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Abstract 

Neuromyelitis optica (NMO) arises from primary astrocytopathy induced by autoantibodies 

targeting the astroglial protein aquaporin 4 (AQP4), leading to severe neurological sequelae 

such as vision loss, motor deficits, and cognitive decline. Mounting evidence has shown that 

dysregulated activation of complement components contributes to NMO pathogenesis. 

Complement C3 deficiency has been shown to protect against hippocampal 

neurodegeneration and cognitive decline in neurodegenerative disorders (e.g., Alzheimer's 

disease, AD) and autoimmune diseases (e.g., multiple sclerosis, MS). However, whether 

inhibiting the C3 signaling can ameliorate cognitive dysfunctions in NMO remains unclear. In 

this study, we found that the levels of C3a, a split product of C3, significantly correlate with 

cognitive impairment in our patient cohort. In response to the stimulation of AQP4 

autoantibodies, astrocytes were activated to secrete complement C3, which inhibited the 

development of cultured neuronal dendritic arborization. NMO mouse models exhibited 

reduced adult hippocampal newborn neuronal dendritic and spine development, as well as 

impaired learning and memory functions, which could be rescued by decreasing C3 levels in 

astrocytes. Mechanistically, we found that C3a engaged with C3aR to impair neuronal 

development by dampening β-catenin signalling. Additionally, inhibition of the C3-C3aR-

GSK3β/β-catenin cascade restored neuronal development and ameliorated cognitive 

impairments. Collectively, our results suggest a pivotal role of the activation of the C3-C3aR 

network in neuronal development and cognition through mediating astrocyte and adult-born 

neuron communication, which represents a potential therapeutic target for autoimmune-

related cognitive impairment diseases. 
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Introduction 

The complement system plays a vital role in regulating immune responses, detecting and 

eliminating pathogens, as well as in the processes of development, regeneration, and 

maintaining tissue homeostasis (Holers, 2014; Mastellos et al., 2023; Reis et al., 2019). 

However, as a critical part at the early stage of inflammatory response, insufficient, excessive 
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or unregulated complement activation can result in a variety of human diseases varying in 

severity, location, and duration (Ricklin and Lambris, 2013; Ricklin et al., 2016; Vignesh et al., 

2017; Wu et al., 2019). The activation of the full complement system requires the 

coordinated actions of more than 30 proteins across three different pathways: classical, 

alternative, and mannose-binding lectin (Lian et al., 2015a). The activation of the classical 

pathway involves the cleavage of the central complement factor C3 into C3a and C3b, which 

then trigger subsequent reactions by binding to their specific receptors, C3aR and CR3, 

respectively (Litvinchuk et al., 2018; Stephan et al., 2012). In disorders of the central nervous 

system, multiple complement proteins, receptors, and regulators are upregulated. According 

to previous studies, analyses of cerebrospinal fluid (CSF), blood, and post-mortem samples 

have showed a disturbance of the complement pathway in central nervous system disorders 

such as neuroinflammatory diseases (e.g., neuromyelitis optica, NMO and multiple sclerosis, 

MS), and neurodegenerative conditions (e.g., Alzheimer's disease, AD). Research has shown 

that the unique complement-specific drug, eculizumab, can block downstream processes 

when it targets C5 activation (Pittock et al., 2019). Blocking C5 has not only allowed for more 

effective treatment for diseases with complement-mediated pathophysiology but has also 

uncovered new pathogenic mechanisms in conditions that are not responsive to the current 

anti-complement therapies. As C3 is located at the convergence of all three complement 

activation pathways, it is a perfect target for complement regulation. Efforts to develop 

therapies based on C3 have been initiated due to its crucial role in coordinating 

communication between various immune and inflammatory systems (Asavapanumas et al., 

2021; Xu et al., 2023). Increasing evidence has indicated that C3-targeted interventions are 

potential therapeutic strategies that can be an alternative for the existing therapies 

(Asavapanumas et al., 2021; Xu et al., 2023). 

NMO is a disease characterized by recurring attacks caused by antibodies in the central 

nervous system (CNS), primarily impacting the optic nerves, brain, and spinal cord. Serum 

autoantibodies specific for aquaporin 4 (AQP4) have been identified to be a typical 

pathological characteristic of NMO, unifying a spectrum of CNS demyelinating disorders and 

distinguishing them from multiple sclerosis (MS) (Lennon et al., 2004). NMO with AQP4-IgG 

positivity is a clearly defined disease affecting astrocytes, characterized by the accumulation 

of immunoglobulin around blood vessels, activation of complement proteins, loss of myelin 

and axons, resulting in severe impairment of spinal cord and optic nerve functions, along 

with notable cognitive decline that significantly aggravates the disease burden 

(Asavapanumas et al., 2021; Czarnecka et al., 2020; Lopez-Soley et al., 2022). There is ample 

evidence indicating that complement activation plays a key role in the pathogenesis 

following AQP4-IgG binding to AQP4, resulting in inflammation and demyelination 

(Asavapanumas et al., 2021; Walker-Caulfield et al., 2015). Both our group and other studies 

have discovered a notable increase in C3 levels in astrocytes when exposed to hsAQP4-IgG, 

both in vitro and in vivo (Chen et al., 2020; Xu et al., 2023). Moreover, individuals with NMO 

exhibit significantly increased levels of C3a, a split product of C3, which is closely linked to 

clinical disability measures (Expanded Disability Status Scale, EDSS) (Abboud et al., 2022; Xu 

et al., 2023). 

Studies have shown that both anatomical and functional abnormalities in the hippocampus 

have been observed in NMO patients (Jiang et al., 2023; Liu et al., 2015; Zakani et al., 2023), 

supporting the idea that hippocampal dysfunction is related to complement activation. Given 

the significant correlation between complement C3 levels and clinical severity in NMO 

(Nytrova et al., 2014; Xu et al., 2023), we are prompted to explore the role of C3 in the 
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progression of hippocampal dysfunction and cognitive decline in NMO animal models. Adult 

hippocampal newborn neurons arise from the division of stem and progenitor cells, a 

process known as adult neurogenesis (Cope and Gould, 2019). Neuronal maturation is a 

crucial stage in neurogenesis in both the embryonic and mature brain. Newborn dentate 

granule cells become part of the hippocampal neuronal circuitry through a series of 

stereotypic processes which consist of neuronal morphogenesis, migration, growth of axons 

and dendrites, and synapse formation (Denoth-Lippuner and Jessberger, 2021; Gonçalves et 

al., 2016). It is believed that the interruption of dendritic growth in newly formed neurons in 

adults may play a role in the cognitive and emotional impairments seen in 

neurodegenerative and neuroimmune conditions (Llorens-Martín et al., 2015; Sun et al., 

2009; Trinchero et al., 2017; Zhang et al., 2020). Based on our previous research on the 

development of newborn neurons and the signalling pathways of complement C3, we 

decided to focus on the development of newborn neurons in adults and aimed to delineate a 

cellular signalling pathway of C3 as a proof-of-concept for the functions of C3 in the brain. 

In this study, we aimed to determine the signaling pathway by which C3 controls the negative 

impact on neuronal development by identifying the receptor and downstream pathway in 

newborn neurons. We initially validated that the levels of C3a, a split product of C3, were 

significantly elevated in individuals diagnosed with NMO and strongly correlated with 

cognitive function assessments. Remarkably, C3 released by hsAQP4-IgG-activated astrocytes 

significantly inhibited the dendritic development in cultured hippocampal primary neurons in 

vitro. For in vivo tests, we analyzed hippocampal tissues from young adult mice with C3 

overexpression or passive transfer of anti-AQP4 IgG, which resulted in astrocyte activation 

and subsequent C3 secretion. We observed an evident reduction in the development of 

newborn neuron dendrites in the adult hippocampus and impaired cognitive abilities. 

Notably, neuronal development defects could be rescued by C3 knockdown in astrocytes. 

Mechanistically, C3 binds to its receptor C3aR and inhibits β-catenin signalling, which is 

essential for neurogenesis. Ultimately, we demonstrated that targeting the C3/C3aR/β-

catenin pathway restored neuronal development and alleviated cognitive impairments 

caused by immune activation. This study provides brand-new evidence for the effect of C3 on 

neuronal development and cognitive functions in the NMO mouse model, apart from its 

traditional role as merely a component of innate immunity. These findings offered insights 

into the potential therapeutics to prevent cognitive dysfunction beyond NMO and other 

autoimmune brain diseases.  Jo
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Results 

The secretion of C3 is correlated to cognitive impairments and dysfunction in the 

hippocampus of human brains affected by autoimmune-induced astrocyte activation.  

Our previous research confirmed that by stimulation of human anti-AQP4 autoantibodies 

(hsAQP4-IgG) purified from NMO patients’ plasma, astrocytes were activated and secreted 

numerous inflammatory factors, such as complement C3, CCL2, 5, 6, 7, 17, CXCL1 and 10, as 

well as IL-1- α And IL-1- β, indicating the proinflammatory feature of hsAQP4-IgG (Fig. S1A 

and 1B) (Jiang et al., 2023; Xu et al., 2023). Our group and other previous research have 

shown that inhibiting C3 signalling can mitigate motor and visual impairments in an NMO 

mouse model (Chen et al., 2020; Xu et al., 2023). In addition, inhibiting C3 signalling also 

protects against hippocampal neurodegeneration and cognitive decline in aged AD mice 

despite the presence of abundant Aβ plaques (Shi et al., 2017) and in experimental 

autoimmune encephalomyelitis (EAE), the animal model for multiple sclerosis (Bourel et al., 

2021).  

To further investigate the clinical correlation between C3a levels and neuropsychological 

functions in a neuroinflammatory state, we analysed a cohort comprising 90 NMO patients 

with complete disease records and 80 age-matched healthy controls, whose sample size is 

larger than any other previous clinical case study (Table S1). Consistent with prior research 

(Jiang et al., 2023; Nytrova et al., 2014; Xu et al., 2023), all patients had autoantibodies 

against AQP4 and the demographic information showed a predominant percentage of young 

women in the patients  (average age 42.9±11.9 years; male/female ratio=7/83). We nest 

measured the levels of C3a in the serum and CSF of healthy controls and NMO patients and 

observed that the levels of C3 of NMO patients were significantly increased compared to 

healthy individuals (Fig. 1A, Table S1). 

Specifically, we used neuropsychological assessment scales, including the Hamilton Anxiety 

Rating Scale (HARS) and Hamilton Depression Rating Scale (HDRS) for general anxiety and 

depression-like symptoms, as well as standard tests such as Mini Mental State Examination 

(MMSE), Symbol Digit Pattern Test (SDMT), and Short Visual Spatial Memory Revision Test 

(BVMT-R) (Fig. S1C) to assess neuropsychological functions of NMO patients and healthy 

individuals. In all assessments, we observed significant differences between the healthy 

controls and NMO patients (Fig. S1C), indicating that NMO patients have cognitive 

impairments in addition to focal neurological signs of motor and visual loss. Remarkably, 

neuropsychological impairments were strongly correlated with the levels of serum C3a in 

patients with NMO. Scores of HARS and HDRS were positively correlated with C3a levels, 

suggesting increased mental stress reactions due to disease burden (Fig. 1B and 1C, Fig. S1C). 

We were particularly struck by the potent negative correlation between C3a levels and the 

ability of learning and memorizing measured by MMSE, SDMT, and BVMT-R (Fig. 1D-1F). To 

figure out the structural basis of cognitive dysfunctions related to C3 expression in NMO, we 

conducted detailed analysis of hippocampal regions utilizing data based on MRI scans. 

Consistent with literature and our previous research (Cacciaguerra et al., 2021; Jiang et al., 

2023; Liu et al., 2015), our new NMO patient cohort exhibited noticeable hippocampal 

volume atrophy (Fig. S1D-1F), which was recognized as a structural basis for the cognitive 

impairment. Altogether, these findings suggest that C3 may be involved in hippocampal 

structural changes and mediating cognitive impairments in neuroimmune diseases.  

Astrocyte-secreted C3 reduces neuronal development in immune-mediated 
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neuroinflammation. 

Recent research showed that inhibiting the activity of C3 is sufficient to prevent early 

dendritic loss in the dentate gyrus of the hippocampus and memory impairment in EAE mice 

(Bourel et al., 2021). C3 activation is related to the pathogenesis of NMO and may serve as 

an effective disease biomarker (Nytrova et al., 2014). To verify our hypothesis that C3 

released by activated astrocytes leads to hippocampal dysfunction and neuroinflammation-

related cognitive impairment, we focused on a specific hippocampal cell type: adult-born 

hippocampal neurons. These neurons are crucial for maintaining the proper size and function 

of hippocampus and are extremely sensitive to a microenvironment with inflammation. 

Thus, to explore the effect of C3 on the hippocampal newborn neuron’s development, we 

prepared high-purity (>95%) mouse hippocampal neurons (Fig. S1G) and treated them with 

C3 recombinant protein (100 ng/mL) or vehicle for 3 days (Fig. 1G). Compared with the 

vehicle group, the dendritic complexity of neurons treated with C3 recombinant protein was 

reduced (Fig. 1H). Furthermore, we also stimulated hippocampal primary neurons with 1, 10, 

50 and 100 ng/mL of C3 protein for 3 days to observe the effects of different C3 

concentrations on dendritic development of primary neurons (Figure S1L). The results 

showed that different concentrations of C3 recombinant protein significantly inhibited the 

development of primary neurons cultured for 7 days in a dose-dependent manner (Figure 

S1L). Next, we investigated whether the inhibitory effect of C3 recombinant protein on 

newborn neurons could also be observed in mature neurons cultured for 14 days. We found 

that mature neurons cultured for 14 days were able to resist the detrimental effects of 

different concentrations of C3 recombinant protein (Figure S1K). Given our previous findings 

that numerous inflammatory factors can be secreted by astrocytes activated by hsAQP4-IgG 

(Fig. S1A and 1B), we tested the effects of six other identified factors secreted by activated 

astrocytes on primary newborn neuronal dendritic development, including VCAM1, CXCL1, 

GBP5, IL1α, IL1β and ISG15. Strikingly, these inflammatory factors either did not affect 

dendritic development or exerted less influence on neurons than C3, suggesting that C3 was 

the core factor that inhibited the dendritic development of primary neurons in vitro (Fig. 

S1I). We also increased the concentration of the aforementioned 7 secreted proteins to 200 

ng/mL to observe the effects of high concentration on the development of primary neurons. 

Our results showed that even in this situation, C3 remained to be the main protein that 

continuously affected neuronal development (Fig. S1J).  

Furthermore, to directly investigate the effect of C3 released by activated astrocytes on 

neuronal dendritic arborization development, primary mouse astrocytes were treated with 

hsAQP4-IgG (100 ng/mL), or hsCtrl-IgG and the cultured supernatant was collected 24 hours 

after the IgG treatment, which we later named as astrocyte conditioned medium (ACM) (Fig. 

1I). ELISA analysis showed that compared with astrocytes treated with hsCtrl-IgG, the levels 

of C3, C3a and C3b in the ACM of astrocytes stimulated with hsAQP4-IgG were significantly 

increased (Fig. 1J). To ascertain the necessity of C3, we removed it using a monoclonal 

neutralizing antibody targeting C3—an approach that effectively block the function of 

secreted C3 by astrocytes (Fig. 1I). By ELISA analysis, we proved that C3 neutralizing 

antibodies can effectively remove C3, C3a and C3b protein from ACM (Fig. 1J). As anticipated, 

ACM of astrocytes treated with hsAQP4-IgG impaired primary neuronal dendritic 

development (Fig. 1K). Besides, the application of the C3 neutralizing antibody reversed the 

inhibitory impact of the hsAQP4-IgG-ACM on neuronal dendritic development (Fig. 1L). In 

addition, we found that neuronal dendritic development was not inhibited with direct 

hsAQP4-IgG treatment in vitro (Fig, S1H). Taken together, these data showed that hsAQP4-
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IgG impairs neuronal development by astrocytes-secreted C3 protein.  

Immune-mediated astrocytopathy impairs the development of adult-born hippocampal 

neurons and hippocampus-dependent learning behaviours in young adult mice. 

After demonstrating that C3 protein secreted by activated astrocytes reduces primary 

neuronal dendrites length and complexity in vitro (Fig. 1H), we then investigated whether 

this effect could be observed in an NMO mouse model. We employed a passive transfer 

strategy to construct a mouse model of immune-mediated astrocytopathy similar to NMO, 

by utilizing anti-AQP4 antibody (hsAQP4-IgG) or negative control antibody (hsCtrl-IgG). We 

stereotaxically injected a mixture of these antibodies and retrovirus expressing red 

fluorescent protein (RFP) to label newborn neurons into the bilateral dentate gyrus of 8-

week-old mice (Fig.2A and 2B). Four weeks post-stereotaxic IgG delivery, we observed that, 

in comparison to the hsCtrl-IgG group, the hsAQP4-IgG-treated group displayed a decreased 

end-feet coverage along the micro-vessels ofAQP4+ astrocyte, which was identified as a 

classical NMO diagnostic feature (Fig. 2C). We also observed significant activation of 

microglia near the hippocampus four weeks after hsAQP4-IgG injection (FIG. S2A). Besides, 

the hsAQP4-IgG-treated group exhibited a lower fluorescence intensity of the tight junction 

protein ZO-1, revealing an increase in blood-brain barrier permeability (Fig. S2C).  

Surprisingly, the immune inflammatory response mediated by hsAQP4-IgG had no effect on 

the number of neurons (NeuN+) (Fig. S2B) or the infiltration of CD4+ or CD8+ immune cells 

(Fig.S2D and 2E). In alignment with prior results, astrocytes in the hsAQP4-IgG group showed 

a significant increase in the expression level of GFAP and C3 (Fig. 2D). 

To investigate the potential link between immune-mediated neuroinflammation and changes 

in adult-born neuronal development, we examined the dendritic morphology of newborn 

neurons four weeks after antibody injections (Fig. 2B). We found that passive injection of 

hsAQP4-IgG resulted in shorter dendrites and reduced dendritic complexity of RFP+ newborn 

neurons in the hippocampal dentate gyrus (Fig. 2E), and a significant decreased density of 

dendritic spines (Fig. 2F). We hypothesized that these impairments in dendrite and dendritic 

spine development would exert a negative impact on neuronal activities and their 

integration with the hippocampal circuit. Moreover, compared to the control group, mice 

treated with hsAQP4-IgG had a significantly lower percentage of c-Fos-positive newly 

generated neurons (BrdU+NeuN+) (Fig. 2H), suggesting that these neurons were less active in 

the DG. These data reflect an impaired process of neuronal development triggered by 

immune-mediated neuroinflammation. 

To assess the impact of astrocyte activation on cognitive function, a series of behavioral tests 

were conducted in NMO mouse model (Fig. 2G). Four to six weeks after the stereotaxic IgG 

transfer, mice were subjected to standardized behavioral assays, including the open field test 

(OFT), novel object location (NOL) test, novel object recognition (NOR) test, Morris water 

maze (MWM) task, and the reversal Morris water maze (RMWM) task as described in our 

previous research. The hsAQP4-IgG group of mice travelled shorter total distances and spent 

less time in the central area during the OFT (Fig. S2F), indicative of reduced locomotor 

activity and increased low curiosity-like behaviour. The hsAQP4-IgG group also exhibited 

deficits in spatial memory during the NOL test (Fig. S2G) and the NOR test (Fig. S2H). During 

the MWM task, mice treated with hsAQP4-IgG spent more time to locate the hidden 

platform (Fig. 2I). While in the probe test (the platform was removed during testing), hsAQP4-

IgG treated mice spent less time in the target quadrant (Fig. S2I) and displayed fewer target 

quadrant crossings (Fig.2I), indicating that their spatial learning ability was compromised. In 

Jo
ur

na
l P

re
-p

ro
of



the RMWM task, the hsAQP4-IgG group took significantly longer time to find the newly 

located platform (Fig. 2J) and crossed it for fewer times (Fig. 2J). They also spent less time in 

the target quadrant (Fig. S2J), indicating impaired spatial reversal learning and executive 

functions. Notably, we noticed no difference in the swimming ability between the two groups 

(Fig. S2I and 2J). These behavioural observations, along with the immunofluorescent data of 

histopathology, confirm that our astrocytopathy mouse model induced by hsAQP4-IgG 

represents important features of NMO pathology. 

Additionally, we utilized mini-osmotic pump implantation to establish another passive 

transfer mouse model. In this experiment, retrovirus expressing red fluorescent protein (RFP) 

was first stereotaxically injected into the DG area to label newborn neurons. One week after 

the injection, a mini-osmotic pump containing hsCtrl-IgG or hsAQP4-IgG was implanted into 

the hippocampal regions of 8-week-old mice to enable continuous administration of the 

antibodies for two weeks. Four weeks after injection of retrovirus, we evaluated neuronal 

dendritic morphology (Fig. 2K). The infusion of hsAQP4-IgG led to a decline in dendritic 

length and complexity (Fig. 2L) and spine density (Fig. 2M) compared to hsCtrl-IgG control 

conditions. 

Finally, we constructed a systemic NMOSD mouse model via intraperitoneal (I.P.) injection of 

hsCtrl-IgG, as described in our previous studies (Fig. S3A) (Yick et al., 2020). Using a similar 

strategy to label newborn neurons by retrovirus, we observed that RFP+ newborn neurons of 

the hsAQP4-IgG group exhibited shorter dendrites and lower complexity (Fig. S3B) and 

reduced spine density (Fig. S3C) in the hippocampus compared to the hsCtrl-IgG group. A 

battery of behavioral tests revealed similar cognitive deficits in the systemic NMOSD mouse 

model (Fig. S3D-3G). These results further confirmed that these different approaches—

stereotaxic injection, chronic perfusion, and i.p. injection—yielded congruent outcomes, 

indicating that immune-mediated astrocytes activation inhibits the adult-born hippocampal 

neuronal development, which is potentially regulated by secreted C3 in a paracrine manner. 

C3 is sufficient to hinder the development of neurons and impair hippocampal-dependent 

learning behaviours in young adult mice. 

After demonstrating the inhibitory effects of C3 on primary neuronal dendritic development 

in vitro (Fig. 1H), we proceeded to explore whether similar outcomes could be observed in 

vivo. One week after administering retroviruses, we employed a minipump method to 

continuously infuse C3 into the dentate gyrus (DG) for two weeks (Fig. 3A). Compared to 

control groups, C3 infusion resulted in significant reductions in dendritic length and 

complexity (Fig. 3B), as well as in spine density (Fig. 3C). 

To substantiate these findings, we constructed adenoviral vectors to express either C3 along 

with enhanced green fluorescent protein (AdV-C3; eGFP-2A-C3 with CMV promoter) or eGFP 

alone as a control (Adv-GFP) (Fig. 3D). Upon transfection of Adv-C3 and Adv-GFP plasmids 

into cultured primary neurons, we observed a significant decrease in dendritic arborization 

length and complexity in the C3-overexpressing neurons (Fig. S3H). To corroborate these 

results in an in vivo setting, we performed stereotaxic injections of the prepared 

adenoviruses (Adv) and retro-RFP viruses into the bilateral hippocampal dentate gyrus of 8-

week-old mice (Fig. 3E). Two weeks after injection, a subset of mice was euthanized to obtain 

unfixed hippocampal tissues. C3 overexpression was confirmed through immunoblotting of 

hippocampal lysates (Fig. 3F). Consistent with our previous findings, the dendritic length and 

complexity (Fig. 3G), as well as spine density (Fig. 3H) of RFP+ newborn neurons in the C3-
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overexpressing group were significantly reduced. 

To assess the cognitive implications of C3 overexpression, we conducted behavioural assays 

4-6 weeks post-Adv injection (Fig. 3E). During the open field test, mice overexpressing C3 

covered significantly shorter total distances compared to controls (expressing eGFP alone), 

indicative of diminished locomotor activity. In C3-overexpressing mice, movement tracking 

revealed a strong preference for peripheral and corner locations, suggesting an increased 

level of low curiosity-like behaviour (Fig. 3I). In the novel object location (NOL) test, these 

mice showed less preference for object placement, suggesting an impaired spatial memory 

(Fig. S3I). Similar results were observed in the novel object recognition (NOR) test (Fig. S3J). 

Moreover, in the Morris water maze (MWM) (Fig. 3J) and reversal Morris water maze 

(RMWM) tasks (Fig. 3K), C3-overexpressing mice exhibited fewer platform crossovers, longer 

escape latencies (Fig. 3J and 3K) and less time in the target quadrant (Fig. S3K and 3L), 

compared to the control group. To be note, no obvious difference of the swimming ability 

was observed between the two groups (Fig. S3K and 3L). These behavioural changes induced 

by C3 overexpression were highly consistent with those observed in mice treated with 

hsAQP4-IgG. 

Knockdown of C3 secreted by astrocytes improves adult hippocampal neuronal development 

and function in immune-mediated neuroinflammation. 

To validate the critical role of C3 in the immune-mediated abnormal development of 

newborn neurons and cognitive impairments in vivo, we initially designed two shRNA 

sequences targeting C3. They were transfected into primary astrocytes using lentivirus (Lenti-

shC3_1 and Lenti-shC3_2), along with a non-targeting control shRNA (shNC), respectively 

(Fig. S4A). Co-expression of EGFP was used to ensure efficient lentiviral transduction, 

achieving at least 95% efficiency. The effectiveness of C3 knockdown was confirmed by 

comparing the levels of C3 protein in primary astrocyte transduced by Lenti-shNC or Lenti-

shRNA, with Lenti-shC3_2 being selected for subsequent experiments (Fig. S4A). 

Primary astrocytes infected with either Lenti-shNC or Lenti-shC3_2 was treated with hsCtrl-

IgG or hsAQP4-IgG, respectively, for an additional two days. The astrocyte-conditioned media 

(ACM) was then collected and assessed for its impact on primary neuronal dendritic 

development (Fig. S4B). In control groups, ACM from hsAQP4-IgG-treated astrocytes 

markedly reduced dendritic length and complexity (Fig. S4C). However, in the C3 knockdown 

groups, ACM from hsAQP4-IgG-treated astrocytes no longer inhibited neuronal dendritic 

arborization (Fig. S4C). 

To verify the impact of C3 deficiency on the development of newborn neurons in adult mice, 

we utilized AAVs specifically targeting astrocytes. AAV2/5-GfaABC1D-EGFP (AAV-shNC) or 

AAV2/5-GfaABC1D-shRNA-EGFP (AAV-shRNA) was injected into the hippocampal dentate 

gyrus of 8-week-old mice (Fig. 4A). In these mice, shRNA was specifically expressed in 

astrocytes under the control of the GfaABC1D promoter, leading to C3 depletion in 

astrocytes of the hippocampal dentate gyrus (Fig. 4A). The effectiveness of C3 knockdown 

was confirmed through immunoblotting of hippocampal lysates, with a knockdown 

efficiency of over 90% (Fig. 4B). We co-injected AAV2/5-GfaABC1D-shRNA-EGFP and 

retrovirus along with hsAQP4-IgG into the dentate gyrus (DG) and mice were sacrificed four 

weeks after the injection. Adeno-associated virus co-expressing shRNA and GFP enabled C3 

knockdown in astrocytes, while retroviruses expressing RFP allowed the labelling of newborn 

neurons (Fig. 4C). In each hippocampal section of 80 μm thickness, an average of 12 
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neuronal cells were labelled with retrovirus and expressed red fluorescent protein, indicating 

that they were newborn neurons (Figure 4D). Remarkably, C3 knockdown in astrocytes led to 

improvements in dendritic length and complexity (Fig. 4E), as well as in spine development 

(Fig. 4F). 

Hippocampal-dependent learning and memory were subsequently assessed using OFT, NOL, 

NOR, MWM, and RMWM tests (Fig. 4C). C3 knockdown reversed low curiosity-like behavior 

in the OFT (Fig. 4G), enhanced preference for the novel object in the NOL and NOR tests (Fig. 

S4D and E), and led to significant decreases in escape latency and retention time, 

accompanied by an increased number of platform crossings and more exploration time in the 

target quadrant in both the MWM (Fig. 4H and Fig. S4F) and RMWM (Fig.4I and Fig. S4G) 

tasks, while the average swimming speed revealed no significant difference in the swimming 

ability among the groups (Fig. S4F and 4G). In summary, these studies provide convincing 

evidence for the inhibitory role of C3 secreted by immune-mediated activated astrocytes on 

hippocampal functions.  

C3 cooperates with the C3aR receptor to inhibit adult hippocampal neuronal development 

by reducing β-catenin signalling. 

To clarify the mechanism by which C3 signalling impairs hippocampal newborn neurons 

development in immune-mediated neuroinflammation, we attempted to identify the C3 

receptor and downstream pathways in adult-born neurons. Previous studies have shown that 

upon the binding of C3 to its transmembrane receptor C3aR, several signalling cascades were 

activated (Figure 5A). To prove the expression of C3 receptors in adult-born hippocampal 

neurons, we used immunostaining to analyse the expression pattern of C3aR in the dentate 

gyrus of 8-week-old mice. Surprisingly, C3aR was abundantly expressed in DCX+ immature 

neurons and mature granular cells (Fig. 5B). C3aR has also been confirmed to be highly 

expressed in cultured primary neurons (Fig 5C). After recognizing C3aR as a potential C3 

receptor on primary neurons, we investigated the specific downstream pathways mediated 

by GSK3β and β-catenin (Fig. 5A). β-Catenin is a crucial transcription factor in the Wnt 

signalling pathway, regulating the development of neurons in the adult hippocampus. GSK3β, 

a serine/threonine protein kinase stimulated by C3aR activation, phosphorylates and targets 

β-catenin for proteasomal degradation. Notably, the kinase function of GSK3β can be 

inactivated by phosphorylation at Ser9. We detected the expression of GSK3β and β-catenin 

in primary mouse neurons treated with recombinant C3 protein (100 ng/mL). Remarkably, 2 

hours of C3 protein treatment resulted in a rapid accumulation of active GSK3β, with a 

concomitant reduction in the inactivated form of GSK3β [p- GSK3β (Ser9)] (Fig. S5A). Besides, 

C3 treatment induced a sustained reduction in β-catenin protein levels lasting for over two 

hours (Fig. S5A), indicating destabilization and degradation of β-catenin triggered by 

increased GSK3β kinase activity, which can be recognized as the direct downstream pathway 

of C3-C3aR signaling. 

To confirm the participation of C3aR as a receptor in the identified C3 signalling pathway, we 

designed three shRNAs targeting C3aR (shC3aR_1; shC3aR_2; shC3aR_3) and a scrambled 

non-targeting control shRNA (shNC). We then lentivirally transduced them individually into 

cultured mouse primary neurons, with co-expression of EGFP to ensure adequate 

transduction efficiency, >99%. The shRNAs designed all showed a satisfactory knockdown 

efficiency ranging from 75-90% (Fig. S5B). Furthermore, we also transfected primary 

hippocampal neurons with shNC or shC3aR and performed immunofluorescence staining to 

verify the knockdown effectiveness of C3aR in neurons (Fig S5C). After exposing primary 
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neurons to C3 for two hours, the expression of the inactivated form of GSK3β [p- GSK3β 

(Ser9)] in the shC3aR group was significantly elevated compared to the shNC group, thus 

preventing the degradation of β-catenin (Fig. 5D). Therefore, we came to the conclusion that 

C3aR depletion blocked the C3 effects on GSK3β activation and β-catenin inhibition. Besides, 

consistent with our in vitro results, we found a similar C3aR knockdown effect on GSK-3β/β-

catenin pathway stimulated by C3 in vivo (Fig. S5D). Furthermore, we continued to explore 

whether C3aR-dependent signaling would be essential for inhibiting neuronal dendritic 

development induced by C3. In primary neuron cultures expressing control shRNA, C3 

treatment reduced neuronal dendritic length and complexity. However, primary neurons 

deficient in C3aR due to shRNA displayed unchanged dendritic length and complexity (Fig. 

5E). In summary, we proved that the binding of C3 to its receptor C3aR activates GSK-3β, 

which in turn destabilizes β-catenin and disrupts the transcriptional network related to 

neuronal development driven by β-catenin. 

Subsequently, we evaluated whether C3 regulates neuronal development through its binding 

to C3aR in vivo. To interrupt the subsequent activation of signalling pathway induced by the 

bindng of C3 to C3aR, we injected retroviruses expressing control shRNA (shNC) or validated 

shRNA against C3aR into the hippocampal dentate gyrus of 8-week-old mice. These 

retroviruses have been shown to target neurons and reduce the expression of C3aR in 

neurons (Fig 5F). Two weeks after injection of retrovirus, we implanted a mini-pump for two 

weeks perfusion of PBS or C3 protein to evaluate neuronal dendritic and spine development 

(Fig. 5G). In the control group (shNC), C3 markedly reduced neuronal dendritic length and 

complexity (Fig. 5H), as well as spine density (Fig. 5I). By contrast, C3aR knockdown 

eliminated such repressive effects of C3, resulting in minimal or no observable impact on the 

development of neuronal dendrites and spines (Fig. 5H and I). Next, we investigated whether 

knockdown of C3aR could also prevent newborn neuronal dendritic development defects 

with hsAQP4-IgG treatment (Fig. S5E). As expected, knockdown of C3aR counteracted the 

inhibitory effect of dendritic arborization and spine development from hsAQP4-IgG (Fig. S5F 

and 5G). Altogether, our findings confirmed the damaging effect of C3-C3aR signalling on the 

newborn neuronal development in the dentate gyrus and suggested that inhibiting the C3-

C3aR-GSK-3β/β-catenin pathway can be a potential therapeutic strategy to rescue impaired 

neuronal development in immune-mediated neuroinflammatory diseases. 

Finally, we investigated the effect of the C3-C3aR signalling pathway on neuronal 

development by utilizing C3aR antagonists. Trifluoroacetate (SB290157, TFA) is the first 

reported C3aR antagonist that has been shown to inhibit Ca2+ mobilization induced by C3a 

binding to C3aR in mice (Ames et al., 2001; Reid et al., 2014). In addition, TFA is also a 

potent, selective, and non-competitive C3aR antagonist that has been widely used. We first 

stereotactically injected a mixture of hsAQP4-IgG and retroviruses expressing red fluorescent 

protein (RFP) to label newly generated neurons in the dentate gyrus of 8-week-old mice. 

After the injection, mice were intraperitoneally administered with TFA at a dosage of 1 

mg/kg or vehicle as a negative control daily for a duration of four weeks (Fig. 5J). We found 

that TFA relieved the repression of neuronal dendritic arborization (Fig. 5K) and spine 

development (Fig. 5L) in the neuroinflammatory state triggered by hsAQP4-IgG. TFA 

treatment also reversed low curiosity-like behavior in the OFT (Fig. S5H) and increased 

preference for the novel object in the NOL (Fig. S5I) and NOR (Fig. S5J) tests. In addition, TFA 

treatment resulted in a significant decrease in escape latency, an increased number of 

platform crossings and more time spent in the target quadrant in the MWM (Fig. 5M and Fig. 

S5K) and RMWM (Fig. 5N and Fig. S5L) tasks. To be note, we noticed no difference in the 
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swimming ability among the groups (Fig. S5K and 5L). 

Previous studies have shown that the C3-C3aR axis plays an important role in NMO through 

complex interactions among neurons, astrocytes, and microglia (Chen et al., 2020; Wei et al., 

2021; Xu et al., 2023). C3aR is also expressed in activated microglia (Davoust et al., 1999; 

Wei et al., 2021; Zhang et al., 2014). To evaluate whether hsAQP4-IgG could mediate C3-

dependent microglial immune responses and affect neuronal development, we sought to 

deplete microglia using PLX5622, an antagonist of colony-stimulating factor 1 receptor 

(CSF1R), which can kill microglia effectively. According to previous studies, PLX5622 

treatment resulted in over 90% consumption of microglia within 7 days (Li et al., 2023; Price 

et al., 1987). In our study, mice received intraperitoneal injection of PLX5622 at a dosage of 

50 mg/kg or vehicle daily and we observed a significant decrease in the number of IBA+ 

microglial per DG in the PLX5622-treated group compared to the vehicle-treated group 

(Figure S6A), indicating a successful deletion of microglia. Despite the clearance of microglia, 

hsAQP4-IgG still reduced the neuronal dendritic length and complexity (Figure S6B), as well 

as the spine density of RFP+ newborn neurons (Figure S6C). These findings indicated that 

microglia did not directly engage in the pernicious effect of hsAQP4-IgG-mediated 

neuroinflammation on neuronal development. Taken together, the results of genetic 

knockdown or pharmacological blockage of C3aR indicated that C3aR on neurons could be a 

potential target to interrupt the C3 signaling, which adversely affects hippocampal neuronal 

development after activation of astrocytes in immune-mediated neuroinflammation. 

AAV2/9.CR2-Crry gene therapy ameliorates neuronal dendritic arborization developmental 

deficits and cognitive dysfunction in NMO mouse models. 

Complement receptor 1-related gene/protein y (Crry) serves as an efficacious membrane-

bound regulator of the complement C3 activation pathway, affecting both the classical and 

alternative routes (Atkinson et al., 2005). Our prior investigations employing CR2-Crry 

demonstrated marked reductions in complement deposition and demyelination in various 

NMO models, including slice cultures and focal intracerebral injections. In systemic NMO 

mouse model, CR2-Crry treatment also reduced the production of pro-inflammatory 

cytokines and ameliorated motor dysfunction. Concurrently, utilizing serotype 2/9 adeno-

associated virus (AAV2/9) to ensure stable expression of CR2-Crry ameliorated visual 

dysfunction by mitigating NMO-like lesions. 

Prompted by these observations, we sought to examine whether AAV2/9-mediated delivery 

of CR2-Crry could rectify deficits in neuronal dendritic arborization and associated cognitive 

impairments. To this end, we performed stereotaxic injections of a mixture containing 

antibodies, retroviruses (retro-RFP), and AAV2/9.CR2-Crry into the dentate gyrus of 8-week-

old mice (Fig. 6A). Remarkably, four weeks post-injection with hsAQP4-IgG treatment, we 

observed notable improvements in dendritic length and complexity (Fig. 6B), as well as in 

spine density (Fig. 6C) in retrovirus-labelled RFP+ newborn neurons within the dentate gyrus 

of the AAV2/9.CR2-Crry-treated group. 

Subsequently, we assessed hippocampal-dependent learning and memory using an array of 

behavioural assays: the open field test (OFT), novel object location (NOL), novel object 

recognition (NOR), Morris water maze (MWM), and reversal Morris water maze (RMWM) 

(Fig. 6A). Treatment withAAV2/9.CR2-Crry effectively reversed low curiosity-like behaviours 

observed in the OFT (Fig. S6D), enhanced preference for novel locations and objects in the 

NOL and NOR assays (Fig. S6E and 6F), and led to a significant reduction in escape latency 
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and retention time, accompanied by an increase in the number of platform crossings and 

more exploration time in the target quadrant both in the MWM (Fig. 6D and Fig. S6G) and 

RMWM (Fig. 6E and Fig. S6H) tasks. Notably, we noticed no difference in the swimming 

ability among the groups (Fig. S6G and Fig. S6H). 

Regulation of GSK3-3β/β-catenin signalling pathway rescues newborn neuronal 

developmental deficits and cognitive dysfunction in NMOSD mouse models. 

In an effort to corroborate the role of GSK3β and β-catenin in the C3 signalling cascade, we 

employed specific modulators of this pathway: the GSK3β inhibitor TWS119 and the β-

catenin agonist BML-284. We examined their impact on hippocampal neuronal development 

and cognitive function in NMO mouse model of immune-mediated neuroinflammation. 

Initially, we observed that treatment with either TWS119 (1 μM/mL) or BML-284 (1 μM/mL) 

effectively neutralized the C3-induced suppression on dendritic development in cultured 

primary hippocampal neurons (Fig. S7A). To extend these in vitro findings, we administered 

TWS119 (30 mg/kg) or BML-284 (4 mg/kg) via intraperitoneal injection in 8-week-old mice 

following stereotaxic administration of a mixture of hsAQP4-IgG and retro-RFP (Fig. 7A). 

Subsequently, RFP labelled neurons were employed to assess neuronal development. 

Remarkably, both TWS119 and BML-284 administration significantly elevated neuronal 

dendritic length and complexity (Fig. 7B), as well as spine density (Fig. 7C). 

Further evaluation of hippocampal-dependent learning and memory was conducted using a 

battery of behavioural assays: the Open Field Test (OFT), Novel Object Location (NOL), Novel 

Object Recognition (NOR), Morris Water Maze (MWM), and Reversal Morris Water Maze 

(RMWM) (Fig. 7A). Both TWS119 and BML-284 treatments reversed low curiosity-like 

behaviour in the OFT (Fig. S7B), increased preference for novel objects and locations in the 

NOL and NOR tests (Fig. S7C and 7D), and significantly reduced escape latency and retention 

time, accompanied by an increase in platform crossings and more exploration time in the 

target quadrant in the MWM (Fig. 7D and Fig. S7E) and RMWM (Fig. 7E and Fig. S7F) tasks. 

Meanwhile, we observed no difference in the swimming ability among the groups (Fig. S7E 

and 7F). 

Collectively, these findings provide compelling evidence that the C3-mediated signalling 

cascade cooperates with C3aR to inhibit adult hippocampal neuronal development through 

the GSK3β/β-catenin pathway in NMOSD mouse model (Fig. 7F). Jo
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Discussion 

Neuromyelitis Optica Spectrum Disorders (NMOSD) is an autoimmune neuroinflammatory 

disorder characterized by immune-mediated demyelination and inflammation primarily 

targeting spinal cord, optic nerve and brain (Ma et al., 2020). Such circumstances lead to 

severe neurological impairments including motor dysfunction, visual loss and cognitive 

decline, among others (Czarnecka et al., 2020; Jiang et al., 2023; Lopez-Soley et al., 2022). 

Convincing evidence suggests the importance of innate immunity and neuroinflammation in 

NMO and relevant neuroimmune diseases. Our group have previously demonstrated that 

inhibition of astrocyte-secreted C3 signaling can ameliorate motor and visual dysfunction (Xu 

et al., 2023). In this study, we found that the levels of C3a, a cleavage product of C3, 

significantly correlated with cognitive impairment in our patient cohort. Based on clinical, 

serological, and immunohistochemical research, we proposed that C3, a core component of 

the complement cascade, may influence dendritic and synaptic alterations in adult-born 

neurons within the dentate gyrus. These alterations contributed to the early-stage cognitive 

impairments observed in experimental NMO mouse models. We also found that 

dysregulation of astrocyte-newborn neuron interactions via the C3-C3aR-GSK3β/β-catenin 

pathway led to impaired dendritic development and hippocampal-dependent learning 

functions (Fig. 7F). 

Previous studies have reported an increase in complement protein expression and activation 

of complement signalling in NMO patient autopsy tissue and hsAQP4-IgG passive transfer 

mouse models (Asavapanumas et al., 2021; Carpanini et al., 2019). Our RNA transcriptome 

analysis and immunostaining confirmed that C3 is mainly expressed in activated astrocytes, 

and its expression is further upregulated when hsAQP4-IgG is introduced, both in vitro and in 

vivo. This finding aligned with previous reports (Chen et al., 2020). In the burgeoning field of 

complement therapeutics, various strategies targeting C3 activation have been proved to be 

effective and are currently being extended to human diseases, including those in clinical 

trials such as compstatin (López de Victoria et al., 2011; Mastellos et al., 2019). This cyclic 

peptide inhibits the binding of C3, thereby interfering with convertase formation and C3 

cleavage (López de Victoria et al., 2011). Complement receptor 2 (CR2)-Crry is a fusion 

protein targeting sites of complement activation, which blocks all pathways of C3 activation 

step (Atkinson et al., 2005). The mouse complement-inhibitory protein Crry, is directed 

through its CR2 fusion partner, which binds to C3d, a cell-bound complement activation 

product deposited at the sites of complement activation(Atkinson et al., 2005; Xu et al., 

2023). CR2-Crry has shown neuroprotective effects in ischemic brain models (Alawieh et al., 

2015) and in the experimental autoimmune encephalopathy model of multiple sclerosis (Hu 

et al., 2012). Traumatic brain injury mouse models treated with continuous CR2-Crry 

exhibited improved spatial learning and memory performance (Alawieh et al., 2018). Our 

previous research has demonstrated that CR2-Crry has the ability to prevent the motor and 

visual deficits observed in NMO models (Xu et al., 2023). Our current study also 

demonstrated that using AAV2/9 to deliver CR2-Crry effectively improved hippocampal 

neuronal arborization and cognitive function in NMO mouse models. 

The activation of C3 is the common pathway for all three pathways of complement 

activation, resulting in the cleavage of C3 into fragments like C3a and C3b by C3 convertase. 

C3a acts as an anaphylatoxin and binds to its receptor C3aR to trigger downstream biological 

effects (Minton, 2014). Notably, prior research has implicated complement alternative 

pathway-activated C3-C3aR signalling in demyelination and neurodegeneration. Microglia 
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and astrocytes are recognized as the primary producers of complement C3 secretion, with 

neurons, endothelial cells, and oligodendrocytes serving as additional contributors. Under 

physiological conditions, neuronal and synaptic function can also be mediated by astroglia 

C3-neuron-glia interactions (Lian et al., 2016). During the early stages of postnatal 

development, the brain exhibits notable expression of C3 and C1q complement proteins, 

with C3aR playing a role in controlling migration and differentiation of neural progenitor cells 

(Pozo-Rodrigálvarez et al., 2021). Previous research has shown that TNF-α boosts C3 mRNA 

levels and that augmented astroglial NFκB/C3/C3aR signalling facilitates AMPAR membrane 

localization, thereby increasing synaptic strength (Stellwagen and Malenka, 2006). Aβ 

triggers NFκB activation in astrocytes and the secretion of C3, which then enhances synaptic 

excitation and disrupts dendritic development via neuronal C3aR and intracellular calcium, 

causing network dysfunction (Lian et al., 2015b). This model connects Aβ to synaptic 

impairments and increased neuronal excitability via a new neuron-glia signaling pathway, 

highlighting the astroglial IκBα/NFκB regulatory loop and complement activation as key 

components in the development of AD (Lian et al., 2015b). Our results validated that 

astroglial levels of complement C3 were increased by stimulation of hsAQP4-IgG. While this 

pathway is elevated in NMO mouse models and patient brain samples, we demonstrated 

that blocking C3aR ameliorated behavioural impairments in NMO mouse models. These 

results are consistent with previous studies reporting a general neuroprotective effect 

through the inhibition of complement activation. C3aR, a G protein-coupled receptor, seems 

to be a potential target for pharmaceutical intervention, particularly since mice with 

complete C3aR deficiency exhibit normal behaviors (Humbles et al., 2000). Using 

trifluoacetate (TFA) to block C3aR mitigated anxiety and learning deficits in NMO mouse 

models. Blocking C3aR also reversed the decrease in dendritic length and complexity, as well 

as the loss of dendritic spines in mice with NMO. These findings reflected the integrated 

molecular mechanism whereby abnormally high levels of C3 act on C3aR to induce synaptic 

injury. However, obtaining human hippocampal samples has proved to be challenging, 

prompting us to rely solely on mouse hippocampal samples to investigate the molecular 

pathways underlying NMO cognitive impairments. Therefore, C3aR remains an attractive 

target for intervention in NMO. 

Mechanistically, we identified GSK3β/β-catenin as a downstream effector of C3aR. The 

GSK3β/β-catenin pathway has been extensively studied in the context of neural development 

regulation. Emerging evidence suggests that GSK-3β, an essential kinase for cellular 

communication and a negative regulator of the canonical Wnt signalling pathway, is crucial in 

regulating various neurodevelopmental processes, such as neurogenesis, neuronal 

polarization, axonal growth and guidance, and neuronal migration (Chenn and Walsh, 2002; 

Herrera et al., 2023; Hirabayashi et al., 2004; Lie et al., 2005; Murase et al., 2002). 

This study indicated that C3 overexpression had a negative impact on spatial cognitive ability 

in mice and reduced the phosphorylation of Ser9 of GSK-3β and β-catenin levels in the 

hippocampus. However, blocking GSK-3β significantly ameliorated the cognitive impairments 

caused by hsAQP4-IgG, highlighting the importance of GSK-3β/β-catenin pathway in 

cognitive impairments related to NMO. In summary, our research demonstrated the 

importance of C3/C3aR-GSK3β/β-catenin in regulating immune homeostasis in the central 

nervous system and adult-born hippocampal neuronal development through targeting the 

GSK3β/β-catenin signalling network. We proved a connection between the C3-C3aR pathway 

and GSK3β signalling, providing novel insights into targeting this pathway for potential 

therapeutic strategies in NMO. 
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MATERIALS AND METHODS 

Animals 

Each experiment utilized adult C57BL/6 mice aged 8-12 weeks, obtained from Vital River for 

each specific trial. The analysis of mouse behaviour took place at the Guangdong Institute for 

Monitoring Laboratory Animals. The mice were kept in an environment that was free of 

specific pathogens, maintained at a consistent temperature, and subjected to a 12-hour cycle 

of light and darkness. Every mouse in the cage had unrestricted access to food and water. 

The animals were randomly assigned to experimental groups. Before the completion of the 

experiment, the experimenter was blinded to the animal assignments. Procedures and 

feeding followed approved protocols from the Laboratory Animals Monitoring Institute and 

the animal experiment ethics committee of the Third Affiliated Hospital of Sun Yat-Sen 

University. 

Primary astrocyte culturing and treatments for the collection of ACM 

Primary astrocyte culture from mice was conducted following the methods outlined in the 

publications by Huang et al. in 2017(Huang et al., 2017) and 2019(Huang et al., 2019). Mouse 

pup brains aged P0-P1 were harvested briefly. Following the removal of the meninges, the 

brain underwent three washes in cold DMEM-F12 (C11330500BT, GIBCO) supplemented with 

10% FBS (ST30-3302, PANTM SERATECH) and 1% penicillin streptomycin (15140-122, GIBCO). 

The tissue was moved to a solution of 0.25% trypsin EDTA (25200072, GIBCO) and left to 

incubate at 37°C for 20 minutes, with periodic gentle shaking every 5 minutes. The 

trypsinization process was stopped by mixing in an equivalent amount of DMEM-F12 full 

medium. To obtain a single-cell suspension, the sample was filtered through a 40 μm nylon 

mesh to eliminate cell debris and clumps, then centrifuged at 1000g for 5 minutes. The last 

suspension of individual cells was mixed again in DMEM-F12 (C11330500BT, GIBCO) with 

10% FBS (ST30-3302, PANTM SERATECH), 1% NEAA (M7145, MACKLIN), 1 mM sodium 

pyruvate (S8636, Sigma), 1% glutamine (25030-081, GIBCO), and 1% penicillin streptomycin 

(15140-122, GIBCO) before being placed in T75 flasks (one mouse brain per T-75 flask, each 

with a total volume of 10 mL) for a period of 10 days. Incubation of the cells at 37°C with 5% 

CO2 allowed for adhesion to occur. The medium was changed every 3 days, allowing the 

mixed glial cells to reach full coverage. On the 10th day, gently wash the mixed glial cells in 

the T75 flask with PBS to remove floating cells. Then attach the T75 flask to a thermostatic 

shaker and shake for 16 hours (37°C, 250 rpm). Afterward, discard the medium containing 

suspended cells. Currently, at the bottom of the culture flask, there is a layer of intact 

astrocytes with some oligodendrocytes scattered on the surface. Astrocytes have a purity of 

95%, determined by analysing the expression of GFAP (1:1000, CST, 12389S) as a biomarker. 

To collect ACM, primary mouse astrocyte culture was treated with either hsCtrl-IgG or 

hsAQP4-IgG at 100 ng/mL for 24 hours. Then replace with complete astrocyte culture 

medium and continue to culture for 24 hours, collecting astrocyte condition medium (ACM). 

Cell fragments in the ACM were filtered out using a 0.22 μm nylon grid (BS-QT-037, 

Biosharp). Add 100 ng/mL of anti-C3 monoclonal antibody (V3S-0522-YC3020, Creative 

Biolabs) to the filtered ACM to remove C3 secreted by astrocytes, and then use the cleared 

ACM to culture primary neurons for 3 days. After 3 days, the cells were fixed and 

immunofluorescence staining was conducted to evaluate neuronal development. 

Isolation and transfection of primary neurons in mice 
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Hippocampal neurons from mice were separated and transfected according to the method 

described in reference (Tang and Guo, 2021). Primary hippocampal neurons were obtained 

from mouse pups on postnatal days 0 to 1 (P0-P1). P0 mice were decapitated, their 

hippocampal tissue extracted, and then placed in DMEM medium with 3% penicillin 

streptomycin. After centrifuging the tissue at 1000 revolutions per minute at room 

temperature for 2 minutes, the liquid above was removed, and 2 millilitres of 0.125% trypsin 

(25200-056, GIBCO) chilled on ice was poured onto the tissue block for digestion in a 37°C 

warmer for 15 minutes. The digestion process was stopped using N2A solution, which 

consisted of DMEM-F12 with 10% FBS and 1% penicillin streptomycin. The tissue block was 

drawn into a new 1 mL N2A medium and pipetted approximately 15 times. The suspension 

was allowed to settle for 1-2 minutes, and the sediment was transferred into another tube 

containing 1 mL of N2A medium and pipetted approximately 15 times. Combining the 

suspensions allows for the seeding of hippocampal neurons into 4-6 wells of a 24-well plate, 

each receiving an extra 500 μL of N2A culture medium. After 4 hours, the culture medium 

was changed to a specialized medium for neurons, which included 2% B-27 supplement 

(17504-044, GIBCO), 1% penicillin streptomycin, 1% glutamine, and Neurobasal (21103049, 

GIBCO). The neuron culture medium was replaced every other day. 

One hour before transfection, the original culture medium was discarded, and each well 

received 300 μL of neuron culture medium without penicillin streptomycin. In two tubes, 1 

microgram of plasmids and 1 μL of Lipofectamine 2000 (2477064, Invitrogen) were combined 

with 50 μL of Opti-MEM medium, then left at room temperature for 5 minutes. The two 

options were merged, thoroughly blended, and left to sit at room temperature for 20 

minutes. Each well received 100 microliters of the mixture and was then gently agitated. For 

the statistical analysis of dendritic morphology, transfections were carried out on the second 

day in vitro. Four hours post-transfection, the entire culture medium was replaced, and cells 

were fixed after 7 days. 

Obtaining IgG from humans and mice 

Autoantibodies targeting AQP4 (hsAQP4-IgG) were isolated from combined plasma samples 

of NMO patients positive for anti-AQP4 antibodies (hsAQP4-IgG) or from healthy individuals 

(hsCtrl-IgG) using protein A beads (71149800, GE Healthcare). After washing the beads with 

100 mM glycine HCl (pH 2.5), the elution was concentrated with an Amicon Ultra 15 

centrifugal filtration unit (100k, Millipore). Concentrated antibodies were assessed for purity 

through SDS-PAGE analysis and their concentration was determined with a Pierce BCA 

protein assay kit (23225, Thermo Fisher). 

ELISA analysis of C3, C3a, C3b levels 

Purified astrocytes were exposed to hsCtrl-IgG and hsAQP4-IgG at a concentration of 100 

ng/mL for 24 hours to induce secretion of C3 protein into the astrocyte-conditioned medium, 

followed by collection of the supernatant. C3 (Jiangsu Meimian Industrial Co., Ltd, MM-

44699M1), C3a (Jiangsu Meimian Industrial Co., Ltd, MM-0906H1) and C3b (Jiangsu Meimian 

Industrial Co., Ltd, MM-45658M2) levels were measured using a commercial ELISA kit. 

Western Blot  

For Western blot analysis, the cell sample was thoroughly mixed with cell lysis buffer (P0013, 

Beyotime) and simultaneously supplemented with 1% protease inhibitor (P1006, Beyotime) 

and phosphatase inhibitor (P1045, Beyotime). BCA Protein Assay Kit (P0012S, Beyotime) was 
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then used to determine the sample concentration, and samples were mixed with 5 X SDS-

PAGE sample loading buffers (P0015, Beyotime). The specimens were placed on 10% SDS-

PAGE gels and then moved to polyvinylidene fluoride (PVDF) membranes. Protein bands 

were visualized using a Tanon 5500 system. Band intensity was quantitatively evaluated using 

ImageJ software. Blots were obstructed with 5% milk in Tris-buffered saline with Tween-20 

and then exposed to rabbit anti-C3 (1:500, Thermo Fisher Scientific), mouse anti-C3aR 

(1:500, Santa Cruz Biotechnology), rabbit anti–GSK-3β (1:1000, Bioss), rabbit anti–p-GSK-3β 

(1:1000, CST), rabbit anti–β-catenin (1:1000, CST), and mouse anti–β-actin (1:1000, Huabio). 

Production of lentivirus and retroviruses  

The production of lentivirus and retrovirus was carried out according to the method 

described in a previous study(Tang and Guo, 2021). Cultured HEK293T cells in DMEM with 

10% FBS and 1% penicillin-streptomycin until they reached 70% confluence. Vectors for 

packaging and Opti-MEM reduced serum medium (2276989, Gibco) were mixed together in 

a 5 mL total volume and left at room temperature for 5 minutes. Simultaneously, 

polyethyleneimine (PEI, PR40001, Proteintech Group) was mixed with Opti-MEM in a total 

volume of 5 mL and incubated for 5 minutes. After combining these solutions, they were 

incubated at 37°C for 20 minutes before being co-transfected into HEK293T cells. For 

retrovirus production, packaging plasmids were replaced with CMV-GP and VSVG. Medium 

was changed 4–6 hours after either lentivirus or retrovirus infection. At 48, 72, and 96 hours 

after transfection, medium containing the virus was gathered, passed through a filter (BS-

250-XT, Biosharp), and then concentrated using ultracentrifugation (Beckman SW32 Ti) to 

reach concentrations ranging from 10^8 to 10^9. The virus was resuspended in 100 μL DPBS 

and stored at -80°C. 

BML284, TWS119 trifluoroacetate (SB290157, TFA) and PLX5622 administration  

BML-284 (HY-19987, MedChem Express, 4 mg/kg) is a potent, cell-permeable Wnt signalling 

activator that significantly induces the expression of β-catenin with an EC50 of 700 nM. The 

compound TWS119 (HY-10590, MedChem Express, 1 mg/kg) acts as a specific inhibitor of 

GSK-3β and has an effect on the WNT/β-Catenin signalling pathway as well. SB290157 

trifluoroacetate (HY-101502A, MedChem Express, 1 mg/kg) is a potent, selective C3a 

receptor antagonist with an IC50 of 200 nM. These compounds were administered via 

intraperitoneal injection (i.p.) every other day for 4 weeks. PLX5622 (1303420-67-8, KKL, 50 

mg/kg) is a highly selective brain penetrant and orally active CSF1R inhibitor (IC50=0.016 µM; 

Ki=5.9 nM). PLX5622 allows for extended and specific microglial elimination, preceding and 

during pathology development. PLX5622 demonstrates desirable PK properties in varies 

animals. 

Establishing NMOSD systemic mouse models 

Mice received subcutaneous injections of complete Freund's adjuvant (CFA) (Sigma-Aldrich) 

containing heat-killed H37Ra Mycobacterium tuberculosis (BD-DIFCO) (50 μg in 50 μL of CFA) 

seven days before retroviral and hsAQP4-IgG injection. The animals received i.p. injections 

(PTX, 200 ng in 0.2 mL of PBS, Enzo Life Science) 7 and 4 days prior to the hsAQP4-IgG 

transfer to disrupt the BBB, and systemic transfer of hsAQP4-IgG. 

Stereotactic injection of mouse hippocampus  

Stereotactic injection was carried out as described(Jiang et al., 2023). Inhalation anaesthesia 
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was used to anesthetize mice between 8 and 12 weeks old, which were then secured on a 

stereotactic frame (RWD Life Science, Shenzhen, China). An injection of 1 μL, containing 

either virus or IgG, was administered into the dentate gyrus of the hippocampus over a 

period of 2 minutes per 1 μL. Subsequent tests were performed, and brain samples were 

collected for immunofluorescent staining. The needle for infusion was accurately placed in 

the DG with the specified coordinates from Bregma: -2.0 mm anteroposterior; ± 1.7 mm 

lateral; -1.9 mm ventral. 

Adenovirus Gene and Adeno-associated virus transfer  

Adenoviral vector encoding the mouse C3 gene (Adv-C3) and negative control (Adv-GFP) was 

constructed, packaged, purified, and titrated at Genechem Co. Ltd. For adenovirus-mediated 

gene transfer, the overexpression efficiency of Adv-C3 was evaluated by Western-blot. To 

evaluate the effect of C3 on neuronal development, AAV-shC3 or AAV-shGFP was injected for 

behavioral testing, and the knockdown efficiency of AAV-shC3 was assessed using Western 

blotting. Adeno-associated virus purchased from Shandong Weizhen Biotechnology Co., Ltd, 

selection pAV-GfaABC1D-P2A-GFP astrocyte specific promoter GfaABC1D initiates target 

gene expression, target gene ATG is preceded by kozak sequence GCCAAC, target gene and 

GFP are expressed non fused through P2A. AAV2/9-CMV-EGFP and AAV2/9-CMV-CR2-Crry-

P2A-EGFP viruses were composed and purchased from Obio Technology (Shanghai, China). 

Mini-osmotic pump grafting  

A detailed procedure for hippocampal infusion via mini-osmotic pump was described in 

previously published methods (Jiang et al., 2023). Alzet mini-osmotic pumps of model 1002 

were put together following the guidelines provided by the manufacturer, with a flow rate of 

0.25 μL per hour for a duration of 14 days. Pumps containing either recombinant protein C3 

or hsAQP4-IgG were immersed in 0.9% normal saline and left to incubate at 37°C for 12-16 

hours. Next, they were placed at Bregma-relative coordinates of -2.0 mm anteroposterior; ± 

1.7 mm lateral; -1.9 mm ventral. 

Behaviour test  

Open Field Test (OFT)  

The mice were evaluated for their general movement and levels of anxiety using the open 

field test, following the method previously described (Wang and Cui et al., 2019). Mice from 

different experimental groups from the same position were placed in a square chamber 

(50×50×50 cm) for 10 minutes. The XinRuan software (XinRuan Information Technology Co., 

Shanghai, China) categorizes the mouse movement area into 9 sections, encompassing both 

central and outer areas. Record the average total travel distance and the average number of 

trips through the central area as indicators for evaluating mouse motor ability and anxiety 

behaviour. 

Morris Water Maze (MWM) Test  

The Morris Water Maze task was executed in accordance with the previously provided 

instructions(Vorhees and Williams, 2006). Briefly, the water maze is divided into four 

quadrants. Position a round platform measuring 10-12 cm in diameter approximately 1-2 cm 

beneath the surface of the water in the third section while keeping the water temperature at 

22℃. Throughout the training period, mice were placed randomly in the water maze starting 

from four different positions (NE, NW, SE, and SW); all mice in the experiment were trained 

Jo
ur

na
l P

re
-p

ro
of



four times daily for five consecutive days to locate the concealed platform in the third 

quadrant. During the last assessment, eliminate the platform and record the time it takes to 

escape in order to determine the number of times the platform is found and the number of 

times the platform quadrant is crossed in training sessions to assess short-term spatial 

memory. Each test was conducted daily at the same time. 

Reverse Morris Water Maze (RMWM) Test 

After the MWM test, the mice should rest for at least 48 hours according to the described 

protocol(Chen et al., 2021). Move the platform to the opposite quadrant in the Morris Water 

Maze and train all mice four times a day for 3 days prior to the final assessment. 

Novel Object Location (NOL) Test  

The NOL test was performed as follows(Barker and Warburton, 2011). Every mouse had the 

opportunity to roam freely for a duration of 10 minutes on the initial day. The next day, each 

mouse was relocated to the arena for 10 minutes; two identical objects A were placed 

diagonally. Two identical objects B replaced objects A on the third day for a 10-minute 

training session. Objects B were arranged in parallel and observed for 10 minutes on the 

fourth day. The updated position preference was indicated by the proportion of time 

dedicated to exploring the new site compared to the overall duration. The researchers 

conducting the study were unaware of the genetic makeup of the mice. 

Novel Object Recognition (NOR) Test  

The examination was carried out as previously described(Matsumoto et al., 2014). During 

the orientation session on the initial day, every mouse had the opportunity to investigate a 

pair of matching items for a duration of 10 minutes. The next day, each mouse was relocated 

to the enclosure for 1 minute and then placed back into the cage. At the same time, two 

identical items were positioned side by side in the area for a duration of 10 minutes (1 

mouse per item). On the third day, place two identical objects C into the space in parallel for 

10 minutes (1 mouse/time). On the fourth day, replace one object C with object D and record 

for 10 minutes. By utilizing two stopwatches to measure the time dedicated to investigating 

object C and object D, the updated position preference was determined by dividing the time 

spent exploring the unfamiliar object by the overall time. The researchers conducting the 

study were unaware of the genetic makeup of the mice. The object recognition index = 

Tnew/(Tfamiliar+Tnew), where Tfamiliar and Tnew represent the time spent with the familiar 

and new objects, respectively. 

Immunohistochemistry for confocal imaging of mouse hippocampal slices 

Immunofluorescence was conducted based on previously published protocols with certain 

modifications(Jiang et al., 2023). Animals were anesthetized by intraperitoneal injection of 

2% pentobarbital sodium. Gently open the mouse's chest cavity to reveal the heart, perfused 

with 30 mL ice-cold PBS, and then continue perfusion with 30 mL ice-cold 4% 

paraformaldehyde. After being immersed in 4% paraformaldehyde at 4℃ overnight, the 

brain was then placed in 30% sucrose for a minimum of 48 hours before being sliced into 40 

or 80 μm sections using a freezing microtome. After being incubated overnight at 4℃ with 

specific primary antibodies diluted in PBS with 2% BSA, the slices were then incubated again 

overnight at 4℃ with primary antibodies. After being washed four times in PBS, the slices 

were incubated with secondary antibodies at room temperature for 1-2 hours. Subsequently, 
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their cell nuclei were stained with DAPI (2261b, Sigma Aldrich). We utilized the following 

antibodies: chicken anti-MAP2 (1:1000, Abcam), rabbit anti-NeuN (1:500, Abcam), rat anti-

BrdU (1:1000, Abcam), rabbit anti-c-Fos (1:1000, CST), chicken anti-GFP (1:1000, Abcam), 

rabbit anti-RFP (1:500, MBL), mouse anti-DCX (1:200, Santa Cruz Biotechnology), and mouse 

anti-C3aR (1:200, Santa Cruz Biotechnology). Goat anti-chicken 488, goat anti-rabbit 488, 

goat anti-mouse 488, goat anti-rat 568, goat anti-rabbit 568, goat anti-mouse 568, and goat 

anti-rabbit 647 were the secondary antibodies employed in the study. All secondary 

antibodies were purchased from Invitrogen with a dilution ratio of 1:1000. The samples were 

observed and recorded with a Leica TCS SP8 laser confocal microscope that had four laser 

lines (405, 488, 568, and 647 nm) and objective lenses of 10×, 20×, 40×, and 63×. 

Clinical data collection   

We screened 90 patients with NMOSD participating in this retrospective study. Samples of 

serum and cerebrospinal fluid from individuals with NMOSD and from healthy participants 

were collected from two hospitals: The Third Affiliated Hospital of Sun Yat-sen University and 

The Second Affiliated Hospital of Guangzhou Medical University, with approval from all 

participants. Patients with NMOSD were identified based on the diagnostic criteria outlined 

in the 2015 International Panel for NMO Diagnosis (IPND). Neuropsychological evaluations 

and MRI images were obtained while the patients were in a stable clinical state, either 

recovering from an episode or free from relapse for a minimum of 3 months without any 

signs of symptomatic deterioration. The research was given the green light by the Ethics 

Committee at the Third Affiliated Hospital of Sun Yat-sen University, following the guidelines 

set forth in the Declaration of Helsinki. 

MRI acquisition and hippocampal subfield volume analysis  

A 3D fast spoiled gradient-echo sequence was used to scan all MRI data of the entire brain 

with a 3.0-T magnetic resonance system from Philips Medical System Ingenia scanner. The 

MRI data was obtained with a repetition interval of 7000 milliseconds, a flip angle of 90 

degrees, an echo delay of 125 milliseconds, an acquisition matrix size of 272×176, and a slice 

depth of 6 millimetres. Automated segmentation and measurement of hippocampal 

subfields were performed with FreeSurfer 7.1.1 software, accurately identifying subfields 

including parasubiculum, presubiculum, subiculum, CA1, CA2/3, CA4, granular cell layer of 

DG, hippocampus-amygdala transition area, fimbria, molecular layer, fissure, and 

hippocampal tail. 

Clinical screening  

Demographic and clinical data, such as age, gender, education, and disease duration, were 

documented for both NMOSD patients and healthy controls. The Hamilton Depression Rating 

Scale (HDRS) and Hamilton Anxiety Rating Scale (HARS) were utilized to evaluate levels of 

depression and anxiety. Scores above 8 on the HDRS suggested potential depression, while 

scores above 20 indicated depression. HARS scores above 7 suggested potential anxiety, 

while scores above 14 indicated the presence of anxiety. The Mini-Mental State Examination 

(MMSE) is commonly utilized for evaluating the cognitive status of individuals and detecting 

conditions like dementia. In addition to the SDMT, the BVMT-R is another test that is utilized 

for identifying cognitive deficits. The tests have proven to be very responsive, simple to 

administer, and rapidly indicate the mental condition and level of cognitive decline in the 

subjects. 
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Statistical analysis   

Prism 9.0 (GraphPad Software) was utilized to analyses the data. Values are presented as 

average ± SEM and statistical significance was defined as p < 0.05 (See each figure for 

details). The sample size was not pre-determined using statistical methods due to the 

unavailability of effect sizes prior to the experiments. Sample sizes can be found within figure 

legends. Pairwise comparisons were conducted using Student's t-test, while one-way or two-

way analysis of variance (ANOVA) was followed by Tukey’s post hoc test for sholl analysis or 

animal behavioural assays. Descriptive statistics were utilized to display demographic traits, 

while the correlation between neuropsychological assessments and C3 levels was analysed 

with the Pearson correlation coefficient. The importance was indicated by *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.  
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Figure legends 

 

 

Fig.1 The effects of astrocyte-secreted C3 on hippocampal function and neuronal 

development 

(A) Quantification of serum and CSF C3a levels in healthy controls (HCs) and NMO patients. 

HC-serum, n=50; NMO-serum, n=60; HC-CSF and NMO-CSF, n=30. 

(B-F) The correlation between C3a serum levels and neuropsychological assessments in NMO 

patients. C3a levels positively correlated with increased anxiety and depression-like 

symptoms assayed by HARS (B) and HDRS (C) tests, and negatively correlated with cognitive 

performance in learning and memory functions assayed by tests of MMSE (D), SDMT (E), and 

BVMT-R (F). 

(G) Schematic diagram for experiments to demonstrate the effect of C3 on primary neuronal 

development in vitro. The primary neurons were stimulated with recombinant C3 protein 

(100 ng/mL) or vehicle control of PBS for 3 days in the media and were then fixed and 

subjected to confocal analyses for neuronal development. 

(H) Representative images of cultured primary hippocampal neurons with or without C3 

treatment. MAP2 (green) marks the primary hippocampal neurons. Quantification of 

dendritic length (left bar graphs) and dendritic complexity (right broken-line graphs) of 

primary hippocampal neurons stimulated with PBS or C3 by Sholl analysis. n=30 neurons 

from 3 independent experiments. Scale bars, 50 µm. 

(I) Schematic diagram for experiments to test the effect of astrocyte-secreted C3 on primary 
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hippocampal neuronal development. The primary cultures of mouse astrocytes were first 

treated with hsCtrl-IgG or hsAQP4-IgG at 100 ng/mL for 24 hours. The astrocyte-conditioned 

media (ACM) were harvested and treated with vehicle control or neutralizing anti-C3 

antibodies (100 ng/mL) to eliminate the secreted C3 after removal of IgG contents. The 

cleared ACM were then supplemented with factors to constitute the growth media for 

primary hippocampal neurons. The mouse primary hippocampal neurons were cultured in 

ACM-based proliferation media for 3 days and, 3 days later, were fixed and immunostained 

for Sholl analyses of neuronal development. 

(J) ELISA measurements of the secreted C3, C3a and C3b levels in ACM harvested from 

primary cultures of mouse astrocytes treated with hsCtrl-IgG or hsAQP4-IgG. n=3 

experiments per group. 

(K) Representative images of primary hippocampal neurons in 4 conditions—grown in hsCtrl-

IgG-ACM or hsAQP4-IgG-ACM, Without (vehicle) or with C3 clearance (anti-C3)—

immunostained with neural markers of MAP2 (green). Scale bars, 50 µm. 

(L) Quantification of dendritic length (left bar graphs) and dendritic complexity (right broken-

line graphs) of primary hippocampal neurons in the indicated 4 groups by Sholl analysis. 

n=30 neurons from 3 independent experiments.  

Data in (A), (H), (J), and (L) were presented as the mean ± SEM; in (A), (H), and (J) statistical 

significance was evaluated with Student’s t-test for two-group comparisons; statistical 

analyses of results in (L) were computed with one-way ANOVA and Tukey’s post hoc multiple 

comparisons. For (H), dendritic complexity was evaluated with two-way ANOVA test; p< 

0.0001. For (L), dendritic complexity was evaluated with two-way ANOVA test; hsCtrl-IgG-

ACM+Vehicle vs. hsAQP4-IgG-ACM+Vehicle,p<0.0001; hsAQP4-IgG-ACM+Vehicle vs. hsAQP4-

IgG-ACM+Anti-C3, p < 0.001. For (B-F), by Pearson correlation coefficient. Nonsignificant 

comparisons were not identified. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Abbreviations: HC, healthy control; NMO, neuromyelitis optica; MMSE, Mini-Mental State 

Examination; SDMT, Symbol Digit Modalities Test; BVMT-R, Brief Visuospatial Memory Test 

Revised; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale. 
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Fig. 2 The effects of immune-mediated astroglia activation on hippocampal neuronal 

development and cognitive performance 

(A and B) Schematic diagram (A) and timeline (B) of the stereotaxic injection of retroviruses 

expressing RFP and hsCtrl-IgG or hsAQP4-IgG mixture. 

(C) Representative confocal imagesalysis of AQP4 expression enriched within the astrocytic 

end-feet along the micro vessels in the hippocampal regions from mouse brains injected with 

hsCtrl-IgG or hsAQP4-IgG. The quantification was performed by calculating percentage of 

AQP4 coverage (green) along the length of micro vessels labelled by the endothelial marker 

CD31 (red). n=3 animals per group. Scale bar, 100 µm. 

(D) Assessment of C3 expression in astrocytes induced by hsAQP4-IgG, quantified by the 

intensity of C3 fluorescence (green) that was colocalized with GFAP signals (red) and 

presented as the relative levels after setting the value of hsCtrl-IgG as 1.0. n=3 animals per 
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group. Scale bar, 50 µm. 

(E) Representative confocal images and quantification of the dendritic length and dendritic 

complexity of RFP+ newborn neurons in hsCtrl-IgG or hsAQP4-IgG treated adult mice 4 weeks 

after retrovirus injection. n=30 neurons per group from 6 mice. Scale bars, 50 µm. 

(F) Representative confocal images (left) and quantification of dendritic spine density (right) 

of retrovirally infected newborn neurons in mice injected with hsCtrl-IgG or hsAQP4-IgG. 

n=30 neurons per group from 6 mice. Scale bars, 50 µm. 

(G) Schematic diagram of assays for hippocampal newborn neurons (BrdU labeling) and 

cognitive performance with stereotactic injection of control (hsCtrl-IgG) or human anti-AQP4 

antibody (hsAQP4-IgG). The IgG-injected mice were given 5-bromo-2'-deoxyuridine (BrdU) 

i.p. at 50 mg/kg for 4 consecutive days starting from one week before stereotactic injections. 

(H) Representative confocal images (upper panel) of BrdU+NeuN+c-Fos+ cells in the DG of 

mice, and quantification (lower panel) of the number of BrdU+ cells, BrdU+NeuN+c-Fos+ cells 

in the DG of mice injected with hsCtrl-IgG or hsAQP4-IgG. n=5 mice per group. Scale bars, 20 

µm. 

(I) Representative movement paths of the mice receiving hsCtrl-IgG or hsAQP4-IgG 

stereotactic injections in the standard MWM task. Quantification of the escape latencies to 

find the platform and the platform quadrant crossing numbers during the training sessions in 

the MWM task for both tested groups. n=9 animals per group. 

(J) Representative reverse RMWM movement paths of the indicated groups. Quantification 

of RMWM escape latencies to find the platform and platform crossing numbers. n=9 animals 

per group. 

(K) Timeline of the experiments for mini-pump infusion of hsCtrl-IgG or hsAQP4- IgG and 

analyses of RFP+ newborn neurons. 

(L) Representative images of RFP+ newborn neurons in hsCtrl-IgG mini-pump or hsAQP4-IgG 

mini-pump treated mice 1 week after retrovirus injection. Quantification of the dendritic 

length and dendritic complexity of the indicated groups by Sholl analysis. Scale bars, 50 µm. 

n=30 neurons from 6 mice. 

(M) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in mice with mini-pump infusion of hsCtrl-IgG or 

hsAQP4-IgG. Scale bar, 50 µm. n=30 neurons from 6 mice. 

All the bar graphs were presented as the mean ± SEM. For data in (C-F), (H-J), (L) and (M) the 

statistical significance was evaluated with Student's t-test for two-group comparisons. For (E) 

and (L), dendritic complexity was evaluated with two-way ANOVA test. For (E), p < 0.0001. 

For (L), p < 0.0001. For (I) and (J), significance was evaluated with two-way ANOVA and Tukey 

’s multiple-comparisons test. For (I), p < 0.001. For (J), p < 0.01. Nonsignificant comparisons 

were not identified. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Abbreviations: OFT, Open Field Test; MWM, Morris Water Maze; RMWM, Reversal Morris 

Water Maze; NOL, Novel Object Location; NOR, Novel Object Recognition. 
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Fig. 3 The effects of C3 overexpression on hippocampal neuronal development and cognitive 

performance 

(A) Timeline of the experiments to assay the development of hippocampal RFP+ 

newborn neurons. 8-week-old wild-type mice received a stereotaxic injection of retroviruses 

and, one week later, received a mini-pump infusion of recombinant C3 protein or PBS into 

the hippocampal regions on both sides, with a total of 1 µg in 100 µL PBS on each side and at 

the rate of 0.25 µL per hour for 2 weeks. 

(B) Representative confocal images and quantification of the dendritic length and dendritic 

complexity of RFP+ newborn neurons in PBS or C3 mini-pump treated adult mice 1 week after 

retrovirus injection. Scale bars, 50 µm. n=30 neurons from 6 mice. 

(C) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in mice injected with PBS or C3 mini-pump. Scale 

bar, 5 µm. n=30 neurons from 6 mice. 

(D) Schematic diagram of the Adv-viral vectors for control (Adv-GFP) or C3 expression (Adv-
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C3), with EGFP co-expression. 

(E) Schematic diagram and timeline of the experiments for dual-virus (Retro-RFP and Adv-C3) 

injection and assays for cognitive performance in 8-week-old wild-type mice. 

(F) C3 expression by immunoblotting of hippocampal lysates from control or C3-

overexpressing mice. n=3 biological replicates per group. 

(G) Representative confocal imaging and quantification of dendritic length and complexity of 

RFP+ newborn neurons in adult mice receiving stereotactic injection of dual viruses (Retro-

RFP and Adv-C3). Scale bars, 50 µm. n=30 neurons from 6 mice. 

(H) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in mice injected with dual viruses. Scale bar, 5 µm. 

n=30 neurons from 6 mice. 

(I) Mice stereotaxically injected with dual viruses (Retro-RFP and Adv-C3) underwent the 

standardized open field test before the Morris water maze (Fig. 3I) to evaluate their overall 

locomotor activities and low curiosity-like behaviours, with their representative movement 

paths and quantification of the open field test results by measuring the average total 

distance travelled and the average crossing numbers through the centre area shown here. 

n=10 animals per group. 

(J) Representative movement paths of the mice receiving dual-virus (Retro-RFP and Adv-C3) 

stereotaxic injections in the standard Morris water maze (MWM) task. Quantification of the 

escape latencies to find the platform and the platform quadrant crossing numbers during the 

training sessions in the MWM task for both tested groups. n=10 animals per group. 

(K) Representative reverse Morris water maze (RMWM) movement paths of the indicated 

groups. Quantification of RMWM escape latencies to find the platform and platform crossing 

numbers. n=10 animals per group. 

Bar graphs are presented as means ± SEM; (B), (C), (F), (G) to (K), by Student's t-test. (B) and 

(G), dendritic complexity was evaluated with two-way ANOVA test. For (B), p < 0.0001. For 

(G), p < 0.0001. (J and K), by two-way ANOVA with Tukey’s multiple comparisons. For (J), p < 

0.01. For (K), P < 0.01. *P < 0.05, **P < 0.01, ***P < 0.001.  
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Fig. 4 The effect of C3 knockdown on hippocampal neuronal development and cognitive 

performance 

(A) AAV-viral vectors to express three shRNAs for C3 knockdown (AAV-shC3_1, AAV-shC3_2) 

and a control shRNA (AAV-shNC). 

(B) shRNA-mediated C3 knockdown efficiency. n=3 biological replicates per group. 

(C) Schematic diagram and timeline of the experiments for dual-virus (AAV-shRNA and Retro-

RFP) and hsAQP4-IgG mixture injection and analyses of RFP+ newborn neurons. 

(D) Representative confocal imaging and quantification of RFP+ newborn neurons in adult 

mice receiving stereotactic injection of dual viruses (Retro-RFP and AAV-shRNA) and hsAQP4-

IgG. Scale bars, 100 µm. n=10 hippocampal slices fron 10 mice. 

(E) Representative confocal imaging and quantification of dendritic length and complexity of 

RFP+ newborn neurons in adult mice receiving stereotactic injection of dual viruses (Retro-
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RFP and AAV-shRNA) and hsAQP4-IgG. Scale bars, 50 µm. n=30 neurons from 10 mice. 

(F) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in mice injected with dual viruses. Scale bar, 5 µm. 

n=30 neurons from 10 mice. 

(G) The open field test (OFT) was performed before the MWM experiments to assess general 

locomotor activities and low curiosity-like behaviours. Representative movement paths and 

quantification of the open field test results are shown, measuring the average total distance 

travelled and the average crossing numbers through the centre area for the following groups: 

hsCtrl-IgG+AAV-shNC, hsAQP4-IgG+AAV-shNC, and hsAQP4-IgG+AAV-shC3_2. n=10 animals 

per group. 

(H) Representative movement paths of the mice receiving mixed stereotactic injections in the 

standard Morris water maze (MWM) task. Quantification of the escape latencies to find the 

platform and the platform quadrant crossing numbers during the training sessions in the 

MWM task for the indicated groups. n=10 animals per group. 

(I) Representative reverse Morris water maze (RMWM) movement paths of the indicated 

groups. Quantification of RMWM escape latencies to find the platform and platform crossing 

numbers. n=10 animals per group. 

All quantitative data are presented as the mean ± SEM; For data in (D), the statistical 

significance was evaluated with Student's t-test for two-group comparisons; statistical 

analyses for results in (B), (E-I) were computed with one-way ANOVA and Tukey’s post hoc 

multiple comparisons. For (E), dendritic complexity was evaluated with two-way ANOVA test. 

hsCtrl-IgG+AAV-shNC vs. hsAQP4-IgG+AAV-shNC, p < 0.0001; hsAQP4-IgG+AAV-shNC vs. 

hsAQP4-IgG+AAV-shC3_2, p < 0.0001. For (H) and (I), significance was evaluated with two-

way ANOVA and Tukey’s multiple-comparisons test. For (H), hsCtrl-IgG+AAV-shNC vs. 

hsAQP4-IgG+AAV-shNC, p < 0.0001; hsAQP4-IgG+AAV-shNC vs. hsAQP4-IgG+AAV-shC3_2, p < 

0.001. For (I), hsCtrl-IgG+AAV-shNC vs. hsAQP4-IgG+AAV-shNC, p < 0.0001; hsAQP4-IgG+AAV-

shNC vs. hsAQP4-IgG+AAV-shC3_2, p < 0.001. Nonsignificant comparisons were not 

identified. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  
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Fig. 5 The C3aR blockade effect on hippocampal neuronal development and cognitive 

performance affected by C3 or hsAQP4-IgG 

(A) Summary of C3 receptors and downstream signalling pathways. 

(B) Expression of C3aR receptor in immature (DCX+) neurons in adult hippocampus. Scale 

bars, 10 μm. 

(C) C3aR expression in cultured hippocampal primary neurons (MAP2+). Scale bars, 50 µm. 

(D) C3aR knockdown effect on GSK-3β/β-catenin pathway activation by C3 (100 ng/mL, 2-

hour treatment). n=3 biological replicates per group. 

(E) C3aR knockdown effect on primary hippocampal neuron development in shRNA-

expressing cultures, with or without C3 for 3 days. Quantification of dendritic length (upper 
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panel) and dendritic complexity (lower panel) of primary hippocampal neurons in the 

indicated 6 groups by Sholl analysis. n=30 neurons from 3 independent experiments. Scale 

bars, 50 µm. 

(F and G) Schematic diagram and timeline of the experiments for dual virus (Retro- shRNA 

and Retro-RFP) and C3 minipump injection. 

(H) Representative confocal images and quantification of the dendritic length and dendritic 

complexity of RFP+ newborn neurons treated with C3 minipump 2 weeks after retrovirus and 

shNC or shC3aR_2 injection. Scale bars, 50 μm. n=30 neurons from 6 mice. 

(I) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in the indicated groups. Scale bar, 5 μm. n=30 

neurons from 6 mice. 

(J) Schematic diagram of in vivo assays for C3aR inhibitor trifluoroacetate (TFA, 1 mg/kg) 

efficacy to rescue hippocampal neuron development affected by hsAQP4-IgG–induced C3 

signalling. 

(K) Quantification of dendritic length and complexity of RFP+ newborn neurons in adult mice 

receiving stereotactic injection of RV and hsAQP4-IgG and i.p. injection of trifluoroacetate 

(TFA, 1 mg/kg). Scale bars, 50 μm. n=30 neurons from 6 mice. 

(L) Quantification of dendritic spine density of retrovirally infected newborn neurons in the 

indicated groups. n=30 neurons from 6 mice. 

(M) Quantification of the escape latencies to find the platform and the platform quadrant 

crossing numbers during the training sessions in the MWM task for the indicated groups. n=6 

animals per group. 

(N) Quantification of RMWM escape latencies to find the platform and platform crossing 

numbers. n=6 animals per group. 

All quantitative data are presented as the mean ± SEM; statistical analyses for results in (D), 

(E), (H), (I), and (K-N) were computed with one-way ANOVA and Tukey's post hoc multiple 

comparisons. For (E), (H) and (K), dendritic complexity was evaluated with two-way ANOVA 

test. For (E), shNC+PBS vs. shNC+C3, p < 0.0001; shNC+C3 vs. shC3aR_ 1+C3, p < 0.0001; 

shNC+C3 vs. shC3aR_2+C3, p < 0.001. For (H), shNC+PBS vs. shNC+C3, p < 0.0001; shNC+C3 

vs. shC3aR_2+C3, p<0.0001. For (K), hsCtrl-IgG+Vehicle vs. hsAQP4-IgG+Vehicle, p < 0.0001; 

hsAQP4- IgG+Vehicle vs. hsAQP4-IgG+TFA, p < 0.0001. For (M) and (N), significance was 

evaluated with two-way ANOVA and Tukey's multiple-comparisons test. For (M), hsCtrl-

IgG+Vehicle vs. hsAQP4-IgG+Vehicle, p < 0.001; hsAQP4-IgG+Vehicle vs. hsAQP4-IgG+TFA, p < 

0.01. For (N), hsCtrl-IgG+Vehicle vs. hsAQP4-IgG+Vehicle, p < 0.05; hsAQP4-IgG+Vehicle vs. 

hsAQP4-IgG+TFA, p < 0.05. Nonsignificant comparisons were not identified. *p < 0.05; **p < 

0.01; ***p < 0.001; ****p < 0.0001.  
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Fig. 6 The effects of AAV2/9.CR2-Crry gene therapy on neuronal development and 

behavioural performances 

(A) Schematic diagram of AAV2/9.CR2-Crry construct and timeline of stereotaxic injection of 

Retro-RFP, hsAQP4-IgG, and AAV2/9.CR2-Crry. 

(B) Representative confocal images and quantification of the dendritic length and dendritic 

complexity of RFP+ newborn neurons in the indicated groups. Scale bars, 50 µm. n=30 

neurons from 6 mice. 

(C) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in the indicated groups. Scale bar, 5 µm. n=30 

neurons from 6 mice. 

(D) Representative movement paths of the mice receiving stereotaxic injections of Retro-RFP, 

hsAQP4-IgG, and AAV2/9.CR2-Crry in the standard MWM task. Quantification of the escape 

latencies to find the platform and the platform quadrant crossing numbers during the 

training sessions in the MWM task for the indicated groups. n=6 animals per group. 

(E) Representative RMWM movement paths of the indicated groups. Quantification of 
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RMWM escape latencies to find the platform and platform crossing numbers. n=6 animals 

per group. 

All quantitative data are presented as the mean ± SEM; statistical analyses for results in (B) to 

(E) were computed with one-way ANOVA and Tukey’s post hoc multiple comparisons. For 

data in (B), dendritic complexity was evaluated with two-way ANOVA test; hsCtrl-

IgG+AAV2/9. GFP vs. hsAQP4-IgG+AAV2/9.GFP, p < 0.0001; hsAQP4-IgG+AAV2/9.GFP vs. 

hsAQP4-IgG+AAV2/9.CR2-Crry, p < 0.0001. For data in (D) and (E), significance was evaluated 

with two-way ANOVA and Tukey’s multiple-comparisons test. For (D), hsCtrl-IgG+AAV2/9.GFP 

vs. hsAQP4-IgG+AAV2/9.GFP, p < 0.05; hsAQP4-IgG+AAV2/9.GFP vs. hsAQP4-

IgG+AAV2/9.CR2-Crry, p < 0.05. For (E), hsCtrl-IgG+AAV2/9.GFP vs. hsAQP4-IgG+AAV2/9.GFP, 

p < 0.01; hsAQP4-IgG+AAV2/9.GFP vs. hsAQP4-IgG+AAV2/9.CR2-Crry, p < 0.05. Nonsignificant 

comparisons were not identified. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  
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Fig. 7 The effects of regulation of GSK3β/β-Catenin signalling on hippocampal neuronal 

development and cognitive performance 

(A) Timeline for assays of hippocampal neuron development in RV-RFP and hsAQP4- IgG–

injected mice, receiving a potent GSK-3β inhibitor, TWS119 (30 mg/kg), and an agonistic β-

catenin inhibitor, BML284 (4 mg/kg), intraperitoneally daily for 4 weeks. 

(B) Representative confocal images and quantification of the dendritic length and dendritic 

complexity of RFP+ newborn neurons in the indicated groups. Scale bars, 50 µm. n=30 

neurons from 6 mice. 

(C) Representative confocal images (left) and quantification (right) of dendritic spine density 

of retrovirally infected newborn neurons in the indicated groups. Scale bar, 5 µm. n=30 

neurons from 6 mice. 
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(D) Representative movement paths of the mice in the MWM task. Quantification of the 

escape latencies to find the platform and the platform quadrant crossing numbers during the 

training sessions in the MWM task for the indicated groups. n=6 animals per group. 

(E) Representative RMWM movement paths of the indicated groups. Quantification of 

RMWM escape latencies to find the platform and platform crossing numbers. n=6 animals 

per group. 

(F) Model of AQP4-IgG-treated astrocytes inhibiting newborn neuron development through 

secretion of C3 into the neurogenic niche in the adult hippocampus. 

All quantitative data are presented as the mean ± SEM; for data in (B) to (E), statistical 

significance was evaluated with one-way ANOVA and Tukey’s post hoc multiple comparisons. 

For data in (B), dendritic complexity was evaluated with two-way ANOVA test; hsCtrl-

IgG+Vehicle vs. hsAQP4-IgG+Vehicle, p< 0.0001; hsAQP4-IgG+Vehicle vs. hsAQP4-

IgG+TWS119, p<0.01; hsAQP4-IgG+Vehicle vs. hsAQP4-IgG+BML284, p<0.001. For (D) and 

(E), significance was evaluated with two-way ANOVA and Tukey’s multiple-comparisons test. 

For (D), hsCtrl-IgG+Vehicle vs. hsAQP4-IgG+Vehicle, p < 0.01; hsAQP4-IgG+Vehicle vs. 

hsAQP4- IgG+TWS119, p < 0.05; hsAQP4-IgG+Vehicle vs. hsAQP4-IgG+BML284, p < 0.05. For 

(E), hsCtrl-IgG+Vehicle vs. hsAQP4-IgG+Vehicle, p < 0.001; hsAQP4-IgG+Vehicle vs. hsAQP4-

IgG+TWS119, p < 0.01; hsAQP4-IgG+Vehicle vs. hsAQP4-IgG+BML284, p < 0.01. 

Nonsignificant comparisons were not identified. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001.  
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Highlights:  

⚫ Astrocyte-secreted C3 impairs hippocampal neuronal development 

⚫ Knockdown of C3 in astrocyte improves neuronal development deficits and cognition 

⚫ C3 engages with C3aR to inhibits neuronal development  
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⚫ Reactivation of β-catenin signaling ameliorates neuronal development and cognition  
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