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Abstract 

The anti-NMDAR encephalitis (NMDARE) is an autoimmune condition with so far unclear etiology and 

pathogenesis. It manifests with a heterogeneous clinical disease course and is diagnosed based on the 

presence of NMDAR1-autoantibodies (NMDAR1-AB) of the IgG class in patients’ cerebrospinal fluid. 

The associated NMDAR1-AB bind and cross-link surface N-methyl-D-aspartate receptors (NMDAR), 

resulting in NMDAR internalization and hypofunction. On a theoretical basis, the presence of NMDAR1-

AB could contribute to the psychopathological phenotype of NMDARE patients and explain why psy-

choses and behavioral alterations are more frequent in NMDARE as compared to other encephalitides. 

However, the pathophysiological role of NMDAR1-AB in neuroinflammatory contexts has, so far, not 

been formally differentiated from the underlying pathomechanism(s) and previously established 

NMDARE-related animal models lack the neuroinflammatory component of the disease. To systemati-

cally disentangle the relative contribution of NMDAR1-AB from neuroinflammatory and neurodegenera-

tive processes of encephalitides, core features of the anti-NMDAR encephalitis were modeled in mice. 

This was achieved by combining a standardized spatiotemporally defined gray matter inflammation 

mouse model (‘DTA’ mice), which was deeper characterized as part of this thesis, with a previously 

established immunization against a cocktail of extracellular GluN1-specific peptides that induces func-

tional NMDAR1-AB expression. In addition, effects of NMDAR1-AB on white matter inflammation were 

investigated in Cnp knockout mice. Lastly, a replication study of a previously published immunization 

protocol was conducted with the aim to investigate the pathogenesis of anti-NMDAR encephalitis in 

wildtype mice.  

In summary, DTA mice, independent of NMDAR1-AB, displayed key aspects of the anti-NMDAR en-

cephalitis, namely (1) acute onset, (2) neuroinflammation in gray matter regions, prominently but not 

exclusively affecting the hippocampus, (3) blood-brain barrier impairment, and (4) pronounced learn-

ing/memory deficits. Consistent with NMDAR antagonism, the presence of NMDAR1-AB exacerbated 

hyperlocomotion, a psychosis-like readout, in DTA mice without add-on effects on neuroinflammation. 

Similarly, NMDAR1-AB did not alter white matter inflammation in Cnp knockout mice but exacerbated 

the behavioral pathology. Noteworthy, NMDAR1-AB affected distinct behavioral domains in gray and 

white matter inflammation, suggesting that the pathophysiological role of NMDAR1-AB depends on the 

underlying pathology, potentially due to distinct NMDAR1-AB distribution across the central nervous 

system which is largely related to blood-brain barrier (dys)function. Consistent with previous reports, 

extensive behavioral phenotyping did not reveal any effects of NMDAR1-AB in healthy control mice with 

an intact blood-brain barrier. Importantly, neither immunization against a cocktail of GluN1-specific pep-

tides nor against GluN1359-378 alone induced neuroinflammation in mice. In conclusion, NMDAR1-AB can 

modulate the behavioral phenotypes of underlying encephalitides but are not sufficient for the induction 

or exacerbation of neuroinflammation.  
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1 The anti-NMDAR encephalitis 

Encephalitides are rapidly progressing neurological disorders caused by brain inflammation. Etiologies 

are often unclear but include various infectious agents as well as autoimmune causes (Venkatesan et 

al. 2013, Abboud et al. 2021). Fifteen years ago, Dalmau and colleagues identified an encephalitis sub-

type associated with autoantibodies (AB) directed against N-methyl-D-aspartate receptors (NMDAR) 

and termed it ‘anti-NMDAR encephalitis’ (NMDARE). In their original publication, Dalmau et al. described 

the clinical course of twelve female patients of which eleven had ovarian teratoma. Most patients suf-

fered from a viral-like prodrome before presenting with acute psychiatric syndromes, short-term memory 

loss followed by psychiatric symptoms or other cognitive impairments including decreased level of con-

sciousness. Psychiatric symptoms included personality and behavioral alterations, agitation, or paranoia. 

During the disease course, seizures and movement abnormalities were common and patients’ condi-

tions rapidly deteriorated towards autonomic dysfunction, coma and/or death. A paraneoplastic cause 

was inferred upon analysis of five ovarian tumors that contained neuronal tissues ectopically expressing 

NMDAR subunits. Furthermore, pleocytosis and presence of autoantibodies in the cerebrospinal fluid 

(CSF) of patients indicated an immune-mediated neurological process. Concomitantly, six of seven pa-

tients treated with tumor resection and immunotherapy recovered, corroborating an autoimmune origin 

of the described disorder (Dalmau et al. 2007). Subsequently, a substantial number of studies, summa-

rized hereafter, corroborated clinical features, examined diagnostic and prognostic factors, and investi-

gated the pathophysiological role of associated autoantibodies (NMDAR1-AB, NR1-AB, or GluN1-AB 

are frequently used synonyms). Yet, despite intensive research in recent years, many aspects concern-

ing the pathogenesis of NMDARE and relevance of NMDAR1-AB remain poorly understood and contro-

versial. 

1.1 Clinical manifestation and neuropsychiatry 

After the first description of an autoimmune encephalitis associated with NMDAR1-AB, the so called 

anti-NMDAR encephalitis was frequently diagnosed across the world and various retrospective and pro-

spective single- and multi-center studies in adult as well as pediatric patients were performed, focusing 

on the clinical manifestation, tumor association, diagnostic and prognostic factors, treatment success 

and long-term outcome (Dalmau et al. 2008, Florance et al. 2009, Irani et al. 2010, Titulaer et al. 2013, 

de Montmollin et al. 2017, Xu et al. 2020, Wang et al. 2021, Yang et al. 2021, Bastiaansen et al. 2022, 

Nissen et al. 2022). Systematic reviews were conducted to examine the acute psychopathology of 

NMDARE patients (Al-Diwani et al. 2019), the long-term neuropsychiatric outcome (McKeon et al. 2018), 

efficacy and safety of immunotherapy (Nosadini et al. 2021), or to compare clinical features of different 

antibody-associated autoimmune encephalitides (Broadley et al. 2019, Yeshokumar et al. 2021).  

Although originally discovered in young female patients with ovarian teratoma, NMDARE is now fre-

quently recognized in patients without neoplasms, males, children, and patients above 45 years old, 

sometimes referred to as late-onset NMDARE (Bastiaansen et al. 2022, Nissen et al. 2022). NMDARE 

is still most frequently diagnosed in young females (Dalmau et al. 2019, Nosadini et al. 2021, 
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Bastiaansen et al. 2022, Nissen et al. 2022), but, according to recent systematic reviews, a tumor asso-

ciation is only found in a quarter of NMDARE cases (Broadley et al. 2019, Nosadini et al. 2021). Two 

nation-wide observational cohort studies from Denmark and the Netherlands calculated a mean annual 

incidence of NMDARE of one case per one million inhabitants (Bastiaansen et al. 2022, Nissen et al. 

2022).  

Prior to admission, approximately half of NMDARE patients experience a ‘flu-like’ prodrome (Dalmau et 

al. 2019, Gibson et al. 2020, Yang et al. 2021). Subsequently, patients mostly present with prominent 

psychiatric or behavioral symptoms, in particular agitation and psychosis, and sometimes seizures 

(Florance et al. 2009, Irani et al. 2010, Titulaer et al. 2013, de Montmollin et al. 2017, Dalmau et al. 2019, 

Sarkis et al. 2019, Wang et al. 2020, Xu et al. 2020). Former cases can be particularly challenging to 

differentiate from primary psychiatric diseases, whereas seizures, CSF or MRI abnormalities commonly 

occur in other neurological diseases and in particular infectious encephalitides, resulting in a strong 

dependency on NMDAR1-AB assays for differential diagnosis (Kayser et al. 2013, Graus et al. 2016, 

Dalmau et al. 2019). After admission with mostly neuropsychiatric symptoms, patients’ conditions typi-

cally deteriorate rapidly (within around 6 weeks) towards neurological dysfunction including seizures, 

cognitive dysfunction, decreased level of consciousness, movement disorders and autonomic dysfunc-

tion often resulting in admission to intensive care units, necessity for respiratory support, coma, and, in 

severe cases, death (Dalmau et al. 2008, Florance et al. 2009, Irani et al. 2010, Mohammad et al. 2016, 

de Montmollin et al. 2017, Dalmau et al. 2019, Gibson et al. 2020, Wang et al. 2020, Nosadini et al. 

2021, Yang et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022). At disease nadir, symptoms fre-

quently overlap, and most patients experience severe disabilities, which is typically ranked according to 

the modified Rankin Scale (mRS) score. Approximately half of the patients reach a mRS score of 5, 

another quarter reaches a score of 4, and about 50% of patients are admitted to an intensive care unit 

(van Swieten et al. 1988, Irani et al. 2010, Titulaer et al. 2013, de Montmollin et al. 2017, Nosadini et al. 

2021, Bastiaansen et al. 2022).  

Due to the severity of NMDARE symptoms, extensive cognitive testing and neuropsychological charac-

terizations are challenging and mostly qualitative (Gibson et al. 2020). Despite these challenges, a re-

cent systematic review examined the psychopathology of 464 adult NMDARE patients for which the 

psychopathology was individually reported (Al-Diwani et al. 2019). The authors identified 50 ‘lower-level’ 

features that were categorized into behavior (including, amongst others, agitation, aggression, incoher-

ent speech or violence), psychosis (including, amongst others, visual and auditory hallucinations, delu-

sions/overvalued ideas), mood (including anxiety/panic, mood instability/lability/irritability, mania, de-

pressed mood, hypomania), catatonia (including mutism, stupor, posturing/catalepsy, verbigeration, 

echolalia, waxy flexibility) and sleep disturbance (including insomnia, hypersomnia, sleep-wake reversal, 

bad dreams/night terrors, less need for sleep). Patients mostly displayed symptoms belonging to be-

havior (68%) and psychosis (67%), followed by mood (47%), catatonia (30%) and sleep disturbance 

(21%). Agitation was the most frequent ‘lower-level’ feature followed closely by hallucinations (both 

>40%) and a median of three lower-level features were identified per patient. A combination of seven 

lower-level features, namely agitation and aggression (behavior), hallucinations and delusions (psycho-

sis), depressed mood and irritability or mood instability (mood), as well as mutism (catatonia), explained 
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77% of the variance in data. Because core aspects of various classical neuropsychological domains 

consistently overlapped in patients, the authors concluded that NMDARE psychopathology is distinct 

with respect to its complexity (Al-Diwani et al. 2019). However, a disease-specific psychiatric phenotype 

has neither emerged in this nor in similar studies (Warren et al. 2018, Al-Diwani et al. 2019, Dalmau et 

al. 2019, Gibson et al. 2019, Sarkis et al. 2019).  

Equally complex are the movement disorders observed in NMDARE patients (Varley et al. 2019). Com-

mon movement disorders include facial dyskinesia as well as abnormal movements affecting the limbs 

and trunk of patients (Dalmau et al. 2008, Baizabal-Carvallo et al. 2013, Varley et al. 2019). Movement 

disorders occur in approximately ¾ of adult and almost all (95%) pediatric patients (Titulaer et al. 2013, 

Varley et al. 2019). These movement disorders are not disease specific (Dalmau et al. 2019) but show 

remarkable complexity in terms of overlap of distinct movement disorders and intra-individual variability 

within short-time spans (Varley et al. 2019).  

The frequency of seizures and EEG abnormalities in patients suffering from antibody-associated auto-

immune encephalitides (AE) including NMDARE was recently examined in a systematic review 

(Yeshokumar et al. 2021). Importantly, more than half of reported cases (1985/3722, 53.3%) were diag-

nosed with NMDARE indicating a high incidence of NMDARE among antibody-associated AE. Out of 

3722 antibody-associated AE patients approximately 70% suffered from clinical seizures during the dis-

ease course and EEG data was abnormal in 84% of 2025 patients with available EEG data. Similar 

rates of seizures (72%) and EEG abnormalities (90%) were observed in a subgroup of NMDARE pa-

tients with available data. Amongst distinct AE subtypes, seizures were particularly frequent in GABABR-

AB, LGI1-AB, and NMDAR1-AB associated AE. However, a statistical comparison of different AE sub-

types dependent on associated autoantibodies was not performed and seizures commonly occurred in 

all AE subtypes associated with extracellular autoantibodies. Similarly, EEG abnormalities were fre-

quently (>75%) observed in almost all antibody-associated AE subtypes (Yeshokumar et al. 2021). An-

other systematic review on clinical features in antibody-associated AE identified 1566 cases with 

NMDARE in which seizures were the most common symptom during the disease curse (81%), followed 

by psychosis and cognitive impairments (71% and 47%, respectively). However, these symptoms are 

not specific to NMDARE and frequently occur in other AE, although with different frequencies. Amongst 

anti-VGKC encephalitis patients with LGI1- and CASPR2-AB (430 cases) seizures occurred in 90%, 

cognitive impairments in 79% and psychosis in 22%. Similarly, in anti-GABABR-AB encephalitis patients 

(38 cases) seizures were present in 94%, cognitive impairments in 64% and psychosis in 51% (Broadley 

et al. 2019).  

These observations were recently confirmed in a prospective multicenter study by Seifert-Held and col-

leagues comparing NMDARE with anti-LGI1/CASPR2-AB associated encephalitis as well as a group 

comprising various central nervous system (CNS) directed autoantibody associated encephalitides with 

respect to clinical and paraclinical presentation. At baseline, patient groups differed regarding frequency 

of prodromal symptoms (highest in NMDARE), psychosis (highest in NMDARE), seizures (highest in 

LGI1/CASPR2 encephalitis), CSF white blood cell counts (highest in NMDARE) and MRI T2 mesial 

temporal hyperintensities (highest in LGI1/CASPR2, lowest in NMDARE). Whereas memory impair-

ments (42-51%), autonomic dysfunction (8-33%), altered behavior (11-25%), and movement disorder 
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(11-25%) were frequently observed and comparable between groups. Functional outcome at three 

months was worst in NMDARE patients despite the higher proportion of second-line immunosuppressive 

treatment at baseline. In all three encephalitis groups, approximately 50-70% of patients had a good 

functional outcome (mRS below 2, median mRS of 1) within 12 months (Seifert-Held et al. 2021). 

Similar observations were obtained in two retrospective studies comparing encephalitis cases with and 

without NMDAR1-AB. First, Gable et al. compared clinical features of NMDAR1-AB positive encephalitis 

patients (n=10) to NMDAR1-AB negative herpes simplex encephalitis (HSE, n=52), enterovirus-associ-

ated encephalitis (n=85) and rabies cases (n=6). Compared to encephalitides of viral origin, NMDARE 

patients more frequently displayed psychiatric symptoms such as hallucinations, psychosis, personality 

change or irritability. With respect to neurological features, rates of altered consciousness were similar 

across encephalitis groups, whereas ataxia and focal neurological signs were most frequently observed 

in NMDARE patients. CSF white blood cell counts were highest in HSE and enterovirus encephalitis, 

followed by NMDARE and mostly normal in rabies cases (Gable et al. 2009). Second, Chen et al. com-

pared NMDAR1-AB positive and negative encephalitis cases of heterogeneous etiology (11 HSE, five 

tuberculous meningoencephalitis, two GABABR-E, one LGI1-E, 37 unclear etiology) admitted to a neu-

rological intensive care unit. CSF of 16/72 encephalitis patients contained NMDAR1-AB and positive 

patients more frequently display psychiatric or behavioral symptoms, dyskinesia and autonomic dys-

function. These clinical features were, however, not exclusive to NMDARE and commonly occurred in 

NMDAR1-AB negative encephalitides. Other common clinical features observed at similar frequency in 

NMDAR1-AB positive and negative encephalitis patients included prodromal symptoms, seizures, and 

cognitive dysfunctions (Chen et al. 2016). 

To summarize, there is no neuropsychiatric or neurological feature exclusive to NMDARE and neuro-

logical symptoms such as seizures, cognitive dysfunction, and altered level of consciousness are prom-

inent features of both infectious and autoimmune encephalitides. At disease onset, psychiatric and be-

havioral alterations are strikingly frequent in NMDARE patients and early differentiation of NMDARE 

from primary psychiatric diseases can be challenging. Based on the remarkably heterogeneous clinical 

manifestation, NMDARE is best described as a complex neuropsychiatric syndrome. However, new 

onset of psychiatric symptoms in combination with a rapid progression towards neurological dysfunction 

should raise suspicion of the so-called anti-NMDAR encephalitis and prompt further neurological exam-

ination, including neuroimaging and examination of cerebrospinal fluid.   
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1.2 Cerebrospinal fluid parameters 

Analysis of cerebrospinal fluid is the most important test in the clinical workup of patients with suspected 

NMDARE and other encephalitides. CSF samples are routinely used to assess neuroinflammation, i.e. 

through white blood cell counts (WBC), presence of CSF-specific oligoclonal bands (OCB), and protein 

concentration. Furthermore, CSF is crucial for differential diagnosis of infectious and autoimmune en-

cephalitides via assays for specific pathogens and autoantibodies (Abboud et al. 2021). For these rea-

sons, routine CSF parameters are frequently reported in NMDARE patients (Dalmau et al. 2008, Irani 

et al. 2010, Titulaer et al. 2013, de Montmollin et al. 2017, Blinder and Lewerenz 2019, Xu et al. 2020, 

Broadley et al. 2021, Durr et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022).  

Although the frequency of abnormal CSF findings differs between studies, abnormal CSF parameters, 

mostly consisting of increased WBC and/or presence of OCB, are commonly observed in 79-96% of 

NMDARE patients (Titulaer et al. 2013, Durr et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022). 

White blood cells are elevated in 68-81% (Irani et al. 2010, Xu et al. 2020, Bastiaansen et al. 2022) and 

OCBs are present in 72-84% of NMDARE patients (Durr et al. 2021, Bastiaansen et al. 2022, Nissen et 

al. 2022). Interestingly, WBC and OCB parameters seem to change with disease progression, showing 

higher WBC at onset and a time-dependent increase of OCB, indicating that intrathecal immunoglobulin 

synthesis is secondary to immune invasion and encephalitis onset (Irani et al. 2010, Durr et al. 2021).  

These routine CSF parameters of NMDARE patients were recently reviewed and compared to other 

antibody-associated AE in a meta-analysis by Blinder and colleagues, including autoantibodies against 

NMDAR, AMPA receptors (AMPAR), glycine receptors, GABAA receptors (GABAAR), GABAB receptors 

(GABABR), DPPX, CASPR2, LGI1, IgLON5, and GAD (Blinder and Lewerenz 2019). The comparison 

of different AE revealed that routine CSF parameters of NMDARE are similar to those of AMPAR-AB 

and GABABR-AB associated AE patients with frequent CSF pleocytosis (>50%) and median WBC >20 

cells/µL. On the other hand, CSF was mostly normal in autoimmune encephalitides associated with 

CASPR2-AB, LGI1-AB, GABAAR-AB or glycine receptor autoantibodies (Blinder and Lewerenz 2019). 

Presence of CSF-specific oligoclonal bands was reported in more than 50% of patients with GAD-, 

GABABR- and NMDAR1-autoantibodies, followed by 37% of patients with AMPAR- and 23-32% with 

glycine receptor-, GABAAR-, CASPR2-, and DPPX-antibodies. OCBs were rare (5-7%) in patients with 

LGI1- and IgLON5-antibodies (Blinder and Lewerenz 2019). The study is, however, limited by its retro-

spective cross-sectional nature, and lack of individually reported patient data such as time of CSF sam-

pling, medication, or comorbidities. To conclude, while routine CSF parameters are frequently abnormal 

in NMDARE patients and can be useful for establishing the diagnosis of encephalitis, they are neither 

disease-specific nor particularly helpful for the differentiation of AE subtypes. Furthermore, normal CSF 

findings do not exclude ongoing neuroinflammation.  

In addition to routine CSF parameters, a number of studies explored potential diagnostic or prognostic 

CSF markers, such as cytokines and chemokines, typically comparing CSF of treatment-naïve 

NMDARE patients during the acute phase to CSF of non-inflammatory controls (Byun et al. 2016, Kothur 

et al. 2016b, Liba et al. 2016, Deng et al. 2017, Ai et al. 2018, Chen et al. 2018, Liu et al. 2018a, Liu et 

al. 2018b, Peng et al. 2019, Liu et al. 2020, Zou et al. 2020, Li et al. 2021). In summary, the broad-
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spectrum pro-inflammatory cytokines IL-6, TNFα, IFNγ, the anti-inflammatory cytokine IL-10, as well as 

the chemokines CXCL10 and CXCL13 were consistently elevated in the CSF of acute NMDARE patients 

compared to non-inflammatory controls, whereas levels of IL-2, IL-4, IL-5, IL-15, IL-21, G-CSF, GM-

CSF, CCL2, CCL4, CCL5, CCL11, CCL21, and CXCL8 were either normal or below detection limits 

(Byun et al. 2016, Kothur et al. 2016b, Liba et al. 2016, Chen et al. 2018, Liu et al. 2020, Zou et al. 2020, 

Li et al. 2021). Interestingly, Liba et al. noted a time-dependent decrease of CXCL10 and CXCL13 levels, 

which is in line with observations of decreased CSF pleocytosis with disease progression (Irani et al. 

2010, Durr et al. 2021). In contrast, conflicting results were reported for IL-1RA, IL-1b, IL-13, IL-17A, IL-

23, IFNα, CCL1, and CCL3 (Byun et al. 2016, Kothur et al. 2016b, Liba et al. 2016, Peng et al. 2019, 

Liu et al. 2020). Despite the strong B cell focus of NMDARE related research, few studies examined 

CSF levels of two major determinants of B cell and plasma cell survival, namely B cell activating factor 

(BAFF) and a proliferation-inducing ligand (APRIL) (Avery et al. 2003, Magliozzi et al. 2004, Krumbholz 

et al. 2005, Schneider 2005, Belnoue et al. 2008, Benson et al. 2008, Meinl et al. 2008, Peperzak et al. 

2013, Nutt et al. 2015, Sabatino et al. 2019). Whilst one report observed increased BAFF and APRIL 

concentrations in CSF of NMDARE patients using ELISA (Deng et al. 2017), BAFF and APRIL were 

comparable to controls in two reports using multiplexed CSF analyses (Kothur et al. 2016b, Liba et al. 

2016). Other proteins including osteopontin (Zou et al. 2020), CD146 (Li et al. 2021), HMGB1 (Ai et al. 

2018), NSE and S100b (Liu et al. 2018b), PTX3 and sCD40L (Liu et al. 2018a), and NLRP3 (Peng et al. 

2019) have been shown to be elevated in CSF of NMDARE patients compared to non-inflammatory 

controls, but remain unconfirmed so far.  

A particular focus in some of the reports (Leypoldt et al. 2015, Byun et al. 2016, Kothur et al. 2016b, 

Liba et al. 2016, Liu et al. 2020) was placed on CXCL13, a major determinant for B cell recruitment into 

the CNS that correlates with intrathecal IgG, IgA, and IgM synthesis (Kowarik et al. 2012). Although 

consistently elevated amongst NMDARE patients, which is in line with the presence of B cells in patient 

CSF (Dale et al. 2013, Kreye et al. 2016, Malviya et al. 2017), CXCL13 has a low discriminatory value 

as it is frequently elevated in the CSF of patients with other inflammatory CNS conditions, including 

amongst others multiple sclerosis and Lyme neuroborreliosis (Kowarik et al. 2012, Huber and Irani 2015). 

Similarly, other cytokines or chemokines elevated in NMDARE are not disease-specific, although po-

tentially useful for the diagnosis of ongoing neuroinflammation (Kothur et al. 2016a, Lepennetier et al. 

2019). This is reflected by three studies directly comparing CSF of NMDARE patients to CSF of viral 

encephalitides (Kothur et al. 2016b, Zou et al. 2020) or autoimmune encephalitides, including LGI1-AE 

(Byun et al. 2016) and acute disseminated encephalomyelitis (Kothur et al. 2016b) that did not reveal 

differences in cytokine/chemokine concentrations except increased Th17- and Th2-related cytokines in 

CSF of acute disseminated encephalomyelitis patients. Similarly, a recent study investing biomarkers of 

neuronal and neuroaxonal damage, synaptic function, and neuroinflammation did not reveal differences 

in total tau, NfL, YKL-40, neurogranin, and SNAP-25 concentrations between CSF samples of 34 

NMDARE and 11 LGI1/CASPR2-AE patients. However, compared to cognitively normal controls, NfL 

and YKL-40 were elevated in AE patients, indicating neuroaxonal damage and astroglial activation, re-

spectively (Day et al. 2021). The study confirms previous findings of elevated YKL-40 concentrations in 

CSF of NMDARE patients (Chen et al. 2018) and is in line with another report showing increased serum 

NfL concentrations in NMDARE patients compared to healthy controls (Ma et al. 2022). Neurogranin 
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and SNAP-25 were decreased in CSF of AE patients suggesting synaptic dysfunction. Unexpectedly, 

VILIP-1, a proposed marker for neuronal injury, was significantly decreased in both AE subtypes com-

pared to cognitively normal controls and lower in NMDARE compared to LGI1/CASPR2-AE patients 

(Day et al. 2021). AE patients were best discriminated from controls by a log-transformed YKL-

40/SNAP25 ratio (Day et al. 2021).   

In contrast to routine CSF parameters and biomarker studies, analysis of CSF cytology is relatively 

scarce. Crude immunophenotyping of two pediatric NMDARE patients sampled in the acute phase and 

upon relapse, respectively, revealed B cell expansion (10.2-10.7%) compared to non-inflammatory neu-

rological disorders (<1%) and predominance of CD4+ (61-62%) and CD8+ (27-30%) T cells in the CSF 

of these patients (Dale et al. 2013, Kowarik et al. 2014). Later studies focusing on B cells and antibody 

secreting cells (ASC) confirmed the presence and expansion of B cells and ASC in CSF of 4 and 8 

NMDARE patients (Kreye et al. 2016, Malviya et al. 2017). Importantly, the number of B cells and ASC 

in patient CSF showed a time-dependent decrease and was responsive to immunotherapy (Malviya et 

al. 2017). Sequence analysis of immunoglobulin heavy and light chain genes of CD27+/CD38+ ASC, 

CD20+/IgD-/CD27+ memory B cells, or CD138+ ASC revealed a polyclonal antibody response, pres-

ence of clonally expanded ASC, frequent somatic hypermutations, and predominant class switch re-

combination to IgG (Kreye et al. 2016, Malviya et al. 2017). However, neither B cell expansion nor the 

presence of ASC in CSF are specific to antibody associated autoimmune encephalitides. Two cross-

sectional studies of immune cell subtypes in patients with various inflammatory and non-inflammatory 

CNS diseases observed increased CSF WBC, intrathecal immunoglobulin synthesis, and increased to-

tal numbers as well as percentages of B cells and plasmablasts in infectious (i.e. Lyme neuroborreliosis, 

bacterial and viral meningitis) and autoimmune neuroinflammatory diseases (i.e. multiple sclerosis) 

compared to non-inflammatory CNS conditions (Kowarik et al. 2014, Lepennetier et al. 2019).  

To conclude, several CSF components support the diagnosis of a neuroinflammatory disorder. However, 

except for NMDAR1-AB, which are by definition a disease defining factor (see 1.5), no factor analyzed 

so far is pathognomonic for the anti-NMDAR encephalitis. Although various CSF components differen-

tiate NMDARE patients from non-inflammatory controls on a population level, it is important to highlight 

that individual parameters often fall within the control range. For this reason, CSF analysis should in-

clude a variety of neuroinflammatory markers to enhance sensitivity. Furthermore, future research 

should focus on the clustering of several inflammatory mediators to decipher whether distinct disease 

mechanisms are at play within individuals with NMDARE.    
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1.3 Neuroimaging  

Direct pathological examination of brain tissue, i.e. upon biopsy, has major disadvantages as diagnostic 

test for encephalitides due to the invasiveness and potential morbidity associated with neurosurgeries. 

For this reason, brain inflammation is typically diagnosed through surrogate markers such as CSF white 

blood cell counts or parenchymal abnormalities on neuroimaging. However, normal neuroimaging find-

ings do not exclude encephalitis (Venkatesan et al. 2013, Abboud et al. 2021). Neuroimaging modalities 

include magnetic resonance imaging (MRI), computed tomography, and positron emission tomography 

(PET). Among these modalities, MRI is the most frequently used for diagnosis of NMDARE. Routine 

MRI typically includes T2-weighted, and/or fluid attenuated inversion recovery sequences. However, 

MRI findings are abnormal in only 25-50% of NMDARE patients, show diverse severity, heterogeneous 

anatomical distributions, and can normalize during the recovery phase of NMDARE (Irani et al. 2010, 

Titulaer et al. 2013, Heine et al. 2015, de Montmollin et al. 2017, Peer et al. 2017, Xu et al. 2020, Zhang 

et al. 2020, Wang et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022).  

In contrast to MRI, PET is rarely employed in the diagnosis of NMDARE and studies are mostly limited 

to fluorodeoxyglucose-PET in a small number of cases. In these cases, metabolic alterations (both hypo- 

and hypermetabolism) were noted in various brain regions (Heine et al. 2015). A recent study found that 

abnormal brain fluorodeoxyglucose-PET was present in 15 out of 17 NMDARE patients, half of which 

had normal brain MRI, suggesting a higher sensitivity of PET compared to routine MRI (Nissen et al. 

2022). However, both routine MRI and fluorodeoxyglucose-PET abnormalities are not disease-specific 

and more importantly can return normal results (Heine et al. 2015, Abboud et al. 2021). Recently, a PET 

tracer for activated NMDAR, namely 18F-GE179, was used in five NMDARE patients upon remission to 

quantify open NMDAR in various brain regions. Compared to healthy controls and one seroconverted 

NMDARE patient (NMDAR1-AB negative at PET), 18F-GE179 PET revealed a reduced density of open 

NMDAR in the anterior temporal and superior parietal cortices of NMDAR1-AB positive cases (Galovic 

et al. 2021). PET tracers developed to detect activated glia cells in other inflammatory CNS diseases, 

such as ligands targeting the translocator protein TSPO, i.e. 11C-PK11195, 11C-PBR28, 11C-DAA1106, 

11C-DPA713 or 18F-PBR06 (Leng and Edison 2021), have not yet been tested in NMDARE patients.  

In addition to routine clinical MRI, some studies performed multimodal MRI measurements in NMDARE 

patients after the acute phase and compared findings to healthy controls (Finke et al. 2013, Finke et al. 

2016, Peer et al. 2017, Phillips et al. 2018, Guo et al. 2021, Wu et al. 2022). Advanced MRI techniques, 

including resting state functional MRI (rs-fMRI), diffusion tensor imaging, or arterial spin labeling, were 

used to derive parameters such as regional homogeneity, functional connectivity, cerebral blood flow, 

neurovascular coupling (correlation coefficients of regional homogeneity and cerebral blood flow), func-

tional connectivity, fractional anisotropy, and mean diffusivity. An early multimodal MRI examination of 

structural and functional brain changes by Finke et al. found reduced functional connectivity between 

the anterior hippocampus and the anterior default mode network in 24 NMDARE patients, which corre-

lated with memory performance (Finke et al. 2013). T1-weighted and T2-weigthed structural imaging did 

not reveal clinically relevant brain changes, and gray matter examined by voxel-based morphometry 

was not significantly reduced compared to healthy controls. Diffusion tensor imaging, however, revealed 
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reduced fractional anisotropy and increased mean diffusivity, in particular in the cingulum, indicating 

white matter changes (Finke et al. 2013). In contrast to this early study, a follow-up study by the same 

research group with extended patient number (n=40) and improved methodology found significant re-

ductions in hippocampal volumes, bilateral atrophy of hippocampal input and output regions, as well as 

a bilateral increase of mean diffusivity in the hippocampus indicating impaired microstructural integrity. 

Importantly, these MRI findings were significantly correlated with memory performance, disease severity 

and duration (Finke et al. 2016). The significantly reduced hippocampal connectivity was replicated by 

the same research group in another observational study including 43 NMDARE patients, of which 24 

were previously reported (Finke et al. 2013, Peer et al. 2017). Expectedly, hippocampal connectivity 

measurements in patients correlated with verbal memory performance assessed via the Rey auditory 

verbal learning test. Furthermore, the authors observed alterations of frontotemporal connections and a 

decoupling of medial temporal and default mode networks (Peer et al. 2017). The research group then 

analyzed superficial white matter via diffusion tensor imaging in a cohort of 46 NMDARE patients 

(Phillips et al. 2018). The authors observed significantly increased mean diffusivity, a measure of micro-

structural integrity, in the superficial white matter of non-recovered NMDARE patients, whereas recov-

ered NMDARE patients were comparable to healthy controls. This white matter damage was not re-

stricted to a single brain area and present within the frontal, temporal, and parietal lobes (Phillips et al. 

2018). Similar to the initial report by Finke and colleagues, a recent longitudinal MRI investigation of 

brain morphology in 25 NMDARE patients did not reveal atrophy of hippocampal volumes despite a 

significant atrophy of total brain volume, the cerebellum and brain stem after a mean follow-up of 2 years 

(Gomez-Figueroa et al. 2021), which might be attributed to limitations of automated segmentation.  

More recent MRI examinations of NMDARE patients focused on analyzing regional homogeneity, a 

proxy for neuronal activity synchronization, to assess resting state brain activity (Wu et al. 2022) and 

neurovascular coupling, a phenomenon that adjusts cerebral blood flow depending on neuronal activity 

and can be evaluated by correlating cerebral blood flow and regional homogeneity (Guo et al. 2021). 

Wang et al. observed lower regional homogeneity values in the cerebellum, basal ganglia, as well as 

the cerebral cortex, including the frontal, parietal and temporal lobes, indicating lower resting state brain 

activity in 40 NMDARE patients. Importantly, patients displayed worse executive function assessed via 

executive control scores in the attention network test, and executive control scores in patients were 

negatively correlated with regional homogeneity values of the bilateral inferior parietal lobule (Wu et al. 

2022). Another recent cross-sectional study in 23 convalescent NMDARE patients by Guo et al. found 

decreased neurovascular coupling in several gray matter regions in NMDARE patients, which correlated 

with several cognitive function scores (Guo et al. 2021).  

Although various MRI abnormalities have been identified in NMDARE patients and might be useful to 

monitor disease progression or treatment efficacy, it remains unclear whether these findings are dis-

ease-specific as NMDARE patients were compared to healthy controls, not to patients with other inflam-

matory CNS conditions (Oliveira and Ehrenreich 2018). In addition, none of the studies reported 

NMDAR1-AB titers at the time of magnetic resonance imaging. Hence it remains unclear if NMDAR1-

AB directly contribute to these alterations.   
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1.4 Neuropathology 

Examination of neuropathology in NMDARE patients are relatively scarce. Presently, autopsy results 

are reported for only eleven NMDARE patients (Tuzun et al. 2009, Martinez-Hernandez et al. 2011, 

Filatenkov et al. 2017, Nauen 2017, Hirano et al. 2019, Mariotto et al. 2019, Zrzavy et al. 2021a) and in 

some cases overlap with other pathologies, such as probable B cell lymphoma (Mariotto et al. 2019), 

post-transplant lymphoproliferative disease, small cell lung carcinoma, or demyelination (Zrzavy et al. 

2021a). Brain biopsies, mostly from frontal lobe, were analyzed and reported in at least eight cases 

(Kruer et al. 2010, Camdessanche et al. 2011, Martinez-Hernandez et al. 2011, Bien et al. 2012, Takeda 

et al. 2014). Importantly, these cases represent a heterogeneous subgroup of severe NMDARE cases, 

differing in clinical manifestation, clinical course (mono- or polyphasic), time after presentation (31-1460 

days), immunotherapy and treatment response, NMDAR1-AB titers, age, sex, and underlying patholo-

gies. Furthermore, methodologies differ substantially between reports and are mostly limited to qualita-

tive examination of gliosis and presence of general lymphocytic cell populations, including CD3+ T cells, 

sometimes differentiating CD4+ and CD8+ T cells, CD20+ or CD79a+ B cells as well as CD138+ ASC. 

Importantly, these reports repeatedly claim the presence of plasma cells. However, a detailed charac-

terization of CD138+ ASC, i.e. by Ki-67 or BLIMP1 expression (Nutt et al. 2015), has not yet been 

performed. Hence, it remains unclear whether the CD138+ cell population constitute long-lived plasma 

cells or rather short-lived plasmablasts. Considering, the normal concentrations of CXCL12 in CSF of 

NMDARE patients (Kothur et al. 2016b, Liu et al. 2020), which is a major determinant of ASC recruitment 

and retention in the bone marrow (Nutt et al. 2015), direct recruitment and retention of plasma cells 

seems unlikely. However, elevated CXCL10 and CXCL13 concentrations in patient CSF (Leypoldt et al. 

2015, Byun et al. 2016, Kothur et al. 2016b, Liba et al. 2016, Liu et al. 2020) may promote lymphocyte 

infiltration, including B cells and plasmablasts (Meinl et al. 2008, Nutt et al. 2015). Within the frequently 

observed perivascular cuffs, maintenance of ASC is likely supported by local synthesis of IL-6, TNFα, 

and APRIL, which were, except for APRIL that remains controversial (Kothur et al. 2016b, Deng et al. 

2017), found to be elevated in CSF of NMDARE patients (Byun et al. 2016, Kothur et al. 2016b, Liba et 

al. 2016, Chen et al. 2018, Liu et al. 2020, Zou et al. 2020).   

Consistent with the predominantly lymphocytic composition of white blood cells in CSF of NMDARE 

patients (Dalmau et al. 2008, de Montmollin et al. 2017, Xu et al. 2020), lymphocytic perivascular cuffs 

are frequently observed in various brain regions in autopsies as well as biopsies of NMDARE patients 

(Tuzun et al. 2009, Kruer et al. 2010, Camdessanche et al. 2011, Martinez-Hernandez et al. 2011, Bien 

et al. 2012, Takeda et al. 2014, Filatenkov et al. 2017, Nauen 2017, Hirano et al. 2019, Mariotto et al. 

2019, Zrzavy et al. 2021a). Concomitantly, strong microgliosis indicating ongoing neuroinflammation is 

present in affected brain regions and particularly prominent in the hippocampus (Tuzun et al. 2009, 

Filatenkov et al. 2017, Nauen 2017, Hirano et al. 2019, Zrzavy et al. 2021a) and basal ganglia (Tuzun 

et al. 2009, Filatenkov et al. 2017, Zrzavy et al. 2021a). Often, other gray matter regions, such as the 

neocortex (Tuzun et al. 2009, Bien et al. 2012), superior temporal gyrus, basal fore brain (Tuzun et al. 

2009), amygdala, medial temporal gyrus (Zrzavy et al. 2021a), fusiform gyrus (Hirano et al. 2019), me-

dial temporal lobe (Nauen 2017), or the frontal lobe (Kruer et al. 2010, Camdessanche et al. 2011, 

Martinez-Hernandez et al. 2011, Bien et al. 2012, Takeda et al. 2014, Filatenkov et al. 2017) are affected 
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in some NMDARE patients, however with striking variability. Interestingly, white matter abnormalities 

and demyelination with and without axonal degeneration were observed in some patients (Takeda et al. 

2014, Hirano et al. 2019, Zrzavy et al. 2021a).  

Concomitant with reports of intrathecal IgG synthesis, perivascular infiltration of CD20+ or CD79a+ 

B cells or CD138+ ASC, along with CD4+ T cells, and CD8+ T cells was found in all autopsy cases. In 

contrast to infiltrating T cells, which were abundant in perivascular cuffs and scattered throughout the 

parenchyma of affected brain regions, infiltrating B cells and ASC were restricted to perivascular cuffs 

and rarely found in the parenchyma (Tuzun et al. 2009, Martinez-Hernandez et al. 2011, Bien et al. 2012, 

Filatenkov et al. 2017, Nauen 2017, Zrzavy et al. 2021a). Although most studies are limited to qualitative 

examinations, few studies have investigated the proportions of T and B cells showing that T cells out-

numbered B cells and ASC (Bien et al. 2012, Filatenkov et al. 2017, Zrzavy et al. 2021a). Interestingly, 

the predominance of T cells, the perivascular enrichment of B cells, and sparse B cell infiltration into the 

brain parenchyma is similar to histopathological findings in multiple sclerosis lesions (Serafini et al. 2004, 

Machado-Santos et al. 2018, Sabatino et al. 2019).  

Despite the abundance of CD8+ T cells in the CNS of NMDARE patients, cytotoxic (FasL+, granzymeB+, 

or perforin+) T cells are rare or absent (Tuzun et al. 2009, Bien et al. 2012, Zrzavy et al. 2021a). Similarly 

rare are Fas+ or TIA-1+ cells (Tuzun et al. 2009), pointing against a major role of T-cell mediated cyto-

toxicity or antibody-dependent cellular cytotoxicity. Also, deposition of the complement component C9 

was absent (Tuzun et al. 2009, Bien et al. 2012, Zrzavy et al. 2021a), indicating that complement-de-

pendent cytotoxicity does not play a major role in NMDARE pathogenesis. A single report found CD4d 

deposition in small vessels of the frontal lobe and basal ganglia (Filatenkov et al. 2017). Deposition of 

earlier complement components, the role of glial complement receptors or Fc-receptors have not yet 

been investigated.  

Neuronal loss was found in an early report and involved loss of pyramidal neurons in the hippocampus 

of one autopsied patient and mild neuronal loss in the basal ganglia of another patient (Tuzun et al. 

2009). Another autopsy case showed scattered lesions and neuronal loss in the limbic system (Hirano 

et al. 2019). In contrast, five other autopsies did not reveal obvious neuronal loss (Nauen 2017, Zrzavy 

et al. 2021a). Interestingly, one autopsy case of a NMDARE patient with a probable B cell lymphoma 

showed severe tissue destruction with neuronal loss and massive lymphomatous infiltrates, predomi-

nantly consisting of CD20+ B cells, in the cerebral white matter, thalamus and basal ganglia. Whereas 

neuronal loss was absent in tumor free frontal regions and the hippocampus despite the presence of 

perivascular CD79a+ B cells (Mariotto et al. 2019) suggesting that the presence of neuronal damage 

may depend on underlying or concomitant pathologies. Indirect evidence for CNS injury, neuronal and 

neuroaxonal damage was obtained in three studies that found elevated serum concentrations of neuro-

filament light chain, neuron specific enolase, and S100b in NMDARE patients (Liu et al. 2018b, Guasp 

et al. 2022, Ma et al. 2022). Hence, neuronal damage can be assumed in some NMDARE cases but 

does not seem to be a major determinant of NMDARE pathogenesis.   
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In conclusion, histopathological studies revealed neuroinflammation, characterized by microgliosis, 

T cell, B cell, and ASC infiltration, in several brain regions, often prominently affecting the hippocampus. 

The findings furthermore underscore the heterogeneity of NMDARE and point against a uniform 

pathomechanism. It should, however, be noted that post mortem tissues were limited to a subgroup of 

severely affected NMDARE cases in a progressed disease stage that often underwent multiple rounds 

of immunotherapy. In contrast, brain biopsies were limited to single brain regions, such as the frontal 

lobe, that may not be the focal point of neuroinflammation. Therefore, to study the etiology and 

pathomechanism(s) of NMDARE, construct valid animal models are of utmost importance.  
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1.5 Diagnosis, treatment and outcome 

The current consensus guidelines for diagnosing NMDARE were proposed by Graus et al. in 2016. The 

diagnostic criteria for probable NMDARE include a rapid onset (<3 months) of symptoms (at least 4 of 

6) such as (I) abnormal behavior or cognitive dysfunction, (II) speech dysfunction, (III) seizures, (IV) 

movement disorder, dyskinesia, or rigidity, (V) decreased level of consciousness, (VI) autonomic dys-

function or central hypoventilation. Secondly, abnormal EEG, CSF pleocytosis or presence of oligoclonal 

bands are indicative of a neuroinflammatory disease and NMDARE. Lastly, other disorders must be 

reasonably excluded. If all these three criteria are met, a diagnosis of ‘probable NMDARE’ can be made 

without the testing for NMDAR1-AB. However, according to Graus and colleagues, a definite diagnosis 

of NMDARE requires the detection of NMDAR1-AB in CSF of patients. Furthermore, the authors pro-

posed that, if NMDAR1-AB are detected in CSF and other disorders are reasonably excluded, the pres-

ence of one of the above mentioned symptoms is sufficient for a definite diagnosis of NMDARE (Graus 

et al. 2016). Importantly, using these criteria to retrospectively classify NMDARE cases reported in a 

large observational cohort study (Titulaer et al. 2013), Graus et al. identified a ‘probable NMDARE di-

agnosis’ in only 80% of 532 patients (Graus et al. 2016) reflecting the heterogeneous and complex 

clinical manifestation in many NMDARE patients. For this reason and because the proposed diagnostic 

criteria are not pathognomonic to NMDARE, the diagnosis still heavily relies on NMDAR1-AB testing.  

The current best practice guidelines for treatment of NMDARE, established by the Autoimmune Enceph-

alitis Alliance Clinicians Network, recommend initiation of first line immunotherapy, in patients with sus-

pected autoimmune encephalitis, once infectious etiologies have been ruled out (Abboud et al. 2021). 

First line immunotherapies typically include corticosteroids (i.e. intravenous methylprednisolone, 1g/day 

for 3-7 days) alone or in combination with intravenous immunoglobulin (2g/kg for 2-5 days), and/or 

plasma exchange/ therapeutic apheresis (typically 5-10 sessions every other day) depending on disease 

severity (Abboud et al. 2021). If patients do not improve upon completion of first line immunotherapy, 

B cell depletion with rituximab (commonly dosed at 375mg/m2 weekly for 4 weeks or two times 1000mg 

in two week intervals) is recommended for NMDARE cases (Abboud et al. 2021, Thaler et al. 2021). 

However, a recent meta-analysis of 1550 NMDARE cases found a 7.3-fold increased risk for poor func-

tional outcome if second-line immunotherapy was initiated within 60 days of disease onset, which was 

not confounded by the disease severity at nadir (Nosadini et al. 2021). In NMDARE patients unrespon-

sive to second-line therapeutics, the protease inhibitor bortezomib and the IL-6 receptor antagonist to-

cilizumab have been tested as third-line immunotherapy with limited success (Dalmau et al. 2019, 

Abboud et al. 2021, Dinoto et al. 2021). Fortunately, classical immunotherapy is usually well tolerated 

and severe adverse events are relatively rare and reported in only 3% of NMDARE patients according 

to a recent systematic review (Nosadini et al. 2021). Furthermore, immunotherapy with corticosteroids 

may even benefit viral encephalitis patients if used adjunctive to antivirals (Thompson et al. 2000, 

Meyding-Lamade et al. 2003, Kamei et al. 2005) enabling early polypragmatic treatment approaches 

with combined antiviral, antibiotic, and immunosuppressive therapy. 

In addition to immunotherapy, early tumor resection is pivotal in paraneoplastic NMDARE cases 

(Dalmau et al. 2008, Titulaer et al. 2013, Dalmau et al. 2019). Less efficient are symptomatic treatment 
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approaches such as standard anti-seizure medication that, if considered, should be complementary to 

immunotherapy (Mohammad et al. 2016, de Bruijn et al. 2019, Wright et al. 2021). Noteworthy, 

NMDARE patients may be prone to antipsychotic-related adverse effects (Mohammad et al. 2016, 

Sarkis et al. 2019). Surprisingly, the administration of ketamine, an NMDAR antagonist, effectively sup-

pressed agitation in six out of six pediatric NMDARE patients without causing a worsening of other 

symptoms (Mohammad et al. 2016).  

Recently, novel treatment approaches have been experimentally tested in animal models with the aim 

to reverse NMDAR1-AB mediated NMDAR hypofunction. Promising candidates include the neurosteroid 

pregnenolone sulfate, which potentially counteracts NMDAR internalization by increasing the trafficking 

of functional NMDAR to the cell surface (Kostakis et al. 2013, Wright et al. 2021). However, the inhibitory 

effects of pregnenolone sulfate on other ionotropic receptors and its dualistic allosteric modulation of 

NMDA receptors depending on their subunit composition (Geoffroy et al. 2022) may limit its clinical use. 

In contrast to pregnenolone sulfate, the structurally-related neurosteroid 24(S)-hydroxycholesterol and 

its derivative SGE-301 potentiate NMDAR function without distinct subunit selectivity (Paul et al. 2013, 

Geoffroy et al. 2022) and can reverse NMDAR1-AB mediated effects in vitro (Warikoo et al. 2018) and 

in rodent passive transfer models (Mannara et al. 2020, Radosevic et al. 2022). However, the exact 

mechanism by which NMDAR surface expression was rescued in SGE-301 treated animals is unclear 

and probably goes beyond simple positive allosteric modulation.   

Fortunately, the functional outcome one year after NMDARE onset is considered favorable (mRS≤2; 

independent living) in the majority (about 70%) of patients (McKeon et al. 2018, Broadley et al. 2019, 

Nosadini et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022) in particular when immunotherapy and, 

if applicable, tumor resection are initiated early on (Irani et al. 2010, Titulaer et al. 2013, de Montmollin 

et al. 2017, McKeon et al. 2018, Balu et al. 2019, Peng et al. 2020, Abboud et al. 2021, Heine et al. 

2021, Nosadini et al. 2021). Compared to anti-LGI1/CASPR2 encephalitis, as well as a group comprising 

various autoantibody-associated AE, NMDARE was associated with the worst functional outcome at 

three months follow up in a recent prospective multicenter observational study. However, after 12 

months, functional outcome was comparable between groups and favorable (mRS≤2) in 50-70% of AE 

patients (Seifert-Held et al. 2021). Lasting disabilities (mRS≥3 at ≥1 year follow up) were noted in 22-

27% of NMDARE patients despite immunotherapy (Nosadini et al. 2021, Bastiaansen et al. 2022, Nissen 

et al. 2022) and are more frequent in late-onset (>45 years old) NMDARE (Peng et al. 2020, Bastiaansen 

et al. 2022, Nissen et al. 2022) as well as in adult compared to pediatric patients (Nosadini et al. 2021). 

Expectedly, lack of immunotherapy is also associated with a poor prognosis (Broadley et al. 2019). 

Clinical relapses of NMDARE occur in approx. 12-17% of cases (Titulaer et al. 2013, Thaler et al. 2021, 

Bastiaansen et al. 2022, Feng et al. 2022, Nissen et al. 2022). The mortality rate of NMDARE is about 

6-10% (Nosadini et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022, Zhong et al. 2022).  

To improve prognosis of NMDARE cases, Balu et al. retrospectively analyzed the association between 

early clinical features and poor functional outcome (mRS≥3) one year after initial symptoms in a cohort 

of 382 NMDARE patients. The authors identified five statistically independent variables that were asso-

ciated with a poor functional outcome, namely delayed immunotherapy (>4 weeks after onset), lack of 

clinical improvement within 4 weeks, abnormal MRI, increased WBC in CSF (>20 cells/µL), and ICU 
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admission. The authors used these parameters to construct the ‘anti-NMDAR Encephalitis One Year 

Functional Status (NEOS)’ score - a 5-point prediction score, in which each parameter contributes 1 

point (Balu et al. 2019). In addition to the original report, the NEOS score was retrospectively validated 

in a pediatric cohort and prospectively in Chinese patients (Peng et al. 2020, Loerinc et al. 2021, Ma et 

al. 2022).  

In contrast to crude outcome measures of physical impairment, such as the mRS, detailed neuropsy-

chological evaluations of convalescent NMDARE patients are relatively scarce. Nevertheless, various 

case series and cohort studies investigated the neuropsychological outcome of NMDARE, typically fo-

cusing on cognitive domains such as verbal memory, visuospatial memory, working memory, executive 

function, verbal fluency/language, overall intellectual function, attention, and processing speed. Alt-

hough all studies found a substantial frequency of long-lasting cognitive dysfunction in convalescent 

NMDARE patients, including patients considered functionally recovered (mRS=0), the affected cognitive 

domains were remarkably diverse (Finke et al. 2012, Finke et al. 2013, Finke et al. 2016, Matricardi et 

al. 2016, McKeon et al. 2016, de Bruijn et al. 2018, McKeon et al. 2018, Phillips et al. 2018, Guo et al. 

2021), which is likely a result of the relatively small cohort sizes in combination with the heterogeneous 

clinical manifestation of NMDARE. Later, McKeon and colleagues extracted the clinical features of 109 

treated NMDARE patients in a systematic review of 44 small scale studies and evaluated neuropsycho-

logical dysfunction at three time points during disease progression (acute, subacute, and chronic). Over-

all, diverse cognitive deficits were identified in three quarters of patients across all time points. While 

some individual cognitive domains, i.e. working memory, visuospatial memory, language and attention, 

significantly improved upon recovery from NMDARE, impairments in processing speed, episodic 

memory, and some executive functions persisted (McKeon et al. 2018). Complementing these earlier 

observations, a prospective longitudinal study examined the neuropsychological long-term outcome of 

NMDARE in 43 adult convalescent patients, focusing on executive function, verbal and visuospatial 

memory, working memory, and attention (Heine et al. 2021). Importantly, Heine et al. identified cognitive 

deficits in all patients more than two years after disease onset and moderate/severe impairments were 

persistent in two thirds of patients, despite significant improvements and absence of lasting physical 

disability (median mRS=1, range 0-1) at the follow up around 5 years (Heine et al. 2021). Although 

patients improved in some cognitive domains upon the second study visit, the overall rate of executive 

dysfunction (60% of patients) and memory impairments (20-55% depending on domain) remained high 

at the follow up around 5 years (Heine et al. 2021). In contrast to previous reports, Heine et al. did not 

observe speech/language disorder, which might be explained by the long follow-up period.  

To summarize, despite its severity at disease nadir, NMDARE has a relatively good functional outcome 

if treated appropriately. However, cognitive deficits persist in the majority of patients and long-term re-

covery can be slow, prompting the development of new adjunctive therapies.   
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1.6 Pathogenesis 

Currently, the pathogenesis and in particular the pathomechanism(s) initiating neuroinflammation re-

main the least investigated aspects of NMDARE. Although, autoantibodies against NMDAR1 have been 

extensively studied and their potential to cause NMDAR hypofunction has been proven beyond reason-

able doubt, they have never been shown to initiate neuroinflammation (see 1.7-1.9). Yet, the pathogen-

esis and sometimes etiology of NMDARE is often incorrectly attributed to NMDAR1-AB (Chen et al. 

2018, Makuch et al. 2018, Rosch et al. 2018, Gibson et al. 2020, Liu et al. 2020, Guo et al. 2021, Yue 

et al. 2021). The extensive focus on NMDAR1-AB provided a number of observations that may help to 

understand at least some aspects of NMDARE pathogenesis. In addition, two potential triggers of 

NMDARE have been identified, namely tumors, in particular ovarian teratomas, and virus encephalitis 

such as HSV or JEV encephalitis (Dalmau et al. 2019). Noteworthy, these triggers only amount to a 

fraction of NMDARE cases and a cause remains unrecognized in the majority of patients, suggesting 

complex and potentially diverse pathomechanisms. Two recent systematic reviews account a quarter of 

NMDARE cases to tumors (Broadley et al. 2019, Nosadini et al. 2021) and two nation-wide observational 

cohort studies from Denmark and the Netherlands found prior HSE in 10-16% of NMDARE patients 

(Bastiaansen et al. 2022, Nissen et al. 2022) and an antedated autoimmune disease in 7% (Nissen et 

al. 2022).  

NMDAR1 autoantibodies 

A frequently neglected observation is that NMDAR1-AB titers are at least one order of magnitude higher 

in serum compared to CSF of NMDARE patients (Irani et al. 2010, Gresa-Arribas et al. 2014, Makuch 

et al. 2018, Bastiaansen et al. 2022), indicating that the autoimmune processes initiate in the periphery 

and ‘spill-over’ into the CNS compartment. The persistence of peripheral autoimmune processes and 

continuous generation of NMDAR1-specific B cells in NMDARE patients may explain the efficacy of 

rituximab, a B cell depleting anti-CD20 antibody, in NMDARE (Nosadini et al. 2021, Zografou et al. 2021). 

The hypothesis of ongoing autoimmune reactions in the periphery, of at least a fraction of NMDARE 

patients, was further substantiated by Makuch and colleagues in a cross-sectional analysis of peripheral 

blood mononuclear cells, serum, and CSF isolated from ten NMDARE patients. Makuch et al. observed 

circulating NMDAR1-specific peripheral B cells as well as NMDAR1-AB of the IgM and IgG isotype that 

persisted for several months or years after disease onset, suggesting continuous germinal center reac-

tions instead of a primary immunization that generates long-lived plasma cells (Makuch et al. 2018). In 

addition to germinal center reactions, NMDAR1-AB may be produced upon activation of naïve B cells. 

Cloning of heavy and light chain genes from NMDARE-associated intrathecal B cells revealed a lack of 

somatic hypermutations in some NMDAR1-AB clones, indicating that NMDAR1-specific B cells are part 

of the naïve B cell repertoire (Kreye et al. 2016, Wenke et al. 2019). However, it remains unknown where 

and how these cells are activated, and whether NMDAR1-specific B cells migrate into the CNS prior to 

or in response to neuroinflammation.  

In contrast to the migration of B cells into the CNS, more is known about potential entry routes of 

NMDAR1-AB during NMDARE. Under physiological conditions, continuous ‘spill-over’ of peripheral 
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NMDAR1-AB into the CNS is limited by the blood-brain barrier (BBB) to about 0.2% of the serum anti-

body pool (Reiber and Peter 2001). However, in 27-39% of NMDARE cases, the entry of peripheral 

NMDAR1-AB into the CNS is facilitated by a dysfunctional blood-brain or blood-CSF barrier, which is 

typically assessed via an albumin quotient of paired serum and CSF samples (Reiber and Peter 2001, 

Malter et al. 2013, Durr et al. 2021, Yu et al. 2021). In addition to continuous ‘spill-over’ of NMDAR1-AB 

from the periphery into the CNS, intrathecal immunoglobulin synthesis is frequently observed in 

NMDARE patients and may be an additional source of NMDAR1-AB. Qualitative evidence of intrathecal 

IgG synthesis, namely CSF specific oligoclonal bands, is observed in approximately 72-84% of 

NMDARE patients (Durr et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022). Noteworthy, some 

reports observed a change of WBC and OCB with disease progression, showing higher WBC at onset 

and a time-dependent increase of OCB, suggesting that intrathecal immunoglobulin synthesis is sec-

ondary to immune invasion and encephalitis onset (Irani et al. 2010, Durr et al. 2021). Importantly, CSF 

specific OCBs are likely not explained by NMDAR1-AB as these antibodies are present at higher con-

centrations in serum. Quantitative evidence for intrathecal immunoglobulin synthesis, via determination 

of immunoglobulin and albumin concentrations in paired serum and CSF samples, was observed in 21-

44% NMDARE patients for IgG (Durr et al. 2021, Yu et al. 2021, Bastiaansen et al. 2022), in 35% for 

IgM and 15% for IgA (Durr et al. 2021). Notably, neither OCBs nor immunoglobulin quotients confirm 

intrathecal synthesis of NMDAR1-AB. To assess intrathecal synthesis of NMDAR1-AB, a specific anti-

body index based on NMDAR1-AB titers and total IgG quotients in paired serum and CSF samples can 

be evaluated. Although intrathecal NMDAR1-AB synthesis can be assumed if CSF titers are higher or 

within a hundred-fold lower than serum titers, formal evidence either by NMDAR1-AB specific antibody 

indices or by cloning of NMDAR1-specific B cells from patients CSF is limited to a few exemplary 

NMDARE and HSE cases (Pruss et al. 2012, Hansen et al. 2013, Kreye et al. 2016, Malviya et al. 2017). 

In fact, Kreye and colleagues observed that only nine out of 170 antibodies cloned from CSF derived 

ASC from three out of eight NMDARE patients are directed against NMDAR1, whereas the vast majority 

of cloned antibodies recognized other neuronal or astrocytic antigens (Kreye et al. 2016). Due to the 

small number of patients in which NMDAR1-AB antibody indices were determined the proportion of 

NMDARE patients with intrathecal NMDAR1-AB synthesis remains unknown. It should, however, be 

noted that intrathecal NMDAR1-AB are likely immunoprecipitated by binding to the GluN1 subunit of 

NMDAR (Castillo-Gomez et al. 2016), which is abundantly expressed throughout the CNS (Moriyoshi et 

al. 1991, Kutsuwada et al. 1992, Meguro et al. 1992, Monyer et al. 1992, Monyer et al. 1994, Paoletti et 

al. 2013) resulting in ‘artificially’ lowered NMDAR1-AB titers in CSF compared to serum samples, which 

may result in false-negative antibody indices.  

Although NMDAR1-AB are frequently implicated in the pathogenesis of NMDARE, correlations between 

NMDAR1-AB titers and clinical outcome or cognitive function remain relatively poor and highly contro-

versial. Contributing to this are underreported NMDAR1-AB titers, in particular in CSF, at follow-up time 

points in longitudinal studies. Considering the reversible mode of action of NMDAR1-AB, correlations 

between NMDAR1-AB titers at disease onset and long-term outcome, although frequently reported, suf-

fer from a rather questionable relevance. Furthermore, NMDAR1-AB and disease severity might be 

confounded by the underlying autoimmune processes, whereas NMDAR1-AB titers at follow-up are 
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likely biased by the timing of and response to immunotherapy. This might explain why correlations be-

tween outcome and NMDAR1-AB titers remain controversial with some studies reporting a significant 

association (Irani et al. 2010, Gresa-Arribas et al. 2014) whereas others do not (Finke et al. 2016, Finke 

et al. 2017). Furthermore, no correlation was found between NMDAR1-AB titers and cognitive function 

or structural hippocampal measures (Finke et al. 2016, Phillips et al. 2018), and NMDAR1-AB CSF titers 

of fully recovered (mRS=0) NMDARE patients did not differ from non-recovered patients (Phillips et al. 

2018). Also, clinical improvements and recovery of NMDARE patients frequently occurs despite the 

persistence of NMDAR1-AB in patient CSF (Hansen et al. 2013, Gresa-Arribas et al. 2014, Liba et al. 

2016, Liu et al. 2020), suggesting a major contribution of the underlying neuroinflammatory processes 

to the clinical phenotype and disease severity. 

Ovarian teratomas 

Originally, the anti-NMDAR encephalitis was described as a paraneoplastic disease associated with 

ovarian teratomas, as patients recovered upon tumor resection and immunotherapy. This hypothesis 

was corroborated by histological analysis of resected teratomas containing neuronal tissues that ectop-

ically express NMDAR subunits (Dalmau et al. 2007). However, after substantial research and imple-

mentation of diagnostic consensus guidelines (Graus et al. 2016) NMDARE is now mostly diagnosed in 

tumor-free patients. Overall, a tumor association is found in about one quarter of NMDARE patients 

(Broadley et al. 2019, Nosadini et al. 2021) and ovarian teratomas are the most frequent tumor type, in 

particular amongst young patients (Dalmau et al. 2011, Titulaer et al. 2013, Bost et al. 2018, Bastiaansen 

et al. 2022). Importantly, in paraneoplastic NMDARE cases, tumors are likely involved in the pathogen-

esis of NMDARE as tumor resection is pivotal for recovery (Dalmau et al. 2008, Titulaer et al. 2013, 

Dalmau et al. 2019). 

Until recently, histopathological analyses of NMDARE-associated ovarian teratomas were limited to 

controlled case series with a limited amount of NMDARE cases (Tuzun et al. 2009, Dabner et al. 2012, 

Day et al. 2014, Tabata et al. 2014, Iemura et al. 2018, Makuch et al. 2018). These studies were recently 

supplemented by Chefdeville and colleagues, who compared the histopathology of 27 ovarian teratomas 

from NMDARE patients to 40 ‘sporadic’ ovarian teratomas without associated autoimmune disease 

(Chefdeville et al. 2019). Both mature as well as immature ovarian teratomas have been associated with 

NMDARE, with mature teratomas being more common (Tuzun et al. 2009, Dabner et al. 2012, Day et 

al. 2014, Bost et al. 2018, Iemura et al. 2018, Chefdeville et al. 2019). Importantly, nervous tissue is not 

exclusively expressed in NMDARE-associated teratomas and found in the majority of ovarian teratomas 

(Tuzun et al. 2009, Dabner et al. 2012, Day et al. 2014, Tabata et al. 2014, Iemura et al. 2018, 

Chefdeville et al. 2019). The frequency with which nervous tissue elements were identified in control 

teratomas, however, differs between reports. While Chefdeville et al. found nervous tissue in all but one 

NMDARE-associated teratoma, in contrast to only 40% of control teratomas, earlier reports observed 

nervous tissues in almost all teratomas, independent of disease status (Tuzun et al. 2009, Dabner et al. 

2012, Day et al. 2014, Tabata et al. 2014, Iemura et al. 2018) If nervous tissue was present, GluN1 and 

GluN2 subunits were, independent of disease status, commonly expressed in neuroglial elements, indi-

cating that ectopic expression of GluN1/NMDAR does not inevitably result in autoimmune encephalitis 

(Tuzun et al. 2009, Tabata et al. 2014, Iemura et al. 2018, Chefdeville et al. 2019). Interestingly, close 
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to the nervous tissue/neuroglial elements, intratumoral lymphoid infiltrates consisting of CD3+ T cells 

and CD20+ B cells were present in the majority of NMDARE-associated teratomas and strikingly rare in 

other sporadic teratomas (Tuzun et al. 2009, Dabner et al. 2012, Day et al. 2014, Tabata et al. 2014, 

Iemura et al. 2018, Chefdeville et al. 2019). This suggests that the initiation of NMDARE-associated 

autoimmune processes may require ectopic expression of NMDAR coinciding with a prominent immune 

activation or a particular type of antigen presentation. In support of this hypothesis are findings of tertiary 

lymphoid structures, reactive germinal centers, lymphoid follicles, and B cell aggregates in close prox-

imity to neuroglial elements in a fraction of NMDARE-associated teratomas (Tuzun et al. 2009, Dabner 

et al. 2012, Day et al. 2014, Iemura et al. 2018, Makuch et al. 2018, Chefdeville et al. 2019). Furthermore, 

diffuse IgG and IgA deposition were observed in the majority of NMDARE-associated teratomas 

(Chefdeville et al. 2019), indicating ongoing autoimmune/antitumor processes in paraneoplastic 

NMDARE cases. Importantly, direct evidence of autoreactive B cells directed against the GluN1 subunit 

and intratumoral NMDAR1-AB synthesis was obtained by Makuch and colleagues who cultured tera-

toma explants as well as B cells and ASC aspirated from ovarian teratomas. In conditions favoring either 

maintenance of ASC or B cell proliferation, NMDAR1-AB of the IgG class were detected in cell culture 

supernatants (Makuch et al. 2018). 

Viral encephalitides 

Some years after the first description of NMDARE, a retrospective analysis of CSF and serum samples 

from herpes simplex virus encephalitis patients reported NMDAR1-AB in 30% of HSV encephalitis (HSE) 

patients. HSE-associated NMDAR1-AB were of either IgM, IgA, or IgG isotypes and intrathecal synthe-

sis of IgG NMDAR1-AB was identified in three out of 44 cases (Pruss et al. 2012). Concomitantly, a 

retrospective analysis of CSF samples that were PCR positive for family members of Herpesviridae, 

including HSV-1, HSV-2, HHV-6, VZV, EBV, or CMV, showed that 27% contained autoantibodies 

against either NMDAR1, AMPAR or other unclassified neuronal or non-neuronal antigens (Linnoila et 

al. 2016). These findings led to the hypothesis, that NMDAR1-AB are associated with HSE relapses in 

patients with HSV-negative CSF. Indeed, a variety of case series and a prospective study observed 

NMDAR1-AB and other anti-neuronal autoantibodies in the CSF of patients relapsing from HSE (‘post-

HSE AE’) as well as beneficial effects of immunotherapy in these patients (Armangue et al. 2014, 

Hacohen et al. 2014, Mohammad et al. 2014, Armangue et al. 2015, Sutcu et al. 2016, Westman et al. 

2016, Pruss 2017, Armangue et al. 2018). These findings were further substantiated by a systematic 

review and a prospective study, showing that post-HSE autoimmune encephalitis occurs on average 

within one month in about one quarter of HSE patients, of which more than half had NMDAR1-AB pos-

itive CSF (Nosadini et al. 2017, Armangue et al. 2018). Noteworthy, autoantibodies against other anti-

neuronal antibodies, including GABAAR, AMPAR, D2R-AB, were frequent in CSF of AE as well as non-

AE patients post-HSE (Armangue et al. 2014, Mohammad et al. 2014, Armangue et al. 2015, Graus et 

al. 2016, Linnoila et al. 2016, Pruss 2017, Armangue et al. 2018). Importantly, some patients develop 

NMDAR1-AB after HSE without clinical signs of relapse (Linnoila et al. 2016, Armangue et al. 2018), 

indicating that NMDAR1-AB and AE are not directly linked by causality but instead are generated in 

response to a shared underlying autoimmune response. Furthermore, the clinical manifestation and 

cognitive performance of NMDAR1-AB positive HSE cases did not differ from NMDAR1-AB negative 
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HSE cases (Pruss et al. 2012, Westman et al. 2016). In contrast, Armangue and colleagues observed 

that psychosis and choreoathetosis were more frequent in NMDAR1-AB positive post-HSE AE cases 

compared to NMDAR1-AB negative post-HSE cases (Armangue et al. 2018). However, the interpreta-

tion of this observation is difficult as the results were potentially confounded by a substantially younger 

age of NMDAR1-AB positive patients (approx. 2 vs. 56 years).  

In addition to HSE, Japanese encephalitis (JE), which is caused by the Japanese encephalitis virus 

(JEV), has been associated with NMDARE and NMDAR1-AB (Ma et al. 2017, Ma et al. 2020, Liu et al. 

2021). After an initial description NMDAR1-AB in the CSF of three patients and NMDARE-associated 

clinical symptoms during a relapse from the usually monophasic JE (Ma et al. 2017, Ashraf et al. 2021), 

two prospective studies have further substantiated post-JE NMDARE (Ma et al. 2020, Liu et al. 2021). 

Similar to post-HSE NMDARE, NMDARE can occur within one month after JE onset (Ma et al. 2017, 

Ma et al. 2020) and other anti-neuronal autoantibodies, including GABABR-AB and unclassified neuronal 

autoantibodies were found in the CSF of a fraction of post-JE AE cases (Liu et al. 2021). The absence 

of anti-neuronal autoantibodies during the acute phase of JE (Liu et al. 2021) indicates de novo autoan-

tibody formation, further supporting the hypothesis that neuronal autoantigen shedding in response neu-

ronal destruction, which is common in both HSE and JE (Kennedy and Chaudhuri 2002, Whitley 2006, 

Ashraf et al. 2021), in combination with sufficient immune stimulation may initiate autoimmune pro-

cesses. Importantly, the use and safety of approved inactivated and live attenuated JEV vaccines 

(Ashraf et al. 2021) points against a major role of molecular mimicry.    

Considering the rarity of AE, JE, and HSE, their chronological connection, and absence of anti-neuronal 

autoantibodies in CSF at HSE and JE onset (Westman et al. 2016, Liu et al. 2021), a causal relationship 

is likely. Furthermore, post-HSE and post-JE autoimmune mechanisms are not limited to NMDAR1-AB 

and also induce other anti-neuronal autoantibodies, suggesting that HSV- and JEV-associated nervous 

tissue destruction and immune stimulation via damage associated molecular patterns (DAMPs) and/or 

pathogen associated molecular patterns (PAMPs) are more likely involved than molecular mimicry. The 

shedding of neuronal autoantigens in response to encephalitides was demonstrated by analyses of ex-

osomes derived from sera of HSV1-infected rodents or CSF of antibody-associated AE, including 

NMDARE, which contained neuronal autoantigens such as NMDAR, GABABR, and AMPAR (Gu et al. 

2021, Li et al. 2022). Importantly, the presence of NMDAR1-AB in CSF of some patients without clinical 

relapse after HSE (Linnoila et al. 2016, Armangue et al. 2018), suggests a complex encephalitogenesis 

that goes beyond simple presence of intrathecal NMDAR1-AB. Furthermore, serum NMDAR1-AB have 

been associated with prior influenza A/B infections (Hammer et al. 2014a) indicating that NMDAR1-AB 

may also be expressed antigen-independently after general immune activation. In conclusion, the 

pathomechanism(s) by which neuroinflammation is initiated in NMDARE remain understudied and un-

known.    
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1.7 NMDAR1 autoantibodies 

Prevalence 

Although, originally implicated in NMDARE, NMDAR1-AB are frequently present in healthy humans and 

other mammals (Dahm et al. 2014, Hammer et al. 2014a, Hammer et al. 2014b, Pan et al. 2018, Pan et 

al. 2021) and these so-called ‘naturally occurring’ NMDAR1-AB have been extensively reviewed else-

where (Ehrenreich 2017, 2018, Wilke et al. 2019, Ehrenreich et al. 2021). In brief, naturally occurring 

NMDAR1-AB are of either IgM, IgA, or IgG subclasses, are highly prevalent in serum, and their sero-

prevalence increases with age. In comparison to NMDARE, titers of naturally occurring NMDAR1-AB 

are relatively low and typically range from 1:10 to 1:320 in the current ‘gold-standard’ cell-based assay 

(Euroimmun) (Dahm et al. 2014). Importantly, NMDAR1-AB have not yet been convincingly associated 

with the development of neuropsychiatric diseases but have been associated with prior influenza infec-

tion and might be related to neuropsychiatric symptoms in individuals with an impaired blood-brain bar-

rier (Dahm et al. 2014, Hammer et al. 2014a, Hammer et al. 2014b, Ehrenreich 2018). Furthermore, the 

high seroprevalence of NMDAR1-AB in healthy individuals, their presence in different mammals, and 

relative frequency in comparison to other anti-neuronal autoantibodies (Dahm et al. 2014) point against 

a purely pathogenic relevance (Ehrenreich et al. 2021). 

Isotypes 

While NMDARE has originally been associated with NMDAR1-AB of the IgG subclass, a retrospective 

analysis of 94 CSF samples from NMDARE patients revealed the presence of NMDAR1-AB of both IgA 

and IgG isotypes in 41%, which was significantly associated with the presence of ovarian teratomas. 

However, the authors did not observe differences in the clinical manifestation of NMDAR1-AB IgG+/IgA+ 

patients compared to IgG+/IgA- NDMARE patients despite higher IgG NMDAR1-AB titers in IgA positive 

CSF samples. Interestingly, a linear correlation between IgA and IgG NMDAR1-AB titers was observed 

in double positive CSF samples, potentially reflecting a stronger autoimmune response in patients with 

ovarian teratoma (Desestret et al. 2015). Furthermore, a longitudinal analysis of serum samples re-

vealed continuous production of NMDAR1-AB of the IgM subclass, in addition to NMDAR1-AB IgG, that 

was highest at disease onset but persisted for months and sometimes years in some NMDARE patients 

(Makuch et al. 2018). Further characterization of patients NMDAR1-IgG repertoire revealed a predomi-

nance of IgG1 as well as the presence of IgG2 and IgG3 isotypes, whereas IgG4 NMDAR1-AB were 

absent (Dalmau et al. 2008, Tuzun et al. 2009, Hughes et al. 2010, Irani et al. 2010, Kreye et al. 2016). 

Epitopes  

As NMDAR1-AB are frequently found in healthy individuals, a variety of studies investigated whether 

NMDARE-associated NMDAR1-AB recognize a distinct epitope on the GluN1 subunit. First evidence 

for a binding of patient NMDAR1-AB to the amino-terminal domain of GluN1 was obtained by Dalmau 

et al. who showed that antibody binding is abrogated in truncated GluN1 constructs lacking amino acids 

25-380 (Dalmau et al. 2008). Furthermore, NMDAR1-AB binding to GluN1 is independent of exon five 

and does not require expression of other NMDAR subunits such as GluN2A or GluN2B (Dalmau et al. 

2008, Gleichman et al. 2012). Epitope mapping revealed that binding of patient CSF derived NMDAR1-
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AB depends on amino acids within the seventh N-glycosylation site of GluN1 (Asn368, Gly369, Thr370, 

hereafter referred to as G7 epitope). However, it remained inconclusive if post-translational modification 

of the G7 epitope is required for NMDAR1-AB binding. While treatment of GluN1-transfected cells with 

tunicamycin, or mutations of the N-X-T/S consensus motif of N-glycosylation sites (Kornfeld and 

Kornfeld 1985, Mellquist et al. 1998), including N368Q, N368D, and T370A, all prevented N368 glyco-

sylation, only tunicamycin treatment and N368Q mutation fully abolished NMDAR1-AB staining. In con-

trast, N368D and T370A mutation only partially blocked antibody binding (Gleichman et al. 2012). Fur-

thermore, mutations of G369, which did not affect glycosylation of N368, similarly interfered with 

NMDAR1-AB binding. While G369 mutation to nonpolar amino acids (G369A, G369I, or G369L) fully 

prevented antibody binding, G369 mutation to polar amino acids (G369S, G369T) only partially reduced 

the NMDAR1-AB staining (Gleichman et al. 2012, Gresa-Arribas et al. 2014). The authors also con-

firmed that N368 glycosylation itself does not interfere with NMDAR1-AB binding, by immunoprecipita-

tion of N368 glycosylated GluN1, extracted from rodent brains, with patient CSF (Gleichman et al. 2012).  

Importantly, the main function of NMDAR1-AB, which involves binding and cross-linking of NMDAR 

resulting in NMDAR internalization and reduced surface expression, does not depend on binding to the 

G7 epitope (Castillo-Gomez et al. 2017) and G7-epitope binding NMDAR1-AB have not yet been asso-

ciated with distinct functional properties. Although the G7 epitope is frequently recognized by NMDAR1-

AB, the NMDAR1-AB repertoire is often polyclonal (Kreye et al. 2016, Castillo-Gomez et al. 2017) and 

not every NMDARE CSF sample contains G7-epitope binding NMDAR1-AB (Castillo-Gomez et al. 2017). 

Furthermore, a recent immunohistochemical analysis of binding patterns of NMDARE CSF samples as 

well as monoclonal NMDAR1-AB revealed two distinct binding patterns (Wagner et al. 2020), which 

point against a limitation of NMDAR1-AB binding to a single epitope. Pattern one includes strong binding 

to pyramidal cell bodies in CA1 pyramidal layer, occurs in a fraction of NMDARE patient samples, and 

is common to commercial polyclonal anti-NMDAR1 antibodies. In contrast, pattern two is often referred 

to as ‘neuropil’ staining in NMDARE related publications and shows prominent staining of the hippocam-

pal neuropil without staining of pyramidal cell bodies, indicating binding to postsynaptic NMDAR 

(Wagner et al. 2020).  

Patient derived monoclonal NMDAR1-AB 

By now, a variety of NMDAR1-AB have been cloned from NMDARE patient derived intrathecal B cells, 

including, amongst others, clone SSM5 (Malviya et al. 2017), clones 5F5 and 2G6 (Sharma et al. 2018), 

the somatically hypermutated clone #003-102 (Kreye 2016) as well as the ‘germline configured’ clone 

#003-109 (Kreye et al. 2016, Wenke et al. 2019). Clone SSM5 has been shown to compete with patient 

CSF for binding to hippocampal NMDAR, requires an intact G7-epitope, and reduces NMDAR-

dependent functions in cultured oligodendrocytes (Matute 2006, Malviya et al. 2017). Clones 5F5 and 

2G6 were derived from peripheral blood of a single patient and sequence analysis revealed that these 

clones likely originated from independent B cell lineages confirming that NMDARE patients can have a 

polyclonal repertoire of functional NMDAR1-AB. Furthermore, both clones recognized epitopes in the 

amino terminal domain of NMDAR. Importantly, both 5F5 and 2G6 were functional in vitro and in vivo, 

but did not compete for NMDAR binding (Sharma et al. 2018), further supporting an epitope independent 

pathogenic potential of NMDAR1-AB and diversity of NMDAR1-AB epitopes. The ‘germline configured’ 
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NMDAR1-AB clone #003-109 binds to native, fixed, as well as ectopically expressed GluN1, albeit with 

lower affinity compared to the matured #003-102 (Wenke et al. 2019). Both #003-109 and #003-102 

recognize epitopes that depend on N368 of GluN1 as they do not bind to N368Q mutants (Kreye et al. 

2016, Wenke et al. 2019). Typical NMDAR1-AB functionality (NMDAR internalization) has been con-

firmed in vitro for the somatically hypermutated #003-102 as well as germline configured antibody clone 

#003-109, indicating that functionality does not require affinity maturation (Kreye et al. 2016, Wenke et 

al. 2019) 

Molecular mode of action 

As the name suggests, anti-NMDAR1 autoantibodies bind to the GluN1 subunit of NMDAR. N-methyl-

D-aspartate receptors are Ca2+ permeable cation channels, key players in excitatory neurotransmission 

(Figure 1A), and activated by glutamate in combination with glycine or D-serine (Traynelis et al. 2010, 

Paoletti et al. 2013). NMDA receptors consist of two GluN1 subunits that alternatingly assemble with 

two GluN2A, GluN2B, GluN2C, GluN2D, GluN3A, and/or GluN3B subunits (1-2-1-2 or 1-2-1-3) to dihet-

erotetrameric or triheterotetrameric receptors (Lee et al. 2014, Tajima et al. 2016, Zhu et al. 2016, Lu et 

al. 2017, Zhang et al. 2021). While GluN1 is obligatory for functional NMDAR (Monyer et al. 1992, 

Forrest et al. 1994, Cui et al. 2004, Paoletti et al. 2013) and ubiquitously expressed throughout the CNS, 

the composition of GluN2 and GluN3 subunits differs between brain regions and is highly plastic 

(Monaghan and Cotman 1985, Moriyoshi et al. 1991, Kutsuwada et al. 1992, Meguro et al. 1992, Monyer 

et al. 1992, Monyer et al. 1994, Traynelis et al. 2010, Paoletti et al. 2013). Importantly, as NMDAR1-AB 

binding to GluN1 is unaffected by the subunit composition and independent of alternative GluN1-splicing 

(Dalmau et al. 2008, Gleichman et al. 2012), NMDAR1-AB theoretically have the potential to act on 

NMDAR throughout the brain as long as they are expressed on the cell surface and not sterically hin-

dered by NMDAR-associated proteins (Wilke et al. 2019). Topologically, NMDAR are transmembrane 

proteins consisting of four domains, the amino-terminal domain, the ligand-binding domain, a transmem-

brane domain, and the intracellular C-terminal domain (Traynelis et al. 2010). Both the amino terminal 

and the ligand binding domain are located on the extracellular site and hence are the main targets of 

functionally relevant NMDAR1-AB (Wilke et al. 2019).  

On a theoretical basis, NMDAR1-AB binding could affect single receptor properties and agonize, antag-

onize, or allosterically modulate NMDA receptors. In addition, NMDAR1-AB could affect NMDAR func-

tion by altering NMDAR trafficking, including receptor cross-linking and internalization, or indirectly alter 

cellular functions through interactions with molecular or cellular immune system components, such as 

complement proteins or Fc-receptors (Diamond et al. 2009, Wilke et al. 2019). Based on histopatholog-

ical findings in NMDARE brains, complement dependent cytotoxicity and antibody-dependent cellular 

cytotoxicity are unlikely associated with NMDAR1-AB binding (see 1.4). In contrast, antibody-dependent 

cellular phagocytosis, i.e. via deposition of early complement components and recognition by microglial 

complement receptors (Brown and Neher 2014), have not yet been investigated and cannot be ruled 

out by the present state literature. As most patient-derived NMDAR1-AB bind to the amino-terminal 

domain and not the agonist-binding domain (Dalmau et al. 2008, Gleichman et al. 2012, Gresa-Arribas 

et al. 2014, Kreye et al. 2016, Castillo-Gomez et al. 2017) allosteric modulation seems more likely than 

direct receptor activation or inactivation. Furthermore, the arrangement of NMDAR subunits (two GluN1 
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subunits on opposing sites) favors bivalent inter-NMDAR binding (crosslinking) instead of bivalent intra-

NMDAR binding.  

 

Figure 1: Function of NMDAR and NMDAR1-autoantibodies, published in (Wilke et al. 2019). A, Postsynaptic 

NMDA receptors are key players of excitatory neurotransmission. In response to presynaptic glutamate release, 
postsynaptic AMPA receptors are activated resulting in a depolarization of the membrane potential (mV). This de-
polarization releases a Mg2+ block from NMDAR resulting enabling glutamate-evoked channel opening and influx 
of Ca2+, and Na+ ions and outflow of K+. While AMPAR contribute mainly to the fast component of excitatory postsyn-
aptic potentials (EPSCs), the slow EPSC component is dominated by NMDAR-mediated currents, due to their de-
layed activation and slower inactivation kinetics. Furthermore, the influx of Ca2+ initiates a variety of intracellular 
signaling pathways involved in long-term potentiation (Paoletti et al. 2013). B, Effect of NMDAR1-AB. NMDAR1-AB 

bind both synaptic and extrasynaptic NMDAR resulting in NMDAR cross-linking and subsequent internalization. 
The lower NMDAR surface expression reduces NMDAR-mediated currents, thereby inducing a state of NMDAR 

hypofunction.   

By now, a substantial number of in vitro studies have investigated effects of NMDAR1-AB on various 

NMDAR-expressing cells and collectively shown that NMDAR1-AB mediate a reduction of surface 

NMDAR expression (Hughes et al. 2010, Mikasova et al. 2012, Hammer et al. 2014a, Moscato et al. 

2014, Kreye et al. 2016, Malviya et al. 2017, Ladepeche et al. 2018, Pan et al. 2018, Sharma et al. 2018, 

Warikoo et al. 2018, Jones et al. 2019, Mannara et al. 2020, Ding et al. 2021), reduce NMDAR-mediated 

currents or Ca2+ response (Hughes et al. 2010, Mikasova et al. 2012, Moscato et al. 2014, Kreye et al. 

2016, Castillo-Gomez et al. 2017, Malviya et al. 2017, Warikoo et al. 2018, Jones et al. 2019, Wenke et 

al. 2019, Matute et al. 2020, Ding et al. 2021), and impair NMDAR-dependent long-term potentiation 

(LTP) (Zhang et al. 2012, Ding et al. 2021). The underlying mode of action, involves bivalent binding of 

NMDAR1-AB to synaptic and extrasynaptic NMDA receptors (Hughes et al. 2010), which affects 

NMDAR surface dynamics depending on NMDAR subunit composition and causes a clustering of 

GluN2B-containing NMDAR (Mikasova et al. 2012, Ladepeche et al. 2018). Independent of subunit 

composition or NMDAR activation, NMDAR1-AB binding causes a dose-dependent and reversible 

NMDAR internalization (Hughes et al. 2010, Mikasova et al. 2012, Moscato et al. 2014, Ladepeche et 

al. 2018, Warikoo et al. 2018, Wenke et al. 2019), thereby explaining the observed reduction in surface 

NMDAR expression and NMDAR-mediated currents, as well as the impaired hippocampal long-term 

potentiation (Figure 1B).  
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This NMDAR1-AB-dependent NMDAR internalization has been shown multiple times in different in vitro 

systems, including murine hippocampal or cortical neuron cultures (Hughes et al. 2010, Mikasova et al. 

2012, Hammer et al. 2014a, Moscato et al. 2014, Kreye et al. 2016, Malviya et al. 2017, Ladepeche et 

al. 2018, Sharma et al. 2018, Warikoo et al. 2018, Jones et al. 2019, Mannara et al. 2020), acute brain 

slices (Zhang et al. 2012, Ding et al. 2021), primary oligodendrocyte cultures (Matute et al. 2020), human 

neuron cultures derived from induced pluripotent stem cells (Castillo-Gomez et al. 2017, Pan et al. 2018), 

and heterologous expression systems such as oocytes (Castillo-Gomez et al. 2017, Malviya et al. 2017), 

indicating that NMDAR internalization is neither species specific nor exclusive to neurons. Analyzed 

NMDAR1-AB containing samples include commercial NMDAR1-AB (Castillo-Gomez et al. 2017, Pan et 

al. 2018), purified immunoglobulins (Hughes et al. 2010, Mikasova et al. 2012, Hammer et al. 2014a, 

Jones et al. 2019, Ding et al. 2021), patient derived monoclonal NMDAR1-AB (Kreye et al. 2016, Malviya 

et al. 2017, Wenke et al. 2019, Matute et al. 2020), patient CSF (Hughes et al. 2010, Mikasova et al. 

2012, Zhang et al. 2012, Moscato et al. 2014, Ladepeche et al. 2018, Warikoo et al. 2018, Mannara et 

al. 2020), or diluted and/or dialyzed serum/plasma samples (Castillo-Gomez et al. 2017, Pan et al. 2018, 

Wagnon et al. 2020, Ding et al. 2021). Importantly, NMDAR1-AB mediated NMDAR internalization did 

neither depend on binding to the G7 epitope nor on the immunoglobulin class (IgG, IgA, IgM) (Hammer 

et al. 2014a, Castillo-Gomez et al. 2017, Pan et al. 2018). NMDAR internalization has been observed 

after several minutes (Zhang et al. 2012, Hammer et al. 2014a, Castillo-Gomez et al. 2017, Pan et al. 

2018, Sharma et al. 2018, Ding et al. 2021) hours (Mikasova et al. 2012, Kreye et al. 2016, Malviya et 

al. 2017, Ladepeche et al. 2018, Wenke et al. 2019, Mannara et al. 2020, Matute et al. 2020, Ding et al. 

2021) and days (Hughes et al. 2010, Moscato et al. 2014, Warikoo et al. 2018) of NMDAR1-AB appli-

cation. Although internalization typically occurs within minutes (Schneider et al. 2008, de Juan-Sanz et 

al. 2011, Hammer et al. 2014b), some studies did not find an effect of NMDAR1-AB within 30 min 

(Mikasova et al. 2012, Moscato et al. 2014, Ladepeche et al. 2018, Wenke et al. 2019) potentially due 

to different assay sensitivities or recycling of internalized NMDAR after prolonged incubation (Hammer 

et al. 2014b). Indeed, most internalized NMDAR accumulate in recycling endosomes (Moscato et al. 

2014), which usually form within 30 min after internalization (Schneider et al. 2008, de Juan-Sanz et al. 

2011, Hammer et al. 2014b). In addition to receptor recycling, a fraction of the internalized NMDAR is 

degraded in lysosomes (Moscato et al. 2014) resulting in a time-dependent decrease of surface NMDAR 

that plateaus after 12 h (Moscato et al. 2014). Importantly, NMDAR1-AB had no major effects on neu-

ronal viability or morphology, including dendritic branching and number of synapses (Hughes et al. 2010, 

Mikasova et al. 2012), and did not affected AMPA receptor expression or currents (Hughes et al. 2010, 

Wenke et al. 2019), inhibitory postsynaptic currents (Moscato et al. 2014), kainate- or GABA-evoked 

currents (Wenke et al. 2019) or residual surface NMDAR function (Warikoo et al. 2018, Wenke et al. 

2019).  

In contrast to NMDAR internalization, which is measurable on a bulk receptor level and usually meas-

ured after preincubation with NMDAR1-AB, electrophysiological studies about acute effects (time scale 

of seconds) on NMDA receptor function in the presence of NMDAR1-AB are scarce. One study observed 

that acute local perfusion of hippocampal neurons with NMDAR1-AB did not alter NMDA-evoked current 

amplitudes, whereas NMDAR currents were reduced after 24h preincubation with NMDAR1-AB (Jones 
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et al. 2019), suggesting that NMDAR1-AB mainly act via NMDAR internalization but do not directly an-

tagonize NMDAR function.  

NMDAR hypofunction 

Already prior to the discovery of NMDARE and NMDAR1-AB function, NMDA receptor hypofunction has 

been intensively researched as it is associated with schizophrenia-like symptoms in both humans and 

rodents (Willetts et al. 1990, Jentsch and Roth 1999, Newcomer et al. 1999, Olney et al. 1999, 

Newcomer and Krystal 2001, Coyle et al. 2003, van den Buuse 2010, Moghaddam and Javitt 2012, 

Paoletti et al. 2013, Balu 2016, Geoffroy et al. 2022). 

In humans, acute exposure to sub anesthetic doses of NMDAR antagonists, such as the use-dependent 

open-channel blockers ketamine and phencyclidine (PCP) (Traynelis et al. 2010), induces a dose-de-

pendent and reversible state of NMDAR hypofunction that is accompanied by reduced cognitive function. 

Particularly affected domains include working memory, declarative memory, attention, verbal fluency, 

and reaction time. Furthermore, positive symptoms of schizophrenia, such as agitation, hallucinations, 

delusions, or disorganized thinking, and negative symptoms like motor retardation, blunted affect, or 

emotional withdrawal are frequently induced by NMDAR antagonists (Krystal et al. 1994, Jentsch and 

Roth 1999, Newcomer et al. 1999, Newcomer and Krystal 2001, Coyle et al. 2003, Balu 2016). In addi-

tion, acute administration of ketamine transiently reduces symptoms of major depressive disorder and 

treatment resistant depression (Aan Het Rot et al. 2012, Krystal et al. 2019, Carboni et al. 2021). At 

higher doses the NMDAR antagonist ketamine acts as dissociative anesthetic and has been associated 

with anterograde amnesia (Newcomer and Krystal 2001). Importantly, subtle memory impairments are 

measurable at lower doses than those required to induce schizophrenia like symptoms (Newcomer et 

al. 1999, Newcomer and Krystal 2001).     

In rodents, administration of PCP, MK-801, ketamine, and other NMDAR antagonists results in spatial 

memory impairments, reduces some non-spatial memory functions, and induces psychosis-like symp-

toms characterized by hyperlocomotion, altered pre-pulse inhibition, and stereotypic behavior, such as 

circling and head weaving (Morris et al. 1986, Morris 1989, Willetts et al. 1990, Jentsch and Roth 1999, 

Newcomer and Krystal 2001, van den Buuse 2010). At higher doses, hyperlocomotion is replaced by 

hypolocomotion due to an increase in stereotypic behavior, emergence of ataxia, and, at even higher 

doses, anesthetic effects (van den Buuse 2010).  

In addition to pharmacological studies, chronic NMDAR hypofunction has been genetically modeled in 

mice. Importantly, a complete knockout of the GluN1 subunit (Grin1-/- mice) is lethal and results in post-

natal death within 8-15 h (Forrest et al. 1994), highlighting the physiological importance of NMDAR. To 

study less severe NMDAR hypofunction, a variety of GluN1 mutant mouse models, including Grin1Neo  

(Mohn et al. 1999, Fradley et al. 2005, Bickel et al. 2008), Grin1K483Q (Kew et al. 2000), Grin1D481N (Kew 

et al. 2000), Grin1D481N/K483Q (Ballard et al. 2002), as well as conditional Grin1 knockout mice (Cui et al. 

2004, Dang et al. 2006) have been developed. While some models investigate consequences of a global 

NMDAR hypofunction caused by either a reduction of GluN1/NMDAR expression (Grin1Neo) or NMDAR 

glycine affinities (Grin1K483Q, Grin1D481N, or Grin1D481N/K483Q) (Mohn et al. 1999, Kew et al. 2000, Ballard 

et al. 2002, Fradley et al. 2005, Bickel et al. 2008), other models have focused on the role of NMDAR 
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hypofunction in specific brain regions by conditional knockouts of GluN1 in regions such as the striatum 

(Dang et al. 2006), forebrain (Cui et al. 2004) or hippocampal CA1 (Tsien et al. 1996). Mice carrying a 

homozygous Grin1Neo mutation expressed only about 5-10% of normal GluN1/NMDAR amounts and 

were characterized by hyperlocomotion, increased stereotypic behavior, deficits in social and sexual 

interaction, increased startle response, and an altered pre-pulse inhibition (Mohn et al. 1999, Fradley et 

al. 2005, Bickel et al. 2008). In contrast, mice carrying homozygous Grin1D481N mutations, which reduces 

glycine affinity by 5-fold, display altered NMDAR expression accompanied by deficits in hippocampal 

LTP and spatial learning, reduced sensitivity to NMDA-induced seizures, increased startle response, 

but normal pre-pulse inhibition, normal anxiety-related behavior, no difference in locomotor activity or 

stereotypic behavior (Kew et al. 2000). A more severe reduction in glycine affinity (i.e. by 86-fold) in 

mice carrying homozygous Grin1K483Q mutations results in early postnatal death (Kew et al. 2000), sim-

ilar to Grin1-/- mice (Forrest et al. 1994). Grin1D481N/K483Q hybrid mice are viable but display persistent 

hyperactivity and increased stereotypic behavior, disrupted nest building ability, and impaired spatial 

learning and memory (Ballard et al. 2002). In summary, these findings indicate that NMDAR hypofunc-

tion induces symptoms in a dose/severity-dependent manner with subtle memory deficits preceding, 

hyperlocomotion, increased stereotypic behavior, and impaired pre-pulse inhibition.  

Collectively, these findings from human and rodent studies suggests that NMDAR antagonism/hypo-

function induces cognitive deficits as well as negative and positive symptoms of schizophrenia in a dose 

dependent manner, starting with subtle deficits in NMDAR-dependent memory function (i.e. spatial 

learning/memory in rodents, and working and declarative memory in humans), followed by psychiatric 

symptoms, such as hyperlocomotion and stereotypic behavior in rodents, or agitation and hallucinations 

in humans. At higher doses, NMDAR antagonism/hypofunction causes dissociation and loss of con-

sciousness. As these symptoms are common in NMDARE patients and because NMDAR1-AB can 

cause NMDAR hypofunction, NMDAR1-AB are often considered as a major pathogenic driving force 

underlying the anti-NMDAR encephalitis.   



28 
 

1.8 Passive transfer models 

By now, a variety of rodent passive transfer models have been established to investigate effects of 

NMDAR1-AB in vivo. Table 1 summarizes main findings of these studies as well as critical parameters, 

that must be considered when different passive transfer models are compared, including the time period 

(acute versus continuous), administration routes (peripheral, intracerebroventricular, intrahippocampal), 

as well as the transferred sample type (crude CSF, dialyzed CSF, purified AB, or recombinant/mono-

clonal AB). Despite these differences between studies, some molecular, electrophysiological, electro-

encephalographic, and behavioral observations have been repeatedly reported in different models.  

Molecularly, NMDAR1-AB infused rodents typically display IgG deposition (Hughes et al. 2010, Malviya 

et al. 2017, Sharma et al. 2018), decreased GluN1 immunoreactivity (Hughes et al. 2010, Mikasova et 

al. 2012, Malviya et al. 2017), and decreased synaptic NMDAR density (Planaguma et al. 2015, Malviya 

et al. 2017, Mannara et al. 2020, Radosevic et al. 2022) in the hippocampus, confirming the NMDAR1-

AB mediated NMDAR internalization observed in vitro. Importantly, passive transfer of patient CSF, 

purified patient IgG, purified commercial NMDAR1-AB, or patient-derived monoclonal NMDAR1-AB did 

not result in neuroinflammation or neuronal loss (Li et al. 2015, Planaguma et al. 2015, Malviya et al. 

2017, Taraschenko et al. 2019) pointing against an encephalitogenic potential of NMDAR1-AB in healthy 

brains.  

A NMDAR1-AB dose-dependent increase of extracellular glutamate, nitric oxide and concomitant 

dysregulation of AMPA receptors was found in an early acute passive transfer model (Manto et al. 2010). 

However, this study is in stark contrast to various passive transfer models showing normal hippocampal 

AMPA receptor density (Planaguma et al. 2015) and function (Wang et al. 2019), normal presynaptic 

release probability measured by paired pulse ratios or mEPSC frequency (Planaguma et al. 2016, 

Wurdemann et al. 2016, Blome et al. 2018, Wang et al. 2019, Mannara et al. 2020, Radosevic et al. 

2022), and normal NMDAR-independent mossy fiber LTP (Blome et al. 2018). In line with NMDAR1-AB 

mediated NMDAR internalization, electrophysiology in brain slices obtained from NMDAR1-AB infused 

rodents consistently shows reduced NMDAR-dependent LTP in various hippocampal regions 

(Planaguma et al. 2016, Wurdemann et al. 2016, Blome et al. 2018, Kersten et al. 2019, Mannara et al. 

2020, Radosevic et al. 2022). Furthermore, reduced NMDAR-mediated excitatory postsynaptic poten-

tials in dentate granule cells (Wurdemann et al. 2016), reduced amplitudes and increased interevent 

intervals of spontaneous excitatory postsynaptic currents in CA3 pyramidal neurons (Wright et al. 2021), 

as well as reduced amplitudes but normal frequencies of NMDAR-mediated miniature excitatory 

postsynaptic currents in hippocampal neurons (Wang et al. 2019) were observed upon passive transfer 

of NMDAR1-AB, indicating decreased excitatory neurotransmission in the hippocampus. In contrast, 

hippocampal inhibitory neurotransmission seems to be unaffected, as NMDAR1-AB infusion did not alter 

the amplitude or frequency of inhibitory postsynaptic currents (Wright et al. 2021). Also, a depolarized 

resting membrane potential and increased excitability was observed in CA3 pyramidal neurons upon 

NMDAR1-AB infusion (Wright et al. 2021). Although, NMDAR1-AB infused rodents do not display spon-

taneous seizures and show variable drug-induced seizure susceptibility (Wright et al. 2015, Wurdemann 

et al. 2016), electroencephalographic analyses revealed increased seizure burden (Taraschenko et al. 
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2019, Wright et al. 2021).   

Behavioral abnormalities upon infusion of NMDAR1-AB into the CNS of rodents include reversibly im-

paired novel object recognition (Planaguma et al. 2015, Planaguma et al. 2016, Malviya et al. 2017, 

Kersten et al. 2019, Mannara et al. 2020, Radosevic et al. 2022), impaired working memory (Wang et 

al. 2019), depressive-like behavior (Planaguma et al. 2015, Planaguma et al. 2016), as well as impaired 

spatial learning/memory performance in the Morris water maze (Li et al. 2015). Normal locomotor activity 

(Li et al. 2015, Planaguma et al. 2015, Kersten et al. 2019, Taraschenko et al. 2019, Mannara et al. 

2020, Radosevic et al. 2022) and normal anxiety-like behavior (Planaguma et al. 2015, Kersten et al. 

2019, Taraschenko et al. 2019) were observed in rodents upon intracerebroventricular or intrahippo-

campal NMDAR1-AB infusion. In contrast, NMDAR1-AB dependent increased voluntary wheel running 

and exacerbation of MK-801 induced hyperlocomotion were observed in peripheral passive transfer 

models upon blood-brain barrier dysfunction (Hammer et al. 2014a, Sharma et al. 2018).  

While impaired novel object recognition, working memory, and spatial learning/memory can be ex-

plained by NMDAR-hypofunction, depressive-like behavior and normal locomotor activity are not easily 

explained by classical effects of NMDAR-antagonists, such as ketamine and MK-801, in rodents (Morris 

et al. 1986, Morris 1989, Willetts et al. 1990, Jentsch and Roth 1999, Newcomer and Krystal 2001, van 

den Buuse 2010). Furthermore, some researchers observed effects of NMDAR1-AB directed against 

intracellular epitopes (Wurdemann et al. 2016), which conflict with the proposed mechanism of reversi-

ble NMDAR internalization as intracellular epitopes are not regularly accessible in live cells.  

In addition to direct passive transfer models, two reports established placental transfer models in which 

pregnant mice were injected with NMDAR1-AB between embryonic/gestational day 13-17 (Jurek et al. 

2019, Garcia-Serra et al. 2021). Fetuses exposed to NMDAR1-AB displayed decreased NMDAR ex-

pression and cortical thinning (Garcia-Serra et al. 2021). NMDAR1-AB exposed neonates displayed 

reduced NMDAR density, impaired hippocampal LTP, decreased sEPSC amplitudes, normal sEPSC 

frequency, as well as impaired neurodevelopmental reflexes and deficits in novel object recognition 

(Jurek et al. 2019, Garcia-Serra et al. 2021). Young adult offspring of NMDAR1-AB treated dams tran-

siently displayed lasting hyperlocomotion, lower anxiety, as well reduced volumes of several brain re-

gions, including the hippocampus, which mostly normalized upon aging (Jurek et al. 2019). Importantly, 

the effects of an in utero exposure to NMDAR1-AB can be ameliorated by blocking the neonatal Fc-

receptor (Garcia-Serra et al. 2021).   

Other treatment approaches targeting NMDAR1-AB mediated effects in direct continuous passive trans-

fer models include intracerebroventricular infusion of ephrin B2, a ligand of the EphB2 receptor 

(Planaguma et al. 2016), subcutaneous delivery of the CNS accessible IL1-receptor antagonist anakinra 

(Taraschenko et al. 2021), as well as subcutaneous administration of SGE-301 - a CNS accessible 

24(S)-hydroxycholesterol derivative (Mannara et al. 2020, Radosevic et al. 2022). While Taraschenko 

et al. show that anakinra treatment reduced the seizure burden and expression of Iba1 and GFAP, two 

glial markers upregulated upon inflammation, in mice infused with NMDAR1-AB, the study lacks proper 

controls (anakinra versus vehicle treatment of control IgG infused mice) necessary to attribute the ob-

served effects to NMDAR1-AB. In the first place, prior work of this group has shown, that Iba1 and GFAP 

expression was not elevated upon NMDAR1-AB infusion (Taraschenko et al. 2019) questioning the 
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relevance of the observed reduction upon anakinra treatment. In contrast, continuous intracerebroven-

tricular infusion of ephrin B2 ameliorated most NMDAR1-AB mediated effects in mice (Planaguma et al. 

2016). However, continuous intracerebroventricular treatment with ephrin B2 would be technically chal-

lenging in humans and has not been followed-up. Furthermore, the exact mechanism by which ephrin 

B2 reverses NMDAR1-AB mediated effects is still poorly understood. While ephrin B2 administration 

antagonized NMDAR internalization without affecting the binding of NMDAR1-AB to NMDAR, it activated 

EphB2 and increased EphB2/NMDAR interaction (Planaguma et al. 2016) indicating that the effects are 

mediated indirectly via EphB2. The effects of a direct modulation of NMDA receptors via SGE-301, a 

NMDAR-specific positive allosteric modulator (Geoffroy et al. 2022), were recently studied in similar 

continuous passive transfer mouse models (Mannara et al. 2020, Radosevic et al. 2022). Both studies 

observed partial recovery of most NMDAR1-AB mediated impairments upon SGE-301 treatment. How-

ever, the mechanism by which SGE-301 restored NMDAR surface expression in NMDAR1-AB infused 

mice is unclear and not easily explained by an interference with NMDAR1-AB mediated receptor inter-

nalization. Binding of NMDAR1-AB to NMDAR was not affected by SGE-301 and treatment of SGE-301 

had opposing effects on synaptic NMDAR in mice infused with patient or control CSF (Mannara et al. 

2020). In contrast, SGE-301 effects on synaptic NMDAR in control CSF infused mice was not observed 

if the treatment was delayed (Radosevic et al. 2022). In general, effects of allosteric modulators such 

as SGE-301 are limited to surface NMDAR and might show limited therapeutic potential, if too many 

NMDAR have been internalized by NMDAR1-AB.  
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Table 1: Overview of NMDAR1-AB related passive transfer models. BBB, blood-brain barrier; EPSC, excitatory postsynaptic currents; EPSP, excitatory postsynaptic potential; LPS, 

lipopolysaccharide; LTP, long-term potentiation; MWCO, molecular weight cut off.  

Study Passive transfer type  
(acute/chronic, sample) 

Cellular and molecular changes  
in NMDAR1-AB infused animals 

Behavioral alterations  
in NMDAR1-AB infused animals 

Hughes et al. 
2010, J 
Neurosci 

Continuous (2 weeks) transfer of undiluted 
patient and control CSF into hippocampus 
of rats 

 IgG deposition and decreased GluN1 
immunoreactivity in the hippocampus  

not assessed 

Manto et al. 
2010, Orphanet 
J Rare Dis 

Acute transfer of dialyzed patient, control 
CSF, or purified IgG into CA1 and cortex of 
rats 

 dose-dependent increase of glutamate, 
increased NO, and dysregulation of 
AMPAR.  

not assessed 

Manto et al. 
2011, J Neurol 

Acute transfer of dialyzed patient or purified 
patient IgG into motor area in cerebral 
cortex of rats 

 enhanced excitability of motor cortex upon 
high-frequency stimulation on the premotor 
area 

not assessed 

Mikasova et al. 
2012, Brain 

Acute (4-7h) transfer of purified patient or 
control IgG bilaterally into hippocampus of 
mice 

 reduced GluN1 immunoreactivity in the 
hippocampus 

not assessed 

Hammer et al. 
2014, Mol 
Psychiatry 

Acute transfer of purified immunoglobulins 
containing NMDAR1-AB (IgG, IgA, IgM) into 
peritoneum of mice with BBB dysfunction, 

not assessed  NMDAR1-AB exacerbated MK-801 
induced hyperlocomotion in mice with 
open BBB 

Planaguma et 
al. 2015, Brain 

Continuous (2 weeks) bilateral transfer of 
dialyzed (7kD MWCO) patient or control 
CSF into lateral ventricles of mice 

 decrease of hippocampal NMDAR 

 no T cell or B cell infiltration, complement 
deposition or neuronal apoptosis 

 reversible deficits in novel object 
recognition and depressive-like 
behavior 

 normal anxiety-like behavior, normal 
aggression, and normal locomotor 
activity.  

Li et al. 2015, 
Tohoku J Exp 
Med  

Continuous (18 days) transfer of patient or 
control CSF into lateral ventricles of mice 

 no immune cell infiltration, neuronal loss, 
or gliosis 

 normal locomotor activity and novel 
object recognition 

 impaired spatial learning/memory in 
Morris water maze 

Wright et al. 
2015, Brain 

Acute transfer of purified patient or control 
IgG into left hippocampus of mice 

 increased seizure susceptibility to 
pentylenetetrazole 

 no spontaneous seizures 

Planaguma et 
al. 2016, Ann 
Neurol 

Continuous (2weeks) of dialyzed (30kD 
MWCO) patient or control CSF with and 
without ephrin-B2 into lateral ventricles of 
mice 

 altered long-term plasticity and normal 
short-term plasticity 

 deficits in novel object recognition, and 
increased depressive-like behavior 
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Table 1: continued. 

Study Passive transfer type  
(acute/chronic, sample) 

Cellular and molecular changes  
in NMDAR1-AB infused animals 

Behavioral alterations  
in NMDAR1-AB infused animals 

Würdemann et 
al. 2016, Brain 
Res 

Acute bilateral transfer of patient or control 
CSF, or commercial intracellular anti-GluN1 
IgG into dentate gyrus of rats 

 reduced NMDAR-mediated EPSPs in 
dentate gyrus granule cells 

 reduced LTP in the perforant path  

 normal epileptogenicity 

 normal paired-pulse ratio 

 impaired performance in the hidden 
platform training days of the Morris 
water maze 

 increased thigmotaxis 

Malviya et al. 
2017, Ann Clin 
Transl Neurol 

Continuous (2weeks) bilateral transfer of 
patient derived monoclonal NMDAR1-AB or 
control IgG into lateral ventricles of mice 

 progressive IgG deposition and loss of 
NMDAR immunoreactivity in hippocampus 

 reduced NMDAR cluster density  

 no neuronal death 

 reversible impairment in novel object 
recognition 

Blome et al. 
2018, Front 
Synaptic 
Neurosci 

Acute transfer of patient or control CSF into 
hippocampus of rats 

 decreased LTP at A/C fiber-CA3 synapses  

 normal paired-pulse ratio 

 NMDAR-independent mossy fiber LTP was 
unaffected 

not assessed 

Sharma et al. 
2018, Ann Clin 
Transl Neurol 

Acute transfer of patient derived 
monoclonal NMDAR1-IgG into peritoneum 
or blood of LPS injected mice 

 IgG deposition in hippocampus  increased voluntary wheel running 
similar to mice injected with MK-801 

Kersten et al. 
2019, Front 
Neurol 

Acute transfer of patient or control CSF into 
hippocampus or rats 

 impaired NMDAR-dependent LTP in CA1  normal locomotor activity 

 normal anxiety-like behavior 

 impaired novel object recognition 

Taraschenko et 
al. 2019, 
Epilepsia 

Continuous (2weeks) transfer of patient 
CSF, purified patient derived IgG, 
commercial polyclonal NMDAR1-AB or 
respective controls into lateral ventricles of 
mice 

 no gliosis or neurodegeneration in 
hippocampus 

 increased spontaneous electrographic 
seizure burden 

 reduced excitability of CA1 neurons and 
membrane resistance 

 comparable novel object recognition 
between groups 

 normal locomotion and anxiety-like 
behavior in the open field 

Wang et al. 
2019, Front 
Neurol 

Acute transfer of commercial NMDAR1-AB 
or vehicle control into dentate gyrus of rats 
followed, in some cases, by continuous 
ventricular infusion of vehicle, TNFa, or IL-6 

 chronic intraventricular infusion of TNFa or 
IL.6 exacerbated NMDAR1-AB induced 
electrophysiological alteration, namely 
decrease of NMDAR-mediated mEPSC 
amplitudes. 

 NMDAR1-AB did not affect the frequency 
of hippocampal NMDAR-mediated 
mEPSC, indicating that presynaptic 
release probability is unaffected. 

 TNFa or IL.6 exacerbated NMDAR1-
AB induced working memory 
impairments (spontaneous 
alternations), worsened performance 
in MWM hidden platform training days 
(already from d1) 
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Table 1: continued. 

Study Passive transfer type  
(acute/chronic, sample) 

Cellular and molecular changes  
in NMDAR1-AB infused animals 

Behavioral alterations  
in NMDAR1-AB infused animals 

Jurek et al. 
2019, Ann 
Neurol 

Placental transfer model. Pregnant mice 
received intravenous patient derived 
monoclonal NMDAR1-AB or control IgG at 
d14-16 of gestation  

 reduced sEPSC amplitudes and normal 
sEPSC frequency in NMDAR1-AB exposed 
neonates 

 increased postnatal mortality 

 impaired neonatal reflexes 

 lasting alterations in brain morphology 

 lasting hyperlocomotion, lower anxiety-
related behavior in adult offspring 

Mannara et al. 
2020, Brain 

Continuous (2weeks) transfer of patient or 
control CSF into ventricles of mice with and 
without SGE-301 treatment 

 reduced hippocampal NMDAR density 

 impaired hippocampal LTP 

 normal paired-pulse facilitation 

 impaired novel object recognition 

 normal locomotor activity 

Taraschenko et 
al. 2021, 
Epilepsia 

Continuous (2weeks) transfer of patient 
derived purified IgG or monoclonal 
NMDAR1-AB (no controls) into ventricles of 
mice with or without anakinra (IL1R 
antagonist)  

 anakinra treatment reduced seizure burden 
and expression of Iba1 and GFAP in the 
hippocampus 

 no difference in novel object 
recognition between treatment groups 

 anakinra treatment did not alter 
locomotor activity or anxiety-like 
behavior in the open field 

Garcia-Serra et 
al. 2021, Neurol 
Neuroimmunol 
Neuroinflamm 

Placental transfer model. Pregnant mice 
received intravenous purified patient or 
control IgG at d14-16 of gestation with or 
without neonatal Fc receptor inhibitors 

 Fetuses exposed to NMDAR1-AB 
displayed decreased NMDAR expression 
and thinning of the cortical plate. 

 NMDAR1-AB exposed newborns suffered 
from hippocampal LTP impairments 

 NMDAR1-AB exposed newborns 
showed deficits in novel object 
recognition.  

Wright et al. 
2021, Commun 
Biol 

Acute and continuous (1week) transfer of 
purified or control IgG into lateral ventricle 
of juvenile rats  

 in vivo and ex vivo electrophysiological 
recordings showed effective reduction of 
hippocampal excitatory neurotransmission 
which contributed to epileptogenicity 

not assessed 

Radosevic et al. 
2022, Neurol 
Neuroimmunol 
Neuroinflamm 

Continuous (2weeks) transfer of patient or 
control CSF into ventricles of mice with and 
without SGE-301 treatment 

 decrease of synaptic NMDAR 

 impaired hippocampal LTP 

 normal paired-pulse facilitation 

 deficits in novel object recognition 

 normal locomotor activity 

Kuchling et al. 
2022, bioRxiv 

Continuous (2weeks) transfer of patient 
derived monoclonal NMDAR1-AB or isotype 
control into lateral ventricles of mice 

 impaired functional connectivity (rs-fMRI) in 
dentate gyrus only 

not assessed 
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1.9 Active immunization models  

In the past years, a variety of active immunization rodent models have been developed to either study 

the impact of NMDAR1-AB or to establish models of the anti-NMDAR encephalitis. Most of these im-

munization strategies are based on GluN1-peptides emulsified in complete Freund’s adjuvant (Pan et 

al. 2018, Wagnon et al. 2020, Ding et al. 2021, Yue et al. 2021). One immunization protocol used re-

combinant proteins specific to distinct parts of the GluN1 subunit mixed with alum (Lin et al. 2014). Two 

immunization strategies utilized full-length post-translationally modified GluN1 subunits either ectopi-

cally expressed in lamina propria cells of the gut upon adeno associated virus transduction (During et 

al. 2000) or packaged as natively folded GluN1/GluN2A- or GluN1/GluN2B- containing heterotetrameric 

holoreceptors reconstituted into proteoliposomes (Jones et al. 2019). Figure 2 illustrates the peptide 

locations within a natively folded triheterotetrameric (Glun1/GluN2A/GluN1/GluN2B) NMDAR (PDB ID 

5UP2; (Lu et al. 2017)). Noteworthy, all immunization strategies target extracellular regions of GluN1 

and most contain the G7 epitope.   

 

Figure 2: Localization of GluN1 peptides used in active immunization models. Published amino acid sequences of 

GluN1 peptides used for active immunization models are visualized as licorices in a triheterotetrameric NMDAR 
structure (PDB ID 5UP2; (Lu et al. 2017)) containing two GluN1 subunits (pale cyan), GluN2A (pale yellow), and 
GluN2B (wheat). Peptides containing the G7 epitope are displayed in magenta, others in red. Note that the structure 
lacks the intracellular carboxyl-terminal domain and that all peptides are localized in extracellular domains of GluN1.  

Importantly, neither immunization against a cocktail of four extracellular GluN1-peptides (GluN135-53, 

GluN1361-376, GluN1385-399, GluN1660-811), or three different recombinant GluN1 protein fragments 

(GluN121-375, GluN1313-619, or GluN1654-800), nor ectopic expression of GluN1 in lamina propria cells re-

sulted in neuroinflammation despite the induction of functional NMDAR1-AB (During et al. 2000, Lin et 

al. 2014, Pan et al. 2018). Furthermore, these studies highlight the importance of the blood-brain barrier 

as a regulator of peripheral NMDAR1-AB function and show effects, consistent with NMDAR hypofunc-

tion, upon access of NMDAR1-AB to the CNS. While Pan et al. used APOE knockout mice, which display 

an impaired blood-brain barrier, to show that NMDAR1-AB exacerbate hyperlocomotion induced by the 

NMDAR-antagonist MK-801 (Pan et al. 2018), During et al. observed neuroprotective effects of 

NMDAR1-AB, potentially by reducing NMDAR-dependent excitotoxicity, in a kainate induced seizure 

model as well as upon middle cerebral artery occlusion, a model of ischemic stroke (During et al. 2000). 

A later follow-up study by Lin and colleagues attributed the neuroprotective effect of NMDAR1-AB to 

epitopes located within GluN1654-800 (Lin et al. 2014). Another study that investigated effects of NMDAR1-

AB on mice with an intact blood-brain barrier observed no major behavioral abnormalities except for a 

reproducible reduction of spontaneous alternation in the T-maze, indicating impairments in novelty de-

tection or spatial working memory. Importantly, also these GluN1402-421 immunized mice were free of 

neuroinflammation (Yue et al. 2021). 
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In contrast, active immunization of mice with natively folded GluN1/GluN2B- or GluN1/GluN2A-contain-

ing NMDAR reconstituted into liposomes developed typical encephalitis symptoms within one month 

after initial immunization (Ehrenreich et al. 2019, Jones et al. 2019). Crude behavioral monitoring iden-

tified hyperlocomotion in >80% of NMDAR-proteoliposome immunized mice, whereas seizures were 

present in 20%. Behavioral testing confirmed the hyperlocomotor phenotype and demonstrated impaired 

nest building ability and anxiolytic behavior of NMDAR-proteoliposome immunized mice. Histological 

examination revealed karyolysis and pyknosis in the dentate gyrus granular layer and neocortex as well 

as perivascular cuffing. Pronounced microgliosis was present in the CA subregions of the hippocampus, 

whereas the dentate gyrus appeared relatively unaffected. Astrogliosis was prominent throughout the 

hippocampus. Three weeks after initial immunization, neuroinflammation and immune cell infiltration 

was already present in the hippocampus. Interestingly, the immune cell composition in the hippocampus 

changed with disease progression. While CD4+ T cell numbers were more than twice as high as B cell 

or ASC numbers after three weeks, CD138+ antibody secreting cells outnumbered T cells after six 

weeks. Importantly, three weeks after immunization NMDAR1-AB were below the detection limit in a 

Western Blot assay, whereas all assays detected NMDAR1-AB after 6 weeks, potentially indicating that 

neuroinflammation preceded the development of high NMDAR1-AB titers. CD8+ T cells were relatively 

scarce at both time points. Characterization of the NMDAR1-AB repertoire revealed NMDAR1-AB that 

were functionally similar to patient derived NMDAR1-AB and recognized various GluN1 isoforms as well 

as a deletion construct lacking the amino-terminal domain, indicating a polyclonal immune response. 

Furthermore, immunization of transgenic T cell or B cell deficient mice (Tcra-, MuMt-, respectively) re-

vealed that both mature T cells and B cells are required for the induction of neuroinflammation and 

NMDAR1-AB (Jones et al. 2018, Jones et al. 2019). Although this study may provide a construct valid 

mouse model of NMDARE, it cannot be used to disentangle the relative effects of NMDAR1-AB and 

neuroinflammation as both are inherently linked by the underlying autoimmune response. Furthermore, 

the authors’ suggestion that encephalitis induction may depend on conformationally restricted epitopes, 

is not supported by the reported data that showed NMDAR1-AB binding to fully-denatured GluN1 in 

Western blot assays and binding to cells transfected with GluN1 in the absence of other NMDAR subu-

nits.  

In addition, to the NMDARE model developed by Jones and colleagues, two recent studies claimed the 

induction of an NMDARE-like encephalitis upon peptide-based immunization of mice (Wagnon et al. 

2020, Ding et al. 2021). However, in contrast to Jones and colleagues, these reports fail to prove neu-

roinflammation in their mouse models. According to Wagnon and colleagues, immunization against 

GluN1359-378, in contrast to sham or GluN1168-187 immunizations, induced a B cell dependent encephalo-

pathy. GluN1359-378 immunized mice displayed behavioral alterations, increased seizure susceptibility, 

blood-brain barrier dysfunction, B cell and ASC infiltration into meningeal vessels, ventricles, and the 

choroid plexus without overt T cell recruitment. However, neither T cells nor B cells were recruited into 

the hippocampus of GluN1359-387 immunized mice, pointing against NMDARE-like pathology (see 1.4). 

Of note, classical neuroinflammatory read-outs such as reactive astrogliosis and microgliosis were not 

investigated. Furthermore, the observed behavioral alterations, including impaired spatial memory/nov-

elty detection, normal locomotion, increased anxiety, and depressive-like behavior phenotype (Wagnon 

et al. 2020), oppose those of other reports (Jones et al. 2019, Ding et al. 2021) and partially conflict with 
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NMDAR antagonism (see 1.7). Overall, the observed behavioral alterations resemble typical ‘sickness 

behavior’ of mice (Wilson et al. 2002, Dantzer et al. 2008, Terrando et al. 2010, Pape et al. 2019, 

Salvador et al. 2021) rather than NMDAR antagonism. Similar to Wagnon and colleagues, Ding et al. 

claim encephalitis induction after triple immunization against a GluN1-specific peptide but fail to investi-

gate neuroinflammation. Importantly, the authors tested immunizations against a total of ten overlapping 

GluN1-peptides between amino acids 356-386, containing the G7-epitope. Out of these peptides, 

GluN1356-385 was the only one capable of inducing NMDAR1-AB spillover into the CNS, whereas the 

peptide most similar to that of Wagnon et al. (GluN1359-377 and GluN1359-378 respectively) did not induce 

measurable NMDAR1-AB in CSF of immunized mice. After triple immunization, GluN1356-385-immunized 

mice developed functional NMDAR1-AB, displayed behavioral alterations, and impaired LTP. Behavioral 

alterations of GluN1356-385-immunized mice were characterized by decreased novel object and social 

recognition in the novel object recognition and three chamber tests, whereas locomotion and anxiety-

like behavior were comparable to control mice. Overall, the phenotype of GluN1356-385-immunized mice 

resembles passive transfer models and is likely mediated by NMDAR1-AB (Ding et al. 2021).  
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2 Scope of the thesis 

The anti-NMDAR encephalitis is an autoimmune encephalitis with so far unclear pathogenesis, mani-

fests with a heterogeneous clinical disease course, and is diagnosed based on the presence of 

NMDAR1-AB in patients’ CSF. NMDAR1-AB have been shown to bind and cross-link surface NMDAR 

resulting in their internalization thereby inducing NMDAR hypofunction. On a theoretical basis, the pres-

ence of NMDAR1-AB could contribute to the psychopathological phenotype of NMDARE patients and 

explain why psychoses and behavioral alterations are more frequent in NMDARE as compared to other 

autoimmune encephalitides. However, the relative contribution of NMDAR1-AB to the neuropsycholog-

ical phenotype of encephalitides has, so far, not been formally disentangled from the underlying neu-

roinflammatory processes. For this purpose, the effects and pathophysiological relevance of NMDAR1-

AB was studied in healthy mice, in mice with gray matter inflammation, and in mice with progressive 

white matter inflammation.  

2.1 Aims of Project I 

Project I was designed to characterize an inducible gray matter inflammation mouse model (‘DTA’ mice) 

in vivo by state-of-the-art behavioral and magnetic resonance imaging tools and to assess, ex vivo, the 

neuroinflammatory and neurodegenerative consequences of spatiotemporally defined pyramidal cell 

death. 

2.2 Aims of Project II 

Project II investigated if and how NMDAR1-AB shape the clinical phenotype of gray matter inflammation. 

To experimentally address this hypothesis, the gray matter mouse model characterized in Project I was 

utilized. Following immunization of control and DTA mice against a cocktail of four GluN1-specific pep-

tides located in extracellular regions or against ovalbumin (OVA) as comparator, pyramidal cell death 

was induced in DTA mice via tamoxifen administration. DTA as well as healthy control mice carrying 

either NMDAR1-AB or OVA-AB were behaviorally phenotyped and the degree of neuroinflammation 

was examined histologically. In addition, the encephalitogenic potential of another recently published 

peptide-based immunization was assessed through behavioral phenotyping, histology, and flow cytom-

etry.  

2.3 Aims of Project III 

Project III was designed to unravel the role of NMDAR1-AB in a mouse model of progressive white 

matter inflammation. For this purpose, Cnp knockout mice were immunized similar to DTA mice and 

phenotyped in relevant behavioral tests. In addition, potential effects of NMDAR1-AB on gray and white 

matter pathology were assessed histologically.  
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3 Project I: Inducing sterile pyramidal neuronal death in 

mice to model distinct aspects of gray matter encephali-

tis 

3.1 Overview of Project I  

The clinical manifestation of encephalitides involving the limbic system show remarkable similarities and 

the differential diagnosis of autoantibody-associated autoimmune encephalitides strongly relies on the 

detection of respective autoantibodies in the CSF of patients. However, disentangling cause and con-

sequences of autoantibodies and neuroinflammation is challenging in a clinical setting. To provide 

means to experimentally unravel the pathophysiological relevance of autoantibodies and their contribu-

tion in a neuroinflammatory context, an inducible mouse model for gray matter inflammation was thor-

oughly characterized. By cross-breeding mice expressing a tamoxifen-inducible Cre recombinase under 

transcriptional control of the Nex1 (Neurod6) promoter (‘NexCreERT2’ mice) to mice carrying a diphthe-

ria toxin fragment A (DTA) gene downstream of a transcriptional STOP-cassette in the ubiquitously 

expressed Rosa26 genetic locus (Rosa26-eGFP-DTA), cell death in Nex1 expressing pyramidal neu-

rons can be dose-dependently induced by tamoxifen administration, subsequently initiating an inflam-

matory response in affected brain regions (Agarwal et al. 2012). Here, double heterozygous adult male 

NexCreERT2xRosa26-eGFP-DTA (=‘DTA’) mice were used and compared to heterozygous NexCre-

ERT2 littermates lacking the DTA allele. Multifaceted behavioral testing revealed a pathology typical for 

hippocampal dysfunction, which was in line with a strong hippocampal atrophy observed by high-reso-

lution in vivo magnetic resonance imaging as well as ex-vivo histological examinations. Although most 

pronounced in the hippocampus, several other gray matter brain regions displayed atrophy and total 

brain mass was expectedly reduced. Long-lasting neuroinflammation was confirmed ex-vivo by histol-

ogy and brain flow cytometry, two months after encephalitis induction. Similarly, the blood-brain barrier 

dysfunction measured by in vivo fluorescent tracer extravasation was long lasting. Interestingly, mag-

netic resonance imaging revealed altered perfusion of affected brain regions. In summary, DTA mice 

display key features of encephalitides involving the limbic system and represent a useful and standard-

izable experimental tool that can be used to study how the presence of additional factors such as brain-

directed autoantibodies affect the encephalitic phenotype.    
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Abstract 

Up to one person in a population of 10,000 is diagnosed once in lifetime with an encephalitis, in 50–70% of unknown 
origin. Recognized causes amount to 20–50% viral infections. Approximately one third of affected subjects develops 
moderate and severe subsequent damage. Several neurotropic viruses can directly infect pyramidal neurons and 
induce neuronal death in cortex and hippocampus. The resulting encephalitic syndromes are frequently associated 
with cognitive deterioration and dementia, but involve numerous parallel and downstream cellular and molecular 
events that make the interpretation of direct consequences of sudden pyramidal neuronal loss difficult. This, how‑
ever, would be pivotal for understanding how neuroinflammatory processes initiate the development of neurode‑
generation, and thus for targeted prophylactic and therapeutic interventions. Here we utilized adult male NexCre‑
ERT2xRosa26-eGFP-DTA (= ‘DTA’) mice for the induction of a sterile encephalitis by diphtheria toxin-mediated ablation 
of cortical and hippocampal pyramidal neurons which also recruits immune cells into gray matter. We report mul‑
tifaceted aftereffects of this defined process, including the expected pathology of classical hippocampal behaviors, 
evaluated in Morris water maze, but also of (pre)frontal circuit function, assessed by prepulse inhibition. Importantly, 
we modelled in encephalitis mice novel translationally relevant sequelae, namely altered social interaction/cognition, 
accompanied by compromised thermoreaction to social stimuli as convenient readout of parallel autonomic nervous 
system (dys)function. High resolution magnetic resonance imaging disclosed distinct abnormalities in brain dimen‑
sions, including cortical and hippocampal layering, as well as of cerebral blood flow and volume. Fluorescent tracer 
injection, immunohistochemistry and brain flow cytometry revealed persistent blood–brain-barrier perturbance and 
chronic brain inflammation. Surprisingly, blood flow cytometry showed no abnormalities in circulating major immune 
cell subsets and plasma high-mobility group box 1 (HMGB1) as proinflammatory marker remained unchanged. The 
present experimental work, analyzing multidimensional outcomes of direct pyramidal neuronal loss, will open new 
avenues for urgently needed encephalitis research.
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Introduction
Encephalitis is best defined as inflammation of the brain 
parenchyma associated with variable neuropsychiatric 
dysfunction, ranging from mild to sometimes life-threat-
ening severity. The underlying origins of encephalitis 
are multitude, and include infectious causes, compris-
ing viral, bacterial, fungal, and parasitic agents, but also 
toxic, metabolic, (para)neoplastic and autoimmune or 
rarely post-immunization etiologies [29, 40, 42]. World 
travellers for example may be exposed to a variety of 
neurotropic pathogens leading to ‘exotic’ causes of cen-
tral nervous system (CNS) infections [22]. Interestingly, 
increasing evidence points to genetic reasons of mild 
encephalitis which may often escape recognition until 
progressed age [17, 20, 37]. In about 50–70% of encepha-
litis cases, an etiologic agent is never identified, presum-
ably due to the broad range of possible underlying origins 
and limitations in contemporary diagnostic testing, but 
likely also because of continuing pathogenetic dynamics 
in the absence of the formerly inducing agent [22, 29, 40, 
42].

As recurrent common denominator in encephalitides 
and mediator of severe downstream sequelae, neuronal 
dysfunction or death are observed, associated with cog-
nitive decline and dementia. Viral infections with neu-
rotropism, particularly affecting neurons of cortex and 
hippocampus occur across many species. They include 
for instance human immunodeficiency, Theiler’s murine 
encephalomyelitis, West Nile, human herpes simplex, 
Japanese encephalitis, and in immunocompromised 
humans or macaques, respectively, John Cunningham 
(JC) and Simian 40 (SV40) virus [10, 11, 21, 41, 47, 48]. 
Encephalitis is also a common neurological complica-
tion in patients with COVID-19, where we just begin 
to understand mechanisms of brain infection and post-
infection sequelae [6, 18, 25, 28].

Comprehending the pathophysiological mechanisms of 
encephalitides is crucially important for developing more 
efficient treatment strategies, including neuroprotective 
interventions, particularly with regard to longterm dam-
age. Although mortality markedly decreased and etiolo-
gies somewhat shifted, no clear long-term improvements 
in outcome were seen, as reported in a 40-year survey in 
Sweden [45]. Considering the prevailing neuropsychiatric 
disabilities following encephalitides, refining their out-
come should be a highly prioritised research issue [45].

The present longitudinal study has been designed to 
analyze by innovative behavioral and magnetic resonance 

imaging tools in  vivo, as well as by various ex  vivo and 
post mortem tests, the downstream consequences of 
sudden pyramidal neuronal loss, including reactive neu-
roinflammatory and subsequent neurodegenerative 
processes. Experimentally eliminating in our model the 
numerous parallel cellular and molecular events char-
acterizing infections, that make interpretation of causes 
and consequences often hard, will aid in better under-
standing mechanisms of neurodegeneration in general 
and thus in developing more targeted diagnostic instru-
ments and therapeutic interventions.

Materials and methods
Mice
All animal experiments were approved by the local ani-
mal care and use committee (LAVES, Niedersächsisches 
Landesamt für Verbraucherschutz und Lebensmittelsi-
cherheit, Oldenburg, Germany) in accordance with the 
German animal protection law. Mice were maintained 
in temperature- and humidity- controlled environment 
(~ 22  °C, ~ 50%), 12  h light/dark cycle (light on at 7am) 
with food and water ad libitum. Cages were enriched with 
wood-chip bedding and nesting material (Sizzle Nest, 
Datesand). All experiments were performed by inves-
tigators unaware of group assignment (‘fully blinded’). 
Behavioral testing-order was balanced between groups 
prior to experiments and randomized within groups via 
random selection by the blinded investigator.

C57BL/6 mice bearing the tamoxifen-inducible diph-
theria toxin chain A allele were generated by crossing 
homozygous Neurod6tm2.1(cre/ERT2)Kan (‘NexCreERT2’, 
[1]) with heterozygous Gt(ROSA)26Sortm1(DTA)Jpmb 
(‘Rosa26-eGFP-DTA’, [19]) resulting in double heterozy-
gous inducible (‘DTA’) mice and heterozygous NexCre-
ERT2 littermate (‘control’) mice lacking the DTA allele. 
Detailed PCR-based genotyping protocols are avail-
able upon request. Male transgenic mice were weaned 
at postnatal day 21 and separated by genotype to avoid 
inclusion effects or aggressive behavior against poten-
tially affected animals. Experiments were performed on 
adult male mice (starting age 6–8 months) over a period 
of approximately 2 months.

Tamoxifen induction
Tamoxifen (CAS#10540-29-1 T5648, Sigma-Aldrich) was 
dissolved in corn oil (C8267, Sigma-Aldrich) on injec-
tion days at 10 mg/mL. Dependent on the experimental 

Keywords:  Diphtheria toxin, Hippocampal learning and memory, (pre)frontal network dysfunction, Social cognition, 
Thermography, Magnetic resonance imaging
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cohort, mice received either 3 or 5 daily intraperitoneal 
injections of 100 mg tamoxifen/kg body weight.

Blood sampling and high‑mobility group box 1 (HMGB1) 
ELISA
Intermediate blood samples (100µL) were collected 
2 weeks after the last tamoxifen injection from the retro-
orbital sinus. Terminal blood (500µL) was sampled by 
cardiac puncture before transcardial perfusion. EDTA 
plasma aliquots were stored at -80  °C. Plasma HMGB1 
concentrations were determined using a commercial 
HMGB1 ELISA assay (USC-SEA399MU-96, Biozol) 
according to the manufacturer’s instructions.

Behavioral phenotyping
Experiments were performed during light phase in the 
following order: Open field, prepulse inhibition, Morris 
water maze, SocioBox and complex wheel running (the 
latter 2 only in 3 × tamoxifen mice).

Open field
To evaluate exploratory activity in a novel environment, 
mice were placed in the center of a gray circular Perspex 
arena (120  cm diameter, 25  cm height of outer wall). 
First, time to reach the outer wall (escape latency) was 
measured, followed by 7 min to freely explore the open 
field. When exceeding 180 s to reach the outer wall, mice 
were placed in the periphery zone to start 7 min explora-
tion time. Behavior of the mice was recorded via track-
ing software (Viewer3, Biobserve). Analyzed parameters 
were covered distance and the time spent in the central, 
intermediate and peripheral zones of the open field. Ani-
mals were tested at the age of 27 (3 × tamoxifen) and 32 
(5 × tamoxifen) weeks with light intensity of 120–140  lx 
in the center.

Prepulse inhibition (PPI) of the startle response
This paradigm has been described previously in detail 
[12]. In brief, to evaluate sensorimotor gating, animals 
were placed in small metal cages to prevent major move-
ments. Cages were placed in sound attenuating cabinets 
(TSE Systems) on a sensor-attached platform to record 
movement. After habituation to 65  dB white noise, 
loudspeakers delivered acoustic stimuli to evoke star-
tle reflexes. Stimuli of different intensity (70, 75, 80 and 
120  dB) were used in a pseudo-randomized order. The 
amplitudes of the startle response were averaged within 
the various intensities for each mouse. PPI was calcu-
lated as percentage of the startle response using following 
formula: %PPI = 100–[(startle response after prepulse)/
(startle amplitude after pulse only) × 100]. For analy-
sis, data from non-performing mice (negative PPI) were 
excluded.

Morris water maze (MWM)
This test has been described previously in detail [12, 31]. 
Briefly, to measure spatial learning and memory, mice 
were placed in a circular tank (120 cm diameter, 60 cm 
height) filled with opaque water at room temperature 
(~ 22  °C) with the escape platform (10  cm diameter) 
approximately 1 cm submerged. Animals’ movement was 
recorded by video-tracking system (Viewer3, Biobserve). 
After 2 days of a visual platform task in which extra maze 
cues were covered by the tank walls, the visual cue (flag 
on platform) was removed, the platform was relocated 
and the water height was adjusted so that extra maze cues 
were visible. For 8 consecutive days, mice had to reach 
the “hidden” platform in 4 trials per day. Afterwards, the 
platform was removed and mice were observed during 
a single “probe trial”. Analyzed parameters were escape 
latency to platform and covered distance. Additionally, 
during probe trial, the time spent in, visits and latency 
to the target quadrant (formerly containing platform) 
and covered distance were measured. If groups showed 
no significant differences, the platform was once again 
relocated for another 4  days of reversal learning, fol-
lowed by another probe trial. Except for the probe trials, 
each day consisted of 4 test runs with a maximum of 90 s 
each and an intertrial interval of 5 min. In between trials, 
mice were placed in single cages containing paper tow-
els and standing on a heating pad to prevent hypothermia 
and overexertion of the mice. In absence of a platform to 
reach, both probe trials consisted of a single test run of 
90 s. Animals were tested at the age of 28–30 (3 × tamox-
ifen) and 33–35 (5 × tamoxifen) weeks with light inten-
sity of 120–140 lx.

SocioBox
A detailed description of this test has been published 
before [23]. Briefly, to evaluate social recognition and 
memory, 3 × tamoxifen mice were tested in the SocioBox 
at the age of 31–32 weeks with light intensity of 10–15 lx. 
They were placed in a circular apparatus (34  cm inner 
and 56 cm outer diameter) with 5 small boxes (“inserts”) 
within the outer wall. For each mouse, the SocioBox 
experiment consisted of 3 habituation sessions on 3 con-
secutive days and 2 exposures and 1 recognition trial on 
day 4. Within each trial, for the first 5 min, mice stayed in 
a circular partition (19 cm diameter) to prevent immedi-
ate exploring of the SocioBox (initiation stage). After lift-
ing of this partition, mice were allowed to freely explore 
the SocioBox for another 5 min (interaction stage). While 
the 5 inserts in the outer ring were empty during all 3 
habituation trials, they contained a mouse each for inter-
action purposes (“stimulus mice” or “stimuli”). For both 
exposure trials, the same 5 stimulus mice in the same 
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position and order were used. For the final recognition 
test, one stimulus mouse was replaced by a new stimu-
lus mouse (“stranger”), unknown to the test mouse. Per-
forated fronts of the inserts allowed limited interaction 
between test mouse and stimulus mice and front walls of 
each insert were exchanged after each trial. Age and sex 
matched C3H mice were used as stimuli, based on their 
reported robust social interaction in test situations [33]. 
Mouse movement was recorded via tracking software 
(Viewer3, Biobserve).

Thermography
This technique and data extraction/processing have been 
published previously in detail [39] and were slightly mod-
ified for the present application. In short, for SocioBox 
experiments (performed with 3 × tamoxifen mice), 
an A655sc infrared thermography camera (FLIR) was 
mounted 110  cm above the arena, recording images at 
640 × 480 pixels and framerate of 2  Hz (habituation 3, 
exposure 1 + 2) and 5 Hz (memory test), via ResearchIR 
(FLIR Systems, Oregon, USA) and connected to a com-
puter located in a separate room. Extraction of thermal 
data was done using OpenCV 4 in Python 3.6. Images 
were loaded and normalized to values between 0 and 255, 
with higher values meaning higher temperatures. The 
SocioBox arena in which the test mouse was allowed to 
move was defined as the relevant ROI for extracting ther-
mal data. To keep only thermal data from the test mouse, 
a binary mask for whole body (including tail) was created 
by applying intensity thresholding and processing steps 
to decrease image noise. By doing so, one large cluster 
of connected pixels within this ROI could be detected, 
constituting the contour of the mouse. Due to the shape 
and temperature differences, the whole-body area could 
then be segmented into a central body and a distinct tail 
area, and the mean temperature of each of those 2 areas 
could be extracted. Analyzed parameters were tempera-
ture changes over time of test mice, latency and dura-
tion of interaction with stimulus mice and “strangers” 

and visits to interaction zones. The Centralization Index 
(ratio body/tail temperature = T ratio) was used as con-
tinuous temperature measure [39].

Complex wheel running
To stimulate neuronal activation-induced cFos expres-
sion in the hippocampus, mice were subjected to a com-
plex running wheel (CRW) set-up for 4 h [43]. Mice were 
single housed in type III cages (42 × 26 × 18  cm, Tecni-
plast), equipped with CRW (TSE-Systems) characterized 
by randomized omitted bars [26, 27]. Mice were habitu-
ated to the experimental room and CRW for 2 h prior to 
dark phase. After dark phase onset, voluntary running 
was automatically tracked for 4 h via Phenomaster soft-
ware (TSE-Systems) and the total running distance per 
mouse calculated. Mice were perfused with Ringer and 
4% formaldehyde/PBS, 30  min after removal from the 
CRW set-up.

Magnetic resonance imaging (MRI)
Mice (5 × tamoxifen) were anesthetized with keta-
mine and medetomidine (60 mg/kg and 0.4 mg/kg body 
weight), intubated and kept under 1.5% isoflurane by 
active ventilation with constant ventilation frequency 
of 85  breaths/min (Animal-Respirator-AdvancedTM, 
TSE-Systems). Inside the MR-System, mice were placed 
in a prone position with head fixed to a teeth and pal-
ate holder [7]. All MR measurements were performed 
at magnetic field strength of 9.4  T (Biospec®, Bruker 
BioSpin MRI, Ettlingen, Germany) comprising the fol-
lowing methods and acquisition parameters: High-reso-
lution T2-weighted images (2D Rapid Acquisition with 
Relaxation Enhancement (RARE), TE/TR = 55/6000  ms, 
8 echoes, spatial resolution 40 × 40 × 300 µm3), mag-
netization-transfer (MT) weighted images for volu-
metric analyses (3D fast low angle shot (FLASH), TE/
TR = 3.4/15.2 ms, flip angle 5°, Gaussian-shaped off reso-
nance pulse (off-resonance frequency 7.5 ppm, RF power 
6µT), spatial resolution 100 µm isotropic), measurements 

(See figure on next page.)
Fig. 1  Effects of sterile gray matter encephalitis, induced by pyramidal neuronal ablation, on diverse behavioral paradigms. a Schematic description 
of the diphtheria toxin chain A (DTA) allele. Tamoxifen-dependent Cre-mediated excision of a STOP-cassette leads to expression of DTA, subsequent 
inhibition of protein synthesis, and cell death. b Genotype of the DTA model targeting pyramidal neurons and tamoxifen dosing scheme. Cohorts 
induced with 3 × tamoxifen included 16 DTA and 18 control mice. The 5 × tamoxifen cohort comprised 16 DTA and 19 control animals. c Fluorojade 
staining of hippocampal sections at 1 week after 5 × tamoxifen induction. Note the massive acute neurodegeneration and pyramidal neuronal 
loss. d Experimental outline illustrates groups, experiments and timeline of testing (DPI = days post induction, CRW = complex running wheel, 
MRI = magnetic resonance imaging). e Cognitive testing in Morris water maze (MWM), with hidden platform task showing significantly inferior 
learning curve (latency to reach the platform) of 3 × DTA mice (light red) compared to control (black); repeated measures mixed-model ANOVA; 
mean ± SEM. f Spatial memory testing in the probe trial indicating significantly less time spent in target quadrant (TQ, formerly containing hidden 
platform), less visits to TQ and longer latency to reach TQ of 3 × DTA mice. Total swimming distance of both groups did not differ. Data presented as 
mean ± SD. g Testing 5 × tamoxifen groups for anxiety and exploratory behavior in the open field showed a tendency of increased escape latency 
from center towards periphery. DTA compared to control mice covered less distance, spent less time in the periphery and more time in “mid” 
(intermediate zone between center and periphery). Time in center showed no differences between both groups (p = 0.9546). Data presented as 
mean ± SD. h 5 × DTA compared to control mice displayed a decreased prepulse inhibition; repeated measures mixed-model ANOVA; mean ± SEM
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Fig. 1  (See legend on previous page.)
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Table 1  Results of behavioral testing of the 3 × tamoxifen induced encephalitis mice (t = 2-sided Welch’s corrected t-test; 
U = 2-sided Mann–Whitney U-test. TQ target quadrant, IZ interaction zone, CI centralization index)
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Table 2  Results of behavioral testing of the 5 × tamoxifen induced encephalitis mice (t = 2-sided Welch’s corrected t-test; 
U = 2-sided Mann–Whitney U-test)

Fig. 2  Consequences of defined gray matter encephalitis on social recognition memory and thermoregulation in the SocioBox. a SocioBox 
experiments were performed using the 3 × tamoxifen cohort (DTA n = 16, control n = 18). Infrared thermography recordings show test mouse 
during habituation 3 in an otherwise empty SocioBox (left side) and during exposure to 5 stimulus mice (right side). Note the presence of the 
divider (partition) in the upper row that is lifted in the lower row. b Schematic outline of the 6 SocioBox trials. Habituations 1–3 were performed 
on 3 consecutive days, while exposure 1–2 and memory test were all performed on day 4. Each trial consisted of an initiation and interaction stage 
(5 min each; separated by divider lifting). During exposure, each test mouse (middle) was confronted with 5 stimulus mice (stimuli; S1-S5, light blue). 
For the memory test, 1 stimulus mouse was exchanged with a new mouse (“stranger”, S, red) unknown to the test mouse. c General activity during 
memory test was increased in DTA compared to control mice (total distance, total interaction time, visits to interaction zone), whereas the latency 
to first interaction zone and time/visit were similar. d DTA mice were significantly faster to approach the stranger than control mice. e Evaluation 
of social recognition memory in the SocioBox memory test: Comparing the interaction of DTA and control mice with their conspecifics showed 
that control mice spent more time with the stranger than with the stimulus mice and undertook more visits to the stranger than to stimulus mice. 
DTA mice displayed no differences in these parameters, indicating a lack of distinction between stimulus mice and stranger; for clarity, parameters 
given in % total interaction time and average of time spent with all 4 stimulus mice shown. Time per visit to stranger over stimuli tended to be 
increased in controls but not DTA mice. f Centralization Index (CI) was calculated by mean body temperature divided by mean tail temperature for 
every frame of recording. g–j CI changes of the test mice during SocioBox trials. Dotted line indicates partition lifting after 300 s; repeated measure 
mixed-model ANOVA, mean ± SEM presented. g During habituation 3, there were no CI differences between both groups, neither before (p = 9482) 
nor after partition lifting (p = 0.1839). h During first half of exposure 1, DTA mice showed a higher CI than controls, but no difference after partition 
lifting (p = 0.3960). i First half of exposure 2 showed no significant differences between both groups (p = 0.0979), but revealed higher CI of control 
mice during second half (p = 0.0407). Interestingly, control mice presented increased CI values towards partition lifting (250-350 s, light blue field). 
j During the memory test, differences between groups in first (p = 0.0732) or second half (p = 0.0996) were not significant, but controls exhibited 
higher CI values in anticipation of partition lifting (210-290 s, p = 0.0395, light blue field)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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of blood perfusion by dynamic susceptibility contrast 
(DSC) MRI (2D RF-spoiled radial multi-echo FLASH 
[32]: TE1,2,3 = 1/2.15/3.3 ms, TR = 9 ms, flip angle = 11°, 
spatial resolution = 150 × 150 × 900 µm3, 2 slices, 201 
spokes, temporal resolution = 0.55 frames per second, 
800 repetitions) and intra-voxel incoherent motion 
(IVIM) MRI (Stejskal-Tanner pulsed gradient spin-echo 
sequence, TE/TR = 19/2000 ms, 4 segments, δ = 2.5 ms, 
Δ = 10 ms, 19 b-values (10, 20, 30, 40, 50, 60, 70, 80, 110, 
140, 170, 200, 300, 400, 500, 600, 700, 800, 900  s/mm2) 
applied in 3 orthogonal directions, spatial resolution 
150 × 150 × 400 µm3).

MRI data analyses
Volumetry
MT-weighted images were first converted to NIfTI and 
preprocessed through denoising and bias field correction 
[3] in order to create an unbiased anatomical population 
template using the python pipeline twolevel_ants_dbm 
(https://​github.​com/​CoBrA​Lab/). Nonlinear deforma-
tion fields of the extracted brains were then used to esti-
mate voxel-wise Jacobian determinants. Student’s t-test 
was performed on the 3D Gaussian-smoothed maps of 
Jacobian determinants (FWHM 0.1  mm) for voxel-vise 
comparison of DTA and control mice. Q-values (false 
discovery rate (FDR) adjusted p-values) and the respec-
tive z-scores were calculated using the 3dFDR function 
of AFNI [9]. To visualize significant volume reductions 
in DTA mice z-scores smaller −  2.57 corresponding to 
a FDR of less than 1% were overlaid on the study tem-
plate. In order to quantify the volume of selected brain 
regions, regions of interest (ROIs) including third and 
lateral ventricles, cerebrum (without hippocampus, ven-
tricles and olfactory bulb), hippocampus, and cerebel-
lum were determined on the study template by manual 

segmentation using the software package AMIRA (Vis-
age Imaging GmbH, Berlin, Germany). ROIs were 
then retransformed into the subject space, individually 
inspected, and, if required, manually corrected. Finally, 
the respective volume information was extracted.

IVIM
Diffusion weighted images were co-registered (transla-
tion only, imregister function, Matlab 2018b, Natock, 
MA) and the geometrical mean of the diffusion direc-
tions, the apparent diffusion coefficient (ADC) was cal-
culated considering only those images obtained with 
b-values greater than 200  s/mm2. The ADC was then 
used to estimate the perfusion fraction (f ) and the 
pseudo-diffusion coefficient (D*) by utilizing all acquired 
b-value-images [13].

DSC‑MRI
Maps of R2*-relaxation rate (1/T2*) were estimated 
assuming a mono-exponential TE-dependent signal 
decay. A gamma variate function was fitted to the R2*-
time curve of the contrast agent bolus-injection in order 
to estimate the cerebral blood volume (CBV) and the 
mean transit time (MTT) from which the cerebral blood 
flow (CBF) was calculated (CBF = CBV/MTT).

Measurements assessing blood–brain‑barrier integrity
Blood–brain barrier (BBB) integrity along with brain 
water content and dry brain mass was evaluated as pre-
viously described [5, 34]. Briefly, mice received intra-
venous injections of Evans blue (50  µg/g body weight, 
E2129, Sigma-Aldrich) and sodium fluorescein (200 µg/g 
body weight, F6377, Sigma-Aldrich). After 4 h, mice were 
anesthetized and transcardially perfused. Brains were 
collected, frozen on dry ice, weighted and lyophilized. 

(See figure on next page.)
Fig. 3  Magnetic resonance imaging 2 months after 5 × tamoxifen induction. a High-resolution T2-weighted MRI images of control and DTA mice. 
DTA mice displayed a reduction of the hippocampal dimensions in high-resolution T2-weighted MRI in vivo (top coronal view, bottom axial view). 
Dentate gyrus and CA region exhibited a clear rarefaction, making these regions in DTA mice almost undetectable. b Volumetric comparison of 
various brain regions. DTA mice showed atrophy of olfactory bulb, whole cerebrum (without hippocampus and ventricles), hippocampus, and 
cerebellum. c Comparison of Jacobian determinants. Maps of z-score derived from the comparison of Jacobian determinants, overlaid on the 
study template, revealed lower volume of the cortex (particularly in the region of layer V), the hippocampus and its projection regions in DTA 
mice compared to controls. A z-score lower than -2.57 corresponds to a false discovery rate lower than 1%. d–f Comparison of vasculature and 
perfusion by IVIM-MRI and DSC-MRI. DTA mice showed higher cerebral blood volume in the hippocampus as shown independently by IVIM-MRI 
d and DSC-MRI e. In addition, the vascular volume fraction was enhanced in the cortex of DTA mice. The cerebral blood flow f was increased in all 
analyzed brain regions. g Comparison of brain water content, determined by IVIM-MRI: Apparent diffusion coefficient (ADC) was increased in cortex 
and hippocampus of DTA mice, indicating higher water content in brain regions particularly affected by diphtheria toxin expression; MRI data from 
6–8 mice/group, mean ± SD presented. h Molecular quantification of brain water, dry brain mass and blood brain barrier function in additional DTA 
and control mice at 2 months after encephalitis induction. Using this independent method, brains of DTA mice showed again higher water content 
and decreased brain mass. Increased extravasation of Evans blue and fluorescein indicate lasting blood–brain-barrier dysfunction; data from 5 
mice/group, mean ± SD given; 2-tailed unpaired Welch’s corrected t-tests or Mann–Whitney U-tests. All experiments in Fig. 3 were performed with 
5 × tamoxifen DTA mice
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Fig. 3  (See legend on previous page.)
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After lyophilization, dehydrated brains were weighted 
to obtain dry brain mass and to calculate brain water 
content. Afterwards, tracers were extracted from hemi-
spheres with formamide and quantified in triplicates on 
a fluorescent microscope (Observer Z2, Zeiss). The con-
centrations of tracers were calculated using a standard 
curve and normalized to controls.

Blood flow cytometry
EDTA-blood was collected from the orbital sinus 
2  weeks after last tamoxifen injection. Per mouse, 
50µL blood were diluted in 50µL PBS and overlaid on 
100µL lymphocyte separation medium (1077, Pro-
moCell). After centrifugation, peripheral blood mono-
nuclear cells were isolated, washed and stained for 
15  min at 4  °C with the following antibodies: PECy5 
anti-CD4 (1:1000, clone H129.19, Biolegend), PECy7 
anti-CD8 (1:500, clone 53–6.7, Biolegend), BV510 
anti-B220 (1:500, clone RA3-6B2, Biolegend) and Per-
CpCy5.5 anti-CD11b (1:100, clone M1/70, Biolegend). 
After staining, cells were washed, suspended in 200µL 
PBS containing 2% bovine serum albumin (#8076.3, 
Roth), and filtered through 40  µm cell strainers. Sam-
ples were measured on a FACSAria Sorp (BD). Num-
ber of lymphocytes were determined using forward and 
side scatter. Frequency of T-helper cells (CD4+,CD8−), 
cytotoxic T-cells (CD8+, CD4−), B cells (B220+, 
CD11b−, CD8−, CD4−), and myeloid cells (CD11b+, 
B220−, CD8−, CD4−) were determined as percentage of 
total lymphocytes.

Brain flow cytometry
Mice (3 × tamoxifen) were anesthetized with Avertin 
(1.36% 2,2,2,-tribromoethanol in ddH2O; 24µL/g body 
weight) and transcardially perfused with 40 mL Ringer 
solution (B.Braun). Brains were stored on ice in 10% 
fetal bovine serum (FBS, #10500–064 Thermo)/DMEM 
(#41965 Thermo) until all brains were collected. Olfac-
tory bulbs and brain stems were removed and brains 

mashed through 70 µm cell strainers. To remove mye-
lin, cells were suspended in isotonic Percoll (17-0891-
01, GE Healthcare) to a final concentration of 30% and 
centrifuged. Cells were washed with FACS buffer (2% 
FBS, 10 mM EDTA in PBS) and filtered through 40 µm 
cell strainers. Fc-receptors were blocked for 10  min 
at 4  °C with anti-mouse CD16/32 antibodies (1:100, 
14–0161, eBioscience). Cells were stained for 30 min at 
4  °C with the following antibody mix: APC anti-CD45 
(1:200, clone 104, BioLegend), PE anti-CD11b (1:200, 
clone M1/70, BioLegend), PECy5 anti-CD4 (1:1000, 
clone H129.19, BioLegend), PECy7 anti-CD8 (1:500, 
clone 53–6.7, Biolegend), APCCy7 anti-CD19 (1:200, 
clone 6D5, BioLegend), PerCP-Cy5.5 anti-CD138 
(1:200, clone 281–2, BioLegend). After staining, cells 
were washed and suspended in 400µL FACS buffer. 
Per sample, 100µL APC quantification beads (#340487, 
BD) were added. Samples were measured on a FAC-
SAria Sorp (BD). Cell numbers were corrected for the 
number of recorded APC beads. Leukocytes (CD45high, 
CD11b−), microglia (CD45low, CD11bhigh) and mac-
rophages (CD45high, CD11bhigh) were quantified within 
single cell gate determined by forward and side scatter. 
CD4+ T-cells and CD8+ T-cells were quantified within 
leukocyte gate. CD19+ B-cells and CD138+ plasma cells 
were quantified in CD4− CD8− leukocyte gate.

Histology
Mice were anesthetized with Avertin, transcardially 
perfused with Ringer (B.Braun) and subsequently 4% 
formaldehyde/PBS. Brains were collected, post-fixed 
in 4% formaldehyde/PBS for 12  h, dehydrated in 30% 
sucrose/PBS for 48  h, embedded in optimal cutting 
medium (Tissue-Tek, #4583, Sakura) and frozen on dry 
ice. Frozen brains were cut into 30 µm coronal sections 
on a cryostat (CM1950, Leica) and stored at -20  °C in 
anti-freeze medium (25% ethylene glycol/25% glycerol/
PBS). Quantifications were performed using 4–6 hip-
pocampi from 2–3 sections per mouse. Sections were 

Fig. 4  Histological analysis of neuroinflammatory readouts in the hippocampus 2 months after 3 × versus 5 × tamoxifen induction. a 
Representative coronal sections demonstrating persistent neuroinflammatory changes in DTA mice dependent on the tamoxifen dose. In 
the hippocampus of DTA mice, changes include increased microglia (Iba1+ cells, white) and GFAP (red) density as well as apparent changes 
in morphology. High-resolution images of CA1, CA3 and dentate gyrus (DG) regions were acquired as 10 µm Z-stacks and are displayed as 
maximum-intensity projections. b To assess atrophy in hippocampal regions, 4–6 hippocampi per mouse (within Bregma -1.34 mm and -1.94 mm) 
were manually segmented and areas of respective regions normalized to the mean of control mice. DTA mice after both tamoxifen doses showed 
strong atrophy in whole hippocampus (HC) and particularly its CA regions, whereas the DG was only weakly affected. c Evaluation of astrogliosis 
in DTA compared to control mice. Prominent astrogliosis was observed in HC and CA regions of DTA mice in both tamoxifen dose groups, while 
the DG remained relatively unaffected. The GFAP+ area fraction was determined densitometrically upon uniform thresholding, and fold changes 
were calculated based on the mean of control mice. d Quantification of Iba1+ cells (microglia). DTA compared to control mice showed increased 
microglia numbers in all hippocampal regions. Data from 7–8 mice/group displayed as mean ± SD; 2-tailed unpaired Welch’s corrected t-tests or 
Mann–Whitney U-tests

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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selected in regularly spaced intervals (every 300  µm) 
between Bregma coordinates -1.34 to -2.24  mm. 
Free-floating frozen sections were blocked and per-
meabilized for 1 h at RT with 5% normal horse serum 
(NHS, 26,050–088, Thermo) in 0.5% Triton  X-100/
PBS, incubated overnight at 4  °C with primary anti-
bodies and subsequently stained with corresponding 
fluorescently-labeled secondary antibodies for 2  h at 
RT. Nuclei were stained for 10 min at RT with 0.2 µg/
mL 4′,6-diamidino-2-phenylindole in PBS (DAPI, 
D9542, Sigma-Aldrich) and sections were mounted on 
SuperFrost®-Plus slides (J1800AMNZ, Thermo) with 
Aqua-Poly/Mount (#18606, Polysciences). The follow-
ing primary antibodies were used: Mouse anti-GFAP 
(1:500, NCL-GFAP-GA5, NovoCastra), rabbit anti-
Iba1 (1:1000, #019–19741, Wako), rabbit anti-cFos 
(1:1000, #226003, Synaptic Systems), guinea pig anti-
parvalbumin (1:1000, #195004, Synaptic Systems). 
Corresponding secondary antibodies included: Alexa 
Fluor 555 anti-rabbit (1:1000, A21428, Thermo), Alexa 
Fluor 647 anti-mouse (1:1000, A31571, Thermo) Alexa 
Fluor  633 anti-guinea pig (1:1000, A21105, Thermo). 
For Fluorojade C staining (AG325, Sigma) of dying 
neurons, sections were incubated in 0.06% potas-
sium permanganate solution for 10  min. Following a 
1 min water rinse, tissue was transferred for 10 min to 
a 0.0001% solution of Fluorojade C, dissolved in 0.1% 
acetic acid. Slides were rinsed with ddH2O and dried 
at 60 °C. Overview images of whole brain sections were 
obtained on Eclipse-TI  2 epifluorescence microscope 
(Nikon), equipped with 4 × objective (4x/0.2 NA PLAN 
APO #MRD00045, Nikon). For quantification of Iba1+ 
cells and GFAP+ area fraction by densitometry, 1  µm 
thick optical sections of hippocampi were acquired 
as tile scans on a confocal laser scanning microscope 
(LSM 880, Zeiss), furnished with a 40 × oil objective 
(40x/1.4  NA Plan-APOCHROMAT, #420762–9900, 
Zeiss). For quantification of parvalbumin+ and cFos+ 
neurons, 2  µm thick optical sections of hippocampi 
were acquired as tile scans using the same micro-
scope, equipped with a 20 × air objective (20x/0.8 
Plan-APOCHROMAT, #420640–9903 Zeiss). Image 
acquisition parameters were kept constant within 
experiments. Quantifications and image processing 
were performed with FIJI-ImageJ software (Schin-
delin et  al., 2012). Iba1+ cells (mostly microglia), 
parvalbumin+ cells (inhibitory neurons) and cFos+ 
neurons were manually counted. GFAP+ area fraction 
(GFAP+ area/total area of region of interest) was quan-
tified densitometrically upon uniform thresholding and 
fold change to control animals was calculated. Atrophy 
in regions of interest (CA1, CA3, dentate gyrus) was 
determined through manual segmentation. Resulting 

Fig. 5  Indicators of neuronal activity and circuitry in the 
hippocampus upon complex wheel running. a Schematic 
experimental outline. Approximately 2 months after 3 × tamoxifen 
induction mice were challenged for 4 h exposure to voluntary 
complex wheel running to induce neuronal activation. b 
Representative images of cFos (white) and PV (red) double staining in 
control and DTA mice. c Quantification of total number of cFos+ cells 
in hippocampal regions upon CRW. DTA mice showed significantly 
reduced numbers of cFos+ cells in HC and its CA regions, whereas the 
dentate gyrus (DG) remained unaffected. d PV+ interneuron numbers 
2 months after ablation of pyramidal neurons. DTA mice displayed 
increased PV+ interneuron numbers in HC and its CA regions, but 
not in DG. e Evaluation of PV+ interneuron activation upon CRW. 
PV+ interneurons were less frequently activated (evaluated by cFos 
expression) in CA3 region of DTA mice, with similar tendency in CA1. 
DG was again similar between both groups. Data from 8 mice/group 
displayed as mean ± SD; 2-tailed unpaired Welch’s corrected t-tests or 
Mann–Whitney U-tests
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areas were normalized to the respective average of con-
trol animals. CA2/CA3 region is referred to as CA3 in 
text and figures. Cell counts were normalized to quan-
tified areas. Data obtained from 4 to 6 hippocampi/
mouse was averaged for analysis.

Statistical analysis
Statistical analyses were performed using Prism9 soft-
ware (GraphPad Software). Results are presented as 
mean ± standard deviations (SD), unless otherwise 
stated. Normal distribution of data was assessed using the 
Shapiro–Wilk test with an alpha error of 0.05. Dependent 
on data distribution, 2-tailed unpaired Welch’s corrected 
t-tests or Mann–Whitney U-tests were used to com-
pare groups. Repeated measure data was analyzed using 
mixed-model ANOVA. P values < 0.05 were considered 
statistically significant.

Results and discussion
Sudden pyramidal neuronal loss by induced diphtheria 
toxin expression for sterile modeling of viral‑like gray 
matter encephalitis
To comprehensively study distinct features of mod-
erate brain inflammation that affects primarily gray 
matter, we targeted pyramidal neurons. By inducible 
diphtheria toxin expression in these cells, we generated 
a sterile, spatially and temporally defined, moderate 
experimental encephalitis in 6–8 months old male Nex-
CreERT2xRosa26-eGFP-DTA (= ‘DTA’) mice [1, 8, 19]. 
Tamoxifen dosing in this mouse line controls the amount 
of cell death. After a series of dose-titrating pilot experi-
ments, we here selected a 3-day (3x) versus 5-day (5x) 
tamoxifen injection design (Fig. 1a, b). Acute hippocam-
pus overview images, taken from trial mice at 1  week 
after 5 × tamoxifen induction, demonstrate by fluorojade 
staining the acute neurodegeneration/pyramidal neu-
ronal loss (Fig.  1c). Using the 3 × versus 5 × tamoxifen 
design, we performed a longitudinal ~ 60 day analysis of 
these mice, which included behavioral experiments to 
target hippocampal and (pre)frontal cortex functions, 
with both established (MWM, PPI) and novel (SocioBox, 
thermography) paradigms, several sophisticated MRI 

readouts, BBB testing, flow cytometry analyses of brain 
and blood, plasma HMGB1 measurements as circulating 
inflammation marker, as well as histological quantifica-
tions, including a neuronal functionality readout (imme-
diate early gene cFos induction after brief complex wheel 
running). In order to reduce the necessary number of 
animals (RRR principle), not all experiments were per-
formed in mice of both induction schedules (Fig. 1d).

Behavioral testing reveals manifold disturbance of brain 
functions in DTA mice
After destruction of substantial numbers of pyramidal 
neurons, hippocampal learning and memory, determined 
by the classical MWM, was highly significantly affected 
in encephalitis mice of both induction schemes (Fig. 1e-f 
and Tables  1,2). In the 5 ×, but not the 3 × tamoxifen 
group, the open field performance reflected behavioral 
pathology with reduced overall mobility and dampened 
natural drive to prefer the periphery (Fig. 1g; Tables 1,2). 
Both escape latency and enhanced time spent in the 
middle zone may additionally be related to the slower 
motion/reduced total distance. The PPI data in 5 × mice 
demonstrated also (pre)frontal network dysfunction 
(Fig. 1h; Table 2).

On top of these expected behavioral changes, we 
addressed novel readouts of social behavior, suspected 
to reflect CA2/CA3 destruction in our model, and 
known to play a role in human viral encephalitis [4, 35]. 
We tested in the 3 × tamoxifen mice social recognition 
memory, employing our recently developed SocioBox, 
and combined it with thermography (Fig. 2a-b; Table 1). 
The SocioBox test is superior to other presently available 
social recognition tests, successfully addressing multi-
ple social contacts in parallel [23, 39]. We noted overall 
hyperactivity in the SocioBox memory test displayed by 
DTA mice, from total distance traveled to social interac-
tions, including increased total interaction time and visits 
to the interaction zone, combined with a trend of shorter 
initial latency to interaction zone and time/visit (Fig. 2c). 
Surprisingly at first view, the latency to meet the stranger 
was reduced in DTA mice (Fig. 2d). The following read-
outs, however, clarified that this reduced latency was by 

Fig. 6  Evaluation of the brain and peripheral immune compartments. a Flow cytometry of brain tissue from DTA and control mice 2 months after 
3 × tamoxifen induction. Gating strategy is depicted in the top row. DTA mice showed stronger infiltration of T-helper cells (CD11b−, CD45high, 
CD8−, CD4+), cytotoxic T cells (CD11b−, CD45high, CD4−, CD8+), and increased microglia numbers (CD11bhigh, CD45low). B cell numbers (CD11b−, 
CD45high, CD8−, CD4−, CD19+) were low in brain tissue of both groups. Macrophage numbers (CD11bhigh, CD45high) were not different. Data from 
8–10 mice/group. b Flow cytometry of lymphocytes derived from peripheral blood 2 weeks after 3 × and 5 × tamoxifen induction. Gating strategy 
in left panel. DTA and control mice showed comparable and physiological numbers of major lymphocyte subsets (right panel). Data from 16–19 
mice/group. c HMGB1 ELISA at 2 weeks and 2 months after 3 × or 5 × tamoxifen induction shows no difference in plasma concentrations between 
groups. Data from 10 mice/group. Data displayed as mean ± SD; 2-tailed unpaired Welch’s corrected t-tests or Mann–Whitney U-tests

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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no means a signal of better social memory. Comparing 
the behavior towards acquainted conspecifics (stimuli) 
versus the stranger confirmed that DTA mice were not 
able to distinguish between them, whereas control mice 
discriminated well (Fig.  2e), explicitly indicating social 
cognition deficits of encephalitis mice. For better com-
prehension of this novel test paradigm, we provide sup-
plementary videos, showing a healthy control mouse. The 
video on the left illustrates the centralization index. The 
video on the right demonstrates the SocioBox with the 
test mouse in the middle, surrounded by 5 stimulus mice. 
The stranger mouse is encircled. Note the experimenta-
tor’s arm in the middle of the video when partition lifting 
takes place.

Thermography as convenient measure of autonomic 
dysfunction in DTA mice
We had reported previously that the SocioBox test with 
its forced and inescapable social interaction delivers 
substantial stress to healthy mice, even leading to the 
development of social avoidance, and thus constitutes 
a terminal test in behavioral batteries [39]. The distinct 
thermographic changes in this situation, resulting from 
stress-related blood flow alterations via reactive vaso-
constriction and vasodilation, respectively, suggested the 
concomitant screening of body/tail temperature during 
SocioBox performance in our model. Interestingly, upon 
CNS inflammation, both on experimental autoimmune 
encephalitis in rats and human limbic encephalitis, evi-
dence of thermoregulatory and autonomic dysfunction 
has been reported [2, 46].

In our thermography approach, the Centralization 
Index (ratio body/tail temperature = T ratio; see sup-
plementary video) serves as whole body stress readout 
and convenient measure of potential autonomic dys-
function. Indeed, encephalitis mice (3 × tamoxifen) 
showed altered thermo-responses as compared to con-
trols. Whereas during habituation 3, no appreciable 
dissociation in the thermo-curves appeared yet, DTA 
mice revealed higher centralization values in exposure 
1 before partition lifting, perhaps pointing to an initially 
higher ‘non-specific’ agitation/stress. In both exposure 
2 and memory test, the DTA mice thermo-responded 
in an overall blunted fashion compared to controls. In 
fact, a highly interesting thermo-pattern was observed 
in healthy mice that showed from exposure 1 over 2 to 
memory test a strong thermo-response, likely reflect-
ing rising anticipation of partition lifting (Fig. 2f–j). The 
complete lack of this amazingly robust and fast experi-
ence-induced thermo-response in the sense of an ‘auto-
nomically expressed short-term memory’, uncovered 
altered vasoactivity in peripheral and core body regions 

as indication of autonomic dysfunction and/or compro-
mised short-term memory in DTA mice.

Brain dimensions and structural changes of DTA mice 
in high‑resolution MRI
DTA mice (5 × tamoxifen) displayed a significant shrink-
age of the hippocampal area shown by in vivo high-res-
olution T2-weighted MRI. Dentate gyrus and CA region 
exhibited a clear rarefaction, rendering these regions 
almost undetectable (Fig.  3a, top axial view, bottom 
transversal view). Volumetrical analysis of MT-weighted 
MRI demonstrated highly significant reductions in essen-
tially all brain areas, including olfactory bulb, cerebrum, 
hippocampus and cerebellum (Fig. 3b). Maps of z-score 
derived from the comparison of Jacobian determinants 
and overlaid on the study template revealed significantly 
lower volume of the cortex (in particular in the region 
of layer V), the hippocampus and its projection areas in 
DTA mice compared to controls. A z-score lower than 
-2.57 corresponds to a false discovery rate of lower than 
1% (Fig. 3c).

DTA mice had a higher vascular volume in the hip-
pocampus as shown independently by both IVIM-MRI 
(vascular volume fraction) and DSC-MRI (cerebral blood 
volume). In addition, the vascular volume fraction was 
increased in the cortex of DTA mice. This phenomenon 
is highly interesting and will require deeper mechanis-
tic search via experimental approaches in the future, as 
any clear insight from the literature [24] or from the pre-
sent data is still lacking. Importantly, cerebral blood flow 
(DSC-MRI) was increased in all analyzed brain regions 
(Fig.  3d–f). Taking these findings together, we suggest 
a working model where the enhanced vascular volume, 
in parallel to neural tissue loss in this sterile encephali-
tis, reflects a ‘relative’ increase in vascular density rather 
than simple vessel dilatation. This would also reconcile 
with the observed increase in cerebral blood flow.

The apparent diffusion coefficient (ADC) was aug-
mented in cortex and hippocampus but not thalamus 
of DTA mice, indicating higher water content in brain 
regions directly affected by the toxin (Fig. 3g). This find-
ing was independently verified in the BBB integrity assay 
[5, 34], showing increased water content and reduced 
brain mass. At the same time, this assay yielded distinct 
tracer extravasation, both of Evans blue and fluorescein, 
proving BBB leakage (Fig. 3h).

Lasting neuroinflammation following pyramidal neuronal 
death in DTA mice
Histological analysis demonstrated lasting prominent 
micro- and astrogliosis in hippocampus and cortex of 
DTA mice, more pronounced after 5 × compared to 
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3 × tamoxifen (Fig.  4a). Quantifications validated again a 
clear reduction in the areas of whole hippocampus as well 
as of CA1 and CA3 subfields. The dentate gyrus was less 
noticeably affected (Fig. 4b). Similarly, the highest density 
of GFAP+ area and strongest increases in Iba1+ cell num-
bers were seen in total hippocampus, CA1 and CA3, but 
less in dentate gyrus (Fig. 4 c-d).

The prolonged neuroinflammatory response upon DTA-
induced neuronal death is consistent with a mouse model, 
in which DTA expression was coupled to regulatory ele-
ments of Camk2α in a tetracyclin-responsive fashion [49], 
although kinetics of DTA induction, severity and regional 
selectivity expectedly differ between the 2 models. Inter-
estingly, in this earlier mouse model, some of the neuroin-
flammatory responses, including reactive microglia, have 
been dampened upon microglia depletion and repopula-
tion via CSF1R inhibitor treatment and withdrawal [38], 
demonstrating the importance of such animal models for 
developing translationally relevant treatment strategies.

To evaluate neuronal activation and interneuron density 
after selective ablation of pyramidal neurons in DTA mice, 
cFos expression and parvalbumin+ interneuron numbers 
were assessed. In fact, the toxin is tamoxifen-inducibly 
expressed by glutamatergic pyramidal neurons, which are 
preferentially destroyed. In contrast to the disease Diph-
theria, however, only the catalytically active fragment A 
is expressed in our genetic model, while fragment B was 
purposely omitted to prevent receptor-mediated entry to 
neighboring cells [1, 8, 19]. Hence, cFos activity in inhibi-
tory neurons should not have been directly affected by the 
toxin.

Indeed, determination of cFos expression after brief 
complex wheel running as neuronal activity readout con-
firmed the expected decrease of immediate early gene 
expression in whole hippocampus, CA1 and CA3 of 
DTA mice, due to the ablation of pyramidal neurons. In 
contrast, cFos+ cells in dentate gyrus did not differ from 
controls, again underlining the widely intact situation 
of this region (Fig.  5a–c). We note that both DTA and 
control mice performed comparably in this short-term 
CRW exposure (running distance: 659 ± 238  m versus 
946 ± 523  m, respectively, p = 0.1893). The number of 
parvalbumin+ interneurons normalized to the respec-
tive hippocampal area showed highly significant ‘relative’ 
increases, consistent with circuit adjustments in the sense 
of altered inhibition. The cFos+ interneurons among them, 
however, tended to be decreased in whole hippocampus 
and CA subfields, pointing perhaps to mildly compro-
mised cellular activatability. Again, the dentate gyrus was 
spared in DTA mice and appeared comparable to controls 
(Fig. 5d, e).

Flow cytometry shows clear alterations in the brain 
immune compartment following pyramidal neuronal 
death in absence of measurable effects in blood
Brain flow cytometry after 2  months of DTA induc-
tion (3 × tamoxifen) confirmed not only the histologi-
cally quantified microgliosis but also revealed persistent 
increases in T cells, in particular CD8+ cytotoxic T cells, 
shown very recently to drive axon degeneration in the 
normal aging mouse CNS and contribute to age-related 
cognitive and motor decline [16]. B cell numbers were 
low and like macrophages unaltered (Fig. 6a).

In contrast, blood flow cytometry at 2 weeks after DTA 
induction (in 3 × and 5 × tamoxifen mice) and upon con-
siderable acute brain inflammation did not show any 
immune cell alterations in the periphery (Fig.  6b). This 
complete lack of peripheral changes reflects in our mouse 
model the enormous and well-known clinical prob-
lems of diagnosing even substantial brain inflammation 
in  vivo, often leading to wrong assumptions regarding 
suddenly occuring behavioral abnormalities in neuropsy-
chiatric practice.

In an approach to identify a possible peripheral diag-
nostic marker, we came across an alarmin, namely high-
mobility group box 1 (HMGB1), a key molecule of host 
defense systems that can be released under acute and 
chronic pathological conditions. HMGB1 is a non-his-
tone nuclear protein with dual functions depending on 
localization. Within cells, it is confined primarily to the 
nucleus where it binds DNA and plays a role in transcrip-
tional regulation. However, extracellular HMGB1 serves 
as proinflammatory cytokine. Elevated HMGB1 levels in 
serum and CSF have been reported in neurological infec-
tion, indicating that excessive host inflammation may 
be relevant to the pathogenesis of encephalitis. Beyond 
infections, HMGB1 has pathogenic roles during trauma 
and sterile inflammation, such as systemic inflammatory 
response syndrome [14, 15, 30, 36, 44]. Thus, we followed 
HMGB1 plasma levels at 14 days and 2 months after DTA 
induction in both 3 × and 5 × tamoxifen mice. Surpris-
ingly, there were no differences between groups at any 
time point or induction scheme (Fig. 6c).

Again, it is fascinating, but certainly also alarming for 
clinicians, that extensive inflammatory degeneration in 
the brain, including BBB breakdown, can occur without 
indication in the blood. Since this clear result is of major 
relevance also for human neurodegenerative disease, it 
will hopefully stimulate the development of even more 
sophisticated brain imaging paradigms, sensitive enough 
for in vivo diagnosis of ongoing brain inflammation.
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Modeling aspects of viral gray matter encephalitis 
by sterile pyramidal neuronal death: Synopsis and outlook
With the present longitudinal study, we aimed at defining 
downstream consequences of sudden pyramidal neuronal 
loss as it characterizes many viral infections, including reac-
tive neuroinflammatory and subsequent neurodegenera-
tive processes. Employing DTA mice, we present an animal 
model that allows sterile and targeted induction of cell death, 
thereby excluding the numerous parallel cellular and molec-
ular events that characterize infections from the beginning 
and make delineation of causes and consequences often 
impossible. We provide not only the predictable histological 
evidence of a dose-dependent mild to moderate encephalitis 
together with the expected behavioral consequences of hip-
pocampal and (pre)frontal damage. We also deliver clearcut 
and easily quantifiable novel results on disturbed social cog-
nition with pathological thermoreaction/autonomic dys-
function as well as multifaceted sophisticated MRI readouts 
as future endpoints of targeted therapeutic approaches.
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4 Project II: Autoantibodies against NMDA receptor 1 mod-

ify rather than cause encephalitis 

4.1 Overview of Project II  

After the discovery of an encephalitis associated with autoantibodies directed against the NMDAR1 

subunit of N-methyl-D-aspartate receptors (NMDAR), a vast number of studies investigated the patho-

genicity of these autoantibodies, resulting in some understanding of their function and mode of action. 

Prior work has shown that NMDAR are internalized upon binding of NMDAR1-autoantibodies (NMDAR1-

AB) resulting in NMDAR-hypofunction. This decrease in surface NMDAR expression potentially explains 

some psychiatric and neurological symptoms observed in patients with the so-called anti-NMDAR en-

cephalitis. However, the actual pathomechanism(s) that induce encephalitis and drive neuroinflamma-

tion are understudied and few studies investigated the pathophysiological relevance of NMDAR1-AB in 

a neuroinflammatory context. To investigate the effects of NMDAR1-AB during gray matter inflammation, 

the previously characterized DTA mouse model was utilized (Wilke et al. 2021b).To better represent the 

demographics of NMDARE patients, young female mice were used and the tamoxifen dose was lowered 

to prevent excessive pyramidal cell death. Young female mice were immunized against ovalbumin (OVA) 

as ‘non-sense’ immunization control and against a previously described cocktail of four GluN1-specific 

peptides, which induces functional NMDAR1-AB within ten days after immunization (Pan et al. 2018). 

After NMDAR1-AB formation and prior to encephalitis induction, no behavioral abnormalities were ob-

served in the LABORAS-based experimenter-independent tracking of home cage behavior. In DTA mice, 

tamoxifen administration resulted in an acute neuroinflammatory response within one week, which was 

particularly prominent in the hippocampus. Systematic behavioral phenotyping after encephalitis induc-

tion revealed normal exploratory and stereotypic behavior in several behavioral tests, lack of catalepsy 

in the bar test, normal executive function in the hurdle test and normal performance in IntelliCage based 

cognitive challenges. However, DTA mice in contrast to littermate controls lacking the DTA allele dis-

played typical hippocampal learning and memory deficits in the Morris water maze, prefrontal cortical 

network dysfunction as well as hyperlocomotion in three homecage based test settings. Compared to 

ovalbumin-immunized DTA mice, DTA mice carrying NMDAR1-AB displayed increased hyperlocomo-

tion, reminiscent of mice treated with the NMDAR antagonist MK-801. Furthermore, DTA mice devel-

oped long-lasting blood-brain barrier dysfunction, gray matter inflammation and neurodegeneration, par-

ticularly in the hippocampus. Importantly, the neuroinflammation was not further aggravated by the pres-

ence of NMDAR1-AB and immunized non-DTA mice were free of any signs of neuroinflammation. In 

addition, the replication of a previously published immunization protocol, claiming encephalitis induction 

upon immunization against a GluN1359-378 peptide (Wagnon et al. 2020), failed completely. Immunized 

mice, although carrying IgG autoantibodies against the GluN1359-378 peptide, did not develop neuroin-

flammation. To conclude, while the encephalitogenic potential of NMDAR1-AB remains to be proven, 

NMDAR1-AB can modulate the behavioral phenotype of an underlying gray matter inflammation (Wilke 

et al. 2021a).   
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The etiology and pathogenesis of “anti-N-methyl-D-aspartate-receptor (NMDAR) encephalitis” and the role of autoantibodies (AB) in
this condition are still obscure. While NMDAR1-AB exert NMDAR-antagonistic properties by receptor internalization, no firm evidence
exists to date that NMDAR1-AB by themselves induce brain inflammation/encephalitis. NMDAR1-AB of all immunoglobulin classes
are highly frequent across mammals with multiple possible inducers and boosters. We hypothesized that “NMDAR encephalitis”
results from any primary brain inflammation coinciding with the presence of NMDAR1-AB, which may shape the encephalitis
phenotype. Thus, we tested whether following immunization with a “cocktail” of 4 NMDAR1 peptides, induction of a spatially and
temporally defined sterile encephalitis by diphtheria toxin-mediated ablation of pyramidal neurons (“DTA” mice) would modify/
aggravate the ensuing phenotype. In addition, we tried to replicate a recent report claiming that immunizing just against the
NMDAR1-N368/G369 region induced brain inflammation. Mice after DTA induction revealed a syndrome comprising hyperactivity,
hippocampal learning/memory deficits, prefrontal cortical network dysfunction, lasting blood brain-barrier impairment, brain
inflammation, mainly in hippocampal and cortical regions with pyramidal neuronal death, microgliosis, astrogliosis, modest immune
cell infiltration, regional atrophy, and relative increases in parvalbumin-positive interneurons. The presence of NMDAR1-AB enhanced
the hyperactivity (psychosis-like) phenotype, whereas all other readouts were identical to control-immunized DTA mice. Non-DTA
mice with or without NMDAR1-AB were free of any encephalitic signs. Replication of the reported NMDAR1-N368/G369-immunizing
protocol in two large independent cohorts of wild-type mice completely failed. To conclude, while NMDAR1-AB can contribute to the
behavioral phenotype of an underlying encephalitis, induction of an encephalitis by NMDAR1-AB themselves remains to be proven.

Molecular Psychiatry; https://doi.org/10.1038/s41380-021-01238-3

INTRODUCTION
Since, the first report on a novel paraneoplastic autoimmune disease
with autoantibodies against the NMDA receptor subunit NR1
(NMDAR1-AB=GluN1-AB) appeared >12 years ago [1, 2], this
condition attracted considerable attention both by clinicians and
basic researchers worldwide, resulting in currently nearly 2000 entries
in PubMed. Variably associated with psychosis, cognitive decline,
extrapyramidal symptoms, or seizures, this “NMDAR encephalitis”
was already early on described to be mediated by lower surface
expression of neuronal NMDAR after exposure to NMDAR1-AB of the
immunoglobulin G (IgG) class [3]. The resulting NMDAR antagonistic
or “ketamine-like” effects, demonstrated also in various rodent
models via passive transfer of NMDAR1-AB [4–13], were interpreted
as potential mechanisms of action. Thus far, however, they have
failed to explain the inflammatory or encephalitic component of this
condition. Interestingly, comparison of NMDAR1-AB-positive and
-negative human encephalitis cases did not reveal differences, except
for few perhaps NMDAR-antagonistic (ketamine-like) symptoms [14].
Even sophisticated preclinical approaches raised further ques-

tions rather than providing answers. For example, immunization of

mice with liposome-embedded tetrameric NMDAR was stated to
induce NMDAR-AB and fulminant encephalitis. Highly variable
behavioral changes in this model included hyperactivity, immo-
bility, circling, seizures, hunched back/lethargy, and increased
mortality, including neuroinflammation, and immune cell infiltra-
tion [15], all nonspecific features of any severe encephalitis.
Adequate “negative” controls like the use of other liposome-
embedded holoreceptors or of control proteins of similar size
would have been required to link NMDAR-AB causally with the
occurrence of an encephalitis. To validate that “disease induction
depends on conformationally restricted epitopes” [15], infusion of
purified NMDAR-AB should have been used to clarify whether they
act encephalitogenic on their own [16].
During performance of the present work, a report claimed that

immunizing mice against the NMDAR1-N368/G369 region alone at
high dose induced encephalitis-like behavioral and morphological
impairments, including blood brain-barrier (BBB) breakdown [17].
We thus decided to follow this initially exciting report’s protocol,
hoping to answer several important questions related to our own
research. However, using two large independent cohorts of wild-
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type mice, we were unable to reproduce any of the described
findings. This replication failure is now also included in the
present paper.
To summarize, despite all efforts, etiology and pathogenesis of

the “NMDAR encephalitis” are still as uncertain as the role of
NMDAR1-AB in this condition. We note that multiple brain-
directed AB apart from NMDAR1-AB have been reported in serum
of healthy humans and of various other mammalian species, likely
belonging to the normal pre-existing “autoimmune repertoire.”
These AB do have potential functionality and also potential
pathogenicity [18–22]. In fact, functional serum NMDAR1-AB of all
immunoglobulin classes are a highly frequent finding across
mammals, with multiple possible inducers or boosters identified
thus far, ranging from genetic predisposition, various viral
infections (e.g., influenza, herpes), oncological conditions, and
brain lesions to chronic life stress [1, 6, 23–26]. However, no solid
proof exists to date that NMDAR1-AB by themselves can induce an
encephalitic process.
The present study addresses the hypothesis that “NMDAR

encephalitis” may result from a primary brain inflammation
coinciding with the presence of NMDAR1-AB, which ultimately
shape the encephalitis phenotype. Therefore, a spatially and
temporally defined" sterile encephalitis was induced in young
female NexCreERT2xRosa26-eGFP-DTA (= “DTA”) mice after
immunization with a cocktail of 4 NMDAR1 peptides, also
including a peptide covering the NMDAR1-N368/G369 region.
Females were chosen to account for the ~4:1 female/male ratio
observed in human “NMDAR encephalitis” [27]. As shown in vivo
earlier, this cocktail induces functionally highly active NMDAR1-AB,
leading to psychosis-like symptoms in mice with compromised
BBB but no brain inflammation [28]. Here, we report that
NMDAR1-AB can contribute to the behavioral abnormalities of
an underlying gray-matter encephalitis, but that the multifaceted
encephalitic phenotype itself, involving pyramidal neurons and
their NMDAR, is nearly identical between NMDAR1-AB carriers and
noncarriers.

MATERIALS AND METHODS
Mice
Mouse experiments (all C57BL/6 background) were approved by the Local
Animal Care and Use Committee (LAVES, Niedersächsisches Landesamt für
Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany) in
accordance with the German animal protection law. Sample sizes were
based on previous experience under consideration of the RRR-principle
and technical limitations (i.e., maximum of 16 animals per IntelliCage). All
experiments were performed by investigators unaware of group assign-
ment (fully-blinded). Mice were separated by genotype and treatment to
avoid inclusion effects [29] or aggressive behavior against potentially
affected animals. Unless otherwise stated, mice were maintained in
temperature- and humidity-controlled environments in 12 h light/dark
cycle (light on at 7am) with wood-chip bedding, nesting material (Sizzle
Nest, Datesand, Bredbury, UK) and, ad libitum food and water.
DTA cohort: Mice with the tamoxifen-inducible gray-matter inflamma-

tion were generated by crossing homozygous Neurod6tm2.1(cre/ERT2)Kan

(NexCreERT2) [30] with heterozygous Gt(ROSA)26Sortm1(DTA)Jpmb (Rosa26-
eGFP-DTA) [31], resulting in double-heterozygous (DTA) mice and
heterozygous NexCreERT2 littermate (control) mice lacking the DTA allele.
Detailed genotyping protocols are available upon request. Experiments
involving DTA mice were performed on females to account for the ~4:1
female/male ratio observed in human “NMDAR encephalitis” patients [27].
Female transgenic mice were weaned at postnatal day 21 into type IV
cages (55 × 38.5 × 20.5 cm, Tecniplast, Hohenpeißenberg, Germany) in
groups of 16.
Replication cohorts comprised male C57BL/6 J wildtype mice immu-

nized at 8–9 weeks of age [17]. Wildtype mice were obtained from Janvier
(Le Genest-Saint-Isle, France), transported to our behavior unit at 3 weeks
of age, and housed in type II cages (36.5 × 20.7 × 14 cm, Tecniplast) in
groups of 3–5.

Treatments
Immunization of the DTA cohort was conducted as previously described
[28], except that immunizations were performed on postnatal day 30. Mice
were immunized with a cocktail of 4 GluN1 extracellular peptides (GluN135-53,
GluN1361-376, GluN1385-399, and GluN1660-811 coupled to keyhole limpet
hemocyanin; Synaptic Systems, Göttingen, Germany) and/or chicken ovalbu-
min (“OVA”, A5503, Sigma-Aldrich, Darmstadt, Germany) emulsified in an equal
volume of complete Freund’s adjuvant (CFA) containing 1mg/mL heat-killed
Mycobacterium tuberculosis H37 Ra (#231141, Difco, BD, Heidelberg, Germany)
in incomplete Freund’s adjuvant. GluN1 peptide cocktail (50 µg) and/or
ovalbumin (20 µg) were injected subcutaneously at the tail base.
Immunization of the replication cohorts followed the protocol of

Wagnon et al. [17]. Male C57B/6 J mice were immunized at 8–9 weeks of
age with either GluN1168-187 (control peptide), GluN1359-378 (active peptide)
or for our additional comparison with ovalbumin, each emulsified in an
equal volume of CFA (as described above). Antigens (200 µg) were equally
distributed over 4 subcutaneous injections, 2 at shoulders and 2 at hind
limbs. In addition, mice received 2 intraperitoneal injections of 200 ng of
Bordetella pertussis toxin (#180, List Biological Laboratories) in PBS,
immediately after and 48 h after immunization.
Tamoxifen induction: Tamoxifen (CAS#10540-29-1, T5648, Sigma) was

dissolved in corn oil (C8267, Sigma) on injection days at 10mg/mL. Mice
received 2 intraperitoneal injections of 100mg of tamoxifen/kg body
weight on 2 consecutive days.
Transponder placement: For the experimenter-independent pheno-

typing of mice in the IntelliCage® apparatus (TSE Systems, Bad Homburg,
Germany) ISO standard transponders (8.5 mm length, 1.2 mm diameter,
PM162-8) were implanted below the skin of the neck after intraperitoneal
injection of 24 µL of 1.36% 2,2,2,-tribromoethanol (T48402, Sigma) in
ddH2O/g body weight (Avertin). One week after implantation, mice were
placed into IntelliCages.
Blood sampling: Intermediate blood samples (100 µL) were collected

from the retro-orbital sinus. Terminal blood (500 µL) was sampled by
cardiac puncture before transcardial perfusion. EDTA-plasma aliquots were
stored at −80 °C.

Behavioral phenotyping
Experiments of the DTA cohort were performed in the following
order: LABORAS (baseline–prior to tamoxifen induction), bar test, hurdle
test, IntelliCage-based phenotyping including pheromone preference,
LABORAS, Morris water maze, hole board, prepulse inhibition (PPI),
marble-burying test, and complex wheel running.
Behavioral testing of the replication cohort followed the design of

Wagnon et al. [17]. Behavioral analyses comprised open-field activity, Y-
maze working memory, elevated plus maze (anxiety), and forced-swim test
(depression-like behavior). For the second replication cohort, we rear-
ranged the test schedule to assess anxiety-like behavior in behaviorally
naive mice, followed by testing in open field and Y-maze.
Except for home cage-based tests, all tests ran during the light phase.

Behavioral testing was performed as previously described in detail
[17, 29, 32–38]. Only home cage-based tests are briefly summarized below.

LABORAS
To characterize the spontaneous home cage behavior of mice prior to and
after a tamoxifen-induced gray-matter inflammation, the LABORAS system
(Metris B.V.) was employed [32–34, 37]. Briefly, mice habituated for 2 nights
to the experimental room and single housing in clear polycarbonate cages
(Makrolon type I, 22 cm × 16 cm × 14 cm, Tecniplast) with wood-chip
bedding, food, and water ad libitum. After two nights, cages were placed
on a sensor platform (Carbon Fiber Plate 1000mm× 700mm× 700mm×
30mm, Metris B.V., Hoofddorp, Netherland) and the resulting electrical
signals recorded throughout the dark phase (12 h) and classified into
behavioral categories, i.e., eating, drinking, scratching, circling, climbing,
immobility, locomotion, and grooming.

IntelliCage-based phenotyping
To assess a variety of cognitive measures with minimal experimenter
intervention on a 24/7 basis in a social home cage-based setting, 16 mice
per group were placed in standard laboratory rodent cages (55 × 38.5 ×
20.5 cm, Tecniplast) equipped with the IntelliCage® apparatus (TSE-
Systems) controlled by NewBehavior software (version 3.1.7), as we
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described in great detail previously [29]. Water was accessible in four
triangular conditioning chambers (15 × 15 × 21 cm), located in cage
corners. The conditioning chambers were equipped with temperature
sensors and RFID antennas to identify entering mice. If mice entered a
correct corner during the allocated time window, doors blocking access to
water or sucrose bottles (dependent on test setting) could be opened via
nosepokes sensed by light barriers. Lickometers registered licks on bottles.
The experimental setup comprised measurement of place learning (day

1), reversal learning (day 2), sucrose preference (day 3), acquisition and
recollection of a place time-reward/episodic-like memory (days 4 and 5),
and behavioral extinction of operant responses (days 6 and 7). General
activity and day/night pattern were assessed by recording number and
timing of visits to operant chambers (corner visits). On days 1–2, each
mouse had access to water at a single corner (4 mice/corner), during days
3–5 to a 2% sucrose solution on one corner and water at the opposite site
(8 mice/corner). On days 6–7, mice had access to only water at previously
rewarded corners. In-between test sessions, corners were re allocated. The
efficiency of place and reversal learning was assessed for 24 h each by
calculating the percentage of place errors (visits to blocked corner/total
corner visits *100%). Sucrose preference means the percentage of licks at
sucrose bottle/total licks within 24 h. To evaluate episodic-like memory,
access to water and sucrose solution was restricted to the first 2 h after
dark-phase onset. Within this 2 h period, preference to sucrose corner was
calculated as percentage of visits to sucrose corner/total corner visits.
Two weeks after this IntelliCage testing, mice returned to IntelliCages to

evaluate pheromone preference using two social boxes, supplemented
with fresh wood-chip bedding, connected to the left and right side of the
IntelliCage via two plastic tubes, equipped with two ring RFID antennas to
track individual mouse. The time each mouse spent in the IntelliCage, the
neutral or the target social box was recorded along with the number of
social box visits. After habituation of 1 h, social boxes were replaced by
novel cages filled with either fresh wood-chip bedding (neutral site) or
bedding from male C3H mice (target site) and mice again had 1 h to
explore the social boxes. In addition to time spent on the target site, the
time spent exploring either social box was evaluated as the readout for
exploratory behavior.

Complex wheel running
To assess locomotor activity and motor-cognitive learning, a complex
running-wheel-setup (CRW) was used. Mice were single-housed in type-III
cages (42 × 26 × 18 cm, Tecniplast), equipped with CRW (TSE-Systems).
CRW are characterized by randomized omitted bars [39–41]. Mice were
habituated to the experimental room and CRW for 2 h prior to the dark
phase. After dark-phase onset, voluntary running was automatically
tracked for 4 h via Phenomaster software (TSE-Systems) and the total
running distance per mouse calculated.

Antibody determinations
ELISA: Immunizations were confirmed by antigen ELISA, at 21–27 days
after immunization in the DTA cohort and at 17–18 days in replication
cohorts. ELISA was performed as described [28]. ELISA plates (96-well F-
bottom Immuno MediSorp, Nunc) were coated overnight at 4 °C with
either 0.2 µg ovalbumin, 0.5 µg GluN1-antigen cocktail, 1 µg GluN1168-187
or 1 µg GluN1359-378 in 50 µL PBS per well. After blocking with 5% bovine
serum albumin (BSA, #8076.3, Roth) in PBS, mouse plasma (1:1000 dilution
with 5% BSA/PBS 50 μl/well) was added for 2 h at RT. Antigen-specific IgG
antibodies were detected using HRP-coupled anti-mouse-IgG-specific
antibodies (1:10,000, A9917, Sigma) and 3,3′,5,5′-tetramethylbenzidine
substrate (#555214, BD OptEIA, BD). Absorbance at 450 nm was measured
and corrected for values at 620 nm by microplate reader (Tecan-Trading
AG, Männedorf, Switzerland). The threshold for a positive classification
was set as three standard deviations above the mean of control
samples.
Cell-based assay (CBA) for NMDAR1-AB detection: To determine

NMDAR1-AB IgG titers against full-length GluN1, a commercially available
cell-based assay comprising Grin1-transfected and control-transfected
HEK293 cells (FB 112d-1010-51, EUROIMMUN, Lübeck, Germany) was used
according to the manufacturer’s instructions with minor modifications. The
anti-human secondary antibody solution was replaced by Alexa Fluor 488-
labeled anti-mouse IgG (1:1000, A21202, Thermo Fisher Scientific,
Darmstadt, Germany) in 0.2% Tween20/PBS. Titers were determined
starting at 1:100 dilutions with subsequent testing of positive samples at
1:1000 and 1:10,000 and independently evaluated by three investigators.
For colocalization experiments, diluted plasma samples were spiked with a

non overlapping rabbit IgG anti-GluN1 antibody directed against the C-
terminal domain (1:1000, G8913, Sigma) and an Alexa Fluor 647-labeled
anti-rabbit IgG antibody (1:1000, A31573, Thermo) was added to the
secondary antibody solution. Images were acquired on a confocal
microscope (LSM880, Zeiss, Oberkochen, Germany).

Measurements assessing blood–brain-barrier integrity
BBB integrity was evaluated as previously described [28, 42]. Briefly, mice
received intravenous injections of Evans blue (50 µg/g body weight,
E2129, Sigma) and sodium fluorescein (200 µg/g body weight, F6377,
Sigma). After 4 h, mice were anesthetized and transcardially perfused.
Brains were collected, frozen on dry ice, and lyophilized. Tracers were
extracted from hemispheres with formamide and quantified in triplicates
on a fluorescent microscope (Observer Z2, Zeiss). The concentrations of
tracers were calculated using a standard curve and normalized to
controls.

Histology
Mice were anesthetized with Avertin, transcardially perfused with Ringer
(B. Braun, Melsungen, Germany) and subsequently 4% formaldehyde/PBS
solution. Brains were collected, post fixed in 4% formaldehyde/PBS for
12 h, dehydrated in 30% sucrose/PBS for 48 h, embedded in optimal
cutting medium (Tissue-Tek, #4583, Sakura, Umkirch, Germany) and frozen
on dry ice. Frozen brains were cut into 30 µm coronal sections on a
cryostat (CM1950, Leica, Wetzlar, Germany), and stored at −20 °C in 25%
ethylene glycol/25% glycerol/PBS. Quantifications were performed on
regularly spaced sections (every 300 µm) between Bregma coordinates
−1.34 to −2.24mm and 4–6 hippocampi from 2 to 3 sections were used
per mouse. CA2/CA3 region is referred to as CA3 in text and figures.
Free-floating frozen sections were blocked and permeabilized for 1 h at

RT with 5% normal horse serum (NHS, 26050-088, Thermo) in 0.5% Triton
X-100/PBS, incubated overnight at 4 °C with primary antibodies and
subsequently stained with the corresponding fluorescently labeled
secondary antibodies, for 2 h at RT. Nuclei were stained for 10min at RT
with 0.2 µg/mL 4′,6-diamidino-2-phenylindole in PBS (DAPI, D9542, Sigma)
and sections mounted on SuperFrost®-Plus slides (J1800AMNZ, Thermo)
with Aqua-Poly/Mount (#18606, Polysciences, Warrington, PA, USA). The
following primary antibodies were used: Mouse anti-GFAP (1:500, NCL-
GFAP-GA5, NovoCastra-Leica, Newcastle upon Tyne, UK), guinea pig anti-
S100b (1:750, #287004, Synaptic Systems), rabbit anti-Iba1 (1:1000, #019-
19,741, Wako, Neuss, Germany), rat anti-CD68 (1:500, MCA1957GA, BioRad,
München, Germany), rat anti-CD45 (1:100, #103101, BioLegend, Koblenz,
Germany), and guinea pig anti-parvalbumin (1:1000, #195004, Synaptic
Systems). The corresponding secondary antibodies included Alexa Fluor
555 anti-rabbit (1:1000, A21428, Thermo), Alexa Fluor 555 anti-mouse
(1:1000, A31570, Thermo), Alexa Fluor 647 anti-mouse (1:1000, A31571,
Thermo), Alexa Fluor 633 anti-guinea pig (1:1000, A21105, Thermo), Alexa
Fluor 647 anti-rat (1:1000, A21247, Thermo). For Fluorojade C-staining
(AG325, Sigma) of dying neurons, sections were incubated in 0.06%
potassium permanganate solution for 10min. Following a 1min water
rinse, tissue was transferred for 10min to a 0.0001% solution of Fluorojade
C, dissolved in 0.1% acetic acid. Slides were rinsed with ddH2O and dried
at 60 °C. Slides were mounted with Aqua-Poly/Mount (#18606, Poly-
sciences). Overview images of whole-brain sections were obtained on
Eclipse-TI 2 epifluorescence microscope (Nikon, Düsseldorf, Germany),
equipped with 4× objective (4×/0.2 NA PLAN APO #MRD00045, Nikon).
For quantification, 1 µm-thick optical sections of hippocampi were
acquired as tile scans on a confocal laser scanning microscope (LSM
880, Zeiss), furnished with a 40× oil objective (40 × /1.4 NA Plan-
APOCHROMAT, #420762-9900, Zeiss). Image-acquisition parameters were
kept constant within experiments. Quantifications and image processing
were performed with FIJI-ImageJ software [43]. Iba1+ cells (mostly
microglia), parvalbumin+ cells (inhibitory neurons), and CD45+ Iba1−
cells (leukocytes) were manually counted. GFAP+ area was quantified
densitometrically upon uniform thresholding. Cell counts and GFAP+ area
were normalized to quantified areas. Data from 4 to 6 hippocampi/mouse
was averaged.

Flow cytometry
Mice were anesthetized with Avertin and transcardially perfused with 40
mL of Ringer solution (B. Braun). Brains were stored on ice in 10% fetal
bovine serum (FBS, #10500-064, Thermo)/DMEM (#41965, Thermo).
Olfactory bulbs and brain stems were removed and brains meshed
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through 70 µm cell strainers. Cells were suspended in isotonic Percoll
(17-0891-01, Sigma) to a final concentration of 30% and centrifuged to
remove myelin. Cells were washed with FACS buffer (2% FBS, 10mM EDTA
in PBS) and filtered through 40 µm cell strainers. Fc receptors were blocked
for 10min at 4 °C with anti-mouse CD16/32 antibodies (1:100, 14-0161,
Thermo). Cells were stained for 30min at 4 °C with the following antibody
mix: APC anti-CD45 (1:200, clone 104, BioLegend), PE anti-CD11b (1:200,

clone M1/70, BioLegend), PECy5 anti-CD4 (1:1000, clone H129.19,
BioLegend), PECy7 anti-CD8 (1:500, clone 53-6.7, Biolegend), APCCy7
anti-CD19 (1:200, clone 6D5, BioLegend), FITC anti-B220 (1:250, clone RA3-
6B2, BioLegend), and PerCP-Cy5.5 anti-CD138 (1:200, clone 281-2,
BioLegend). After staining, cells were washed and suspended in 400 µL
of FACS buffer and 100 µL of APC quantification beads (#340487, BD).
Samples were measured on a FACSAria Sorp (BD) and CytoFLEX S

Fig. 1 Acute inflammatory response upon tamoxifen-induced Cre recombination in NexCreERT2xRosa26-eGFP-DTA (DTA) mice.
A Schematic description of the Rosa26-eGFP-DTA allele. Upon tamoxifen-dependent Cre translocation, a loxP- (triangles) flanked eGFP-STOP
cassette is excised, resulting in expression of diphtheria toxin chain A and ultimately cell death. B Experimental validation of the acute
inflammatory response in DTA mice. Female DTA mice, 8-week old, received 2 intraperitoneal injections of either tamoxifen or solvent control
(corn oil). C, D Brains were collected after 7 days and stained for neurodegeneration/cell death with Fluorojade C, as well as microglia (Iba1)
and astrocytes (GFAP) as indicators of reactive gliosis. High-resolution images of CA1, CA3, and dentate gyrus (DG) regions were acquired as
10 µm Z-stacks and are displayed as maximum-intensity projections.
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(Beckman Coulter, Krefeld, Germany). Cell numbers were corrected for the
number of recorded APC beads. Leukocytes (CD45high, CD11blow) and
microglia/macrophages (CD45mid, CD11bhigh) were quantified within
single-cell gate determined by forward and side scatter. CD4+ and CD8+

T-cells were quantified within leukocyte gate. CD19+ B cells and CD138+

plasma cells were quantified in CD4- CD8- leukocyte gate.

Statistical analysis
Statistical analyses were performed using Prism software (GraphPad
Software) with the exception of the mixed ANOVA that was conducted
on PPI data with R4.0.3 [44] using the rstatix package [45]. The results are
presented as mean ± standard deviations (SD), with few exceptions as
indicated in the figure legends. Data normality was assessed using the
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Shapiro–Wilk test with an alpha error of 0.05. Dependent on data
distribution, two-tailed unpaired Welch’s-corrected t-tests or Mann–Whitney
U-tests were used to compare groups of 2. Similarly, repeated-
measure ANOVA, one-way ANOVA or Kruskal-Wallis test were used to
compare multiple groups. P values < 0.05 were considered statistically
significant.

RESULTS AND DISCUSSION
Diphtheria toxin-mediated ablation of pyramidal neurons to
mimic encephalitis affecting primarily gray matter
To mimic features of a viral encephalitis in a spatially and
temporally defined sterile experimental approach, we employed
young female NexCreERT2xRosa26-eGFP-DTA (= “DTA”) mice with
an inducible transgene for diphtheria toxin-mediated ablation of
pyramidal neurons, generating gray-matter inflammation
[30, 31, 46]. Cell death can be controlled by dosing tamoxifen.
Thus, in a series of dose-titrating pilot experiments, we selected a
2-day tamoxifen-injection design (Fig. 1A, B). After 7 days, we
histologically confirmed acute neurodegeneration, pyramidal
neuron loss, and a distinct inflammatory response comprising
micro- and astrogliosis (Fig. 1C, D).

Generation of primary brain inflammation coinciding with the
controlled presence of NMDAR1-AB following immunization
We next addressed our hypothesis that “NMDAR encephalitis”may
result from a primary brain inflammation concurring with the
presence of NMDAR1-AB, which ultimately shape the encephalitis
phenotype. Therefore, the above-described, defined sterile
encephalitis was induced in young female DTA mice after active
immunization with a cocktail of four peptides of extracellular
NMDAR1/GluN1 domains, including a peptide covering the
NMDAR1-N368/G369 region, versus ovalbumin as control immu-
nization. This cocktail induces sufficient titers of highly functional
NMDAR1-AB of the IgG class [28]. Active-immunization was
performed at postnatal day 30, followed by an experimental
scheme as detailed in Fig. 2A, comprising induction of encepha-
litis, extensive behavioral testing, blood sampling, and finally
perfusion.
Immunization of mice against the 4 NMDAR1 peptides led to

high circulating levels (even though somewhat variable between
subjects) of specific AB, as shown by ELISA and cell-based assay,
which persisted throughout the experiment, i.e., over 4 months.
Titers did not differ between DTA mice and controls (Fig. 2B–D).

Comparison of multidimensional behavioral readouts among
DTA and control groups with or without NMDAR1-AB
Testing mice in a multifaceted battery should reveal behavioral
domains affected by the induced gray-matter encephalitis and
shaped by NMDAR1-AB (Fig. 2E–R; Table 1). Indeed, spontaneous

home cage behavior, measured by LABORAS, and corner visits as
activity readout in the IntelliCage setup, revealed considerable
hyperactivity of the DTA mice, interpretable as psychosis-like
behavior or “loss of inhibition” [47]. The hyperactivity measures
substantially inter correlated and were more pronounced upon
the presence of NMDAR1-AB (Fig. 2E–G). Additional evidence of
pathological hyperactivity is presented in Table 1. In fact, this
psychosis-like feature seemed to persevere, since also the final
test performed before perfusion, complex wheel running, similarly
indicated hyperactivity (Fig. 2H).
For hippocampal learning and memory, the classical Morris

water maze (MWM) test was employed [48]. Whereas the visible
platform days showed comparable ability of task learning among
groups (Fig. 2I–K), substantial deficits arose regarding the hidden
platform learning curves (Fig. 2L) and the probe trial results
(Fig. 2M). Here, DTA mice, independent of the presence of
NMDAR1-AB, demonstrated inferior performance consistent with
hippocampal damage. This was also seen as a clear tendency in
MWM reversal testing as hippocampus-dependent cognitive
flexibility measure, again without an appreciable NMDAR1-AB
effect (Fig. 2N–O).
Prepulse inhibition of the startle response (PPI) was employed

as a surrogate marker for gating defects in the prefrontal
cortex–known also as a highly relevant translational test in human
patients with psychosis. PPI deficit is among the most reliable
objective features of severe neuropsychiatric phenotypes, likely
affecting the ability to adequately filter and interpret environ-
mental stimuli [47, 49–52]. Indeed, DTA mice, again independent
of NMDAR1-AB, showed an overall tendency of a PPI deficit,
pointing to prefrontal cortical network dysfunction as a conse-
quence of the induced pyramidal neuronal death (Fig. 2P).
To some surprise, our previously designed extensive cognitive,

emotional, and social phenotyping of mice in an observer-
independent setting, using IntelliCages [29], did not reveal any
considerable differences, except for the above-delineated distinct
hyperactivity. This is most likely explained by lower sensitivity or
ceiling effects of this paradigm (requiring a higher level of damage
to show impairment), and the just partial involvement of
hippocampal functions that are apparently fully compensated
(example of IntelliCage readouts in Fig. 2Q, R). Similarly, all other
behavioral tests failed to show appreciable alterations. Few just
marginally significant and sometimes rather counter intuitive
results proved invalid upon multiple-testing correction (Table 1). In
conclusion, behavioral testing uncovered the expected conse-
quences of pyramidal neuronal degeneration, i.e., substantial
hippocampal dysfunction (MWM), a strong tendency of gating
deficits as prefrontal cortex measure (PPI), and lasting psychosis-
like hyperactivity, with only the latter augmented by the presence
of NMDAR1-AB.

Fig. 2 Pathophysiological relevance of NMDAR1-AB (=GluN1-AB) in the context of gray-matter inflammation. A Experimental outline
indicating experimental groups, as well as order and time of behavioral tests (DPI= days post induction, i.e., after the last tamoxifen injection).
B NMDAR1-AB validation by ELISA. C Cell-based (HEK293T) clinical standard assay for NMDAR1-AB (Euroimmun). D Immunocytochemical
colocalization (CBA, Euroimmun) with a commercial rabbit GluN1-AB directed against the C-terminal domain. E Intra individual change of
locomotor activity assessed in LABORAS at baseline and after tamoxifen induction. For each mouse, time in locomotion after tamoxifen
induction was normalized to time in locomotion prior to tamoxifen application (baseline). F Activity (number of corner visits) over a 7-day
IntelliCage session. G Pearson correlation between IntelliCage activity and intra individual changes of LABORAS locomotor activity.
H Locomotor activity assessed by 4 h voluntary complex wheel running. I–O Cognitive testing in Morris water maze (MWM). I–K Visible
platform task comprising 2 training days, demonstrating the ability for fast escape and simple task learning using within-maze cues. L Training
of hidden platform task using extra-maze cues. DTA mice performed significantly worse than control mice (repeated-measures ANOVA, p <
0.0001), whereas no effect of NMDAR1-AB was observed in either DTA (p= 0.3273) or control mice (p= 0.5972). M Evaluation of spatial
memory in the probe trial. N Spatial reversal of the hidden platform. O Evaluation of cognitive flexibility and reversal learning in a second
probe trial after spatial reversal training. P Prepulse inhibition of acoustic startle. Intra group comparisons performed using repeated-measure
one-way ANOVA; inter group comparison between genotypes for 75 and 80 dB prepulses performed using mixed ANOVA. Q IntelliCage-based
evaluation of place learning and R reversal learning within 24 h sessions shows similar performance across groups. Dashed lines indicate
performance at chance level (75%). Experiments were performed with 14–16 mice/group, except for CRW (H, n= 6 mice/group). Data
presented as mean ± SD, except for repeated measure data (L, N, P; mean ± SEM) and AB titers (C, median, range).
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BBB integrity and measures of chronic inflammation in DTA
and control groups with or without NMDAR1-AB
Using fluorescent tracers, as described in detail previously [28, 42],
we addressed BBB leakiness in our DTA encephalitis model as a
prerequisite for substantial NMDAR1-AB transfer to the brain and
exertion of measurable effects. Tracer extravasation was enhanced
for Evans blue and displayed a strong trend for fluorescein,
confirming persistent BBB dysfunction. Brain water-content data
showed remarkable scatters but were comparable in DTA and
control mice at 3 months after encephalitis induction (Fig. 3A–D).
The chronic microglia and astrocyte response after tamoxifen-

induced neuronal death in DTA mice was slightly milder as
compared with the acute situation (see Fig. 1C, D), but still very
obvious already from overview images (Fig. 3E, F). Histological
quantification yielded distinct reductions of the areas of whole
hippocampus, CA1 and CA3, whereas the dentate gyrus just
revealed a similar tendency (Fig. 4A). Both Iba1 and GFAP
quantifications followed the same pattern: strong microgliosis
and astrogliosis in the whole hippocampus, CA1 and CA3, but only
moderate in dentate gyrus of both DTA groups, with no significant
differences in NMDAR1-AB carriers (Fig. 4B, C). NMDAR1-
immunized control mice showed no signs of inflammation as
reported previously [28]. Change of inhibition could be demon-
strated by the relative increases in parvalbumin-positive inter-
neurons upon DTA-induced encephalitis, sparing the dentate
gyrus. Also regarding these interneurons, NMDAR1-AB presence
did not modulate the ensuing picture (Fig. 4D, E). Hippocampal
immune cell infiltration, determined by counting CD45+ cells,
was modest but clear in DTA mice (Fig. 4F). Collectively, these data
document persistent BBB disruption and distinct chronic inflam-
mation in our DTA model but no obvious amplifying influence of
NMDAR1-AB on any of these readouts. This additionally argues
against any appreciable proinflammatory role of NMDAR1-AB of
the IgG class.

Failure to induce any signal of encephalitis by immunizing
mice solely against the NMDAR1-N368/G369 region
During performance of the present work, a report claimed that
immunizing mice against the NMDAR1-N368/G369 region alone
induced an encephalopathy with remarkable B-cell response,
provoking an autoimmune reaction against NMDAR, and
encephalitis-like behavioral deficiencies [17]. We were first excited
and wondered whether this model would finally help us to answer
several burning questions of our own research, addressing for
instance, the cellular–molecular mechanisms of NMDAR1-AB-
mediated brain inflammation, which we had not been able to
observe [28], or late consequences of an autoimmune encepha-
litis, or reasons for NMDAR1-AB titer fluctuations including the
occurence and nature of late boosters [53]. Therefore, we started
an extensive experiment, ultimately using two large independent
cohorts of wild-type mice, and followed meticulously this report’s
protocol [17]. However, as detailed in Fig. 5 and Table 2, none of
the described findings could be reproduced, although the
adopted immunization protocol worked well. We found specific
GluN1359-378-AB of the IgG class in serum and no immune
response using the non immunogenic control peptide GluN1168-
187 (Fig. 5A–D). There was no BBB disturbance (Fig. 5E), all
behavioral tests were normal (Fig. 5F–I), histology did not show
any abnormalities (Fig. 5J–L), and brain FACS results were
physiological and did not reveal any differences between groups
(Fig. 5M–R). Therefore, a second mouse cohort was employed to
exclude potential by-chance failure of replication but, disappoint-
ingly, yielded the same overall negative results (data not shown).
Simultaneous with our anticlimactic replication failure, Ding

et al. published a study, using a similar immunization strategy to
investigate the pathogenicity of various GluN1 peptides (each also
at a dose of 200 µg), including the GluN1359–377. Yet, in contrast to
the claims of Wagnon et al., the authors did not find GluN1359-377-Ta
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AB in the CSF of immunized mice [54]. In addition, these authors
validated the functionality of GluN1356-385-specific AB and
assessed the in vivo consequences after triple immunization in
combination with pertussis toxin, resulting in a behavioral
phenotype (impaired social memory and novel object recognition,
normal anxiety-, and depressive-like behavior), distinct from the

one reported by Wagnon et al. (impaired spatial memory,
abnormal anxiety-, and depressive-like behavior) [17, 54]. Unfortu-
nately, Ding et al. did not investigate histopathological conse-
quences of their immunization strategy, hence, it remains unclear
whether they induced any features of an encephalitis. Another
active immunization model, lately published as preprint, focused
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Fig. 3 Long-lasting inflammatory response at 3 months after tamoxifen induction. A Abbreviated experimental outline (detailed schematic
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extravasation, as well as brain-water content (D) in the forebrain and cerebellum of DTA and control mice. Data presented as mean ± SD.
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on the chronic effects of NMDAR1-AB upon immunization against
GluN1402–421 peptide. Similar to our experience with these
immunizations, mice remained healthy and did not develop any
encephalitic signs, despite the presence of persistent and
functional NMDAR1-AB. The only behavioral alteration reliably
observed in GluN1402–421-immunized mice was impaired spatial
memory and/or novelty recognition, assessed as spontaneous
alternation in T-maze [55]. These findings are highly interesting
since they underscore the possibility that chronic presence of
circulating NMDAR1-AB can mildly modulate behavior, even in the
absence of an appreciable BBB dysfunction. This is in line with a
previous expert review [18] and our experimental observation that
NMDAR1-AB can reach the brain to bind there at low titers even in
healthy wild-type mice [26].
We are aware that—for comparison—in experimental auto-

immune encephalitis (EAE), fluctuations can occur regarding the
severity of the clinical/pathological picture [56–58]; however, the

absence of all claimed readouts as obtained in our replication
approaches, is unheard of and quite surprising. This is more so,
since the message of the report by Wagnon et al. will remain, if
not questioned, and be taken for granted. This in turn can become
an ethical issue, leading to (pre)clinical conclusions that are
ultimately damaging for other scientists and unfortunately also for
patients, as we observe on a regular basis.

Conclusions from the NMDAR1-immunized DTA model:
NMDAR1-AB modify rather than cause an encephalitis
Using a well-standardizable, spatially and temporally defined
mouse model of viral encephalitis by employing controlled DTA
induction in pyramidal neurons, we find a multifaceted encepha-
litic phenotype, which persists over months. This phenotype
involves pyramidal neurons and thus of course also their NMDAR,
but is only marginally aggravated in NMDAR1-AB carriers versus
non carriers. The aggravation essentially rests on hyperactivity as
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Fig. 5 Summary of the results from the replication study. A Experimental outline, following the protocol of Wagnon et al. [17].
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psychosis-like behavioral readout but is not reflected in any
histological quantification. Similarly, comparison of NMDAR1-AB-
positive and -negative human encephalitis cases did not reveal
appreciable differences, except for few NMDAR-antagonistic
(ketamine-like) symptoms [14]. Most likely, human “NMDAR
encephalitis” is simply not a separate condition, but rather marks
an encephalitis where the highly prevalent NMDAR1-AB and/or
the respective B cells happen to be present in the brain and shape
the clinical picture. Therefore, it may be problematic, if the search
for encephalitis causes stops after detection of NMDAR1-AB (of the
IgG class). Reassuringly, “polypragmatic” treatment of any
encephalitis of unknown origin (constituting the majority of cases)
should anyhow include antibiotics, antivirals, and eventually
corticosteroids/immunosuppressants on top of supporting
measures.
The N-terminal domain containing the G7 epitope (N368/G369)

was first deemed pathognomonic for “NMDAR encephalitis,” and
believed to be the target region of the pathological NMDAR1-AB
of the IgG class seen responsible for this condition [59]. Therefore,
the respective immunization model, leading to encephalitis as
described by Wagnon and colleagues [17], seemed attractive at
first view and worthwhile pursuing. Unfortunately, it was not
reproducible in our hands, and is not supported by a similar recent
paper [54]. Searching for an explanation by speculating about

possible reasons why Wagnon and colleagues found signs of an
encephalitis that we did not see, interfering “iatrogenic” issues
may be worthwhile considering, like e.g., undetected subclinical
infections in their animal facility, leading to “occult” brain
inflammation. Also, other factors, e.g., differences in the gut
microbiota, which have the potential to modulate disease
progression in EAE models [60], cannot be entirely excluded.
However, it seems rather unlikely that the overall discrepancy,
including BBB dysfunction, can be explained by such physiological
factors.
Considering our own previous findings on epitopes recognized

by the highly frequent NMDAR1-AB found in human serum, the
negative outcome of the replication attempts is actually not too
surprising. Epitope mapping using 7 different NMDAR1 constructs
revealed recognition by NMDAR1-AB-positive sera of different
epitopes, located in the extracellular ligand-binding and the N-
terminal domain, as well as the intracellular C-terminal and the
extended pore domain. NMDAR1-AB seropositivity was polyclonal/
polyspecific in half of the investigated sera and likely mono- or
oligoclonal/oligospecific (mainly IgG) in the other half. Overall, no
particular disease-related pattern appeared. NMDAR1 epitopes
were comparable across health and disease [61]. Also, the
accentuated role of IgG in “NMDAR encephalitis” is still a matter
of speculation, but likely related to inflammation-induced class

Table 2. Detailed presentation of behavior results obtained in replication study (protocol following Wagnon et al. [17]).

OVA GluN1359-378 GluN1168-187 ANOVA

Mean ± SD n Mean ± SD n Mean ± SD n test p value

Health status

Pre immune: Body weight (g) 24.2 ± 1.0 18 24.5 ± 0.9 20 24.6 ± 1.1 20 1way 0.4515

Post immune (+7d): Body weight (g) 23.3 ± 1.2 18 23.0 ± 0.8 20 23.4 ± 1.0 20 1way 0.3503

Depression-like behavior

FST total time immobile (s) 127.8 ± 54.9 12 143.4 ± 48.0 12 118.2 ± 49.8 20 1way 0.4048

Locomotor activity

Open field: Total distance (m) 16.3 ± 10.0 18 19.8 ± 7.5 20 23.0 ± 11.8 20 1way 0.1284

Activity

Elevated plus maze: Total arm visits (#) 11.4 ± 4.0 18 11.7 ± 4.7 20 10.5 ± 5.1 20 KW 0.8547

Y maze (habituation): Total arm visits (#) 10.0 ± 4.0 18 13.3 ± 5.8 19 13.9 ± 6.9 19 1way 0.0956

Anxiety-related behavior

Open field: Escape latency (s) 56.1 ± 47.1 18 27.8 ± 16.0 20 40.3 ± 40.5 20 KW 0.1941

Open field: Time in periphery (s) 376.9 ± 31.9 18 383.2 ± 22.2 20 378.3 ± 23.8 20 KW 0.7324

Open field: Time in intermediate zone (s) 33.0 ± 26.7 18 27.7 ± 17.3 20 32.6 ± 18.7 20 KW 0.6139

Open field: Time in center (s) 9.5 ± 8.0 18 8.4 ± 9.1 20 8.3 ± 6.7 20 KW 0.6410

Elevated plus maze: Visits to open arm (#) 3.3 ± 2.2 18 3.1 ± 1.8 20 2.9 ± 2.0 20 1way 0.7994

Elevated plus maze: Time in open arm (s) 9.0 ± 8.5 18 11.6 ± 6.1 20 9.1 ± 7.3 20 KW 0.2046

Y maze (habituation, 5min)

Y maze: Visits arm 1 (#) 4.4 ± 2.4 18 6.4 ± 3.5 19 7.4 ± 4.5 19 KW 0.1004

Y maze: Visits arm 2 (#) 5.6 ± 2.5 18 6.9 ± 3.0 19 6.5 ± 2.9 19 1way 0.3567

arm1 vs. arm2 U test p= 0.1120 t test p= 0.5860 t test p= 0.4426

Y maze (test phase, 3min)

Y maze: Visits arm 1 (#) 1.9 ± 1.6 18 2.5 ± 1.8 19 2.1 ± 2.1 19 KW 0.5813

Y maze: Visits arm 2 (#) 2.4 ± 2.6 18 2.6 ± 1.7 19 2.1 ± 1.2 19 KW 0.4752

Y maze: Visits novel arm (#) 2.8 ± 1.7 18 3.5 ± 2.2 19 3.3 ± 1.8 19 KW 0.5482

1way ANOVA p= 0.2367 p= 0.3093 p= 0.0454

novel vs. arm1 U test p= 0.1403 U test p= 0.1728 U test p= 0.0364

novel vs. arm2 U test p= 0.1479 U test p= 0.2151 U test p= 0.0334

Significant p values (α < 0.05) in bold.
FST forced swim test, 1way one-way ANOVA; KW Kruskal-Wallis test, t two-sided Welch’s corrected t-test, U two-sided Mann–Whitney U-test.
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switch in the brain [62]. As mentioned in the Introduction,
NMDAR1-AB are only one of many possible autoantibodies
directed against brain epitopes [18–22]. The finally resulting
phenotype would then depend on (i) the specific site(s) of brain
inflammation, with either resident plasma cells producing AB or a
local extent of BBB breach at that site (to allow sufficient AB
transfer to the brain), and (ii) the specific circulating brain-reactive
autoantibody profile of each individual.
To conclude, while NMDAR1-AB can contribute to the

behavioral phenotype of an underlying encephalitis, there is no
proof at present for induction of an encephalitis by NMDAR1-AB
themselves. Thus, based on the results presented here, the
answer to the question of whether or not NMDAR1-AB can, by
themselves, induce encephalitis is probably no, with the caveat
that perhaps it may be possible in extremely rare patients with an
exceptionally high NMDAR1-AB titer. However, this would assume
that a very high titer is somehow linked to brain inflammation (as
cause or consequence) and/or local increases in BBB permeability,
which is neither supported by the data from this nor from other
studies.

DATA AVAILABILITY
All data are available upon request.
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5 Project III: NMDAR1 autoantibodies amplify behavioral 

phenotypes of genetic white matter inflammation 

5.1 Overview of Project III 

Although NMDARE is predominantly associated with neuroinflammation in gray matter regions, inflam-

mation of white matter and clinical evidence of demyelinating disorders have been repeatedly observed 

in a minority of NMDARE patients. As the association between NMDAR1-AB and white matter inflam-

mation has been largely underinvestigated, a mouse model of progressive white matter encephalitis was 

used to investigate the impact of NMDAR1-AB on white matter pathology and behavioral features. Mice 

lacking the myelin protein 2′-3′-cyclic nucleotide 3′-phosphodiesterase (Cnp knockout; Cnp-KO) were 

immunized against a cocktail of GluN1-specific extracellular peptides (‘NR1’) or ovalbumin (OVA) and 

compared to NR1-immunized wildtype mice. Comparing NMDAR1-AB or OVA-AB carrying Cnp-KO and 

wildtype mice revealed distinct stair patterns of behavioral pathology in hippocampal learning and 

memory in the Morris-water maze as well as in tests of motor performance or motor coordination. In 

contrast, episodic-memory, analyzed in a what-where-when orientation task, was compromised in Cnp-

KO mice but not affected by NMDAR1-AB. Similar to observations in gray matter inflammation, 

NMDAR1-AB had no add-on effect on microgliosis, astrogliosis, axonal degeneration or immune cell 

infiltration, which were prominent in the corpus callosum of Cnp-KO mice, and did not induce a ‘spill-

over’ of inflammation into the hippocampus.    
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Encephalitis has an estimated prevalence of ≤0.01%. Even with extensive diagnostic work-up, an infectious etiology is identified or
suspected in <50% of cases, suggesting a role for etiologically unclear, noninfectious processes. Mild encephalitis runs frequently
unnoticed, despite slight neuroinflammation detectable postmortem in many neuropsychiatric illnesses. A widely unexplored field
in humans, though clearly documented in rodents, is genetic brain inflammation, particularly that associated with myelin
abnormalities, inducing primary white matter encephalitis. We hypothesized that “autoimmune encephalitides” may result from
any brain inflammation concurring with the presence of brain antigen-directed autoantibodies, e.g., against N-methyl-D-aspartate-
receptor NR1 (NMDAR1-AB), which are not causal of, but may considerably shape the encephalitis phenotype. We therefore
immunized young female Cnp−/− mice lacking the structural myelin protein 2′-3′-cyclic nucleotide 3′-phosphodiesterase (Cnp) with
a “cocktail” of NMDAR1 peptides. Cnp−/− mice exhibit early low-grade inflammation of white matter tracts and blood–brain barrier
disruption. Our novel mental-time-travel test disclosed that Cnp−/− mice are compromised in what–where–when orientation, but
this episodic memory readout was not further deteriorated by NMDAR1-AB. In contrast, comparing wild-type and Cnp−/− mice
without/with NMDAR1-AB regarding hippocampal learning/memory and motor balance/coordination revealed distinct stair
patterns of behavioral pathology. To elucidate a potential contribution of oligodendroglial NMDAR downregulation to NMDAR1-AB
effects, we generated conditional NR1 knockout mice. These mice displayed normal Morris water maze and mental-time-travel, but
beam balance performance was similar to immunized Cnp−/−. Immunohistochemistry confirmed neuroinflammation/
neurodegeneration in Cnp−/− mice, yet without add-on effect of NMDAR1-AB. To conclude, genetic brain inflammation may explain
an encephalitic component underlying autoimmune conditions.
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INTRODUCTION
The discovery in 2007/2008 of autoantibodies directed against the
NMDA receptor subunit NR1 (NMDAR1-AB= GluN1-AB) in the
context of a paraneoplastic autoimmune disease, has stimulated
extensive interest of clinicians and clinical researchers worldwide
[1, 2]. As a consequence, diagnoses of autoimmune conditions
underlying neuropsychiatric disorders of different severity and
highly variable presentation began to boom [3–5]. Etiology and
pathogenesis of “NMDAR encephalitis,” however, are still as
ambiguous as the role of NMDAR1-AB in this condition. In fact,
NMDAR1-AB, reaching the brain from the circulation via a
compromised blood–brain barrier (BBB), or being produced
intrathecally, act as NMDAR antagonists, i.e., they produce
ketamine-like phenotypical effects [6, 7]. This is mechanistically
accomplished by internalization of the receptor, resulting (sub)
acutely in lower surface expression of neuronal NMDAR upon

NMDAR1-AB binding [8–12]. Together with probably diverse local
access to the brain [13], it matches well the broad spectrum and
inconstant intensity of psychopathological and neurological
symptoms, ranging from psychosis, cognitive decline and extra-
pyramidal signs to motor dysfunction, autonomic dysregulation
and epileptic seizures [1, 2]. At certainly lower amounts and
dependent on the condition, NMDAR1-AB may also act as
antidepressants [14] or in certain situations even behave like a
double-edged sword, e.g., in ischemic stroke, where they can
protect acutely from evolution of lesion size [15], but upon long-
term exposure seem to contribute to poststroke dementia [16].
Notably, numerous brain-directed AB—apart from NMDAR1-AB

—have been reported in serum of healthy humans and of various
other mammalian species, likely constituting the preexisting
physiological “autoimmune repertoire.” These AB do have
potential functionality and pathogenicity [3, 13, 17–19]. Regarding
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NMDAR1-AB, all immunoglobulin (Ig) classes are highly seropre-
valent across mammals, with multiple possible inducers or
boosters identified [2, 11, 14, 20–22]. But neither the “rules” of
their induction nor the potentially different (patho)physiological
significance of the various Ig classes has been elucidated yet, even
though the class distribution of NMDAR1-AB is highly significantly
predicted by the extracellular position of the antigen [23].
Importantly, a causal input of NMDAR1-AB themselves concern-

ing encephalitis induction has not been convincingly demon-
strated yet [24]. At least mild neuroinflammation [25, 26], if not
obvious viral encephalitis caused by infections like herpes or
influenza [11, 20–22], most likely prevail already during early
stages of brain autoimmune disease. This might ultimately explain
the encephalitic component of these conditions, and seamlessly
supports Karl Bechter’s mild encephalitis hypothesis of mental
illness [25, 26]. Also the white matter damage described in
“NMDAR encephalitis” patients with incomplete recovery blends
into this view, highlighting the heterogeneity of underlying causes
[27]. Overall, origins of encephalitides amount to 20–50%
documented viral infections [28–30]. The remaining causes are
to a large degree unknown, including the roots of mild
encephalitis, running mostly undiagnosed. Of particular interest
in this regard are genetic reasons of neuroinflammation, mainly
those associated with myelin abnormalities leading to mild
primary white matter encephalitis [31–33].
We note that already the normal aging process is associated

with slightly increased brain inflammation, characterized by, e.g.,
enhanced levels of proinflammatory cytokines, higher microglial
numbers and heightened reactivity [31, 34–36]. In major
psychiatric disorders like schizophrenia and depression, low-
grade inflammation constitutes a crucial mechanism in the final
common disease pathway (reviewed in, e.g., [37, 38]), that has
been linked to white matter abnormalities, as documented by
postmortem studies. CNP (2′,3′-cyclic nucleotide 3′-phosphodies-
terase) is among the oligodendrocyte/myelin-associated genes
most robustly reduced on mRNA and protein level in these brains
[39–41]. In fact, Cnp/CNP is a structural protein, present in
noncompacted myelin and accounting for about 4% of total
central nervous system myelin proteins [42]. Null mutant (Cnp−/−)
mice constitute a translationally interesting model of genetically
induced, progressive brain inflammation [43]. Starting already at a
few weeks of age, these animals develop behavioral abnormalities,
low-grade white matter inflammation and progressive neurode-
generation [32, 44]. Analogously, in humans with a CNP loss-of-
function allele (CNP single-nucleotide polymorphism, SNP:
rs2070106-AA), diffusion tensor imaging points to axonal loss in
the frontal corpus callosum [31], and white matter hyperintensities
in rs2070106-AA carriers indicate mild signs of neuroinflammation
and demyelination [32]. These findings suggest that CNP
reduction (and the herewith associated inflammation) might be
critical in a more general disease process and that the potential
role of this protein is not restricted to a single neuropsychiatric
diagnostic category but of global relevance for severe mental
disorders.
Here, we immunized young female Cnp−/− mice with a cocktail

of 4 NMDAR peptides [9, 24] to generate a novel autoimmune
model based on preexisting white matter encephalitis. This
cocktail includes a peptide covering the NMDAR1-N368/G369
region, claimed to be pathognomonic for NMDAR1-AB encepha-
litis [45], and most importantly, it induces functionally highly
active NMDAR1-AB, leading to psychosis-like symptoms in mice
with compromised BBB [9]. We report that NMDAR1-AB can
substantially contribute to the behavioral abnormalities of an
underlying white matter encephalitis, reflected by striking stair
patterns of pathology. As indicated by additional behavioral
phenotyping of conditional NR1 mutant mice, part of these
behavioral NMDAR1-AB effects might be due to downregulation
not only of neuronal, but also of oligodendroglial NMDAR.

MATERIALS AND METHODS
Mice
All animal experiments were conducted in accordance with the local
authorities, i.e., the Animal Care and Use Committee (Niedersächsisches
Landesamt für Verbraucherschutz und Lebensmittelsicherheit, LAVES).
Sample sizes were based on previous experience under consideration of
the RRR principle and adjusted to technical limitations (e.g., maximum of
16 mice per IntelliCage). All experiments were performed by investigators
unaware of group assignment (“fully blinded”). Animals were kept under
standard laboratory conditions (20–22 °C, 12 h light/dark cycle, lights off at
6 p.m.) in conventional type IV (n= 13–16 per cage) or type II cages (n=
3–5 per cage) (Tecniplast, Hohenpeißenberg, Germany) and maintained
within ventilated cabinets (Scantainers, Scanbur Karlsunde, Denmark),
separated by gender and with access to food (Sniff Spezialdiäten, Bad
Sodenberg, Germany) and water ad libitum. Genotyping was carried out as
previously described for Cnp [31, 43] and NR1flox/flox [46, 47].

Experimental cohorts

(1) Immunization cohort: Female Cnp−/− (KO, n= 26) mice on a C57Bl/6
background along with their wild-type (WT, n= 14) littermates were
immunized at age 8 weeks with either a cocktail of four GluN1
extracellular peptides (GluN135-53, GluN1361-376, GluN1385-399, and
GluN1660-811, coupled to keyhole limpet hemocyanin; Synaptic
Systems, Göttingen, Germany) plus chicken ovalbumin (WT, n=
14, KO, n= 13) or ovalbumin only (KO, n= 13) (“OVA,” A5503,
Sigma-Aldrich, Taufkirchen, Germany) as previously described
[9, 24].

(2) Oligodendroglial NR1 cKO cohorts: Female CnpCre+/−:NR1flox/flox

(cKO, n= 16) mice and their NR1flox/flox (n= 16) littermate controls
were employed to elucidate the effect of NR1 deficiency on
behavior between 3 and 11 months of age. A separate cohort of
aged (12–14 months) female CnpCre+/−:NR1flox/flox (n= 10) and
NR1flox/flox controls (n= 12) was used to confirm findings.

(3) Cnp deficiency control cohorts: Cnp+/− (n= 7) and WT (n= 9)
littermates were used at age 12 months as controls to separate Cnp
heterozygosity effects from oligodendroglial NR1 cKO. For BBB
integrity analysis, male WT (n= 4) and Cnp−/− (n= 5) mice, aged
18 weeks, were used.

Transponder placement
Mice were anesthetized by intraperitoneal injections of 24 µL 2,2,2,-
tribromoethanol (1.36%; T48402, Sigma) in ddH2O/g body weight (Avertin).
ISO standard transponders (8.5 mm length, 1.2 mm diameter, PM162-8)
were implanted below the skin of the neck to enable experimenter-
independent phenotyping of mice in IntelliCages® (TSE Systems, Bad
Homburg, Germany). Mice were introduced to the IntelliCages on the
following day.

Behavioral characterization
For detailed information on order of testing in all cohorts, we refer to the
respective figures.
IntelliCage-based behavioral phenotyping and mental-time-travel (MTT):

The IntelliCage battery was carried out as detailed before [48], covering
cognitive functions like place learning, reversal learning, and sucrose
preference for assessment of potential anhedonia. Subsequently, higher-
order cognition was tested over 9 days using our novel IntelliCage-based
MTT paradigm. For this, mice receive tap water via a nose poke at first from
all four corners. Starting with the second experimental day, access to
drinking water is limited to a brief time window only during the active
phase of the mice (6–8 p.m.). In one of the corners, mice receive a 1.5 bar
air puff as negative reinforcement (day I). The individually assigned
“punished” corner changes for each mouse on a daily basis following a
distinct pattern, namely diametrically opposed to the first punished corner
(day II), horizontally opposed (day III) and again diametrically opposed (day
IV) (training cycle). This pattern is then repeated for a second round (days
V–VIII) and the preference (% visits) to each corner on each day of the
second round is used to assess MTT abilities (assessment cycle). Each
corner on each day is considered either currently (=0 days after
punishment), recently (=1 day after punishment), intermediately (=2 days
after punishment) or longer ago punished (=3 days after punishment). The
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average number of visits to each of these corners throughout the
assessment cycle is calculated and used for statistical analyses. The
steepness of the curve, best expressed as trend line, reflects the quality of
MTT performance.

Spatial memory and reversal learning
To assess hippocampus-dependent cognitive functions such as spatial
learning and memory, we conducted the classical Morris water maze (MWM)
as previously described [49–51]. Immunized mice were tested at 50–64 days
post-immunization (DPI); cKO mice at the age of 3 months, including a
subsequent reversal learning period followed by a second probe trial.
Motor performance, motor learning and coordination: Motor coordina-

tion was analyzed by beam balance as previously described [31, 50]. Motor
performance and learning was tested using rotarod as previously
described [31, 49]. Female cKO mice, having revealed a pathological
rotarod phenotype, as well as Cnp+/− mice as controls were exposed to 4 h
of voluntary running on complex running wheels (CRW) as previously
described [52, 53] to further assess motor-cognitive performance.

Blood sampling and NMDAR1-AB determination
Blood samples were collected from the retro-orbital sinus prior to
immunization, before transponder placement (29 DPI) and before
perfusion (~3 months post-immunization). EDTA plasma aliquots were
stored at −80 °C. Specific antigen ELISA was performed as previously
described [9, 24] using plasma diluted 1:1000 in phosphate buffered saline
(PBS), to confirm successful immunization and persistence of NMDAR1-AB.
To determine NMDAR1-AB IgG formation against full-length GluN1, a
commercially available cell-based assay comprising Grin1-transfected and
control-transfected HEK293 cells (FB 112d-1010-51, EUROIMMUN, Lübeck,
Germany) was used as previously described [24]. Terminal plasma samples
were diluted 1:100 in 0.2% Tween20/PBS and spiked with a commercial
rabbit anti-GluN1 antibody directed against the intracellular C-terminal
domain (1:1000, G8913, Sigma). Bound mouse and rabbit IgG were
detected with Alexa Fluor 488-labeled anti-mouse-IgG (1:1000, A21202,
Thermo Fisher Scientific, Darmstadt, Germany) and Alexa Fluor 647 labeled
anti-rabbit IgG antibody (1:1000, A31573, Thermo). Nuclei were stained 10
min at RT with 1 µg/mL 4′,6-diamidino-2-phenylindole in PBS (DAPI, D9542,
Sigma). Representative images were acquired on a confocal microscope
(LSM 880, Zeiss, Oberkochen, Germany).

Measurements assessing BBB integrity
BBB integrity was evaluated by quantifying extravasation of two distinct
fluorescent tracers (Evans blue and fluorescein) as previously described
[9, 54]. In addition, brain water content was determined by comparing wet
and dry brain mass.

Histology
Mice were anesthetized with Avertin and transcardially perfused with
Ringer (B. Braun, Melsungen, Germany). Brains were collected and
hemispheres separated. One hemisphere was snap-frozen and the other
postfixed in 4% formaldehyde/PBS for 12 h, dehydrated in 30% sucrose/
PBS for 48 h, embedded in optimal cutting medium (Tissue-Tek, #4583,
Sakura, Umkirch, Germany) and frozen on dry ice. Fixed hemispheres were
cut into 30 µm coronal sections on a cryostat (CM1950, Leica, Wetzlar,
Germany) and stored at −20 °C in cryomedium (25% ethylene glycol/25%
glycerol/PBS). Quantifications were performed as described previously
[24, 51], using 3–5 regularly spaced sections per mouse (every 150 µm)
between Bregma coordinates −1.34 and −2.24mm. Free-floating frozen
sections were blocked and permeabilized for 1 h at RT with 5% normal
horse serum (NHS, 26050-088, Thermo) in 0.5% Triton X-100/PBS and
incubated overnight at 4 °C with primary antibodies. Following primary
antibodies were used: Mouse anti-GFAP (1:500, NCL-GFAP-GA5, Novocas-
tra-Leica, Newcastle upon Tyne, UK), rabbit anti-Iba1 (1:1000, #019-19741,
Wako, Neuss, Germany), guinea pig anti-parvalbumin (1:1000, #195004,
Synaptic Systems), rat anti-CD3 (1:100, clone 17A2, BioLegend, Koblenz,
Germany), rabbit anti-CD19 (1:500, clone D4V4B, Cell Signaling Technol-
ogies, Frankfurt am Main, Germany). Subsequently, sections were stained
with corresponding fluorescently-labeled secondary antibodies for 2 h at
RT. Secondary antibodies included: Alexa Fluor 555 anti-rabbit (1:1000,
A21428, Thermo), Alexa Fluor 633 anti-guinea pig (1:1000, A21105,
Thermo), Alexa Fluor 647 anti-mouse (1:1000, A31571, Thermo), and Alexa
Fluor 647 anti-rat (1:1000, A21247, Thermo). Nuclei were stained for 10min
at RT with 0.2 µg/mL 4′,6-diamidino-2-phenylindole in PBS (DAPI, D9542,

Sigma). Sections were mounted on SuperFrost®-Plus slides (J1800AMNZ,
Thermo) with Aqua-Poly/Mount (#18606, Polysciences, Warrington, PA,
USA) and imaged on a confocal laser scanning microscope (LSM 880,
Zeiss). For quantification of Iba1 and GFAP, 1 µm thick optical sections of
hippocampi and corpora callosa were acquired as tile scans using a 40× oil
objective (40×/1.4 NA Plan-APOCHROMAT, #420762-9900, Zeiss). Parval-
bumin, CD3 and CD19 stainings were imaged using a 20× air objective
(20×/0.8 Plan-APOCHROMAT, #420640-9903, Zeiss) with an optical thick-
ness (Z-resolution) of 2 µm for parvalbumin and 5 µm for CD3 and
CD19 stainings. Image acquisition parameters were kept constant within
experiments. Quantifications and image processing were performed with
FIJI-ImageJ software (Schindelin). Iba1+ cells (mostly microglia), parvalbu-
min+ cells (inhibitory neurons), CD3+ cells (T cells), and CD19+ cells (B
cells) were manually counted. GFAP+ area was quantified densitome-
trically upon uniform thresholding. Cell counts and GFAP+ area were
normalized to quantified areas. Data from 3–5 hippocampi/mouse was
averaged. Fluorojade C staining of dying neurons was performed as
previously described [51]. Neuronal death was qualitatively evaluated in
hippocampus and corpus callosum by a blinded investigator using two
sections per mouse. Representative images were acquired as tile scans on
a confocal laser scanning microscope (LSM 880, Zeiss). DAB-based APP
staining and quantification of APP+ axonal swellings was carried out in
corpus callosum and hippocampus (three sections per mouse) as
described previously [32], using a monoclonal anti-APP antibody (1:850,
MAB348, Merck KGaA, Darmstadt, Germany) in 3% NHS/0.5% Triton X-100
in PBS for 48 h at 4 °C. Biotinylated horse anti-mouse secondary antibody
(1:200, Vector Laboratories, Burlingame, CA, USA) in 3% NHS/0.5% Triton
X-100 in PBS followed by Vectastain Elite ABC Kit (Vector Laboratories)
were applied according to manufacturer’s instructions. Mayer’s hemalum
(Merck KGaA, Darmstadt, Germany) served as counterstain of nuclei.
Quantifications were conducted with Stereoinvestigator 6.55 software
(MicroBrightfield Inc.), using a light microscope (Olympus BX-50, Olympus,
Hamburg, Germany), attached to a computer-driven motorized stage and a
microfire video camera. Representative images were obtained on a light
microscope (Zeiss Imager Z1) with a 40×/NA 1.30 oil objective lens.

Blood flow cytometry
Per mouse, 50 µL EDTA blood was diluted in 50 µL PBS and overlaid on
100 µL lymphocyte separation medium (1077, PromoCell). After centrifu-
gation, cells were isolated from the interphase, washed and stained for 15
min at 4 °C with the following antibodies: PECy5 anti-CD4 (1:1000, clone
H129.19, BioLegend), PECy7 anti-CD8 (1:500, clone 53-6.7, BioLegend),
BV510 anti-B220 (1:333, clone RA3-6B2, BioLegend), PerCpCy5.5 anti-
CD11b (1:1000, clone M1/70, BioLegend), PE anti-Gr1 (1:1000, clone RB6-
8C5, BioLegend), and FITC anti-F4/80 (1:1000, BM8, BioLegend). After
staining, cells were washed, suspended in 250 µL PBS containing 2%
bovine serum albumin (#8076.3, Roth), and filtered through 40 µm cell
strainers. Samples were measured on a FACSAria Sorp (BD). Total cell
numbers were determined using forward and side scatter. Frequency of
helper T cells (CD4+, CD8−), cytotoxic T cells (CD8+, CD4−), B cells (B220+),
macrophages (CD11b+, F4/80+) and neutrophils/monocytes (CD11b+, Gr1+)
were determined as percentage of total lymphocytes.

Statistical analysis
Statistical analyses were performed using Prism software (GraphPad
Software, version 9) or R 4.0.5. Data normality was assessed using the
Shapiro–Wilk test with an alpha error of 0.05. Dependent on data
distribution, two-tailed unpaired Welch’s corrected t-test or Mann–Whitney
U tests were used to compare groups of 2. Similarly, groups of three were
compared by Welch’s ANOVA or Kruskal–Wallis test. Linear trends were
tested via Jonckheere–Terpstra trend tests. Repeated measure data was
analyzed using mixed-model ANOVA. Linear regression analyses of MTT
datasets were performed in Prism 9 using least squares regression, a
straight line model, and extra sum of squares F test to compare slopes.
Results are presented as mean ± SEM; p values < 0.05 were considered
statistically significant.

RESULTS AND DISCUSSION
Immunization of Cnp−/− mice, a genetic model of mild primary
white matter encephalitis, against NMDAR1
Young female Cnp−/− mice lacking the structural myelin protein
2′-3′-cyclic nucleotide 3′-phosphodiesterase (Cnp), which is causal
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of progressive, genetically induced white matter inflammation
[43], were immunized at the age of 8 weeks with a cocktail of four
GluN1 extracellular peptides (GluN135-53, GluN1361-376, GluN1385-
399, and GluN1660-811) [9, 24], including a peptide in the N-terminal
domain containing the G7 epitope (N368/G369) [45], versus
ovalbumin as control immunization. We used females to account
for the 4:1 female/male ratio in human “NMDAR encephalitis” [55].
WT mice receiving the identical cocktail of four GluN1 extracellular
peptides served as controls (all same C57BL/6 background, age
and gender as Cnp−/− mice). Transponders were implanted
4 weeks later and mice went through a series of tests as detailed
in Fig. 1A.

Modeling autoimmune encephalitis: NMDAR1-AB aggravate
behavioral consequences of white matter inflammation
Mouse behavior testing was started in an observer-independent
setting, namely our previously designed, extensive cognitive,
emotional and social phenotyping, using IntelliCages (Fig. 1B;
[48]). This setting did not reveal notable differences between
groups (Table 1), except for a reduction in the total number of
corner visits (assessed over the first three IntelliCage paradigms),

resulting in a stair pattern from WT to Cnp−/− without and with
NMDAR1-AB (Fig. 1C). This paucity of differences in the IntelliCage
setup is most likely explained by a relatively low sensitivity or
ceiling effects of this paradigm, requiring prominent brain damage
to show changes [24]. However, in an attempt to provide more
challenging tasks for testing of higher brain functions, including
executive performance, we established a novel test, described here
for the first time, which measures episodic-like memory in the
IntelliCage setup (Fig. 1B). Mice have to show their ability of
what–where–when discrimination [56–58]. Indeed, Cnp−/− mice
with their progressing white matter inflammation reveal compro-
mised MTT capacity. In this task, the presence of NMDAR1-AB had
no add-on effect. These results are clearly visualized by the trend
lines showing the steepest curve (best MTT performance) in WT
controls (Fig. 1D).
Similar to the corner visits in the IntelliCage (Fig. 1C), nearly all

subsequently conducted conventional tests, including MWM
readouts of hippocampal learning and memory, presented with
line and bar graphs (Fig. 1 E–J), as well as beam balance
performance (Fig. 1K, L) revealed highly significant stair patterns.
Just the final test, rotarod, did not show differences between
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Fig. 1 Amplification of pathological behavior in white matter inflammation by high levels of circulating NMDAR1-AB (=GluN1-AB),
giving rise to remarkable behavioral stair patterns. A Experimental outline of the immunization study using female C57Bl/6 WT (n= 14) and
Cnp−/− (KO, n= 2 × 13) mice. Numbered vials (1–3; compare Fig. 2) represent time points of blood sampling. DPI, days post-immunization; NR1
cocktail of four GluN1 extracellular peptides (GluN135-53, GluN1361-376, GluN1385-399, and GluN1660-811), OVA, ovalbumin. B Schematic depiction
of the novel IntelliCage-based experimental paradigm of mental-time-travel (MTT): Illustrating photograph of the IntelliCage kindly provided
by TSE Systems (Berlin, Germany); top row (days 1–4) represents the training cycle, bottom row (days 5–8) the assessment cycle, used for
statistical analysis; blue circles denote water bottles (two per corner) placed in the corners of the cage; red star-shaped symbol indicates the
currently punished (1.5 bar air puff ) corner of the cage on the respective experimental day; red encircled numbers refer to the conditioned
corners following the order of experienced punishment over test days. C Overall activity during IntelliCage-based testing battery assessed by
sum of total visits to all corners (#) in 72 h, including place learning, reversal learning, sucrose preference. DMTT of WT versus KO expressed as
preference to corners (visits in %) that were either currently (0 days after punishment), recently (1 day), intermediately (2 days), or longer ago
(3 days) punished. Both KO groups (n= 13 each), irrespective of immunization, exhibit reduced MTT abilities compared to WT (n= 14), as
demonstrated by the trend lines (right), calculated by linear regression (GraphPad Prism 9 Software, San Diego, CA, USA), delineating the
different slopes. All slopes were nonzero (p < 0.001), showing successful execution and MTT learning. (E–J) Impaired spatial memory in the
Morris water maze (MWM) test shown during cued (E) and hidden (F) platform training as well as during the probe trial (G–J). Immunized KO
mice exhibit the poorest performance during the probe trial regarding time spent in (G), number of visits to (H) and distance swum in the
target quadrant (I), as well as on average velocity (J). A total of 13 immunized WT and ovalbumin-treated KO mice were compared to 11
immunized KO mice. (K–M) Beam balance (motor coordination) testing reveals again stair patterns of performance on 10mm (K) and 8mm (L)
diameter beams, while motor performance on the rotarod (M) appears unaffected; results of group effects of repeated measure mixed-models
ANOVA, Welch’s ANOVA, or Kruskal–Wallis test on top, of Jonckheere–Terpstra trend test in italics underneath; mean ± SEM presented.
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Table 1. IntelliCage-based cognitive and emotional testing.

(A) Mice immunized with GluN1 extracellular peptides (NR1) or ovalbumin (OVA)

Group 1 Group 2 Group 3 Comparison

WT+NR1 Cnp−/−+OVA Cnp−/−+NR1 Across groups

Mean ± SEM n Mean ± SEM n Mean ± SEM n Test p value

IntelliCage-based behavioral test battery

Place learning− place errors [% of corner visits] 67.89 ± 1.6 14 70.98 ± 1.1 13 71.49 ± 1.1 13 Welch’s ANOVA 0.207

Reversal learning− place errors [% of corner visits] 66.25 ± 1.7 14 70.01 ± 1.7 13 71.18 ± 1.1 13 Kruskal–Wallis 0.087

Sucrose preference− delta [sucrose−water] 15.68 ± 3.5 14 15.38 ± 2.8 13 14.45 ± 2.7 13 Kruskal–Wallis 0.673

(B) Mice with oligodendrocyte-specific deletion of NR1

Group 1 Group 2 Comparison

NR1flox/flox CnpCre+/−*NR1flox/flox Group 1 versus
Group 2

Mean ± SEM n Mean ± SEM n Test p value

IntelliCage-based behavioral test battery

Place learning− place errors [% of corner visits] 68.37 ± 1.2 15 69.70 ± 1.3 14 t 0.463

Reversal learning− place errors [% of corner visits] 62.21 ± 1.7 15 68.94 ± 1.7 14 t 0.011

Sucrose preference− delta [sucrose−water] 15.03 ± 4.4 15 10.29 ± 2.7 14 t 0.373
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groups, pointing to a widely normal motor performance. In
conclusion, these data indicate that in many behavioral para-
digms, the presence of NMDAR1-AB aggravated the measured
pathology, consistent with a significant autoimmune shaping of
the encephalitis phenotype. These findings in white matter
inflammation are in interesting contrast to previously modeled
gray matter inflammation—where only marginal shaping of the
phenotype by NMDAR1-AB was observed [24]. We note, however,
that in the gray matter model, pyramidal neurons were induced to
express diphtheria toxin, leading to a substantially reduced
excitatory neuron number. Therefore, NMDAR were already highly
diminished and their downregulation by NMDAR1-AB did not
further exacerbate the resulting pathological picture [24].

Comparable formation and persistence of circulating
NMDAR1-AB in all immunized mice
Testing the immunization efficiency of our cocktail of four GluN1
extracellular peptides with a respective NR1-antigen ELISA
confirmed the presence of high circulating NMDAR1-AB levels in
all immunized mice that persisted up to the end of the experiment
at age 22 weeks (Fig. 2A, B). Moreover, a cell-based assay using
NR1-transfected cells revealed the presence of specific NMDAR1-
AB, additionally validated by double-labeling with a commercial
rabbit anti-GluN1 IgG (Fig. 2C).

Peripheral immune cells in post-immunization flow cytometry
remain unremarkable despite BBB disruption in Cnp−/− mice
Blood flow cytometry at 12 weeks of age, i.e. 4 weeks after
immunization, did not show any abnormalities of Cnp−/− mice
with or without NMDAR1-AB in number and distribution of

circulating immune cells compared to WT or pre-immunization
state (Fig. 2D, E). In contrast, determination of BBB integrity
[9, 24, 54] showed distinctly enhanced tracer extravasation and
brain water content (Fig. 2F, G), consistent with a clear BBB
disruption, allowing NMDAR1-AB to readily reach the brain. Similar
to the observations in gray matter encephalitis after diphtheria
toxin-induction [51], the complete lack of peripheral changes in a
situation of substantial white matter inflammation, including BBB
breakdown and inflammatory degeneration, is intriguing. At the
same time it is alarming for clinicians who are not infrequently
confronted with the necessity to diagnose or exclude an
encephalitis in vivo, particularly upon suddenly occurring beha-
vioral abnormalities in neuropsychiatric practice [51].

Histological analysis of basic brain inflammation readouts
fails to reveal any add-on effect of NMDAR1-AB
When employing MWM, we found clear behavioral changes in
classical hippocampal tasks, magnified by the presence of
NMDAR1-AB. Thus, we first checked whether Fluorojade staining
would reveal neurodegeneration in the hippocampus. Using this
method, however, we saw overall intact hippocampal structures
and cells (Fig. 3A). Overview images of gliosis (both micro- and
astrogliosis) uncovered clear respective signals in corpus callosum
of Cnp−/− mice with or without NMDAR1-AB, but only weak
signals in the hippocampus, consistent with the predominant
white matter inflammation (Fig. 3B, C). Axonal degeneration,
estimated by APP+ axonal swellings, was prominent both in
callosal white matter tracts and hippocampus (Fig. 3D, E). The
impressions gained by the overview images were subsequently
confirmed by quantifications which additionally revealed T cell
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infiltration in Cnp−/− mice, regardless of NMDAR1-AB presence
(Fig. 3F–M). B cell numbers were very low and not different
between groups (not shown). Interestingly, in contrast to the
diphtheria toxin-induced gray matter encephalitis [24], parvalbu-
min+ interneurons in total hippocampus or its subregions, cornu
ammonis and dentate gyrus, were not quantitatively changed in
any of the conditions compared to WT (Fig. 3N), likely explained
by the morphologically intact pyramidal layer (Fig. 3A). Together,
these histological data emphasize once more the predominant
white matter inflammation in the Cnp−/− model with just
moderate spreading of the inflammatory process to the hippo-
campus or other gray matter areas [32, 44]. The degenerative
process, however, evaluated by APP+ axon counts, was clearly
present in both compartments. Moreover, histological quantifica-
tions attest that NMDAR1-AB do not enhance the preexisting
(before immunization) and progressing inflammatory condition.
This obviously implies that the observed stair patterns of
behavioral changes, with NMDAR1-AB playing an amplifier role,
are due to an additional NMDAR1 dysfunction or downregulation
by NMDAR1-AB rather than an exaggerated underlying

encephalitis. Thus, NMDAR1-AB not only fail to induce an
encephalitis on their own [9, 24, 59–63], but also to augment an
underlying gray [24] or white matter inflammation as shown here.
However, they can considerably shape the resulting behavioral
phenotype. Of course, brain regions, other than those examined
here, may well be involved in the behavioral NMDAR1-AB effects,
too. Also, our findings with NMDAR1-AB, suggesting lack of any
proinflammatory potential of these autoantibodies, may not
necessarily be translatable to other conditions, e.g. systemic lupus
erythematosus, where more toxic “autoantibody cousins,” target-
ing the NR2A and B subunits, may be at work [64–66].

Genetic elimination of oligodendroglial NMDAR uncovers a
potential contribution of these receptors to behavioral
consequences of NMDAR1-AB
NMDA receptors are not only expressed by excitatory neurons but
also by other cell types, like oligodendrocytes [67–69]. These in
turn play a key role in regulating glucose uptake in response to
axonal glutamate release upon neuronal activity, thus mediating
metabolic support of axons on demand. Targeted inactivation of
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oligodendroglial NMDA receptors impairs axonal energy metabo-
lism [47, 70]. So far, consequences of NMDAR downregulation by
NMDAR1-AB in oligodendrocytes have only been addressed
in vitro, showing robust downregulation of the glucose transpor-
ter GLUT1 and diminished Ca2+ responses upon NMDAR agonist
application after NMDAR1-AB exposure [71]. Since in vivo after-
effects have remained unexplored, we wondered whether some of
the impaired behavioral features, amplified by NMDAR1-AB in our
model, might perhaps overlap with respective readouts measur-
able in mice with genetic elimination of oligodendroglial NMDAR.
In other words, would such findings provide first hints of an
involvement of oligodendroglial NMDAR in the overall conse-
quences of NMDAR downregulation by NMDAR1-AB?
Thus, female conditional oligodendroglial NMDAR KO mice

(CnpCre+/−*NR1flox/flox) went through an analogous test battery and
were compared to NR1flox/flox controls (Fig. 4A). These mice did not
show any abnormalities in IntelliCage, including MTT, and MWM
(Fig. 4B–I; Table 1). Interestingly, beam balance at 8 and 12 months
of age, i.e. walking on 10mm versus 8mm diameter beams,
revealed inferior escape latency in cKO females as compared to
controls. Rotarod performance and, in particular, motor learning,
defined as improvement from day 1 to day 2, was clearly
compromised, as was the average velocity on CRW. Collectively,
these data disclose a predominant motor/coordination inferiority
of oligodendroglial NMDAR cKO mice. Reassuringly, these pheno-
types were not observed in an extra control group of CnpCre+/−

and WT mice, employed to exclude effects of Cnp heterozygosity
alone (Fig. 4J–P). Based on these observations, we speculate that
the amplified MWM pathology in immunized Cnp−/− mice
(compare Fig. 1E–J) is explained mainly through downregulation
by NMDAR1-AB of neuronal NMDAR, whereas their beam balance
phenotype (compare Fig. 1K, L) may be contributed by the
downregulation of oligodendroglial NMDAR. Even though this
postulation is just indirect at this point, it may stimulate further
research on a multicellular input to NMDAR1-AB mediated
phenotypes.

CONCLUSIONS AND OUTLOOK
The present mild encephalitis model tested the hypothesis that
high-level circulating NMDAR1-AB can shape the behavioral
consequences of an underlying white matter inflammation in
Cnp−/− mice with confirmed BBB dysfunction. Whereas in the
previously tested gray matter model [24], the magnitude of
phenotype shaping was slight, it is relatively strong in the
genetically induced, mild white matter encephalitis employed
here, resulting in an intriguing stair pattern of behavioral
pathology. However, also in white matter inflammation,
NMDAR1-AB failed to further expand any histological readouts
of inflammation. Together, these data indicate that the nature,
location and degree of an underlying encephalitic process
ultimately determine the clinical picture upon NMDAR1-AB
exposure. This may also well be the case in the mild encephalitis
forms typically diagnosed only postmortem in various neuropsy-
chiatric conditions. At the same time, they explain the highly
variable presenting symptoms as well as the different courses of
“NMDAR encephalitis.”

DATA AVAILABILITY
All data are available upon request.
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6 Summary and Conclusion 

For the development and evaluation of valid animal models a good understanding of the disease of 

interest is of utmost importance. Reviewing the current literature on the anti-NMDAR encephalitis re-

vealed a number of key aspects, namely (1) a complex, heterogeneous, and severe neuropsychiatric 

phenotype with relatively acute onset, (2) characteristic features of neuroinflammation, (3) heterogeneity 

with respect to affected brain regions, often non-exclusively including the hippocampus, (4) the presence 

of NMDAR1-AB that have the potential to induce NMDAR hypofunction (5) a strong dependency on 

NMDAR1-AB assays in differential diagnosis, due to substantial phenotypic overlap with other enceph-

alitides, and (6) an insufficient representation of the neuroinflammatory component of NMDARE in cur-

rently available animal models. Most strikingly, however, is the lack of knowledge about the etiology and 

pathogenesis of NMDARE. Hence, the question arises if the anti-NMDAR encephalitis is a distinct dis-

ease entity, caused by an autoimmune response against NMDAR as originally proposed by Dalmau and 

colleagues but not yet proven (for simplicity referred to as ‘type I’), or rather a collection/spectrum of 

encephalitides classified as NMDARE (hereafter referred to as ‘type II’) based on the presence of 

NMDAR1-AB in patient CSF, which may be preexisting or secondary to the underlying pathology. Con-

sidering the present literature, both types likely exist, however, their relative frequency may only be 

evaluated after substantial research on the encephalitogenesis and identification of factors initiating 

neuroinflammation in type I NMDARE. A scheme that summarizes the three main strategies on how to 

model distinct aspects of the anti-NMDAR encephalitis is provided in Figure 3. Importantly, the potential 

of NMDAR1-AB to bind NMDAR and trigger internalization and ultimately NMDAR hypofunction, should 

be similar across NMDARE models but may differ in magnitude depending on the amount of intrathecal 

NMDAR1-AB.  

At the start of this thesis, no animal model for either type I or type II NMDARE existed and studies were 

limited to passive transfer models or active immunization models lacking the neuroinflammatory com-

ponent of NMDARE (During et al. 2000, Hughes et al. 2010, Manto et al. 2010, 2011, Mikasova et al. 

2012, Hammer et al. 2014a, Lin et al. 2014, Li et al. 2015, Planaguma et al. 2015, Wright et al. 2015, 

Planaguma et al. 2016, Wurdemann et al. 2016, Malviya et al. 2017, Blome et al. 2018, Pan et al. 2018). 

To systematically disentangle the relative contribution of NMDAR1-AB and neuroinflammation in en-

cephalitides, which might not be feasible in type I NMDARE models due to the lack of a relevant 

NMDAR1-AB negative encephalitis comparator, core features of type II NMDARE were modeled in mice 

and compared to a well-characterized and standardized encephalitis mouse model lacking NMDAR1-

AB as well as NMDAR1-AB positive and negative healthy littermate controls (Wilke et al. 2021a). This 

was achieved by combining a previously published gray matter inflammation mouse model (Agarwal et 

al. 2012), which was extensively characterized as part of this thesis (Wilke et al. 2021b), with an immun-

ization strategy that induces high titers of functional NMDAR1-AB or control immunization against the 

ovalbumin (Pan et al. 2018). In addition, Cnp knockout mice were immunized to investigate the impact 

of NMDAR1-AB during white matter inflammation (Arinrad et al. 2021). Lastly, a replication study was 

conducted with the aim to investigate the pathogenesis of type I NMDARE and to complement a previ-

ously published report (Wagnon et al. 2020, Wilke et al. 2021a).  
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Figure 3: Modeling anti-NMDAR encephalitis. A, a variety of passive transfer models have confirmed the patho-

physiological potential of NMDAR1-AB in vivo. NMDAR1-AB transferred into the CNS of healthy rodents, either by 
intrathecal injections or via ‘spill-over’ from the periphery in models with an impaired blood-brain barrier, cause a 
reversible state of NMDAR hypofunction via receptor internalization resulting in symptoms reminiscent of NMDAR 
antagonism, including psychosis-like hyperlocomotion and memory impairments. However, these models lack the 
neuroinflammatory component of NMDARE (see 1.8). B, first indications that NMDAR1-AB shape the clinical man-

ifestation of encephalitis were obtained by comparisons of human NMDAR1-AB positive and negative encephalitis 
cases that revealed a higher frequency of psychiatric symptoms in NMDAR1-AB positive patients, whereas other 
neuropsychiatric symptoms such as seizures, memory deficits or cognitive dysfunction, decreased level of con-
sciousness were common and independent of NMDAR1-AB (see 1.1). The high seroprevalence of NMDAR1-AB in 
mammals, NMDARE induction in response to viral encephalitides, the heterogeneous clinical manifestation of 
NMDARE, frequency of concomitant pathologies, and often unidentified causes suggest that NMDARE reflects a 
spectrum of encephalitides, in which the presence of NMDAR1-AB shapes the clinical phenotype (‘type II’). C, ‘type 

I’ NMDARE reflects the pathomechanism originally proposed by Dalmau and colleagues, in which an autoimmune 
response against NMDAR results in encephalitis with concomitant NMDAR1-AB that contribute to the encephalitic 
phenotype. The observation of ectopic NMDAR expression and presence of NMDAR1-specific B cells in NMDARE-
associated ovarian teratomas as well as the recent development of an active immunization model against NMDAR-
proteoliposomes that induces fulminant encephalitis provide strong evidence for the existence of type I NMDARE 
(see 1.6 and 1.9). However, as NMDAR1-AB and neuroinflammation are inherently linked by the underlying auto-
immune process in this type I NMDARE model, it lacks the required comparator to formally establish the relevance 
of NMDAR1-AB during neuroinflammation. For this reason, this thesis modeled type II NMDARE and systematically 
disentangled the role of NMDAR1-AB from neuroinflammation in two distinct encephalitis models.  
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Modeling acute gray matter inflammation in mice 

Originally, ablation of Nex1 (Neurod6) positive pyramidal neurons by tamoxifen-inducible diphtheria 

toxin fragment A expression was first described by Agarwal and colleagues to initiate a substantial neu-

roinflammatory response within three weeks, which was characterized by strong reactive gliosis and 

T cell infiltration in the hippocampus and some other gray matter regions (Agarwal et al. 2012). The 

authors further identified that the degree of CreERT2-mediated recombination is dose-dependent and 

that daily injections of tamoxifen for ten days ablates about half the neurons in the CA1 hippocampal 

subfield (Agarwal et al. 2012).  

To elaborate the downstream consequences of pyramidal cell death and spatiotemporally defined sterile 

gray matter inflammation, homozygous Neurod6tm2.1(cre/ERT2)Kan (‘NexCreERT2’) mice (Agarwal et al. 

2012) were crossbred to heterozygous Gt(ROSA)26Sortm1(DTA)Jpmb mice (Ivanova et al. 2005) generating 

double heterozygous tamoxifen-inducible ‘DTA’ mice and littermate controls lacking the DTA allele 

(Wilke et al. 2021b). All animals were heterozygous for NexCreERT2 to avoid confounding effects of 

Cre expression or potential Nex1 haploinsufficiency, although Nex1 (Neurod6) seems to be dispensable 

as no obvious histopathological or phenotypic alterations were found in Nex1 knockout mice (Schwab 

et al. 1998, Goebbels et al. 2006). Following 3x or 5x tamoxifen administration, pyramidal cell death was 

present within one week in DTA but not in control mice and triggered a prominent neuroinflammatory 

response in the hippocampus, characterized by an increased expression of GFAP, which is a typical 

feature of reactive astrogliosis (Sofroniew 2009, Sofroniew 2014), increased microglia numbers, con-

firmed by brain flow cytometry and histology, as well as increased CD4+ and CD8+ T cell infiltration into 

the CNS (Wilke et al. 2021b). The strong and persistent neuroinflammatory response after DTA-

mediated neuronal death is consistent with a similar mouse model in which DTA expression was coupled 

to Camk2a regulatory elements (Yamasaki et al. 2007, Rice et al. 2017, Wilke et al. 2021b). Consistent 

with the expression pattern of Nex1 in the adult rodent brain (Bartholoma and Nave 1994), volumetric 

analyses of distinct brain regions via magnetic resonance imaging revealed prominent atrophy of the 

hippocampus and significant but less pronounced atrophy in cortical regions and the cerebellum in DTA 

compared to control mice. Substantial hippocampal atrophy was additionally confirmed in both 3x and 

5x tamoxifen treated DTA mice by histology (Wilke et al. 2021b). Furthermore, in vivo injections of fluo-

rescent tracers and quantification of tracer extravasation into the CNS (Berghoff et al. 2017) revealed a 

long lasting impairment of the blood-brain barrier in DTA mice (Wilke et al. 2021b).  

In summary, DTA mice displayed key features of encephalitides involving the limbic system, namely (I) 

acute onset, (2) neuroinflammation in gray matter regions prominently but not exclusively affecting the 

hippocampus, and (3) long-lasting blood-brain barrier impairment that likely facilitates CNS extravasa-

tion of peripheral autoantibodies.    

  



90 
 

Modeling type II NMDARE in mice 

In order to model ‘type II’ NMDARE and to systematically disentangle the relative contribution of 

NMDAR1-AB and neuroinflammation, the DTA mouse model was utilized and combined with a previ-

ously established immunization protocol (Pan et al. 2018) to generate encephalitis mice that carry either 

NMDAR1-AB or anti-ovalbumin antibodies, as well as NMDAR1-AB positive and negative control mice 

without neuroinflammation (Wilke et al. 2021a). Previous work has shown that functional NMDAR1-AB 

of the IgG subclass are expressed within ten days after immunization and persist for at least one month 

(Pan et al. 2018). Here, persistence of NMDAR1-AB (IgG) was shown for at least four months after 

immunization and NMDAR1-AB titers were determined in a slightly modified version (to detect mouse 

instead of human autoantibodies) of a commercial cell-based assay that is routinely used in clinics for 

the diagnosis of NMDARE (FB 112d-1010-51, Euroimmun). Four months after immunization, median 

NMDAR1-AB titers were 1:100 and ranged up to 1:3200 (Wilke et al. 2021a), which is within the range 

of serum titers in human NMDARE cases, although slightly lower on average (Bastiaansen et al. 2022). 

To account for the predominance of young females amongst NMDARE patients (Dalmau et al. 2019, 

Nosadini et al. 2021, Bastiaansen et al. 2022, Nissen et al. 2022), young female mice were chosen to 

model type II NMDARE.  

After onset of pyramidal cell death and neuroinflammation in DTA mice, multifaceted behavioral pheno-

typing was conducted and revealed (a) absence of cataleptic signs, (b) normal executive functioning, (c) 

normal exploratory behavior, (d) normal stereotypic behavior such as circling, climbing, rearing, and 

marble burying, (e) normal task-learning in a visible platform task of the Morris water maze, as well as 

(f) normal sucrose and pheromone preferences, indicating absence of anhedonia, in all mice independ-

ent of DTA or NMDAR1-AB induction. Independent of NMDAR1-AB status, DTA compared to control 

mice displayed pronounced deficits in spatial learning and memory function assessed in the classical 

Morris water maze, which are common in hippocampal lesion models (Morris et al. 1982, Broadbent et 

al. 2004, Rice et al. 2017) and likely related to the decrease of pyramidal neurons. The reduction in 

hippocampal pyramidal neuronal numbers, which densely express NMDAR (Monaghan and Cotman 

1985, Moriyoshi et al. 1991, Kutsuwada et al. 1992, Meguro et al. 1992, Monyer et al. 1992, Monyer et 

al. 1994, Traynelis et al. 2010, Paoletti et al. 2013), may also explain why NMDAR1-AB had no add-on 

effect on the spatial learning/memory impairments, which would be expected from NMDAR hypofunction 

(Morris et al. 1986, Morris 1989). In contrast, similar to the NMDAR antagonist MK-801, NMDAR1-AB 

exacerbated hyperlocomotion in DTA mice (van den Buuse 2010, Pan et al. 2018, Wilke et al. 2021a). 

The observation of exacerbated hyperlocomotion without increased deficits in spatial learning and 

memory may be explained by differential effects of NMDAR hypofunction in pyramidal cells and inter-

neurons and/or the imbalance of pyramidal- and interneurons in the hippocampus of DTA mice (Hudson 

et al. 2020, Wilke et al. 2021a). Although hyperlocomotion is a relatively unspecific behavioral abnor-

mality in mice, in the context of NMDAR hypofunction, which is induced by NMDAR1-AB upon access 

to the CNS (see 1.8 and 1.9), hyperlocomotion is considered a surrogate marker for psychosis (Willetts 

et al. 1990, Jentsch and Roth 1999, Bygrave et al. 2016). In this regard, the findings of persistently 

exacerbated hyperlocomotion in NMDAR1-AB positive compared to NMDAR1-AB negative DTA or 
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healthy control mice, is consistent with studies comparing NMDAR1-AB positive and negative enceph-

alitis patients that show higher frequency of psychosis in NMDAR1-AB carriers (Gable et al. 2009, Chen 

et al. 2016, Seifert-Held et al. 2021)  

Importantly, NMDAR1-AB did not induce aberrant behavior in control mice with an intact blood-brain 

barrier (Wilke et al. 2021a), which extends previous findings of normal MK-801 responses in healthy 

NMDAR1-AB positive mice (Pan et al. 2018). Consistent with previous findings, immunization against a 

cocktail of GluN1-peptides did not cause neuroinflammation (Pan et al. 2018, Wilke et al. 2021a). Fur-

thermore, NMDAR1-AB did not alter the neuroinflammatory response or neurodegeneration in DTA mice, 

which was characterized by long-lasting hippocampal atrophy, increased microglia density, increased 

GFAP density, and CD45+ immune cell infiltration. Lasting blood-brain barrier impairment, which likely 

facilitates NMDAR1-AB extravasation into the CNS, was present in DTA mice independent of NMDAR1-

AB (Wilke et al. 2021a) and is in line with about one third of human NMDARE cases that likewise display 

BBB-dysfunction (Malter et al. 2013, Durr et al. 2021, Yu et al. 2021).  

In contrast to herpes simplex encephalitis or Japanese encephalitis, which have been associated with 

the induction of NMDAR1-AB (Armangue et al. 2014, Hacohen et al. 2014, Mohammad et al. 2014, 

Armangue et al. 2015, Sutcu et al. 2016, Westman et al. 2016, Ma et al. 2017, Nosadini et al. 2017, 

Pruss 2017, Armangue et al. 2018, Ma et al. 2020, Liu et al. 2021), non-immunized DTA mice did not 

develop NMDAR1-AB of the IgG subclass (cut-off titer 1:100 in cell-based assay; unpublished observa-

tion) in response to neuroinflammation, and NMDAR1-AB titers of GluN1-immunized mice were compa-

rable between DTA and control groups (Wilke et al. 2021a), indicating that the induction of pyramidal 

cell death and subsequent neuroinflammatory response did not boost NMDAR1-AB production. This 

could be explained by an insufficient peripheral immune activation in DTA mice or by a lack of neuronal-

autoantigen shedding, perhaps due to rapid phagocytosis of activated microglia. Indeed, flow cytometric 

analysis of white blood cell subsets and quantification of the alarmin HMGB1 via ELISA revealed a 

physiological immune cell composition in blood and normal HMGB1 plasma levels in DTA mice two 

weeks after encephalitis induction (Wilke et al. 2021b). Furthermore, histopathological studies of ovarian 

teratomas have shown that ectopic expression of GluN1/NMDAR is not sufficient to induce NMDAR1-

AB or NMDARE (Tuzun et al. 2009, Tabata et al. 2014, Iemura et al. 2018, Chefdeville et al. 2019). 

Ultimately, the type of antigen presentation and immune stimulation may not only determine NMDAR1-

AB induction but also the encephalitogenic potential of immunization strategies against GluN1 and/or 

NMDAR (see 1.9).  

Considering the reduction of NMDAR expressing pyramidal neurons in DTA mice, and slightly lower 

average titers of peripheral NMDAR1-AB in mice as compared to NMDARE patients, it cannot be ex-

cluded that the effect of NMDAR1-AB was underrepresented in the here established mouse model. 

Nevertheless, it has been shown that NMDAR1-AB can contribute to the behavioral phenotype of an 

underlying encephalitis by exacerbating hyperlocomotion similar to NMDAR antagonists, without majorly 

affecting neuroinflammation. Furthermore, confirming and extending previous findings of Pan and col-

leagues, immunization against GluN1 did not cause neuroinflammation and NMDAR1-AB had no major 

impact on the behavior of mice with an intact blood-brain barrier.   
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NMDAR1 autoantibodies and white matter inflammation 

Although NMDARE is mostly associated with neuroinflammation in gray matter regions and in particular 

the hippocampus, several case reports describe NMDARE in patients with features of inflammatory 

demyelinating disorders, including relapsing remitting multiple sclerosis (Fleischmann et al. 2015, Gulec 

et al. 2020, Huang et al. 2020), acute disseminated encephalomyelitis (Lekoubou et al. 2012), optic 

neuritis (Uzawa et al. 2012), or myelitis (Pennington et al. 2012). Furthermore, white matter lesions as 

well as white matter inflammation have been associated with intrathecal NMDAR1-AB (Takeda et al. 

2014, Mariotto et al. 2019) and MRI abnormalities in white matter regions have been repeatedly reported 

in a number of case series (Irani et al. 2010, Finke et al. 2012, Finke et al. 2013, Titulaer et al. 2014, 

Phillips et al. 2018). According to two observational cohort studies, features of demyelinating disorders 

occur in about 5% of NMDARE cases (Titulaer et al. 2014, Nissen et al. 2022). In approximately half 

these cases, NMDARE and demyelination coincide, whereas the other half displays sequential episodes 

(Titulaer et al. 2014). In addition to demyelinating disorders, changes in the superficial white matter have 

been observed by diffusion tensor imaging in a substantial number of non-recovered NMDARE patients, 

in contrast to recovered patients or neurologically normal controls (Phillips et al. 2018). The association 

between NMDAR1-AB and white matter abnormalities was further substantiated by an in vitro study 

showing that NMDAR1-AB are able to reduce NMDAR-dependent oligodendrocyte function, such as 

NMDAR-mediated Ca2+ currents and NMDAR activity dependent upregulation of Glut1 (Matute et al. 

2020).  

To investigate the pathophysiological relevance of NMDAR1-AB in white matter inflammation, 2’-3’-

cylcic nucleotide 3’-phosphodiesterase (CNP) knockout mice (Cnp KO) were immunized against GluN1-

specific peptides and/or ovalbumin (Arinrad et al. 2021) as previously described (Pan et al. 2018). Mice 

lacking CNP are characterized by axonal degeneration and neuroinflammation that is present already 

in eight weeks old mice, progresses with age, and predominates in white matter regions, such as the 

corpus callosum (Lappe-Siefke et al. 2003, Hagemeyer et al. 2012, Janova et al. 2018, Garcia-Agudo 

et al. 2019). Furthermore, a blood-brain barrier dysfunction is already present in young Cnp KO mice 

(Arinrad et al. 2021) thereby facilitating extravasation of peripheral NMDAR1-AB into the CNS. Wildtype 

mice were only immunized against GluN1-specific peptides (Pan 2018), as mice with an intact blood-

brain barrier are phenotypically unremarkable after ‘GluN1-cocktail’ immunization (Pan et al. 2018, Wilke 

et al. 2021a).  

Comparing NMDAR1-AB or OVA-AB carrying Cnp KO and NMDAR1-AB positive wildtype mice revealed 

distinct stair patterns of behavioral pathology in hippocampal learning and memory in the Morris water 

maze as well as in tests of motor performance or motor coordination mice. In contrast, episodic-memory, 

analyzed in a what-where-when orientation task, was compromised in Cnp KO mice but not affected by 

NMDAR1-AB (Arinrad et al. 2021). Similar to observations in gray matter inflammation (Wilke et al. 

2021a), NMDAR1-AB had no add-on effect on microgliosis, astrogliosis, axonal degeneration or immune 

cell infiltration, which were prominent in the corpus callosum of Cnp KO mice, and did not enhance 

inflammation in the hippocampus, which was mildly affected in Cnp KO compared to control mice 

(Arinrad et al. 2021).  
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In conclusion, NMDAR1-AB alter the behavioral phenotype of mice with a genetically induced progres-

sive genetic white matter inflammation without major effects on inflammation itself, suggesting that the 

observed effects result from NMDAR1-AB mediated reversible NMDAR internalization and induction of 

NMDAR hypofunction.  

 

Modeling type I NMDARE in mice 

Considering the lack of knowledge about the etiology and pathogenesis of NMDARE, reliable and con-

struct valid animal models of ‘type I’ NMDARE are of utmost importance. While conducting this thesis, 

two at first view promising mouse models were published, both claiming encephalitis induction and 

NMDAR1-AB formation upon active immunization against either NMDAR holoreceptors reconstituted 

into proteoliposomes (Jones et al. 2019) or a GluN1359-378-peptide (Wagnon et al. 2020). While Jones 

and colleagues convincingly confirmed fulminant neuroinflammation by histological examinations, Wag-

non and colleagues did not report on reactive astrogliosis or microgliosis, which are core features of 

neuroinflammation (Sofroniew 2009, Glass et al. 2010, Saijo and Glass 2011, Sofroniew 2014) and 

NMDARE (Tuzun et al. 2009, Bien et al. 2012, Filatenkov et al. 2017, Nauen 2017, Hirano et al. 2019, 

Zrzavy et al. 2021b). Furthermore, GluN1359-378-immunized mice lacked parenchymal and perivascular 

T cell infiltration (Wagnon et al. 2020), which is common in human NMDARE cases (Tuzun et al. 2009, 

Martinez-Hernandez et al. 2011, Bien et al. 2012, Filatenkov et al. 2017, Nauen 2017, Zrzavy et al. 

2021b). For this reason, two cohorts were designed to replicate and complement the study of Wagnon 

and colleagues by investigating the acute neuroinflammatory response, long-term outcome, and mor-

tality in addition to previously published behavior tests, assessment of BBB-integrity, and flow cytometric 

analysis of the brain immune compartment acutely after immunization. However, after exact replication 

of the published immunization protocol and following their study outline, mice neither developed neu-

roinflammation nor did their behavior differ from control immunized mice despite induction of NMDAR1-

AB in GluN1359-378-immunized mice. As the acute cohort did not reproduce published findings, the cohort 

planned for long-term investigations was used for a second independent replication and confirmed the 

non-reproducibility (Wilke et al. 2021a). In addition to potential iatrogenic issues or effects of the gut 

microbiome (Wilke et al. 2021a), unintentional or unpublished modifications of the peptide may explain 

the non-reproducibility. GluN1359-378 contains residues (KLVQVGIYNGTHVIPNDRK) prone to side reac-

tions, such as deamination of glutamine (Q) and deamination or deamidation of asparagine (N). To test 

the stability of GluN1359-378, a frozen aliquot, stored at -80°C, was measured by high-performance liquid 

chromatography coupled with mass spectrometry immediately after thawing as well as after one week 

at room temperature. The resulting chromatograms and molecular masses matched the original peptide 

sequence (personal communication with Lars Van Werven, Neuroproteomics, Max Planck Institute for 

Multidisciplinary Sciences) thereby excluding peptide side reactions as potential confounds.  

To conclude, the immunization protocol published by Wagnon et al. does not reliably induce NMDARE-

like pathology in mice despite the induction of NMDAR1-AB directed against GluN1359-378. Therefore, 

the pathomechanism(s) initiating neuroinflammation in NMDARE remain unknown.  
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