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ABSTRACT

Background
Antibodies speci* cally a+ ect the amygdala in a mouse model of systemic lupus erythe-
matosus (SLE). , e aim of our study was to investigate whether there is also speci* c 
involvement of the amygdala in human neuropsychiatric SLE (NPSLE). 

Methods
We analyzed a group of 37 patients with neuropsychiatric SLE (NP-SLE), 21 patients 
with SLE, and a group of 12 healthy control participants with di+ usion weighted imaging 
(DWI). In addition, in a subset of eight patients, plasma was available to determine their 
anti-NMDAR antibody status. From the structural magnetic resonance imaging data, the 
amygdala and the hippocampus were segmented, as well as the white and gray matter, and 
the apparent di+ usion coe.  cient (ADC) was retrieved. ADC values between controls, 
patients with SLE, and patients with NP-SLE were tested using analysis of variance with 
post-hoc Bonferroni correction. 

Results
No di+ erences were found in the gray or white matter segments. , e average ADC in 
the amygdala of patients with NP-SLE and SLE (940 × 10−6 mm2/s; p = 0.006 and 949 × 
10−6 mm2/s; p = 0.019, respectively) was lower than in healthy control participants (1152 × 
10−6 mm2/s). Mann-Whitney analysis revealed that the average ADC in the amygdala of 
patients with anti-NMDAR antibodies (n = 4; 802 × 10−6 mm2/s) was lower (p = 0.029) 
than the average ADC of patients without anti-NMDAR antibodies (n = 4; 979 × 10−6 
mm2/s) and also lower (p = 0.001) than in healthy control participants.

Conclusions
, is is the * rst study to our knowledge to observe damage in the amygdala in patients 
with SLE. Patients with SLE with anti-NMDAR antibodies had more severe damage in 
the amygdala compared to SLE patients without anti-NMDAR antibodies.
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INTRODUCTION

, e in4 uence of the immune system on cognition and emotion is unclear. Recently, it 
was shown that antibodies could alter emotional behavior in a rodent model of human 
autoimmune disease, systemic lupus erythematosus (SLE). (1) SLE is characterized by 
the production of various types of autoantibodies; it is the autoimmune disease with the 
largest number of detectable autoantibodies. (2,3) , e most speci* c autoantibody present 
in the serum of patients with SLE is directed against DNA. Neuropsychiatric (NP) symp-
toms can occur in SLE patients, and these patients are classi* ed as having NP-SLE. , ese 
NP symptoms can be divided into primary, caused by SLE, and secondary to comorbidity 
in SLE. , e rheumatology department of our institution, which serves an area of roughly 
2 million inhabitants, reported primary NP-SLE in 30 (15.7%) of 191 patients with SLE, 
using data accumulated over a 10-y period. (4)

, e origin of primary NP symptoms in patients with SLE has long been a mystery, 
because the scarce histological material obtained from such patients failed to provide 
clues for interactions between autoantibodies and the brain. Moreover, it has become 
clear that di+ erent pathogenic pathways can lead to neurological symptoms in patients 
with SLE. (5) Patients with SLE may have autoantibodies, which interfere with blood 
clotting, leading to brain infarctions. SLE patients may also su+ er from neurological 
manifestations that are presumably caused by antibodies binding to neural cells. (6-8)

Previously, it has been demonstrated that a subset of the antibodies to double stranded 
DNA (dsDNA) in patients with SLE cross-reacts with subunits of the NMDA receptor 
(anti-NMDAR antibodies) on neuronal cells and can cause neuronal death by excito-
toxicity and apoptosis. (7-9) Under normal circumstances, the blood-brain barrier (BBB) 
prevents these antibodies from causing neuronal damage. By using bacterial lipopoly-
saccharide to breach the BBB, brain damage was induced in mice with anti-NMDAR 
antibodies. In that model, the hippocampus was preferentially a+ ected. (10) , e same 
mouse model was used to assess whether rises in epinephrine, a stress hormone which 
is known to cause leaks in the BBB, could also induce brain damage in the presence of 
anti-NMDAR antibodies. , ese animals developed a behavioral disorder characterized 
by a de* cient response to fear-conditioning paradigms. Symptoms could be explained by 
the observed selective neuronal loss in the amygdala, a structure that is part of the limbic 
system and is involved in regulating emotions such as stress, fear, and depression. (1)

, e aim of our study was to assess whether the hippocampus and the amygdala are 
selectively a+ ected in patients with NP-SLE and SLE, and whether anti-NMDAR anti-
bodies are involved in creating changes in these brain structures.
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METHODS

Patients
We obtained informed consent from all patients and controls, and the hospital’s commis-
sion on scienti* c research on human subjects approved the study protocol.

All patients with SLE ful* lled the 1982 American College of Rheumatology (ACR) 
revised criteria for SLE. (11) , e patients with SLE had an average SLE disease duration 
of 4.2 y (SD 4.9). None of the patients with SLE had a history of or active neurological 
disease at the time of the scan.

Healthy controls were recruited through advertisement in a local newspaper. Twelve 
healthy controls (1 male; 11 female; mean age 43.8 y; SD 9.5) were included in the study. 
Healthy controls were age and sex matched to the general characteristics of the patient 
population. Prede* ned exclusion criteria for control participants were a history of neu-
rological disease or pathology on T1- or T2-weighted magnetic resonance imaging (MRI) 
scans.

, irty-seven patients (1 male; 36 female; mean age 36.4 y; SD 13.0) were diagnosed as 
having NP-SLE according to the 1999 American College of Rheumatology revised criteria. 
(12) NP-SLE was diagnosed based on clinical symptoms. , e following neuropsychiatric 
syndromes were present in our NP-SLE patient group: Guilian-Barre (n = 1), cerebrovas-
cular disease (n = 11), headache (n = 12), mononeuropathy (n = 2), movement disorder 
(n = 3), myelopathy (n = 3), cranial neuropathy (n = 1), plexopathy (n = 2), seizures (n = 
10), acute confusional state (n = 2), anxiety disorder (n = 1), cognitive dysfunction (n = 9), 
mood disorder (n = 5), and psychosis (n = 1). , ere were 20 patients with one syndrome, 
ten patients with two syndromes, * ve patients with three syndromes, and two patients 
with four syndromes. Special care was taken to exclude any other possible causes of NP 
symptoms, so that only patients with primary NP-SLE were included in the group. (12) 
, ere was no indication of other previous neurological or psychiatric disease in any of 
the participants. , e patients with NP-SLE had an average SLE disease duration of 9.4 y 
(SD 8.8) and a history of neuropsychiatric involvement for an average of 4.5 y (SD 5.3). At 
the time of the scan, 11 patients had active disease de* ned as having had symptoms up to 
6 mo before the scan. , e remaining 26 patients had inactive disease, de* ned as having 
had no symptoms for at least 6 mo.

In addition, plasma was available to determine the anti-NMDAR antibody status 
in a subset of eight patients (7) (courtesy of Betty Diamond, Department of Medicine, 
Columbia University Medical Center, New York, United States). Autoantibodies to a 
linear epitope of the NR2 subunit of the NMDA receptor were assessed in eight patients 
by enzyme-linked immunosorbent assay (ELISA) using 96-well microtiter plates. In 
each assay, * ve negative control sera were included. , e plates were read a6 er 90 min 
and optical density (OD) was monitored at 405 nm. , e anti-peptide antibody ELISA 
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was performed as described previously by Putterman and Diamond. (13) Patients were 
considered to be anti-NMDAR antibody–positive based on the cut-o+  value of 2 standard 
deviations above the mean OD of the control sera.

Mean OD values (±SD) in NMDA-positive patients were 0.469 (±0.103, range 
0.382–0.609) and 0.329 (±0.108, range 0.173–0.405).

In the group of anti-NMDAR antibody–positive patients, only one patient was anti-
dsDNA antibody–positive (anti-dsDNA titers were measured at the time of the di+ usion 
weighted imaging (DWI) scan). All anti-NMDAR antibody–negative patients were anti-
dsDNA antibody–negative. , is * nding is in line with the previous study of Husebye show-
ing no association between the anti-dsDNA antibodies and anti-NMDAR antibodies. (14)

, e patients with NP-SLE received one or more of the following medications for their 
NP symptoms at the time of scan: methylprednisolone (n = 11), cyclophosphamide (n = 
6), azothioprane (Imuran) (n = 10), prednisone (n = 12), carbasalate calcium (Ascal) (n = 
8), and fenprocoumon (Marcoumar) (n = 7). One patient underwent plasmapheresis and 
received intravenous immunoglobulin therapy. Eight patients were without any medica-
tion for their NP symptoms at the time of the scan. , e majority of the patients with 
SLE had been treated with corticosteroids prior to the MRI scan. However, as recently 
demonstrated, DWI parameters are not in4 uenced by oral corticosteroids. (15)

Imaging
All patients underwent DWI, an MRI technique that is particularly sensitive to structural 
brain damage, in which the apparent di+ usion coe.  cient (ADC) is a measure re4 ecting 
tissue integrity in a quantitative way. Scan-rescan reproducibility of the mean ADC values 
has previously been shown to be robust. (16) , e DWI consisted of a multishot spin-echo 
echo planar imaging (EPI) sequence, with an EPI factor de* ned as the number of rows in 
K-space collected per excitation, of 15. , e total echo time was 114 ms. Other parameters 
were as follows: 256 × 128 matrix, 20 axial sections of 6 mm with an intersection gap of 
1 mm, and a * eld of view of 230 mm covering the whole brain. , e b factor was 800 s/
mm2 applied to measure di+ usion in three orthogonal directions. , e maximum gradient 
strength of the machine was 23 mT/m. , e slew rate of the system was 105 T/m/sec with 
a rise time of 0.22 s. From the DWI images in each of the three orthogonal directions, an 
average DWI was calculated. , e ADC maps of the whole brain were calculated from the 
average DWI and b0 images on a voxel-by-voxel basis.

Post-processing
We automatically segmented the cortical gray matter and white matter using So6 ware 
for Neuro-Image Processing in Experimental Research (SNIPER), an in-house–devel-
oped program for image processing (Figure 1). (17) In addition, we manually segmented 
regions of interest (ROIs) on coregistered T1 weighted images in the amygdala and in 
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the hippocampus (Figure 2), on which the clinical status of the patient had been hidden. 
, ese ROIs subsequently mapped on the ADC maps. , e average ADC was calculated for 
the ROIs, the white matter, and the gray matter. Macroscopic lesions were not included 
in the ROI.

Figure 1. Axial calculated MTR image showing segmentation of CSF (dark blue), the gray matter (turquoise) 
and the white matter (brown). 

Figure 2. Axial T1 weighted anatomical MRI scan showing segmentation of the amygdala (purple) and the 
hippocampus (green).
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Statistical Analysis
Average ADC values from white and gray matter as well as from the ROIs were compared 
between controls and patients with NP-SLE using ANOVA analysis with post-hoc Bon-
ferroni correction. An exact p value lower than 0.05 was considered signi* cant. To test for 
di+ erences between the controls and the anti-NMDAR– positive and –negative patients, 
nonparametric Mann-Whitney tests were used to account for di+ erences in group size as 
well as small sample size.

RESULTS

, e ADC values of gray matter, white matter, hippocampus, and amygdala in controls, 
patients with NP-SLE, and patients with SLE are shown in Table 1. No di+ erence in the 
gray matter, white matter, or the hippocampus was found between groups. In patients 
with SLE (p = 0.019) as well as in patients with NP-SLE (p = 0.006), the ADC was 
decreased in the amygdala compared to controls. , ere was no di+ erence in ADC values 
of the amygdala between patients with SLE and those with NP-SLE.

Table 2 shows ADC values of the hippocampus and the amygdala in control participants, 
anti-NMDAR–negative NP-SLE patients, and anti-NMDAR–positive NP-SLE patients. 
In patients with anti-NMDAR antibodies, the ADC was decreased (p = 0.001) compared 
to the healthy controls, whereas this was not the case (p = 0.262) for the patients without 
the anti-NMDAR antibodies. In addition, the ADC in anti-NMDAR–positive patients is 
decreased (p = 0.029) compared to patients without these antibodies.

DISCUSSION

, is is the * rst study to our knowledge to observe selective damage in the amygdala in 
patients with SLE. In contrast, we did not * nd signi* cant changes in ADC of the white 
matter, gray matter, or the hippocampus. , ese * ndings indicate that the amygdala is 
speci* cally a+ ected by the autoantibodies and also suggests that the animal model in 
which the BBB is opened by increased cerebral blood 4 ow induced by a stress hormone 
could be an appropriate re4 ection of human disease. Although the sample size is small, 
we observed more severe changes in patients with SLE with anti-NMDAR antibodies as 
compared to patients with SLE without anti-NMDAR antibodies, suggesting that these 
antibodies induce brain damage. , e low ADC in the amygdala is compatible with the 
presence of cytotoxic edema. (18)

, e * nding that the amygdala in patients with SLE is signi* cantly di+ erent from that 
in healthy controls is in line with the report in the mouse model of SLE, showing that 
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antibodies can a+ ect the limbic system, which can result in altered emotions. (1) Usually, 
animal models of human diseases are only an approximation of actual disease in humans. 
However, the * nding that the amygdala is selectively involved and that this involvement 
was more pronounced in patients with anti-NMDAR antibodies than in patients without 
these antibodies supports the validity of this mouse model.

Epinephrine is released under circumstances of stress, and patients with SLE o6 en 
relate the occurrence of major stress to the induction of organ involvement. Although 
epidemiological data are currently lacking for a correlation between episodes of stress 
and the development of NP symptoms in SLE patients, such a relation could explain our 
data. Furthermore, in the mouse model, the stress hormone epinephrine opened the BBB 
at the site of the amygdala. , is observation would also explain the selective involvement 
of the amygdala compared to the residual brain tissue in our patients.

A limitation of our study is the small number of participants. Given the di+ erent 
pathogenetic pathways leading to NP symptoms in patients with SLE, such as those 
secondary to lupus nephritis or mediated by anti-phospholipid antibodies, we took great 
care in patient selection that only patients in whom extensive work-up revealed that the 
symptoms were most likely to be caused by primary SLE or NP-SLE were included. As 
mentioned earlier, the number of new patients with primary SLE or NP-SLE referred 
to a tertiary referral center such as ours over a long period of time is not substantial. 
(4) Hence, there are not a large number patients available to study. Further, the number 
of patients eligible for anti-NMDAR determination is also limited. However, the e+ ects 
measured in the amygdala are consistent and in contrast with the trends for increased 
ADC values found in the remaining brain tissue. Still, we recognize that for the clinical 
validation of our * ndings, a much larger sample will be required. Another limitation of 
our study could be the relatively small ROI drawn in the hippocampus; this limitation 
occurs because of the axial orientation of the scan slices, which is not the ideal orienta-
tion for hippocampal segmentation. Nonetheless, this limitation has no in4 uence on the 
* ndings in the amygdala, although further studies using coronal slices for more extensive 
hippocampal segmentation could possibly reveal e+ ects in the hippocampus as well.

Our observations provide an insight into the interplay of the immune system on the 
one hand and cognition and emotion on the other. , e immune system, through the gen-
eration of autoantibodies that cross-react with neuronal receptors, can cause damage of 
speci* c brain structures resulting in speci* c types of cognitive and/or emotional changes. 
Alternatively, emotions may render speci* c brain structures more vulnerable through 
increased secretion of stress hormones that breach the BBB in speci* c brain areas. , is 
is, to our knowledge, the * rst example of the elucidation of a pathogenetic mechanism by 
which major stress could lead to an organic brain syndrome.
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