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Abstract 

Prominent microgliosis was reported as a common feature in autopsied brain samples of 

patients with NMDA receptor encephalitis (NMDARE). Pathogenic autoantibodies from 

patient cerebrospinal fluid (CSF) have been shown to cause cross-linking and internali-

zation of bound NMDARs via their Fc region leading to disease phenotypes. However, 

the link between the presence of receptor-bound autoantibodies and microglia activation 

remains largely unexplored. To study this, we developed an in-vitro co-culture model with 

mouse primary hippocampal neurons, astrocytes, and microglia.  We used this co-culture 

system together with fluorescence imaging, electron microscopy, and molecular biology 

techniques to show that NMDARs with bound patient-derived monoclonal autoantibodies 

against its NR1 subunit (hNR1-mAb) caused a specific removal of NMDAR and hNR1-

mAb complexes by microglia. Microglia-mediated specific removal of autoantibody-bound 

neuronal receptors was also observed for either patient-derived monoclonal autoantibody 

against GABAA receptors (α1-GABAA-mAb) alone or in combination with hNR1-

mAb. Furthermore, we found that engagement of microglia by hNR1-mAb bound to 

NMDARs also led to microglial activation and secretion of pro-inflammatory cytokines IL6 

and TNFα. Microglia activation by hNR1-mAb bound to NMDARs also resulted in a de-

crease in synapse number with a specific removal of post-synaptic proteins like PSD95 

and Homer 1 by microglia. We also introduced mutations in the Fc region of hNR1-mAb 

that blocks its interaction with Fc gamma receptor (FcγR) and complement proteins. Mu-

tant hNR1-mAbs prevented the removal of hNR1-mAb-bound NMDARs and synapses by 

microglia. Hence, we report a direct role of microglia-mediated innate immune response 

to the presence of hNR1-mAb which could further trigger infiltration and maturation of 

adaptive immune cells like B-cells and T-cells via secretion of inflammatory cytokines like 

IL6 worsening disease pathology in patients with NMDARE. Taken together, this study 

highlights that receptor removal and inflammation caused by microglia in the presence of 

patient-derived autoantibodies might be a common mechanism across different autoim-

mune encephalitis providing a promising target for developing future therapeutics. 
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Zusammenfassung 

Eine ausgeprägte Mikrogliose wurde als gemeinsames Merkmal in autopsierten Gehirn-

proben von Patienten mit NMDA-Rezeptor-Enzephalitis (NMDARE) festgestellt. Es hat 

sich gezeigt, dass pathogene Autoantikörper aus der Liquorflüssigkeit (CSF) von Patien-

ten eine Vernetzung und Internalisierung von gebundenen NMDARs über deren Fc-Re-

gion verursachen, was zu den Krankheitsphänotypen führt. Der Zusammenhang zwi-

schen dem Vorhandensein von rezeptorgebundenen Autoantikörpern und der Aktivierung 

der Mikroglia ist jedoch noch weitgehend unerforscht. Um dies zu untersuchen, haben 

wir ein In-vitro-Kokulturmodell mit primären Hippocampus-Neuronen, Astrozyten und 

Mikroglia der Maus entwickelt. Mit Hilfe dieses Co-Kultursystems, Fluoreszenzbildge-

bung, Elektronenmikroskopie und molekularbiologischen Techniken konnten wir zeigen, 

dass NMDARs mit gebundenen monoklonalen Autoantikörpern gegen die NR1-Unterein-

heit (hNR1-mAb) von Patienten eine spezifische Entfernung von NMDAR- und hNR1-

mAb-Komplexen durch Mikroglia bewirken. Die Mikroglia-vermittelte spezifische Entfer-

nung von Autoantikörper-gebundenen neuronalen Rezeptoren wurde auch für einen vom 

Patienten stammenden monoklonalen Autoantikörper gegen GABAA-Rezeptoren (α1-

GABAA-mAb) allein oder in Kombination mit hNR1-mAb beobachtet. Darüber hinaus 

stellten wir fest, dass die Aktivierung von Mikroglia durch an NMDARs gebundenes 

hNR1-mAb auch zu mikroglialer Aktivität und Sekretion der pro-inflammatorischen Zyto-

kine IL6 und TNFα führte. Die Aktivierung der Mikroglia durch an NMDARs gebundenes 

hNR1-mAb führte auch zu einer Abnahme der Synapsenanzahl mit einer spezifischen 

Entfernung von postsynaptischen Proteinen wie PSD95 und Homer 1 durch die Mikroglia. 

Wir führten auch Mutationen in der Fc-Region von hNR1-mAb ein, die seine Interaktion 

mit dem Fc-Gamma-Rezeptor (FcγR) und Komplementproteinen blockiert. Mutierte 

hNR1-mAbs verhinderten die Entfernung von hNR1-mAb-gebundenen NMDARs und Sy-

napsen durch Mikroglia. Daher weisen wir auf eine direkte Rolle der Mikroglia-vermittel-

ten angeborenen Immunantwort auf die Anwesenheit von hNR1-mAb hin, die die Infiltra-

tion und Reifung von adaptiven Immunzellen wie B- und T-Zellen über die Sekretion von 

Entzündungszytokinen wie IL6 auslösen könnte, was die Krankheitspathologie bei Pati-

enten mit NMDARE verschlimmert. Insgesamt unterstreicht diese Studie, dass die Ent-

fernung von Rezeptoren und die durch Mikroglia verursachte Entzündung in Gegenwart 

von Autoantikörpern des Patienten ein gemeinsamer Mechanismus bei verschiedenen 
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Autoimmunenzephalitiden sein könnte, der ein vielversprechendes Ziel für die Entwick-

lung künftiger Therapeutika darstellt. 
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1 Introduction 

1.1 Microglia in health and diseases 

Microglia are specialized macrophages originating from the fetal yolk sac and taking res-

idence in the brain during the early stages of development (Saijo & Glass, 2011). They 

perform several vital functions including complement-dependent pruning of unwanted 

synapses during development (Paolicelli et al., 2011; Schafer et al., 2012; Stevens et al., 

2007), maintaining synaptic plasticity (Monje, Toda, & Palmer, 2003; Sierra et al., 2010) 

and regulation of neuronal activity together with astrocytes via their close interactions with 

synapses (Ben Achour & Pascual, 2010; Tremblay et al., 2011). They also play an es-

sential role in controlling inflammation by secretion of pro and anti-inflammatory cytokines 

like IL6, TNFα, and IL-1β (Smith, Das, Ray, & Banik, 2012) and IL-10, and IL-4 (Pozzo et 

al., 2019) respectively. In addition to their functions during development and in homeo-

stasis, microglia-mediated phagocytosis and secretion of pro-inflammatory cytokines 

have also been implicated in different disorders of the central nervous system (CNS). For 

example, complement-tagged removal of synapses by microglia has been shown to be 

activated in pre-plaque brains of mouse models of Alzheimer’s disease (AD) (Hong et al., 

2016). Microglial NLRP3 inflammasome pathway and subsequent IL-1β secretion was 

found to be upregulated both in patients and mouse models of various neurodegenerative 

diseases like AD (Heneka et al., 2013), Parkinson’s Disease (PD) (Pike et al., 2022), and 

Multiple Sclerosis (MS) (Malhotra et al., 2020). Activation of microglia and microgliosis 

has also been reported in biopsied brain of patients with MS (Kamma, Lasisi, Libner, Ng, 

& Plemel, 2022; Locatelli et al., 2018) as well as antibody-mediated anti-NMDA receptor 

encephalitis (NMDARE) (Dalmau et al., 2007; Tüzün et al., 2009). 

1.2 NMDA receptor Encephalitis  

Autoantibody-mediated autoimmune encephalitis of the CNS are disorders wherein pa-

tients develop pathogenic autoantibodies against different synaptic and/or extra-synaptic 

receptors. In NMDARE, pathogenic autoantibodies arise against different subunits of the 

NMDA receptor (NMDAR) most commonly against its NR1 subunit (Dalmau et al., 2007; 

Kreye et al., 2016). Anti-NR1 autoantibodies were reported to cause crosslinking of bound 

NMDARs via its Fc region, ultimately driving the internalization of the bound NMDARs 
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from the surface of neurons and reduced NMDAR signalling (Hughes et al., 2010; 

Moscato et al., 2014). Such an internalization was not observed when NMDARs were 

bound with Fab fragments of anti-NR1 autoantibody, lacking its Fc region (Moscato et al., 

2014). This internalization driven loss of NMDARs has been shown to cause reduction in 

NMDA and calcium currents (Andrzejak et al., 2022; Kreye et al., 2016), disruption of 

long-term potentiation (LTP) (Jézéquel et al., 2017; Moscato et al., 2014) and changes in 

excitatory-inhibitory balance (Andrzejak et al., 2022) that could contribute to pathogenic 

outcomes. 

 

1.3 Activation of immune responses by Fc region of bound autoantibodies 
 

The Fc region of bound autoantibodies has also been shown to trigger a downstream 

activation of immune response. For example, anti-Aquaporin-4 (AQP4) autoantibodies, 

implicated in Neuromyelitis Optica (NMO), were observed to provide a scaffold for com-

plement deposition ultimately leading to cell death (Soltys et al., 2019). Patient derived 

anti-AQP4 autoantibody also led to a decrease in AQP4 receptors from astrocytes via 

internalization of bound receptors, which was found to be dependent on the interaction 

between the Fc region of autoantibody and astrocytic Fc receptors (Hinson, Clift, Luo, 

Kryzer, & Lennon, 2017).Interestingly, anti-Tau antibodies, designed to prevent cell to cell 

spread of Tau aggregates in AD, were reported to engage microglia by their Fc region, 

triggering microglial phagocytosis of Tau while secreting pro-inflammatory cytokines, det-

rimental to neuronal health (S. H. Lee et al., 2016). Maternal transfer of anti-NMDAR 

autoantibodies to foetuses led to long-term behavioural deficits, reduction in synapse 

number and microglial activation in brains of progenies (García-Serra et al., 2021). Similar 

results were also seen in gestational transfer models of anti-Contactin-associated protein-

like 2 (CASPR2) antibodies, wherein prolonged activation of microglia along with synapse 

loss was reported in brains of mouse after birth (Coutinho et al., 2017). Together these 

studies illustrate a potential fundamental role for microglia in the pathology and response 

of the immune system that could contribute to the etiology of a number of neurological 

diseases. 
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1.4 Aim of the study   
 

These studies along with observed microgliosis in post-mortem brain sections of patients 

with NMDARE (Bien et al., 2012; Dalmau et al., 2008) makes it imperative to study the 

role of microglia in pathophysiology of NMDARE and related diseases.  To understand 

this, several questions need to be answered - Is the presence of bound NMDAR autoan-

tibodies and microglia activation causally linked? Do bound anti-NMDAR autoantibodies 

engage microglia and what are the downstream effects?  Is such an engagement Fc re-

gion driven and can it be dampened?  

This thesis explores these concepts, by utilising patient derived monoclonal autoantibody 

against the NR1 subunit of NMDARs (hNR1-mAb) as well as GABAARs autoantibodies 

(α1-GABAAR-mAb) in a co-culture assay of primary microglia and hippocampal neurons. 

Our results show that bound hNR1-mAb triggers microglia engagement leading to re-

moval of NMDAR/hNR1-mAb complexes and post-synaptic proteins like PSD95 and 

Homer1 by microglia along with an increase in secretion of pro-inflammatory cytokines 

like IL6 and TNFα. This removal was found to be Fc region dependent as mutations within 

the Fc region of hNR1-mAb, blocking its interaction with microglia, via either preventing 

complement deposition or direct Fc receptor interaction, prevented such a loss of 

NMDARs. Furthermore, we saw similar decrease in GABAA receptors (GABAARs) in the 

presence of patient derived autoantibody against the α1 subunit of GABAARs (α1-

GABAAR-mAb) on addition of microglia. Interestingly, such a decrease was found to be 

specific to the autoantibody tagged receptors as no changes were observed in the num-

ber of NMDARs when neurons bound with α1-GABAAR-mAb were co-cultured with mi-

croglia and vice-versa.  Taken together, this study argues for a prominent role of microglia 

in the removal of autoantibody-bound neuronal receptors like NMDARs and GABAARs, 

which could dramatically contribute to adverse disease outcomes in patients with autoim-

mune encephalitis. 
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2 Methods 

All methods have been described in detail in the material and method section of the pub-

lished manuscript (Rahman et al., 2023). This section only contains the methodology of 

unpublished data. 

 

Cytokine measurement by Luminex Multiplex ELISA  

Supernatants from co-culture experiments after 1, 3 and 6 hr were collected before fixing 

the cells with 4% PFA. The supernatants were stored in ice followed by centrifugation at 

2000 rpm for 10 minutes (min) at 4°C. The cleared supernatants were transferred to fresh 

tubes, snap frozen in liquid nitrogen and stored at -83°C until cytokine measurements. 

The amounts of different cytokines like TNFα, IL6, IL1β, IL4 and IL10, were measured 

using a custom-made multiplex ELISA kit (ProcartaPlexTM Multiplex Immunoassay, Invi-

trogen, ThermoFischer) using the manufacturer’s protocol. Briefly, 12.5 μl of magnetic 

beads mixture, provided in the kit, was added to each well (384 well plate) and washed 

twice with 1x wash buffer (provided in the kit) for 1 min. Note, washing of the magnetic 

beads were done by placing the plates on top of a magnetic plate to prevent the beads 

from being washed off. Immediately after the last washing step, 12.5 μl of cell culture 

supernatant from different experimental conditions, were added to the wells containing 

beads, preventing the beads from drying. The plates were then shaken at 1700 rpm for 

30 min followed by incubation at 4°C overnight without agitation. Following the incubation, 

each plate was returned to a magnetic plate and washed twice with wash buffer. 6.25 μl 

per well of detection antibody mix was then added to each sample followed by an incu-

bation at room temperature with shaking at 1700 rpm for 30 min. The plates were then 

centrifuged quickly (short spin, 900 rpm) to settle down the beads and then placed back 

on the magnetic plate and washed twice with wash buffer. 12.5 μl Streptavidin-Phyco-

erythrin (PE) solution was then added to each well, followed by another 30 min incubation 

with 1700 rpm shaking at room temperature. The plates were centrifuged quickly again 

(900 rpm) and washed twice on the magnetic plate. 40 μl of reading buffer was then added 

to the wells followed by shaking at 1700 rpm at room temperature for 5 mins. The samples 

were then transferred to 96 well plate and 60 μl more of the reading buffer was added per 

well to make final volume of 100 μl. The plates were then shaken gently at 500 rpm until 
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measurement. The cytokine levels were measured using Biorad Luminex setup ensuring 

that the bead count in each well was 50 and above. The measurements were performed 

in triplicates and plotted as a percentage above cytokine level in just cell culture medium 

i.e., Neurobasal-A medium (NBA).  
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3. Results 

3.1 Primary microglia mediate removal of hNR1-mAb labelled NMDAR puncta along   
dendrites. 

To explore whether the presence of NMDAR bound with hNR1-mAb leads to an engage-

ment of microglia and removal of bound receptors, we established a co-culture model of 

primary mouse hippocampal neurons and microglia (Figure 1A). hNR1-mAb was pre-la-

belled using a Zenon Kit (hNR1-mAb*, Alexa 647) to monitor changes in number of hNR1-

mAb* puncta / unit length of dendrite upon microglia addition. As the pre-labelling involves 

the addition of a fluorophore tag that binds to the Fc region of the hNR1-mAb, a situation 

which could suppress Fc region dependent effects, unlabelled hNR1-mAb was mixed with 

the hNR1-mAb* in a 1:1 molar ratio (hNR1-mAb/hNR1-mAb*) making a final concentra-

tion of 2 µg/ml. Following the addition of hNR1-mAb/hNR1-mAb* to hippocampal neuronal 

cultures for 30 mins and washing out unbound autoantibodies, microglia were added to 

the cultures for 1, 3 and 6 hours (hr). Immunostaining fixed cultures with the presynaptic 

vesicle marker vGLUT1 revealed a close synaptic co-localization with hNR1-mAb* deco-

rated puncta along dendritic segments (Figure 1B). A significant reduction in hNR1-mAb* 

puncta per unit length of dendrite was observed only 6 hr (Figure 1E and 1F) after micro-

glia addition and not after 1 and 3 hr (22.34 ±0.7610, 22.31 ± 1.006, 9.964 ± 0.8024 (mean 

± SEM) of Ab+/MG+ group after 1, 3 and 6 hr) (Figure 1C, 1D and 1F). Numbers of hNR1-

mAb* puncta unit length of dendrite didn’t change in absence of microglia at either 1, 3 or 

6 hr (22.79 ±0.7698, 20.35 ± 0.8721, 21.63 ± 0.9782 of Ab+/MG- group after 1, 3 and 6 

hr) (Figure 1C-F). These data suggest that loss of NMDARs/antibody complexes after 6 

hr is due primarily to their removal by microglia and not via other reported mechanisms 

such as autoantibody-driven internalization which was shown to cause a significant de-

crease in NMDAR clusters only after 12-24 hr (Hughes et al., 2010; Moscato et al., 2014). 
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Figure 1| Reduction in hNR1-mAb-bound NMDAR puncta from hippocampal neurons 6hr after co-
culture with microglia. (A) Schematic diagram illustrating the experimental setup wherein WT mouse pri-

mary hippocampal neurons were grown on glass coverslips on a bed of astrocytes separated by spacer 
wax dots on to which pre-labeled and unlabeled hNR1-mAb (1:1 molar ratio) was added followed by wash-

ing of unbound antibody and microglia addition for 1, 3 and 6 hr. (B) Representative image of neuronal cell 

stained for dendritic marker MAP2 (grey) co-cultured with CD11b positive microglia (red). Inset depicting a 
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synaptic staining pattern of hNR1-mAb* (magenta) binding on hippocampal neuron overlapping (white) with 

pre-synaptic marker vGLUT1 (green). (C) (D) and (E) Representative confocal images of neuronal cells 

with MAP2 staining (grey) showing punctate pattern of hNR1-mAb* along dendritic segments within se-

lected regions of interest (ROI) with and without co-culture with microglia (Ab+/MG+ and Ab+/MG- respec-

tively) after 1, 3 and 6 hr, respectively. ROI Scale bar = 5 μm. (F) Quantification of hNR1-mAb* puncta per 

unit length of dendrites in Ab+/MG+ and Ab+/MG- experimental groups after 1, 3 and 6 hr showing signifi-

cant reduction only in the presence of microglia after 6 hr of co-culture. Each data point represents an ROI 
from three independent experiments (n = 55-71 ROIs per group). Data points represented as mean ± stand-

ard error of mean (SEM). Two-way ANOVA along with Tukey's test for multiple comparison was performed 

to determine statistical significance (****p < .0001). Figure taken from figure 1 (Rahman et al., 2023).  

 

3.2 Microglia accumulates hNR1-mAb* puncta within endo-lysosomal structures. 

Accompanying the loss of hNR1-mAb* puncta from dendritic branches, an accumulation 

of hNR1-mAb* puncta was readily observed within CD11b positive microglial cells. Here, 

a significant increase in hNR1-mAb* intensity was seen within microglia at 3 and 6 hr after 

co-culture (Figure 2A, 2B). No changes were seen in the expression levels of CD11b, as 

measured by staining intensity and microglia area after co-culture 1, 3 and 6 hr (Figure 

2C, 2D). Cellular components taken up by microglia have previously been shown to be 

degraded within the endo-lysosomal compartments (Hong et al, 2016). To test whether 

hNR1-mAb* taken up microglia also accumulate within endo-lysosomal structures, micro-

glial cells were stained for CD68 (Figure 2F) or Lamp2a (Figure 2E), a monocyte specific 

and universal lysosomal marker, respectively, 6 hr after co-culture. hNR1-mAb* puncta 

were found to overlap with CD68 and Lamp2a labelled puncta in microglia indicating that 

the endo-lysosomal system was involved in degradation of the accumulated hNR1-mAb* 

(Figure 2E, 2F).   
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Figure 2| Microglial endo-lysosomes accumulate hNR1-mAb*. (A) Representative images of microglial 

cells stained for CD11b with hNR1-mAb* signal accumulated within their cell bodies after 1, 3 and 6 hr of 

co-culture with hippocampal neurons. Images are shown in grey scale. (B) hNR1-mAb* intensity quantifi-



Results 13 

cation inside CD11b positive microglia shows significantly higher accumulation of hNR1-mAb* within mi-

croglial cell body after 3 and 6 hr of co-culture. (C) and (D) No appreciable changes were detected in the 

expression levels of CD11b and microglia area respectively, after co-culture with hNR1-mAb*-bound hip-

pocampal neurons after 1, 3 or 6 hr. Each data point represents a microglia cell from three independent 

experiments (n = 20-37 cell per group). Data points represented as mean ± SEM. Two-way ANOVA along 

with Tukey's test for multiple comparison was performed to determine statistical significance (****p < .0001). 

(E) and (F) NMDAR immunoreactivity (green) inside microglial cell stained with CD11b or Iba1 (grey) was 
seen to co-localize with staining pattern of general lysosomal marker, Lamp2a and a monocyte specific 

lysosomal marker, CD68 (magenta) respectively. Figure taken from figure 2 (Rahman et al., 2023).  

 

To validate this concept further, electron microscopy (EM) was performed following 

photo-conversion of Alexa 488 labelled hNR1-mAb (hNR1-mAb≈) in presence of 3,3´-di-

aminobenzidine tetrahydrochloride (DAB) after co-culturing microglia with hNR1-mAb≈ -

bound neurons for 90 mins. DAB incubation converts singlet oxygen produced due to 

photo-bleaching of Alexa 488 into electron dense precipitates. Electron micrographs re-

vealed the presence of photo-converted material within vesicles and lysosomal compart-

ments inside microglia (Figure 3B). This was not observed when hNR1-mAb was not 

present in the co-culture setup (Figure 3A). Interestingly, in absence of hNR1-mAb only 

electron dense mitochondrial signal was detected inside microglia, presumably due to the 

production of reactive oxygen species (ROS) as a part of its role in ATP production (Fig-

ure 3A).  
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Figure 3| Photo-converted pre-labeled hNR1-mAb≈ present within microglial lysosomal compart-
ments. (A) Electron micrograph of microglia after co-culture in absence of hNR1-mAb≈ (Ab-/MG+) and DAB 

photo-conversion did not show photo-converted material inside vesicular structures (black arrow). Electron 

dense signal in absence of hNR1-mAb≈ was seen majorly in microglial mitochondria (asterisks) due the 
production of singlet oxygen during cellular respiration process that gets photo-converted by DAB. (B) Elec-

tron dense photo-converted hNR1-mAb≈ (Alexa 488) was observed inside membrane-bound vesicular 

structures within microglia (black arrow) after co-culture and DAB photoconversion. Region (i) shows photo-

converted material inside bonafide lysosomes (blue arrow). Figure taken from supplementary figure S3 

(Rahman et al., 2023).  
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3.3 hNR1-mAb*-bound NMDARs lead to secretion of inflammatory cytokines. 

A fundamental question is whether recognition of antibody/receptor complexes on neu-

rons by microglia, beyond complex phagocytosis, leads to their activation and down-

stream signalling of other immune cells via the secretion of cytokines. To test this hypoth-

esis, different pro-inflammatory and anti-inflammatory cytokine levels were measured in 

response to hNR1-mAb-NMDARs engagement 1, 3 and 6 hr after the addition of micro-

glia. The levels of pro-inflammatory cytokines TNFα and IL6 were found to be elevated 

after 6 hr of co-culture (Figure 4A, 4B). TNFα levels were high even in absence of hNR1-

mAb after 6 hr suggesting that it could be due to cellular stress and not specific to the 

autoantibody (Figure 4A). IL6 levels were significantly higher only in presence of microglia 

and hNR1-mAb (Figure 4B). The level of IL-1β, another pro-inflammatory cytokine, did 

not however change appreciably 1, 3 or 6 hr after co-culture (Figure 4C). Anti-inflamma-

tory cytokines, IL10 and IL4, also did not change significantly at different time points of 

co-culture (Figure 4D, 4E). These data indicate that hNR1-mAb-NMDAR engagement of 

microglia leads to the activation of microglia and secretion of pro-inflammatory cytokine, 

e.g., IL6 most profoundly. This increase in IL6 has also been observed in presence of 

patient derived AQP4 autoantibody (Hinson et al., 2017).  
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Figure 4| NMDAR-bound hNR1-mAb leads to production of pro-inflammatory cytokines. (A) TNF-α 

levels were elevated in supernatants 6 hr after co-culture with microglia. (B) IL6 was significantly higher 

only in supernatants 6 hr after co-culture in presence of hNR1-mAb (Ab+/MG+). Such an increase was not 

seen in Ab+/MG-, Ab+/MG+ and Ab-/MG+ experimental groups after 1 and 3 hr of co-culture. (C), (D) and 

(E) Levels of pro-inflammatory cytokine IL1β and anti-inflammatory cytokines, IL10 and IL4, respectively 

remained unaltered across all experimental groups after co-culture. Each data point is an average of three 
technical replicates from each experiment (n=4). Data is represented as mean ± SEM. One-way ANOVA 

along with Tukey's test for multiple comparison was performed to determine statistical significance 

(****p < .0001). 

 

3.4 Microglia remove hNR1-mAb/NMDAR complexes from dendritic segments. 

Conceptually, the presence of hNR1-mAb inside microglia could be due either to the se-

lective removal of bound autoantibodies and/or the co-removal of hNR1-mAb/NMDAR 

complexes. To test whether microglia physically remove autoantibody-bound receptor 

complexes, we expressed recombinant NR1-EGFP in hippocampal neurons via a lentivi-

rus under the control of neuron specific Synapsin promoter. NR1-EGFP expressing neu-

rons (DIV 15-17) were then treated with hNR1-mAb/hNR1-mAb* (2 μg/ml) followed by 

microglia addition for 6 hr (Figure 5A). A significant reduction in the number of NR1-GFP 

(23.96 ± 1.148 for Ab+/MG-, 15.01 ± 1.164 for Ab+/MG+) and hNR1-mAb*/NR1-EGFP 

double positive puncta (12.28 ± 0.8791 for Ab+/MG-, 7.424 ± 0.7787 for Ab+/MG+) per 

unit length of dendrite was observed 6 hr after microglia addition (Figure 5A-C). CD11b 

positive microglial cells were also found to accumulate hNR1-mAb*/NR1-EGFP double 

positive puncta in their cytoplasm suggesting that microglia remove hNR1-mAb-bound 

NMDARs complexes (Figure 5D-E).  
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Figure 5| Microglia removes hNR1-mAb bound NMDAR complexes from neuronal surface. (A) Rep-

resentative images of MAP2 positive (grey) hippocampal neurons expressing NR1-EGFP (green) bound 

with hNR1-mAb* (magenta) 6 hr after co-culture with microglia (Ab+/MG+) along with Ab+/MG- and Ab-

/MG+ control groups. ROI Scale bar = 5 μm. (B) and (C) Quantification of NR1-EGFP and NR1-

EGFP+/hNR1-mAb* double positive puncta along dendrite respectively showed a significant reduction in 

the presence of both hNR1-mAb* and microglia (Ab+/MG+) and not in the absence of either microglia 

(Ab+/MG-) or antibody (Ab-/MG+). Each data point is an ROI from three independent experiments. (D) 

Images of microglial cells stained for CD11b (grey) with NR1-EGFP (green) and hNR1-mAb* (magenta) 
puncta accumulated within its cell body after co-culture in presence of hNR1-mAb* (Ab+/MG+). (E) and (F) 

Normalized intensity of NR1-EGFP and hNR1-mAb* respectively within microglial cell was significantly 

higher in Ab+/MG+ group compared to Ab-/MG+ group. Each data point is a microglial cell from three 

independent experiments. Data points represented as mean ± standard error of mean (SEM). One-way 

ANOVA with Tukey's test for multiple comparison test was performed to determine statistical significance 

for NR1-EGFP per unit length quantification (****p < .0001) (n = 78-82 ROIs per group). Unpaired t-test with 

Welch correction for unequal variances was used to determine statistical significance for (C) (n = 78-82 

ROIs per group), (E) and (F) (n = 32-48 cells per group). Figure taken from figure 3 (Rahman et al., 2023).  
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To further explore this finding, live imaging of removal of hNR1-mAb/NMDARs complexes 

by microglia was performed. Microglia were added to hNR1-mAb* labelled NR1-EGFP 

expressing neurons for 1 hr, after which the neurons growing on coverslips were imaged 

live (1 hr) using a confocal microscope. In accordance with immunocytochemical findings, 

microglial cells were observed to remove and accumulate hNR1-mAb*/NR1-EGFP dou-

ble positive puncta from dendritic arbours over time (Figure 6). Of note, since lentivirus 

infection leads to a low/moderate expression of NR1-EGFP, a greater proportion of hNR1-

mAb*-bound unlabelled NMDARs was seen on neurons than NR1-EGFP positive 

NMDARs. This led to a disproportionate higher accumulation of hNR1-mAb* inside mi-

croglia as compared to NR1-EGFP (Figure 6B). Nonetheless, the results do support the 

core finding that microglia remove hNR1-mAb/NMDARs complexes from neurons. 
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Figure 6| Live imaging of microglia-mediated of hNR1-mAb-bound NMDAR complexes. (A) Repre-

sentative image of a hippocampal neuron expressing NR1-EGFP (green) bound with hNR1-mAb* (ma-

genta) co-cultured with microglia. Neuronal branches and microglia processes were visualized using the 

Differential contrast image (DIC) channel simultaneously with fluorescent imaging. Yellow box represents 
an ROI (B) Time sequence of live images of the ROI showing hNR1-mAb* (magenta), NR1-EGFP (green) 
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and their overlap (white) being taken up microglia cell (DIC). Arrow represents hNR1-mAb*/NR1-EGFP 

double positive puncta that gets removed from a dendritic branch (DIC) and accumulated inside neighboring 

microglial cell (DIC) (~ 17 mins). Asterisks represent loss of the double positive puncta (white) from its 

dendritic position. ROI Scale bar = 5 μm. Figure taken from figure 4 (Rahman et al., 2023).  

 

 

3.5 Point mutations in the Fc region of hNR1-mAb prevent microglia-mediated re-
moval of NMDARs. 

Fc region of bound antibodies, of IgG subtypes among others, have been shown to drive 

downstream inflammatory response via activating the complement system and/or by in-

teracting with Fc gamma receptors (FcγR) present on immune cells including macro-

phages and microglia. To test the hypothesis that the Fc region of NMDAR-bound hNR1-

mAb directs microglia-mediated receptor removal, mutations were introduced in the Fc 

region that blocks two of its downstream interactions. Point mutations replacing leucine 

residues at 234 and 235th position of the Fc region to alanine (Leu234Ala/Leu235Ala) 

(LALA) has been reported to block the binding of Fc region of IgGs to FcγRs (Saunders, 

2019; Schlothauer et al., 2016). While a mutation at the 329th position, swapping Proline 

with Alanine (Pro329Ala) (PA), was found to specifically prevent complement binding 

(Saunders, 2019). A double mutant combining the LALA mutation and a Proline to Glycine 

mutation at the 329th position (Pro329Gly) (PG) (LALA-PG) of the Fc region of IgG anti-

bodies was shown to prevent both complement and FcγR binding (Saunders, 2019). We 

thus created recombinant version of these mutations (LALA-PG, LALA, and PA) in hNR1-

mAb*, which were subsequently expressed and purified (Figure 7A). As anticipated, 

hNR1-mAb* containing the LALA-PG triple mutant was observed in in-vitro binding as-

says to have reduced FcγR1 and C1q protein binding (Figure 7C, 7D), consistent with 

previous studies (Lo et al., 2017; Schlothauer et al., 2016). Interesting, both LALA and 

PA mutants of hNR1-mAb were found to exhibit reduce binding to both C1q and FcγR1 

(Figure 7C, 7D), indicating that with these mutations it was not possible to distinguish 

between the role of FcγR versus complement interactions with hNR1-mAb* contributing 

to the removal of hNR1-mAb-NMDAR complexes. Of note, none of these mutations 

(LALA, PA, and LALA-PG) affected antigen/NR1 binding of the hNR1-mAb, as illustrated 

by the robust a synaptic co-localization of each with pre-synaptic marker, vGLUT1, similar 

to WT hNR1-mAb* (Figure 7B).  
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Figure 7| Fc region mutants of hNR1-mAb prevent C1q and FcγRI binding. (A) Amino acid sequence 

alignment of the Fc region of hNR1-mAb pointing out the introduced mutations. (B) Representative images 

of hippocampal neurons with bound WT hNR1-mAb* along with the LALA-PG, LALA and PA mutant of 
hNR1-mAb (magenta) stained for MAP2 (grey) and pre-synaptic marker, vGLUT1 (green). WT and the 

mutant hNR1-mAb* showed similar punctate synaptic binding pattern reflected by an overlap (white) with 
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vGLUT1 staining. ROI Scale bar = 5 μm. (C) LALA-PG, LALA and PA mutant of hNR1-mAb had reduced 

binding to purified FcγRI compared to WT hNR1-mAb in in-vitro colorimetric protein binding assays. Each 

data point represents an average of three independent experiments performed with three technical repli-

cates for each concentration of hNR1-mAb. Error bars represent SEM. (D) Reduced C1q binding was ob-

served in protein binding colorimetric assays for all mutant hNR1-mAb, i.e., LALA-PG, LALA and PA in 

comparison to WT hNR1-mAb. Each data point represents an average of five independent experiments 

performed with three technical replicates for each concentration of hNR1-mAb. Error bars represent SEM. 
Figure taken from supplementary figure S6 (Rahman et al., 2023). 

 

To explore the functional effects of these mutations, WT along with LALA-PG, LALA and 

PA mutant of hNR1-mAb were used in the co-culture experiment with microglia. A signif-

icant reduction in the number of hNR1-mAb* positive puncta per unit length of dendritic 

segments was only observed when WT hNR1-mAb* (23.04 ± 1.245 for Ab+/MG-, 16.3 ± 

0.9746 for Ab+/MG+) was bound to hippocampal neurons in the presence of microglia 

(Figure 8A, 8E). Such a reduction was not observed when either LALA-PG (24.03 ± 

0.9874 for Ab+/MG-, 22.51 ± 1.189 for Ab+/MG+), LALA (27.17 ± 0.7405 for Ab+/MG-, 

26.69 ± 0.9778 for Ab+/MG+) or PA (25.56 ± 0.9195 for Ab+/MG-, 25.84 ± 0.9657 for 

Ab+/MG+) hNR1-mAb* mutants were bound to NMDARs (Figure 8B-D, 8F-H). Concur-

rently, a higher intensity of WT hNR1-mAb* was measured inside CD11b positive micro-

glia, while the intensity of LALA-PG hNR1-mAb* inside microglia was similar to control 

levels (i.e., in absence of hNR1-mAb) (1 ± 0.0028 for Ab-/MG+, 1.081 ± 0.0137 for 

Ab+/MG+ (WT), 1.029 ± 0.0059 for Ab+/MG+ (LALA-PG)) (Figure 8I, 8J). Intriguingly, 

even though less than WT (1.081 ± 0.0137 for Ab+/MG+), both LALA (1.042 ± 0.0064 for 

Ab+/MG+) and PA (1.038 ± 0.01028 for Ab+/MG+) mutant hNR1-mAb led to an increase 

in hNR1-mAb* signal inside microglia (Figure 8I, 8J), without a significant reduction in 

hNR1-mAb* along dendrites (Figure 8G, 8H). These latter data suggest that the LALA 

and PA mutants retain some ability to interact with microglia. Together, these results 

demonstrate that the Fc region of hNR1-mAb is necessary for driving microglia-mediated 

removal of NMDARs.  
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Figure 8| Blocking complement and FcγR interaction prevents removal of hNR1-mAb-bound 
NMDARs by microglia. (A) (B) (C) and (D) Representative images of MAP2 positive neurons with bound 

WT, LALA-PG, LALA and PA hNR1-mAb* respectively with or without co-culture with microglia for 6 hr. 
Images shown in grey scale. ROI Scale bar = 5 μm. (E) Quantification of puncta per unit length of WT 

hNR1-mAb* showed a significant decrease in presence of microglia (Ab+/MG+). (F) (G) and (H) No such 

change was observed in the number of puncta along dendrites for LALA-PG, LALA and PA hNR1-mAb* 

respectively with or without microglia addition (Ab+/MG+ or Ab+/MG-). Each data point is an ROI from three 
independent experiments (n = 72-78 ROIs per group). Data points represented as mean ± standard error 

of mean (SEM). Unpaired t-test with Welch correction for unequal variances was employed to determine 

statistical significance (****p < .0001). (I) Grey scale images of CD11b positive microglial cells showing 

NMDAR immunoreactivity inside the cell body of microglia in presence of WT and different mutants of 

hNR1-mAb*. (J) Significantly higher hNR1-mAb* fluorescent intensity was observed inside microglial cells 

after co-culture with WT hNR1-mAb*-bound hippocampal neurons while no such increase was seen for 

LALA-PG hNR1-mAb* as compared to negative control (Ab-/MG+). Increased hNR1-mAb* signal inside 

microglia was also seen for LALA and PA hNR1-mAb* however lower than WT hNR1-mAb*. Each data 
point represents measurement from one microglial cell from three independent experiments (n = 52-56 cells 

per group). Data points represented as mean ± SEM. One-way ANOVA with Tukey's test for multiple com-

parison was performed to determine statistical significance (****p < .0001). Figure taken from figure 7 

(Rahman et al., 2023). 

 

3.6 WT hNR1-mAb promotes microglia driven reduction in synapse number. 

Gestational transfer of NR1 reactive autoantibody to the brains of foetuses is associated 

with the postnatal decrease in synapse number and microglial activation (García-Serra et 

al., 2021). The observed removal of synaptic receptors like NMDARs by microglia in pres-

ence of hNR1-mAb raised the question whether there is a similar microglia-mediated re-

moval of synapses. To examine this, neurons with either WT or LALA-PG hNR1-mAb 

bound autoantibodies were co-cultured with microglia for 6 hr. LALA-PG mutant of hNR1-

mAb was used here as it was found to be most efficient in blocking interaction with mi-

croglia. Cells were stained post-fixation for vGLUT1 and PSD95 as pre- and post-synaptic 

markers, respectively. Quantifying the number of synapses, defined as 

vGLUT1+/PSD95+ double positive puncta, we observed a significant reduction (≈ 20 %) 

in their number/unit length of dendrite when WT hNR1-mAb was bound to NMDARs in 

presence of microglia for 6 hr (18.4 ± 0.9871 for Ab+/MG-, 13.32 ± 0.8324 for Ab+/MG+) 

(Figure 9A, 9B). This was not seen when LALA-PG hNR1-mAb was bound to NMDARs 

(19.65 ± 0.9473 for Ab+/MG-, 20.53 ± 0.9895 for Ab+/MG+) (Figure 9A, 9B). Interestingly 

for WT hNR1-mAb bound NMDARs, there was as selective decrease in PSD95 positive 
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post-synapse in presence of microglia (21.94 ± 0.9684 for Ab+/MG-, 15.09 ± 0.8191 for 

Ab+/MG+) (Figure 9A, 9C), without any notable change in the number of vGLUT1 positive 

pre-synaptic boutons (24.45 ± 0.9735 for Ab+/MG-, 24.83 ± 0.8595 for Ab+/MG+) (Figure 

9A, 9D). No change was detected in the number of PSD95 (22.21 ± 0.9734 for Ab+/MG-

, 23.62 ± 0.9876 for Ab+/MG+) or vGLUT1 (27.76 ± 0.8199 for Ab+/MG-, 26.76 ± 0.8691 

for Ab+/MG+) puncta along dendrites, when microglia were co-cultured with LALA-PG 

hNR1-mAb bound NMDARs. In accordance with the loss of PSD95 puncta for WT hNR1-

mAb, a higher intensity of PSD95 staining with no change in vGLUT1 staining intensity 

was detected inside microglia (Figure 9 E-G). Such changes in staining intensities inside 

microglia were not seen for PSD95 or vGLUT1 in the presence of LALA-PG hNR1-mAb 

mutant (Figure 9 E-G).  
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Figure9| Microglia mediates loss of synapses from hippocampal neurons with NMDARs bound by 
WT hNR1-mAb. (A) Representative neuronal images stained for MAP2 (grey), PSD95 (magenta) and 

vGLUT1 (green) with or without microglia addition (Ab+/MG+ or Ab+/MG-) in presence of either WT or 
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LALA-PG hNR1-mAb. Experimental groups with no treatment (Ab-/MG-) or no antibody (Ab-/MG+) were 

used as controls. Synapses were defined by vGLUT1 and PSD95 double positive (vGLUT1+/PSD95+) 

puncta (white). ROI Scale bar = 5 μm. (B) Significant decrease in the number of synapses 

(vGLUT1+/PSD95+) was observed only in the presence of microglia and WT hNR1-mAb. No such reduction 

was seen for LALA-PG hNR1-mAb in the presence or absence of microglia. (C) PSD95 positive post-syn-

apse number was reduced after co-culture of WT hNR1-mAb-bound hippocampal neuron with microglia 

and not LALA-PG hNR1-mAb. (D) vGLUT1 positive pre-synaptic bouton number per unit length of dendrite 
remained unchanged for all experimental group with or without microglia for both WT and LALA-PG hNR1-

mAb. Each data point represents an ROI from three independent experiments (n = 78-85 ROIs per group). 

Data points represented as mean ± SEM. One-way ANOVA with Tukey's test for multiple comparison was 

performed to determine statistical significance (****p < .0001). (E) Microglia images stained for CD11b 

(grey), PSD95 (magenta) and vGLUT1 (green) after co-culture with either WT or LALA-PG hNR1-mAb-

bound hippocampal neurons. (F) Normalized intensity of PSD95 staining was significantly higher within 

microglia cell body after co-culture with WT hNR1-mAb but not with LALA-PG hNR1-mAb. (G) No change 

was seen in quantification of vGLUT1 fluorescence imaging inside microglia after co-culture with either WT 
or LALA-PG hNR1-mAb. Each data point is a measurement from one microglial cell from three independent 

experiments (n = 51-57 cells per group). Data points represented as mean ± SEM. One-way ANOVA with 

Tukey's test for multiple comparison was performed to determine statistical significance (****p < .0001). 

Figure taken from figure 8 (Rahman et al., 2023). 

 

3.7 hNR1-mAb causes microglia-mediated loss of post-synaptic proteins in co-cul-
ture. 

The observation that hNR1-mAb drives microglia-mediated removal of PSD95, but not 

vGLUT1, indicate that microglia can remove post-synaptic components selectively leav-

ing the pre-synapse intact. This concept was further explored by co-culturing microglia 

with neurons expressing different combinations of recombinant pre- / post-synaptic mark-

ers, including mCherry (mCh)-Synapsin/Homer1 (Homer)-EGFP or Synaptophysin 

(Syphysin)-EGFP/PSD95-mKate2 bound with WT hNR1-mAb. As observed for endoge-

nous synaptic proteins (Figure 9), a significant reduction was only observed in the num-

bers of post-synaptic protein puncta i.e., Homer-EGFP (29.76 ±  1.757 for Ab+/MG-, 22.33 

± 1.381 for Ab+/MG+) (Figure 10A, 10B) and PSD95-mKate2 (26 ± 0.8864 for Ab+/MG-, 

17.67 ± 1.179 for Ab+/MG+) (Figure 10D, 10E) along dendrites in the presence of micro-

glia with hNR1-mAb-bound NMDARs. No changes were observed in the number of 

puncta per unit dendrite length for the pre-synaptic proteins mCh-Synapsin (26.17 ± 1.253 

for Ab+/MG-, 26.18 ± 1.282 for Ab+/MG+) (Figure 10A, 10C) or Syphysin-EGFP (26.25 ± 

0.8186 for Ab+/MG-, 24.86 ± 1.128 for Ab+/MG+) (Figure 10D, 10F). Of note, there was 
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no detectable change in puncta number for the different pre- and post-synaptic markers 

under control conditions e.g., transfected neuron grown in the absence of either microglia 

or hNR1-mAb. 

 
Figure 10| Microglia specifically removes post-synaptic proteins from hNR1-mAb-bound neurons. 
(A) Representative images hNR1-mAb-bound hippocampal neurons stained for MAP2 (grey) overexpress-

ing Homer-EGFP (green) and mCh-Synapsin (magenta) after 6 hr with or without microglia addition. Ex-

perimental groups with no treatment (Ab-/MG-) or no antibody (Ab-/MG+) was used as controls. ROI Scale 

bar = 5 μm. (B) and (C) Number of Homer-EGFP and mCh-Synapsin puncta along dendritic segments 

respectively in different experimental groups. Significant reduction was observed only in the number of 
Homer-EGFP positive post-synapses per unit length of dendrite in presence of microglia and hNR1-mAb. 

No changes were seen in the number of mCh-Synapsin expressing pre-synaptic boutons in any of the 

experimental groups. Each data point represents measurement from one microglial cell from three inde-

pendent experiments (n = 83-89 ROIs per group). Data points represented as mean ± standard error of 

mean (SEM). One-way ANOVA with Tukey's multiple comparison test was performed to evaluate statistical 

significance for NR1-EGFP per unit length quantification (****p < .0001). (D) Images of MAP2 positive neu-

rons (grey) overexpressing PSD95-mKate (magenta) and Synaptophysin (Syphysin)-EGFP (green) as post 

and pre-synaptic markers from Untreated (Ab-/MG-), Ab+/MG-, Ab+/MG+ and Ab-/MG+ groups. ROI Scale 
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bar = 5 μm. (E) Number of PSD95-mKate2 puncta per unit length of dendrite was reduced significantly after 

co-culture with microglia in presence of hNR1-mAb. (F) No appreciable changes were noticed in the number 

of Syphysin-EGFP positive pre-synapses in any of the experimental groups. Each data point represents 

measurement from one microglial cell from two independent experiments (n = 57-60 ROIs per group). Data 

points represented as mean ± SEM. One-way ANOVA with Tukey's test for multiple comparison was per-

formed to determine statistical significance (****p < .0001). Figure taken from figure 6 (Rahman et al., 2023). 

 

To further support the conclusion that the hNR1-mAb promotes the removal of the post-

synapse via microglia, we analysed neuronal/microglia co-cultures expressing the post-

synaptic protein Homer-EGFP by electron microscopy (EM) 90 mins after antibody/mi-

croglia addition. Similar to EM data with the hNR1-mAb≈ (Figure 3), Homer-EGFP/light 

mediate photo-conversion of DAB, revealed the presence of photo-converted electron 

dense material within double membraned endo-lysosomal structures inside microglia in 

presence of hNR1-mAb (Figure 11B, 11C). This was not observed in micrographs from 

co-cultures lacking hNR1-mAb (Figure 11A), wherein the electron dense signal was re-

stricted primarily to mitochondria within microglial as seen before (Figure 3A), due to ROS 

generation during ATP production. Together, these demonstrate that microglial mediate 

removal of hNR1-mAb-NMDARs complexes also leads to a selective loss of post-synaptic 

proteins, contributing to the loss of functional synapses. 



Results 31 

 
Figure 11| Microglia accumulates photo-converted Homer-EGFP from hNR1-mAb-bound hippocam-
pal neurons inside endo-lysosomal structures. (A) and (B) Electron micrograph showing microglia (M) 

and neurons (N) after photo-conversion with DAB incubation in presence and absence of hNR1-mAb re-

spectively. Photo-converted Homer-EGFP signal not observed inside membranous compartments inside 

microglia in absence of hNR1-mAb (A). In absence of hNR1-mAb, mitochondrial signal (asterisk) was 

mainly observed due to photo-conversion of singlet oxygen species generated during the respiratory cycle. 

Electron dense photo-converted signal from Homer-EGFP was seen inside double membraned structures 
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(B) within microglia cell body (white arrow) and bonafied lysosomes (C) (blue arrow) in presence of hNR1-

mAb. Figure taken from supplementary figure S5 (Rahman et al., 2023). 

 

3.8 Removal of autoantibody-bound receptors by microglia is selective. 

An important unresolved question relates to the specificity of the antibody/microglia-me-

diated removal and/or whether microglia once activated indiscriminately remove cellular 

material. To address this question, we compared the specificity of hNR1-mAb to a second 

patient derived monoclonal autoantibody, of the IgG1 subtype, generated against α1 sub-

unit of GABAA receptors (α1-GABAAR-mAb).  Similar to hNR1-mAb, we observed a sig-

nificant loss of GABAAR puncta along dendrites 6 hr after microglia addition to α1-

GABAAR-mAb*-bound hippocampal neurons (21.88 ± 0.9537 for Ab+/MG-, 11.34 ± 1.001 

for Ab+/MG+) (Figure 12A, 12B). Microglia were similarly found to accumulate α1-

GABAAR-mAb* puncta within its cell body (Figure 12C, 12D). These data suggest that 

microglia mediate removal of autoantibody-bound receptors could be a general mecha-

nism for antibodies with functional downstream interactions, i.e., with FcγR and/or com-

plement.  

As an initial test of specificity, we performed a time shift experiment, wherein hNR1-mAb 

and α1-GABAAR-mAb were sequentially added. Here, the first antibody was added, to-

gether with microglia for 6 hr, followed by the brief addition/labelling of a different receptor 

with the second antibody, to assess whether its levels were also affected following micro-

glia activation by the first antibody.  For example, in one version of this experiment micro-

glia were added to α1-GABAAR-mAb* (Alexa 647)-bound hippocampal neurons for 6 hr, 

allowing sufficient time for its removal and microglia activation. These cultures were then 

incubated/labelled with the hNR1-mAb# (Alexa 594) for 30 mins before fixation, a time 

deemed insufficient for microglia selective removal (Figure 12E). An inverse experiment 

was performed by first labelling cultures with hNR1-mAb* before adding microglia for 6 

hr, followed by staining GABAARs with α1-GABAAR-mAb# for 30 mins (Figure 12H). In 

the former experiment, a significant decrease in the number of for α1-GABAAR-mAb* 

puncta/unit length of dendrite was observed, in the presence of microglia (25.63 ± 1.019 

for Ab+/MG-, 18.22 ± 0.8333 for Ab+/MG+) (Figure 12E, 12F), without any change in the 

number of hNR1-mAb#-bound NMDARs puncta/unit length of dendrite (24.60 ± 0.8008 

for Ab+/MG-, 24.70 ± 0.8437 for Ab+/MG+) (Figure 12E, 12G). Conversely in the latter 

experiment, we observed a selective decrease in the number of hNR1-mAb* puncta per 
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unit length of dendrite, when this antibody was added first (26.83 ± 1.006 for Ab+/MG-, 

17.38 ± 0.8523 for Ab+/MG+) (Figure 12H, 12I), without affecting the number of α1-

GABAAR-mAb#-bound GABAARs puncta/unit length of dendrite (24.37 ± 1.032 for 

Ab+/MG-, 25.74 ± 0.9905 for Ab+/MG+) (Figure 12H, 12J).  

The afore mentioned experiments suggest that microglia are capable of selectively re-

moving only antibody labelled receptor complexes. To further explore this conclusion, we 

initially examined whether microglia can efficiently remove both GABAAR and NMDARs, 

simultaneously labelled with the α1-GABAAR-mAb and hNR1-mAb, respectively. This was 

accomplished by initially pre-labelling α1-GABAAR-mAb# and hNR1-mAb* with different 

fluorophores, Alexa 594 and 647, respectively. These were then added at the same time 

to neurons followed by a 6 hr incubation with microglia (Figure 13A). As expected, we 

observed a decrease in the number of both α1-GABAAR-mAb# (22.06 ± 0.8494 for 

Ab+/MG-, 14.09 ± 0.9742 for Ab+/MG+) and hNR1-mAb* (23.90 ± 1.131 for Ab+/MG-, 

14.42 ± 0.9742 for Ab+/MG+) puncta/unit length of dendrites in the presence of microglia 

(Figure 13A-C). Next, we repeated these experiments utilizing the LALA-PG hNR1-mAb* 

mutant, instead of the WT hNR1-mAb*, to block FcγR and complement engagement of 

microglia for just one of the antibodies (Figure 13B). Here, we observed a significant de-

crease in GABAARs bound with α1-GABAAR-mAb# (22.18 ± 1.248 for Ab+/MG-, 13.19 ± 

1.013 for Ab+/MG+) with no change in the number of LALA-PG hNR1-mAb* (25.68 ± 

1.143 for Ab+/MG-, 27.37 ± 1.507 for Ab+/MG+)-bound NMDAR puncta per unit length 

after microglia addition (Figure 13D-F). Taken together, these experiments suggest that 

microglia both specifically and selectively remove autoantibody receptor complexes via 

their direct interaction with the Fc region of these IgG1 antibodies.  
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Figure 12| Microglia specifically remove autoantibody-bound neuronal receptors. (A) Images of neu-

rons stained for MAP2 with bound a1-GABAAR-mAb* along dendrites in presence and absence of microglia 

after 6 hr. Images represented in greyscale. ROI Scale bar = 5 µm. (B) Number of a1-GABAAR-mAb* 

puncta per unit length of dendrite was significantly reduced in presence of microglia. (C) CD11b positive 

microglial cells after co-culture with neurons in presence or absence of a1-GABAAR-mAb*. Images repre-

sented in greyscale.  (D) a1-GABAAR-mAb* fluorescence was significantly higher inside microglial cell 

body. Each data point represents an ROI (C) (n = 73-77 ROIs per group) and a microglia cell (D) (n = 35 

cells per group) from three independent experiments. Data points represented as mean ± SEM. Unpaired 

t-test with Welch correction for unequal variances was used to determine statistical significance 

(****p < .0001). (E) Hippocampal neurons stained for MAP2 (grey) with bound pre-labeled a1-GABAAR-

mAb* (Alexa 647) (grey) with or without microglia addition for 6 hr followed by pre-labeled hNR1-mAb# 
(Alexa 594) (magenta) for 30 mins to acutely NMDARs. ROI Scale bar = 5 μm. (F) and (G) Quantification 

of number of a1-GABAAR-mAb* and hNR1-mAb# puncta along dendrites, respectively. The number was 

significantly reduced only for a1-GABAAR-mAb* in presence of microglia while no such changes was seen 

for hNR1-mAb# number along dendrites. (H) MAP2 positive (grey) hippocampal neurons with bound pre-

labeled hNR1-mAb* (Alexa 647) (grey) with or without microglia addition for 6 hr followed by pre-labeled 

a1-GABAAR-mAb# (Alexa 594) (magenta) for 30 mins to acutely label a1-GABAARs. ROI Scale bar = 5 μm. 

(I) and (J) Quantification of number of hNR1-mAb* and a1-GABAAR-mAb# puncta along dendrites, respec-

tively. The number was significantly reduced only for hNR1-mAb* in presence of microglia, while no such 

changes was seen for a1-GABAAR-mAb# number along dendrites. Each data point represents an ROI from 

three independent experiments (n = 78-94 ROIs per group). Data points represented as mean ± SEM. 

Unpaired t-test with Welch correction for unequal variances was used to determine statistical significance 

(****p < .0001). Figure taken from figure 9 (Rahman et al., 2023). 
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Figure 13| Microglia can selectively remove autoantibody-bound receptors with intact complement 
and FcγR interactions and not LALA-PG mutant. (A) Representative images of neuronal cells stained 

for MAP2 (grey) with a1-GABAAR-mAb# (Alexa 594) (grey) and hNR1-mAb* (Alexa 647) (magenta) both 

bound to a1-GABAARs and NMDARs respectively with or without microglia addition for 6 hr. ROI Scale bar 

= 5 μm. (B) and (C) Number of both a1-GABAAR-mAb# and hNR1-mAb* puncta per unit length of dendrite 
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respectively, was reduced significantly in presence of microglia. (D) Representative images of MAP2 posi-

tive (grey) neuronal cells with a1-GABAAR-mAb# (Alexa 594) (grey) and LALA-PG hNR1-mAb* mutant 

(Alexa 647) (magenta) both bound to a1-GABAARs and NMDARs respectively with or without microglia 

addition for 6 hr. ROI Scale bar = 5 μm. (E) Quantification of a1-GABAAR-mAb# along dendritic segments 

revealed a significant reduction in the a1-GABAAR-mAb#-bound a1-GABAARs after 6 hr in presence of 

microglia. (F) Number of LALA-PG hNR1-mAb* puncta per unit length of dendrite remained similar in pres-
ence or absence of microglia for 6 hr. Each data point represents an ROI from three independent experi-

ments (n = 77-87 ROIs per group). Data points represented as mean ± SEM. Unpaired t-test with Welch 

correction for unequal variances was used to determine statistical significance (****p < .0001). Figure taken 

from figure 10 (Rahman et al., 2023). 
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4. Discussion 

4.1  Central hypothesis 

The role of different immune cells including microglia, peripheral and resident macro-

phages, T cells and B cells within the CNS are being increasing appreciated. Microglia, 

resident immune cells of CNS, have been suggested to play vital roles in the healthy brain 

and various neurodegenerative diseases. For example, microglia via the complement 

system have been shown to mediate the pruning of synapses during development 

(Paolicelli et al., 2011; Schafer et al., 2012; Stevens et al., 2007), as well as for aberrant 

synapse loss in mouse models of Alzheimer’s disease (AD) (Hong et al., 2016). This 

microglia-mediated removal of cellular components has also been studied in a variety of 

neurodegenerative diseases like AD, Parkinson’s Disease (PD), Huntington’s as well as 

different Experimental Animal Encephalitis (EAE) models.  

Mechanistically, autoantibodies involved in different forms of autoimmune encephalitis 

employ different strategies to remove/affect receptors function, including receptor inter-

nalization by anti-NMDAR antibodies (Moscato et al., 2014), blocking receptor function 

with GABAAR antibodies (van Casteren et al., 2022) as well as the downstream activation 

of complement by AQP4 antibodies (Soltys et al., 2019). Recent studies have also re-

ported microglia activation, synapse loss and behavioural deficits in maternal transfer 

models of both anti-NMDAR (García-Serra et al., 2021) and CASPR2 (Coutinho et al., 

2017) encephalitis. These studies however did not explore a direct relationship between 

these antibodies and microglia and more specifically the contribution of Fc region de-

pendent mechanisms in autoantibody-mediated autoimmune encephalitis, a central hy-

pothesis of this thesis. 

4.2  Results and Interpretation 

To directly test the central hypothesis that microglia play an active role in the clearance 

of autoantibody receptor complexes, we established an in-vitro co-culture model, wherein 

primary mouse hippocampal neurons and microglia were cultured in the presence or ab-

sence of patient derived auto-antibodies in a temporally controlled manner. In the pres-

ence of microglia, we observed a significant reduction in the number of both hNR1-mAb 
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and NMDAR/hNR1-mAb complexes after 6 hr of co-culture with microglia (Figure 5, 6). 

These complexes were subsequently shown to appear within endo-lysosomal compart-

ments inside microglia (Figure 2, 3). Such a reduction in hNR1-mAb-bound NMDARs was 

not observed in the absence of microglia 1, 3, and 6 hr after autoantibody addition (Figure 

1). However, previous experiments on time course of internalization had revealed a de-

crease (~25%) in NMDAR clusters 4 hr after autoantibody addition to hippocampal neu-

rons (Moscato et al., 2014). This decrease, though statistically non-significant, could be 

due to differences in experimental strategies between the two studies namely use of 

whole patient CSF with other autoantibodies and factors and absence of a washout step 

after CSF addition. Nevertheless, it seems reasonable to conclude that both mechanisms 

contribute to NMDA removal from the cell surface. Importantly, this microglia-mediated 

removal of autoantibody-bound receptors was found to be specific for hNR1-mAb-

NMDARs complexes, as no changes were observed in the number of GABAAR 

puncta/unit length of dendrite (Figure 12 H-J). Similarly, using a second patient derived 

antibody against GABAARs (a1-GABAAR-mAb), we observed a microglia dependent loss 

of GABAAR puncta without affecting the number of hNR1-mAb puncta/unit length of den-

drite (Figure 12 E-G). These results point towards a direct role of microglia engagement 

in patients with autoimmune encephalitis and a specific removal of autoantibody-bound 

neuronal receptors by microglia.  

Pathogenic autoantibodies in different autoimmune disorders have been shown to be as-

sociated with inflammation, e.g., the recruitment of other immune cells and the upregula-

tion of pro-inflammatory cytokines. For example, autoantibodies in Rheumatoid Arthritis 

(RA) were reported to increase production of TNFa that mediates inflammation of joint 

and tissues (Burbelo, Iadarola, Keller, & Warner, 2021). Within CNS, AQP4 autoantibod-

ies have been shown to cause the production of IL6 upon binding to astrocytic FcRs 

(Hinson et al., 2017). Exploring this issue in our co-culture model, we observed an in-

crease in the levels of the pro-inflammatory cytokines, TNFa and IL6, in the presence of 

autoantibodies and microglia for 6 hr (Figure 4 A, B). Interestingly, unlike TNFa, the levels 

of IL6 were found to be specific to microglial responses to the presence of hNR1-mAb, 

as the increase was significantly higher only in Ab+/MG+ experimental group after 6 hr. 

No changes were seen in the levels of IL1b and anti-inflammatory cytokines like IL10 and 

IL4 (Figure 4 C-E). Intriguingly, previous studies have highlighted an important role of IL6 
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in the differentiation and maturation of plasma B cells (Eto et al., 2011; Maeda, Mehta, 

Drevets, & Coggeshall, 2010). Together, these studies and related observations point 

towards a potential role of IL6 in autoantibody-mediated autoimmune encephalitis per-

haps in promoting the maintenance and differentiation B cell into antibody producing 

plasma B cells as well as their infiltration into the CNS, allowing a sustained autoantibody 

production that exacerbates a patient’s disease pathology. 

Antibodies-bound antigens have been shown to trigger inflammation via their Fc region 

by directly binding to Fc receptors on myeloid and antigen presenting cells (APCs).  For 

instance, Myelin Oligodendrocyte Glycoprotein (MOG) autoantibodies promote the up-

take and presentation of MOG via FcgR binding on APCs (Flach et al., 2016; Kinzel et al., 

2016). Another possible mechanism, is the activation of complement system and the dep-

osition of C1q, C3 and others at binding sites of antibodies via their Fc region like in 

presence of AQP4 autoantibodies (Lucchinetti et al., 2014). Such a complement activa-

tion, can lead to cell death as seen with AQP4 autoantibodies (Papadopoulos & Verkman, 

2012; Soltys et al., 2019) or engage myeloid cells mediating pro-inflammatory cytokine 

response following the activation of complement receptors (Lucchinetti et al., 2014). Mi-

croglia along with resident and infiltrating macrophagic cells express both FcgRs and 

complement receptors. Autoantibodies isolated from the serum of patients with NMDARE 

belong to the IgM, IgA and different subtypes of IgG, with IgG1 being the most prominent 

(Tüzün et al., 2009). Interestingly, certain subtypes of IgGs bind complement and FcgRs 

more effectively, like IgG1 and IgG3, among others (Dekkers et al., 2017; Wang, Mathieu, 

& Brezski, 2018). Both hNR1-mAb and a1-GABAAR-mAb used in this study belongs to 

the IgG1 subtype. hNR1-mAb was seen to bind strongly to purified FcgR1 and C1q pro-

teins in binding assays in-vitro (Figure 7 C, D). Previously studies have identified muta-

tions in the Fc region of IgG1 antibodies to either selectively prevent FcgR (LALA mutant) 

or complement binding (PA mutant) or both (LALA-PG mutant). Interestingly, all three 

sets of mutants introduced into the hNR1-mAb were found to dampen both C1q and 

FcgR1 binding, with minimal specificity, though the LALA-PG was more robust (Figure 7 

C, D). This is possibly due to an overlap in the FcgRs and complement receptor binding 

sites on the Fc region of IgG1 (Vidarsson, Dekkers, & Rispens, 2014). Nonetheless, it 

was possible for us to use the LALA-PG mutations to block downstream interactions and 

signalling by these antibodies, preventing the microglia-mediated removal of hNR1-mAb 
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puncta along dendrites. These data support our conclusion that microglia engagement of 

antibody/receptor complexes plays a critical role in removal of these receptors (Figure 8).  

Microglia mediate the removal of synaptic components during development and in differ-

ent disorders (Hong et al., 2016; Lawrence & Rosa, 2018; Schafer et al., 2012). Synapse 

stripping by microglia has been shown to be context dependent, as pre-synapse stripping 

by microglia was observed during development (Schafer et al., 2012) while mostly post-

synapse engulfment was observed in animal models of AD (Hong et al., 2016) and PD 

(Pérez-Acuña, Shin, Rhee, Kim, & Lee, 2023). In contrast, microglia-mediated removal of 

both pre-and post-synaptic components was reported upon motor learning in the cerebel-

lum of mice (Morizawa et al., 2022). Maternal transfer studies with anti-NR1 autoantibody 

also reported a decrease in overall synapse number and microglial activation (García-

Serra et al., 2021). Quantifying synapse number in our co-culture setup with hNR1-mAb, 

using vGLUT1 and PSD95 as pre- and post-synapse marker, revealed a significant de-

crease in synapse number (vGLUT1+/PSD95+) (Figure 9). Surprisingly, this decrease 

most directly affected the post-synaptic proteins PSD95 and Homer1, without appreciably 

changing pre-synaptic proteins including vGLUT1, Synapsin and Synaptophysin (Figure 

9, 10). Studies done on oligomeric Abeta (o-Ab) have shown that o-Ab specifically binds 

to post-synapses via NMDARs (Koffie et al., 2009; Lacor et al., 2004). Such a post-syn-

aptic o-Ab localization was shown to trigger microglia-mediated loss of post-synapses 

specifically (Hong et al., 2016). These data support our observations that WT hNR1-mAb-

bound to NMDARs, that are primarily post-synaptic (Ehlers, Tingley, & Huganir, 1995; 

Zhang, Peterson, & Liu, 2013), also tags the post-synaptic compartment and/or NMDAR 

macromolecular complexes for microglia-mediated removal. Interestingly, such a reduc-

tion in synapse and post-synaptic markers was not observed when LALA-PG hNR1-mAb 

mutant was used in our co-culture experiments (Figure 9). This further supports the idea 

that FcgRs and complement binding mediate autoantibody driven losses of neuronal re-

ceptors and synapses by microglia (Figure 14) and ultimately in patients with autoimmune 

encephalitis. An unresolved issue is how mechanistically microglia work to remove syn-

apses/receptors. A general tagging of the pre/post compartments by complement could 

promote engulfment of entire synapses. Presumably antibody tagging could be yet more 

selective e.g. only removing receptors signalling complexes. If this was to occur in the 

context of receptors embedded in the PSD, e.g. like NMDARs, then non-selective removal 
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of both pre-/post-synaptic compartments needs to be considered. Alternatively, autoanti-

body mediated displacement of such receptor complex into the peri-/extra-synaptic space 

would allow their removal from synapses without initially affecting synapse integrity. 

Given that trans-synaptic signalling is key to synapse stability and integrity, the stripping 

of subsets of component could also lead to the selective loss of synaptic sub-compart-

ments, e.g. the PSD as seen with the NMDAR autoantibodies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14| Proposed mechanism of action of microglia-mediated removal of hNR1-mAb-bound 
NMDARs with intact downstream complement and FcγR binding. hNR1-mAb bound to NMDARs, in 

addition to driving internalization of the bound surface NMDARs via clustering mediated by their Fc regions, 
can engage microglia triggering them to remove antibody bound NMDARs. Such an engagement involves 

deposition of complement proteins that have corresponding complement receptors on microglial surface 

and/or a direct interaction of hNR1-mAb Fc region and microglial FcγRs. Figure taken from Table of Content 

Image (TOCI) (Rahman et al., 2023). 
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4.3  Strengths and weaknesses of the study(s) 

This work highlights new roles of microglia in autoimmune encephalitis of CNS. In addition 

to previously studied pathogenic antibody driven mechanism, this thesis sheds light on 

the role of immune cells specifically microglia not only in the removal of receptors and 

synapses, but also the induction in downstream inflammatory response that could facili-

tate disease progression.  One obvious limitation of this study is that it utilises in-vitro co-

culture system, which cannot completely recapitulate in-vivo physiological conditions. 

Thus, it would be prudent to replicate these observations in in-vivo models of autoimmune 

disorders. In addition, the lack of specificity of the LALA and PA hNR1-mAb mutants to 

selectively block FcgR or complement binding, respectively, precluded our ability to dis-

tinguish between the relative contribution of FcgR or complement receptors in the micro-

glia-mediated removal of NMDARs. More specific mutations and/or the use of receptor 

loss of function strategies will be needed to clarify this important issue.  Additionally, it 

remains unclear whether microglia selectively remove extra-synaptic antibody-tagged re-

ceptor/post-synaptic protein complexes or whether they can also access proteins within 

the synaptic cleft, thus directly removing whole post-synaptic density (PSD). Further work 

needs to be done to answer these questions in better in-vivo models of autoimmune en-

cephalitis.  

4.4  Implications for practice and/or future research 

This study is the first to report a direct involvement of microglia in the removal of autoan-

tibody-bound neuronal receptors. Since such a removal was found to depend on Fc re-

gion driven interactions with FcgR or complement receptors, implying all pathogenic au-

toantibodies that engage these downstream effectors (e.g., IgG1 and IgG3 subtypes) 

could trigger a similar microglia response. Hence, the engagement of microglia could be 

a potential common mechanism across different autoantibody mediated autoimmune en-

cephalitis of CNS, making it an attractive therapeutic target.  

Exciting unanswered questions in this field include how different immune cells communi-

cate with each other in orchestrating the immune response within the CNS? How this 

triggers the infiltration of peripheral cells? Whether microglia are key mediators in this 

process and what signals to they respond to and send? Equally important is what role 
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microglia play during later stages of disease pathology when peripheral cells reach CNS? 

One answer could be linked to the role of pro-inflammatory cytokines in such disorders. 

Further work is required to understand the role of secreted pro-inflammatory cytokines 

like IL6, TNFa and IL17 in mediating infiltration of peripheral and brain border associated 

T cells and B cells causing a clinically relevant inflammatory response. This study along 

with others point towards IL6 being an important mediator of inflammation in such disor-

ders. The role of IL6 in the differentiation of B cells into autoantibody producing plasma 

cells locally within the CNS also needs to be explored in the context of autoimmune en-

cephalitis. Interestingly, tocilizumab, a humanized monoclonal antibody against soluble 

and membrane-bound IL6 receptor, was shown to improve clinical response in NMDARE 

patients initially refractive to the conventional anti-CD20 (rituximab) treatment (W. J. Lee 

et al., 2016). However, tocilizumab treatment was also associated with tumor develop-

ment as a potential side-effect in 10% of patient’s post-treatment (W. J. Lee et al., 2016). 

Thus, improved anti-IL6 therapies could be a viable complement or alternative to the ex-

isting immune dampening treatment options like B cell elimination by rituximab or plas-

mapheresis, immunosuppressants etc. 
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5. Conclusions  

The data presented here argues for a potential active involvement of microglia in the 

pathology of NMDARE. The reported mechanism of removal of autoantibody-tagged 

NMDARs by microglia adds to the previously reported and well-studied concept of inter-

nalization driven loss of NMDARs in such disorders contributing to disease outcome 

(Hughes et al., 2010; Moscato et al., 2014). This microglia-mediated removal of bound 

neuronal receptors and synaptic components could be a common mechanism in many 

autoimmune encephalitis, wherein the pathogenic autoantibodies are of subtypes capa-

ble of binding to FcRs and complement proteins like IgG1 and IgG3. This study paves the 

way for future work in trying to understand the role of microglia and other cells of the 

innate and adaptive immune system like macrophages, T cells and B cells within CNS in 

these disorders. Understanding the biology of immune involvement in these disorders has 

great potential in developing innovative therapies that alleviates disease outcomes, with-

out leading to massive suppression of the immune system reducing the chances of co-

morbidities and relapses. 

Taken together, this thesis is an important first step in understanding the role of microglia 

in autoimmune encephalitis of CNS. Studies in different in-vivo models and autopsied 

tissues could further unravel the involved mechanisms and strengthen the concept of 

innate immune system involvement in such disorders. This in turn can provide new ther-

apeutic targets to augment and/or improve currently used treatment options for patients 

with autoimmune encephalitis. 
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