated test for anxiety 

in rodents. This test uses the innate rodent tendency to explore new areas and fear of 

exposed areas (Pellow et al., 1985; Waif and Frye, 2007; Westacott et al., 2022). Increased 

anxious behavior was exhibited by mice lacking C3ar1 (C3ar1 KO) who spent less time in 

the open arms per entry when compared to control (WT) mice, and mice lacking C3 (C3 

KO). These findings were confirmed by the elevated zero maze, a variation of the EPM. 

Additionally, in the open field test, only C3ar1 KO mice spent less time in the center area, 

indicating increased anxious behavior (Westacott et al., 2022). In a separate cohort, plasma 

corticosterone levels were assayed 30 min after performing EPM. Basal corticosterone was 

not different between groups, but once exposed to EPM, plasma corticosterone increased 6–

15 fold in all groups, with the greatest increase in C3ar1 KO mice. To differentiate between 

loss of C3 and C3ar1, Westacott and colleagues also investigated learned/conditioned fear. A 

neutral cue was associated and predicted an adverse outcome in the fear-potentiated startle 

paradigm (Davis, 2006; Campeau et al., 1997). Learned fear was measured by behavioral 

response to a noise in the presence of a cue (conditioned stimulus) previously administered 

with a mild foot shock (unconditioned stimulus). Fear learning was enhanced in C3 KO 

mice when compared to WT and C3ar1 KO mice as indicated by increased reactivity to 

startle stimulus (Westacott et al., 2022). Together, the above findings suggest that a lack 

of C3ar1 promotes anxiety-like behavior in mice. It is important to note that the mouse 

models used in the above studies were global knock out mice and therefore, functional 

compensation during development cannot be ruled out.

Complement system and trauma

Trauma activates the complement system as a first line of defense. Trauma patients may 

die from their primary injury or even from post-injury complement-mediated inflammation 

and cell damage from the terminal complement complex C5b-9 (Kohl, 2006; Burk et 

al., 2012). In a cohort of thirty-three patients with severe injuries (Injury Severity Score 

(ISS) > 25), trauma patients had a higher concentration of sC5b-9 at admission (Li et al., 

2019). A positive correlation was found between sC5b-9 levels and systemic inflammatory 

response syndrome, a whole-body immune response with major complications. Complement 

components C4d, C3d, and C5b-9 were found on red blood cells (RBCs) in multiple types 

of traumas. There was a significant correlation found in patients with an ISS score over 

9 and deposition of the C4d and C5b-9 on RBC surfaces for at least 72 h (Satyam et al., 

2020). Other traumas, such as traumatic brain injury, spinal cord injury, and burn injury 

have been linked to dysregulation of the complement system. In rodents, a controlled brain 

contusion study in rats found significant C3 expression and T-cell infiltration at the injury 
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site (Bellander et al., 2010; Chakraborty et al., 2018). Together, these studies suggest a 

potential role of complement system in trauma-induced CNS complications.

Complement system and therapeutics

Various components of the complement system have been targeted therapeutically including 

C5, C5aR, C1q, and C3 in both clinical and preclinical trials. Eculizumab, an antibody 

which inhibits C5 and terminal pathway initiation, is already on the market to treat atypical 

hemolytic uremic syndrome and paroxysmal nocturnal hemoglobinuria, both defined by 

chronic lysis of red blood cells (Wang et al., 1995; Ricklin and Lambris, 2007). A soluble 

form of complement receptor 1 (sCR1) was developed for helping patients to recover 

after coronary artery bypass graft surgery (TP10; Avant Immunotherapeutics), capable of 

inhibiting the classical and alternative pathways. Compstatin is a commercially available 

peptide that stops C3 from being cleaved into active C3a and C3b. A co-crystal structure 

of compstatin and C3c suggests inhibitory activity is related to disruption of convertase 

formation (Janssen et al., 2007). C5aR has been targeted to develop a specific antagonist 

because C5 signaling is associated with many complement-related disorders. PMX-53 is a 

cyclic peptidomimetic that acts as a C5aR antagonist and has completed phase 2 clinical 

trials (Kohl, 2006; Ricklin and Lambris, 2007). Recombinant human mannose-binding lectin 

has been used to boost the lectin pathway in patients with multiple myeloma undergoing 

chemotherapy and transplantations (Petersen et al., 2006). Although there are no clinical 

data on the use of complement therapy in neuropsychiatric disorders, the results from the 

above clinical trials would be helpful in planning complement-target based therapeutic 

approach in neuropsychiatric disorders.

Conclusions and perspectives

Synaptic plasticity plays a key role in memory and learning, and the loss of synapses 

lead to disruption of neuronal circuits, which is the underlying cause of many psychiatric 

disorders (Wang et al., 2018; Van Spronsen and Hoogenraad, 2010). The relationship 

between synaptic density and psychiatric symptoms has been demonstrated in a number 

of preclinical models and clinical studies. For example, chronic stress resulted in reduced 

synaptic density in rodents (Duman and Aghajanian, 2012). Imaging and postmortem studies 

showed deficits in brain regional volume (Price and Drevets, 2010; Bora et al., 2012; 

Koolschijn et al., 2009) and synaptic density (Feyissa et al., 2009; Kang et al., 2012; Duric 

et al., 2013) in depressed subjects. Similarly, lower levels of dendritic spines (Garey et al., 

1998; Glantz and Lewis, 2000) and decreased expression of synaptic markers (Davidsson 

et al., 1999; Matosin et al., 2016; Halim et al., 2003; Eastwood et al., 2000; Funk et 

al., 2017; Osimo et al., 2019) were consistently reported in schizophrenia. As discussed 

above, complement proteins pay a major role in the regulation of synaptic plasticity. In 

addition to their primary roles to protect against infections, complement proteins maintain 

homeostasis in the brain by tagging damaged synapses and maintaining synaptic plasticity 

in development and throughout life. Although both schizophrenia and ASD are considered 

neurodevelopmental disorders resulting from atypical neural development, the complement 

system may function in different ways during neurodevelopment in these conditions. An 

increase in complement activation could lead to accelerated removal of functional synapses 
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resulting in schizophrenia. On the other hand, a deficient complement system during 

neurodevelopment could result in weak synaptic pruning which may leads to increased 

dendritic spine density in ASD. Also, it is important to consider other mechanisms including 

the environmental factors influencing the development of these psychiatric conditions.

Does the activation of peripheral complement system affect the brain plasticity? The intact 

blood-brain barrier (BBB) restricts the access of complement proteins from the periphery. 

The local production of complement proteins is important for the immune regulation and 

homeostasis in the healthy brain. Accordingly, a number of studies have reported the 

expression of complement proteins in neuronal as well as non-neuronal cells in the brain. 

However, under chronic inflammatory conditions, a leaky BBB could permit the access 

of peripheral complement proteins to the brain (Fig. 1). Also, cytokines released in the 

periphery as a result of complement activation can influence the brain function via neural 

and/or humoral routes (Romanovsky et al., 2005; Hopkins, 2007). Therefore, blocking 

complement activation in the periphery may attenuate the increased inflammatory signaling 

and thereby regulate disease processes in psychiatric conditions. However, the complexity 

of the complement system as well as their importance in innate immune defense suggest 

that anti-complement therapies should be considered based on the complement status of 

the subjects, and their safety and potential side-effects should be rigorously and carefully 

monitored.
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Fig. 1. 
Schematic diagram showing the role of complement activation in chronic stress-mediated 

neuroinflammation and psychiatric symptoms. Stress or other environmental factors trigger 

complement activation in the central nervous system (CNS) and in the periphery. In the 

CNS, activated glial cells release pro-inflammatory cytokines and trigger excessive synaptic 

pruning. Activated peripheral immune cells release pro-inflammatory cytokines causing 

systemic inflammation. Also, peripheral immune cells infiltrate into the brain through 

leaky blood brain barrier. Both peripheral and CNS complement activation can lead to 

inflammation in the brain, and mediate psychiatric symptoms.
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