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A B S T R A C T   

Background: Anti-NMDA-receptor GluN1 antibodies (NMDAR1-abs) are present in an autoimmune encephalitis 
with severe neuropsychiatric symptoms. We aimed to estimate the impact of serum NMDAR1-abs on depressive 
symptoms years after first-ever ischemic stroke (IS). 
Methods: Data were used from the PROSpective Cohort with Incident Stroke-Berlin (PROSCIS-B; NCT01363856). 
Serum NMDAR1-abs (IgM/IgA/IgG) were measured within 7 days after IS using cell-based assays. We defined 
seropositivity as titers ≥1:10, thereof low titers as ≤1:100 and high titers as >1:100. We used the Center for 
Epidemiological Studies–Depression (CES-D) scale to measure depressive symptoms at year one, two and three 
following IS. We calculated crude and confounder adjusted weighted generalized linear models to quantify the 
impact of NMDAR1-abs on CES-D assessed at three annual time-points. 
Results: NMDAR1-abs were measured in 583 PROSCIS-B IS patients (mean age = 67 [SD = 13]; 42%female; 
median NIHSS = 2 [IQR = 1–4]) of whom 76 (13%; IgM: n = 49/IgA: n = 43/IgG: n = 2) were seropositive, 55 
(9%) with low and 21 (4%) with high titers. CES-D regarded over all follow-up time-points was higher in 
seropositive patients (βcrude = 2.56 [95%CI = − 0.34 to 5.45]; βadjusted = 2.26 [95%CI = − 0.68 to 5.20]) and 
effects were highest in patients with high titer (low titers: βcrude = 1.42 [95%CI = − 1.79 to 4.62], βadjusted = 0.53 
[95%CI = − 2.47 to 3.54]; high titers: βcrude = 5.85 [95%CI = 0.20 to 11.50]; βadjusted = 7.20 [95%CI = 0.98 to 
13.43]). 
Conclusion: Patients with serum NMDAR1-abs (predominantly IgM&IgA) suffer more severe depressive symptoms 
after mild-to-moderate IS compared to NMDAR1-abs seronegative patients.  
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1. Introduction and background 

Stroke is a devastating event, however, modern therapeutic options 
greatly reduced stroke related physical disability and mortality (Col
laborators, 2019). Neuropsychiatric sequelae are frequent – even after 
minor strokes – with depression occurring in at least one third of stroke 
survivors (Ferro et al., 2016; Dong et al., 2020). Depression after stroke 
associates with impaired rehabilitation, functional and vascular 
outcome, and also greatly increases mortality (Dar et al., 2017). Not 
much is known on the occurrence of depressive symptoms in the 
long-term after stroke and a sound pathophysiological concept is lack
ing. Neuroinflammation, however, is considered to play an important 
role (Fang et al., 2019; Arwert et al., 2018). 

In 2007, Dalmau et al. described the pathobiology of a severe multi- 
stage neuropsychiatric disease associated with immunoglobulin (Ig)G 
antibodies targeting the GluN1 (also NR1) subunit of N-methyl-D- 
aspartate receptors (NMDAR1-abs) (Dalmau et al., 2007). Circulating 
NMDAR1-abs of the IgA and IgM isotype were found in healthy in
dividuals and patients with various diseases, including stroke patients 
(Doss et al., 2014; Steiner et al., 2014). 

NMDAR1-abs are considered to contribute to neuropsychiatric 
outcome as suggested by previous studies (Pruss et al., 2012; Dahm 
et al., 2014; Sperber et al., 2022; Daguano Gastaldi et al., 2023). One 
study found an association of serum NMDAR1-abs with depression after 
stroke (Deutsch et al., 2021). However, these data are in contrast to a 
previous study, which linked serum NMDAR1-abs with anti-depressive 
effects (Pan et al., 2021). Overall, the impact of NMDAR1-abs on 
depressive symptoms after stroke seems unclear. Therefore, we aimed to 
estimate effects of serum NMDAR1-abs on depressive symptoms over 
three years after first ischemic stroke (IS). 

2. Methods 

Data and scripts supporting the findings of this investigation are 
available from the corresponding author upon reasonable request. 

2.1. Study design, patients and ethics 

The prospective cohort with incident stroke – Berlin (PROSCIS-B, 
ClinicalTrials.gov identifier: NCT01363856) is a university hospital 
based prospective cohort study of stroke patients, with the primary aim 
to study stroke secondary risks. Details on the study design, in- and 
exclusion criteria were published previously (Liman et al., 2013). 
Briefly, patients with first ever stroke according to world health orga
nization (WHO) criteria, (Hatano, 1976) within the past seven days were 
included. Excluded were patients with brain malignoma, brain metas
tasis of a malignoma of other origin, and those participating in an 
intervention study. Patients with National Institutes of Health Stroke 
Scale (NIHSS) score>15 and were excluded from analyses, to increase 
homogeneity, as only few patients presented with a severe stroke event 
(i.e. NIHSS >15) in this study. PROSCIS-B was approved by the local 
ethics committee and conducted in concordance with the declaration of 
Helsinki. The study was completed in 2016. 

2.2. Antibody measurement 

Blood drawings were conducted at time of baseline visit. NMDAR1- 
abs were measured from patients sera with fixed cell-based assays 
(CBA) in a specialized laboratory, as previously described (Dalmau 
et al., 2007; Ramberger et al., 2015). Any titer ≥1:10 of NMDAR1-abs of 
the immunoglobulin (Ig-) A, IgM and IgG isotype were considered 
seropositive. We a priori defined subgroups with titers ≤1:100 defined 
as a low titer group and titers >1:100 as a high titer group, in line with 
previous analyses (Sperber et al., 2019, 2022). Other measurements 
included a tissue reactivity assay using monkey cerebellum, GAD65 IgG 
antibody measurement, GABA-b IgG antibody measurement, AQP4 IgG 

antibody measurement, LGI1 IgG antibody measurement, and CASPR2 
IgG antibody, all with fixed CBAs in line with NMDAR1-abs 
measurement. 

2.3. Outcome 

Symptoms of depression were assessed annually up to three years (3 
times per individual) after IS with the Center for Epidemiologic Studies 
Depression Scale (CES-D, 20 items, 4 domains, range 0–60 points, with 
0 points minimal indicating no depressive symptoms and 60 points 
indicating the maximum level of depressive symptoms) by telephone 
interview and postal letter, starting at one year after stroke. All letters 
received within the consequent three months after dispatch were 
included in this study. Depression was considered present at a cut-off 
value of ≥16 (Parikh et al., 1988). Vital status was obtained by the 
local registry office in Berlin. 

2.4. Statistics 

The impact of NMDAR1-abs seropositivity and subgroups compared 
to seronegativity in PROSCIS-B stroke patients was estimated using 
time-specific weighted generalized linear models, an approach which 
has been described previously in detail. (Daza et al., 2017). We visual
ized the relationships between variables (underlying assumptions) using 
a directed acyclic graph, and choose the following set of variables for our 
adjusted analysis to minimize confounder bias: (Shrier and Platt, 2008) 
age in years, sex (binary: female and male), depression before stroke 
(assessed as anti-depressive treatment before stroke, please see Sup
plemental Methods I for which ATC codes were used), education 
(assessed in three levels according to the German schooling system), 
smoking (binary: yes and no), alcohol consumption (binary: yes and no), 
stroke etiology defined by the Trial of Org 10,172 in Acute Stroke 
Treatment (TOAST) classification (large artery atherosclerosis, car
dioembolic, small-vessel occlusion, stroke of other determined etiology 
and stroke of undetermined etiology) and body mass index (BMI). The 
graph can be viewed in the Supplemental Methods II, Supplemental 
Material. A propensity score was calculated from these variables. We 
estimated correlation coefficients (βs) with 95% confidence intervals 
(95%CI) from crude and propensity score adjusted models using Stata 
version 14.2 (Stata Corp., College Station,TX,USA). Figures were 
designed in R i386 3.5.1 with the ggplot2 package. 

3. Results 

After excluding six patients with severe strokes, a total of 621 par
ticipants were initially included. However, five participants declined to 
provide consent for blood biomarker analyses, and antibody measure
ments were not possible in 33 participants due to reasons, such as the 
absence of collected samples, technical issues, or insufficient sample 
volume. The median day of blood sampling after stroke was 4 (IQR = 3 
to 5). We included 583 mild-to-moderate IS patients with a mean age of 
67 years (standard deviation [SD] = 13) with a median NIHSS of 2 
(boundaries of the interquartile range [IQR] = 1 to 4) of whom 242 
participants were female (42%), into the analysis. Thirty-eight patients 
(6%) were taking an anti-depressive medication before stroke. Seventy- 
six patients (13%) were seropositive for NMDAR1-abs, with 49 patients 
with IgM antibodies, 43 with IgA antibodies and only two patients with 
IgG NMDAR1-abs. Among seroposotive patients, 55 (9%) had low titers 
(1:10–1:100) and 21 (4%) high titers (>1:100) of NMDAR1-abs. Patient 
characteristics stratified by NMDAR1-abs serostatus are presented in 
Table 1. From those other antibodies measured, only one patient had 
serum LGI1 antibodies, with a titer of 1:10 (See Supplemental Table 1). 
No substantial differences were found between NMDAR1-abs seroposi
tive and seronegative patients, despite that more seronegative patients 
were female compared to seropositive patients, had a slightly higher 
median NIHSS (3 [IQR = 1–5] vs. 2 [IQR = 1–4]) on the day of the 
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baseline assessment and a greater median infarct lesion volume in 
diffusion weighted MRI (1.67 ml [IQR = 0.41–6.07] vs. 0.94 ml [IQR =
0.30–3.71]), although lesions were rather small in the total cohort 
(median 1.04 ml [IQR = 0.35–4.49]). 

One year after stroke, 411 CES-D scores were available; 357 CES-D 
scores two years after and 324 CES-D scores three years after stroke. 
We provide baseline characteristics of patients with a CES-D assessment 
at year three (study completion) contrasted to those patients without 
CES-D at year three (drop-outs), which showed no major differences 
between the strata. Except, more patients with a CES-D at year three had 
a higher school education and also baseline MMSE was higher in these 
patients (see Supplemental Table II). The mean CES-D value in the total 
cohort one years after stroke was 11 (SD = 10) points, 11 (SD = 9) points 
two years after stroke, and 11 (SD = 9) points three years after stroke. 
One-hundred-three (25%) patients could be categorized as depressed 
(CES-D≥16) one year after IS, of whom 33% of NMDAR1-abs seroposi
tive patients were depressed (n = 17) and 24% (n = 86) of NMDAR1-abs 
seronegative patients were depressed. Corresponding difference in per
centage points was 9 (95% CI = − 5 to 22). Two years after stroke, 31% 
of seropositive patients compared to 26% of seronegative patients were 
depressed and at year three after stroke 25% of seropositive patients 
compared to 23% of seronegative patients were depressed. At year one 
after stroke, 8% (n = 6) of NMDAR1-abs seropositive compared to 3% (n 
= 16) of NMDAR1-abs seronegative patients died (13% vs. 6% at year 
two, and 21% vs. 8% at year three after stroke, respectively). Fig. 1 
shows CES-D scores of PROSCIS-B subjects over three years after stroke, 
stratified by NMDAR1-abs serostatus. NMDAR1-abs seropositive pa
tients had a higher level of depression regarded over three years after IS 
(βcrude = 2.56 [95%CI = − 0.34 to 5.45]; βadjusted = 2.26 [95%CI = − 0.68 
to 5.20]). The observed effect was mainly driven by patients with high 
titers, as subgroup analysis revealed (low titers: βcrude = 1.42 [95%CI =
− 1.79 to 4.62], βadjusted = 0.53 [95%CI = − 2.47 to 3.54]; high titers: 
βcrude = 5.85 [95%CI = 0.20 to 11.50]; βadjusted = 7.20 [95%CI = 0.98 to 
13.43]). Outcome data from our statistical models are summarized in 
Table 2. 

4. Discussion 

In our analyses, NMDAR1-abs seropositive patients had a higher 
level of depression over three years after mild-to-moderate IS, with the 
greatest effect seen in patients with high NMDAR1-abs titers. The find
ings are in line with previous observations, supporting unfavorable 
neuropsychiatric outcome of patients with serum NMDAR1-abs 
following an ischemic stroke event and suggesting an important role 
of these antibodies for outcomes after stroke. 

Post-stroke depression is highly prevalent, but its underlying causes 
remain poorly understood. In our study, we only included patients who 
had experienced a mild to moderate ischemic stroke event, yet, we 
observed that many of them exhibited symptoms of depression to a 
varying extend. Remarkably, even one year after stroke, a period during 
which a significant recovery would be expected, 25% (n = 103) of the 
patients could be classified as depressed. For comparison, the point- 
prevalence assessed with the CES-D in a non-stroke comparable west
ern population was estimated at ~7% (Jahn et al., 2018; Roth et al., 
2020). Despite the alarming numbers, there is currently no well-defined 
pathobiological concept for depression and depressive symptoms after 
stroke. While the overall disease burden certainly plays a role, there may 
be biological factors that contribute to the occurrence of this frequent 
sequelae. Depression, in- and outside stroke pathology has been linked 
to neuroinflammation (Wijeratne and Sales, 2021; Endres et al., 2022). 
Upon blood brain barrier disruption, circulating agents – including 
intrinsic factors– can potentially enter the brain and contribute to 
functional changes, that may lead to depression. 

NMDAR1-abs have been detected in serum of individuals with 
different diseases and in the healthy population (Doss et al., 2014; Dahm 
et al., 2014; Daguano Gastaldi et al., 2023; Zerche et al., 2015; Finke 
et al., 2017). In line with these studies, we observed a similar serum 
prevalence of NMDAR1-abs in the present stroke cohort, suggesting that 
these antibodies were present before the stroke event. This is further 
supported by the swift blood sampling after the stroke event, which 

Table 1 
Baseline characteristics of PROSCIS-B participants, stratified according to anti- 
NMDA-receptor GluN1 antibody serostatus.   

Anti-NMDA-receptor GluN1 
antibody serostatus 

seronegative seropositive 

patientsa n (%) 507 (82) 76 (13) 
anti-NMDAR GluN1 antibodies n (%) 
IgM – 49 (8) 
IgA – 43 (7) 
IgG – 2 (>0) 
age (years) 
mean (SD) 67 (13) 66 (14) 
median (IQR) 69 (59–76) 67 (56–77) 
female sex n (%) 204 (40) 22 (29) 
blood pressure (mmHg) mean (SD) 
systolic 139 (22) 139 (24) 
diastolic 77 (15) 78 (13) 
body mass index (kg/m2) median (IQR) 27 (24–29) 28 (24–31) 
habitual alcohol consumption n (%) 179 (36) 23 (31) 
current smoker n (%) 139 (28) 22 (30) 
total cholesterol (mg/dl) mean (SD)b 199 (48) 198 (50) 
high density lipoprotein (mg/dl) mean 

(SD)c 
52 (16) 49 (17) 

low density lipoprotein (mg/dl) mean (SD)c 122 (41) 124 (43) 
triglyceride (mg/dl) mean (SD)d 136 (80) 152 (80) 
history of: n (%) 
hypertension 336 (66) 46 (61) 
diabetes mellitus 107 (21) 21 (28) 
peripheral artery disease 34 (7) 6 (8) 
coronary heart disease 80 (16) 16 (21) 
atrial fibrillation 106 (21) 18 (24) 
estimated GFR (ml/min) mean (SD) 77 (21) 79 (22) 
NIHSS median (IQR) 2 (1–4) 3 (1–5) 
NIHSS 0–4 n (%) 386 (76) 54 (71) 
NIHSS 5–15 n (%) 121 (24) 22 (29) 
TOAST n (%) arterial atherosclerosis 128 (25) 25 (33) 
cardioembolic 121 (24) 18 (24) 
small vessel disease 87 (17) 6 (8) 
other 15 (3) 2 (3) 
undetermined etiology 156 (31) 25 (33) 
Presence of chronic infarct lesions in 

MRIe,f n (%) 
94 (27) 10 (23) 

MR-DWI lesion volume in mle,g median 
(IQR) 

0.94 
(0.30–3.71) 

1.67 
(0.41–6.07) 

years of school n (%) 
≤10 345 (72) 51 (68) 
>10 136 (28) 24 (32) 
MMSE median (IQR) 28 (26–30) 29 (27–30) 
Cognitive impairment (MMSE≤26) n (%) 144 (29) 16 (22) 
Anti-depressive medication before stroke 

n (%) 
30 (6) 5 (7) 

SD, Standard deviation; IQR, boundaries of the inter quartile range between the 
25th and 75th percentile; MI, myocardial infarction; PAD, peripheral artery 
disease; CHD, coronary heart disease; BMI, Body Mass Index; GFR, glomerular 
filtration rate calculated using the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) formula; HDL, high density lipoprotein; LDL, low 
density lipoprotein; NIHSS, National Institutes of Health Stroke Scale; TOAST, 
stroke etiology according to Trial of Org 10,172 in Acute Stoke Treatment; mRS, 
modified Rankin Scale; MMSE, Mini Mental State Examination. 
Due to rounding values might not add to 100%. 

a 38 participants were missing antibody measurements; Missing values were 
<10% in all characteristics except for. 

b ’total cholesterol’ missing: n = 57. 
c ‘HDL’ and ‘LDL’ missing: n = 38. 
d ‘Triglycerides’ missing: n = 49. 
e MRIs obtained retrospectively with different MRIs and protocols. 
f ’presence of chronic infarct lesions in MRI’ missing: n = 203. 
g MR-DWI, magnet resonance defusion weighted imaging. 
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would render an antibody formation due to the stroke unlikely. How
ever, it is possible that the overall serum prevalence or titer levels of 
NMDAR1-abs were higher before the stroke, as NMDAR1-abs may have 
bound to their respective receptors immediately after blood-brain bar
rier disruption. In a separate stroke cohort, we assessed NMDAR1-abs 
serostatus in a small group of NMDAR1-abs seropositive patients for 
up to seven consecutive days after a severe stroke, with the initial 
assessment within 36 h of the stroke event. We observed that i. Sero
positive patients remained seropositive ii. Seronegative patients 
remained seronegative and iii. Titer levels remained relatively constant 
over time in most individuals (data not published). MRI was not part of 
the primary protocol of this present study, therefore their informative 
value is limited (different MRI protocols and missing data, see Table 1). 
However, despite this limitation, available images do not suggest that 
seropositive patients have a higher number of chronic lesions compared 
to seronegative patients (see Table 1). These finding challenge a notion 
that seropositivity is a consequence of a cerebrovascular event. How
ever, we detected a lower percentage of seropositive patients with SVD 
stroke compared to seronegative patients, and likewise a higher pro
portion of seropositive patients with LAA stroke. Although we cannot 
explain this finding, NMDAR1-abs may relate to inflammatory 

processes, which are more likely to occur in larger arteries. 
In autoimmune encephalitis, severe neuropsychiatric symptoms 

have been linked to intrathecal IgG isotype NMDAR1-abs (Dalmau et al., 
2007). However, the role of NMDAR1 antibodies of IgA and IgM iso
types, outside the encephalitis syndrome, is less clear. In stroke, these 
antibodies may enter the brain after blood brain barrier disruption and 
affect NMDAR functioning, resulting in observable clinical effects. 
Cognitive decline, including memory deficits, has been linked to circu
lating NMDAR1 antibodies in cancer patients, parkinsons disease, pa
tients with slow progressive cognitive impairment (Doss et al., 2014; 
Pruss et al., 2012; Deutsch et al., 2021; Finke et al., 2017). We observed 
a dose-dependent relationship in our data (beta for any seropositivity 
2.56, beta for low titer: 1.42 and beta for high titers 5.58). This bio
logical gradient suggests a causative link of NMDAR1-abs in the 
pathobiology of depression after stroke (Hill, 1965). Nevertheless, there 
is still uncertainty whether any seropositivity (i.e. with any titer) and 
seropositivity with low titers truly impact depressive symptoms, as our 
confidence intervals do not allow a definite conclusion and effect esti
mates may be different in the total stroke population. The observed ef
fect was quite large, rendering confounding to fully explain the observed 
effects, unlikely. Larger studies are needed to address remaining un
certainty. The integrity of the blood-brain barrier seems to play a role in 
the pathological effects of NMDAR1 antibodies, as high serum preva
lence was found in healthy individuals. (Dahm et al., 2014; Daguano 
Gastaldi et al., 2023). 

A body of evidence supports a central role of glutamate homeostasis 
in depressive disorders, (Hashimoto, 2009) with a central role of 
NMDA-receptor antagonists for anti-depressive treatment (Iadarola 
et al., 2015; Amidfar et al., 2019). While we do not currently have a 
proof of concept to present, we consider two potential mechanisms 
underlying our findings: firstly, our results may be explained by 
impaired recovery after the stroke event. NMDA-receptor mediated 
neuronal communication and plasticity is important for neuronal 
regeneration and recovery (Dhawan et al., 2011). Receptor down
regulation, as we expect after NMDAR1-abs binding, may interfere with 
these processes, and subsequently leading to impaired structural re
covery, which is a known risk factor for depression (Hardingham and 
Bading, 2010; Levite, 2014; Loubinoux et al., 2012). Secondly, the 
diverging antagonistic properties of NMDAR1-abs and other 
NMDA-receptor antagonists may explain contrary effects. Ketamine, as 
well as other anti-depressive drugs (e.g. memantine) are 

Fig. 1. Anti-N-methyl-D-aspartate receptor antibody serostatus and depressive symptoms over time. 
Center for Epidemiological Studies – Depression values assessed at annual time-points for A, Anti-NMDA receptor GluN1 antibody (NMDAR1-abs) seropositive and 
NMDAR1-abs seronegative patients and B, for NMDAR1-abs seropositive patients with low titer (serum titer of 1:10–1:100) and high titer (serum titer of 1:320 and 
1:1000). Grey dots represent assessed raw data, combined by respective subject. Red lines represent fitted lines over time from weighted linear mixed models. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Effects of anti-NMDA-receptor antibody seropositivity on depressive symptoms 
over three years in patients with ischemic stroke.  

Antibody serostatus Unadjusted Adjusteda  

β 95% CI β 95% CI 
NMDAR1-abs seronegative (ref.) – (ref.) – 
NMDAR1-abs seropositive 2.56 − 0.34 to 5.45 2.26 − 0.68 to 5.20 
titers ≤1:100 1.42 − 1.79 to 4.62 0.53 − 2.47 to 3.54 
titers >1:100 5.85 0.20 to 11.50 7.20 0.98 to 13.43 

Antibody serostatus, anti-NMDAR antibody (NMDAR1-abs) seroprevalence. β, 
effect size (points on the Center for Epidemiological Studies – Depression [CES- 
D] min value = 0 points, max value = 60 points) in relation to reference group. 
95% CI, 95% confidence interval. ref., reference group. aAdjusted, analysis 
adjusted for a propensity score built from age, sex, anti-depressive treatment 
before stroke, years of school education, smoking, alcohol consumption and the 
Trial of Org 10,172 in Acute Stoke Treatment (TOAST) classification for stroke 
etiology using logistic regression (binary outcome: seropositive and seronega
tive) and an ordinal logistic regression (titer level subgroups titers >1:10 ≤
1:100 and titers >1:100). 
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non-competitive NMDA-receptor antagonists (Hashimoto, 2009). In 
contrast, we suspect NMDAR1-abs to internalize NMDA-receptors 
leading to NMDA downregulation (Kreye et al., 2016; Wenke et al., 
2019). The observed depressive symtoms in NMDAR1-abs could be 
attributed to a potential accumulation of glutamate due to 
NMDA-receptor internalization following antibody binding (Hashimoto, 
2009). Elevated glutamate levels have been observed in the blood, CSF, 
and postmortem brains of individuals with major depressive disorders in 
both mice and humans (Amidfar et al., 2019). In the end, the intricate 
interactions of NMDA-receptors with other receptors and signaling 
proteins, as well as the so called “NMDA-receptor paradox” (cell-sur
vival signaling vs. pro-death signaling) render many possible explana
tions for a link between NMDAR1-abs and depression after stroke 
(Hardingham et al., 2002). Importantly, observed effects may also be 
linked to an overrepresentation of autoantibodies (e.g. antibody flood
ing) and not functionally linked to NMDA-receptor antagonization. 
However, this study design cannot illuminate on pathomechanistic 
causality. While clinical observational studies provide accumulating 
evidence of a connection between NMDAR1-abs seropositivity and 
depressive symptoms, a comprehensive pathway concept based on 
experimental evidence is needed. 

Our findings also indicate that depressive symptoms tend to persist 
beyond the short-term in stroke patients. Additionally, there is no sub
stantial decline in the prevalence of depression over time. Although the 
effect size suggests a potentially large impact of NMDAR1-abs seropos
itivity with high titers on depression, the low sample size limits our 
certainty, and the actual impact may be less severe. Interestingly, and in 
contrast to the general prevalence of depression, the percentage of 
seropositive patients that could be categorized as depressed after stroke 
decreased. This finding may be explained by the high number of death 
cases in the NMDAR1-abs seropositive group (21% of NMDAR1-abs 
seropositive patients vs. 8% of seronegative patients at year three after 
stroke). Larger studies are needed to confirm the significance of our 
observed effect of NMDAR1-abs seropositivity on depressive symptoms 
in stroke patients. 

4.1. Strength and limitations 

In this large prospective IS cohort, we provide evidence for an 
important role of serum NMDAR1-abs for depressive symptoms in the 
long-term course after stroke. Sequential measurements of depressive 
symptoms over time address the fluctuating course of depressive 
symptoms, and the effect may would have been missed with a one-time 
only assessment of depressive symptoms. However, some fluctuations of 
NMDAR1-abs titer levels were reported in a previous study, therefore, it 
renders unclear whether our titer-level grouping is robust (Pan et al., 
2021). Lack of follow-up data due to depressive symptoms is a known 
issue in clinical studies, however we tried to reduce the bias resulting 
from missing data by inverse probability weighting. Unfortunately, we 
were not able to discriminate the causes of death in this study; therefore, 
it is unclear if death may have been related to depression or other 
concomitant diseases. We included a range of potential confounding 
variables which we regarded as important, including a variable indi
cating whether the patient received anti-depressive medication before 
the stroke. However, this variable only approximates which patient was 
depressed before stroke and we lack a more representative measurement 
of depressive symptoms before the stroke event. Hence, it is possible that 
the influence of this significant confounding variable has been under
estimated, although it is unlikely to fully account for the observed effect. 
Additionally, bias due to other unmeasured confounders may still be 
present. 

To conclude, mild-to moderate IS patients with NMDAR1-abs sero
positivity have more severe depressive symptoms during long-term 
follow-up compared to NMDAR1-abs seronegative patients. The results 
provide evidence from a clinical observational study regarding the novel 
concept, that serum autoimmunity, specifically the presence of anti- 

neuronal autoantibodies, play a role in causing depression after an 
ischemic stroke. 
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Union, Charité, Berlin Chamber of Physicians, German Parkinson Soci
ety, University Hospital Würzburg, Robert-Koch-Institute, German 
Heart Foundation, Federal Joint Committee (G-BA) within the Innova
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University Göttingen (within FIND-AF-randomized; supported by an 
unrestricted research grant to the University Göttingen from Boehringer- 
Ingelheim), and University Hospital Heidelberg (within RASUNOA- 
prime; supported by an unrestricted research grant to the University 
Hospital Heidelberg from Bayer, BMS, Boehringer-Ingelheim, Daiichi 
Sankyo), all outside of the submitted work. M. Endres reports grant 
support from Bayer, the German Research Foundation (DFG), the 
German Federal Ministry of Education and Research (BMBF), the 
German Center for Neurodegenerative Diseases (DZNE), the German 
Centre for Cardiovascular Research (DZHK), the European Union, 
Corona Foundation, and Fondation Leducq; fees paid to the Charité from 
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