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Impaired cerebral microvascular endothelial <=
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Abstract

Myasthenia gravis is an autoimmune disease characterized by pathogenic antibodies that target structures

of the neuromuscular junction. However, some patients also experience autonomic dysfunction, anxiety, depression,
and other neurological symptoms, suggesting the complex nature of the neurological manifestations. With the aim
of explaining the symptoms related to the central nervous system, we utilized a rat model to investigate the impact
of dopamine signaling in the central nervous and peripheral circulation. We adopted several screening methods,
including western blot, quantitative PCR, mass spectrum technique, immunohistochemistry, immunofluorescence
staining, and flow cytometry. In this study, we observed increased and activated dopamine signaling in both the
central nervous system and peripheral circulation of myasthenia gravis rats. Furthermore, changes in the expression
of two key molecules, Claudin5 and CD31, in endothelial cells of the blood-brain barrier were also examined in these
rats. We also confirmed that dopamine incubation reduced the expression of ZO1, Claudin5, and CD31 in endothe-
lial cells by inhibiting the Wnt/3-catenin signaling pathway. Overall, this study provides novel evidence suggesting
that pathologically elevated dopamine in both the central nervous and peripheral circulation of myasthenia gravis
rats impair brain-blood barrier integrity by inhibiting junction protein expression in brain microvascular endothelial
cells through the Wnt/B-catenin pathway.
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Graphical Abstract
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Background

Myasthenia gravis (MG) is an autoimmune inflam-
matory disorder primarily involving B cell-mediated
T cell response. It is characterized by the blocking of
neuromuscular transmission through the presence of
antibodies, resulting in skeletal muscle weakness and
rapid muscle fatigue [1-3]. While MG predominantly
affects the neuromuscular system, growing evidence
has also suggested the occurrence of central nervous
system (CNS) disorders in a subset of patients [4, 5].
These individuals may experience various neurologi-
cal symptoms, including headaches, sleep disorders,
dysautonomia, depression, anxiety disorders, and cog-
nitive and psychosocial issues [6—8]. Neuropsychologi-
cal tests have shown a significant association between
MG severity and depression as well as chronic stress [9,
10]. Furthermore, cognitive fatigue has been observed
through repeated testing of attention and concentra-
tion [8]. Abnormal electroencephalograph recordings
occurred in 14 of 118 MG patients (with eight diffuse
slow abnormalities and six focal slow abnormalities),
indicating disturbances were involved in the CNS [11].
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Clinical reports have demonstrated an increased per-
centage of T lymphocytes and elevated IgG concentra-
tions in cerebrospinal fluid (CSF) in 12 MG patients
[12, 13], further supporting the change of the CNS in
some MG cases. Therefore, viewing MG as a pure mus-
cular motor manifestation hinders further research
into its pathogenesis. However, the mechanisms by
which the CNS is involved in MG remain incompletely
understood.

The blood—brain barrier (BBB) is a vital physiological
barrier that separates the CNS from the peripheral circu-
lation. It regulates the nutrients transfer and prevents the
entry of metabolic wastes into the brain [14, 15]. The BBB
is a multicellular vascular structure formed by endothe-
lial cells (ECs), pericytes (PCs), and glial cells. ECs play
a primary role in strictly controlling the passage of sub-
stances into the CNS by forming four types of complex
and continuous junctions: tight junctions (TJ: primarily
consisting of zonula occludens-1 (ZO-1), ZO-2, ZO-3,
and Claudin5) [16], adherence junctions (AJ: includ-
ing VE-cadherin and platelet ECs adhesion molecule-1
(PECAM-1), also known as cluster of differentiation 31
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(CD31)) [16], gap junctions (connexin-37, connexin-40,
and connexin-43) [17], and junctional adhesion mol-
ecules [18]. Among these, the expression of ZO1, Clau-
din5, and CD31 by ECs is indispensable for maintaining
BBB integrity. Suppressing these junction expressions in
cerebral microvascular ECs leads to the subsequent BBB
integrity damage. This allows the entry of inflammatory
cytokines and harmful molecules into the brain through
the compromised BBB, resulting in the CNS lesions asso-
ciated with diseases such as multiple sclerosis (MS) and
Alzheimer’s disease [19, 20]. The Wnt/p-catenin pathway
is considered an essential signaling pathway for maintain-
ing BBB integrity. It controls embryonic development
and adult life in all animals through the transcriptional
coactivator [-catenin [21]. The endothelial Unc5B recep-
tor controls BBB integrity by maintaining Wnt/B-catenin
signaling [22]. Activation of the Wnt/B-catenin signaling
pathway enhances barrier characteristics and reduces the
inflammatory phenotype in endothelial progenitor cells
derived from MS [23]. Additionally, it mitigates BBB mal-
function in the brain endothelium derived from Alzhei-
mer’s disease [24].

Dopamine (DA) is an essential neurotransmitter syn-
thesized and secreted by the substantia nigra and ventral
tegmental area. It mediates various neurological func-
tions in the CNS, including movement, reward, emo-
tion, learning, memory, and cognition [25, 26] by binding
to DA receptors (DRDs) encompassing DRD1 to DRD5
[27]. Dopaminergic neuron deletion in the substantia
nigra causes movement disorders in Parkinson’s disease
(PD), such as rigidity, resting tremor, and bradykinesia
[28, 29]. Recent studies showed that the upregulation
of dopamine D2 receptor (DRD2) in reactive astrocytes
in the brains of MS patients [30], and the dysregulation
of the dopaminergic system causes psychiatric symp-
toms in these patients [31]. These findings indicate that
DA signaling is implicated in the CNS activation in MS.
Additionally, DA can also exert other physiological and
pathological functions in the CNS, including regulation
of endothelial [32] and immune cells [33]. Studies have
demonstrated that increased DA in the periphery inhibits
angiotensin receptor type 1 expression in ECs, impairing
angiogenesis in post-ischemic healing conditions [34].
Furthermore, DA strongly and selectively inhibits vas-
cular permeability and angiogenic activities induced by
vascular permeability factor/vascular endothelial growth
factor [32]. Moreover, DA is an important immunomod-
ulator. DRD3 plays a crucial role in CD4" T cell differ-
entiation and inflammatory progression promotion by
activating Th1/Th17-mediated immunity [35]. Notably,
DA derived from follicular T helper (Th) cells could bind
to DA receptors on B cells to induced T cell-B cell inter-
actions, enhancing the formation of productive synapses
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in germinal centers [36], and high expression of DRD1 in
B cells has been positively correlated with disease pro-
gression and severity in women with rheumatoid arthritis
[37].

Considering the CNS symptoms involved in MG such
as headache, anxiety, and depression, as well as increased
IgG in CSF and abnormal EEGs in some MG patients,
we propose that DA may contribute to the CNS alterna-
tions of MG. This aspect has received limited attention
in previous research, despite the significant role that DA
plays in regulating CNS diseases such as PD and MS. Our
investigation aims to explore the potential link between
elevated DA levels in the CNS and peripheral circulation,
and direct damage to cerebral microvascular ECs through
Wnt/B-catenin signaling pathways. This disruption of the
BBB microstructure could potentially account for the
manifestation of neurological symptoms in certain MG
patients. These findings shed light on the possibility of
DA as a novel target for treatment in MG research.

Materials and methods

Animals

Female Lewis rats aged six to eight weeks and weigh-
ing 140 to 160 g were purchased from Vital River Labo-
ratory Animal Co., Ltd. (Beijing, China). The study was
conducted in compliance with the principles outlined in
Harbin Medical University’s Guide to the Care and Use of
Laboratory Animals, as published by the China National
Institute of Health.

Induction and clinical assessment of EAMG

Lewis rats were randomly assigned to the complete Fre-
und’s adjuvant (CFA) group or the experimental auto-
immune myasthenia gravis (EAMG) group. Lewis rats
are used in the majority of contemporary MG models
because they are identified as a recognized representa-
tion of MG [38]. They were then immunized with the
same dose (200 pL/rat) of immune emulsion at the root
of the tail. In the immune emulsion for each CFA rat,
there was 100 pL of incomplete Freund’s adjuvant (IFA,
Sigma Aldrich, St Louis, MO), 2 mg of Mycobacterium
tuberculosis (TB, Difco, Detroit, MI), and 100 pL of
phosphate-buffered saline (PBS). The only difference
between the CFA and EAMG groups was the addition of
R-AChRy; ;¢ peptide (50 pg/rat; synthesized by AC Sci-
entific, Inc. Xi'an, China) in the immune emulsion, which
was dissolved in PBS prior to preparing the emulsion for
the EAMG group. On day 30 after the first immuniza-
tion, all rats received a second immunization with the
same emulsion minus the TB component. Throughout
the study, the body weight and clinical scores were moni-
tored every other day. Clinical scores were measured on
a scale ranging from 0 (asymptomatic) to 4 (death status)
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using the standardized criteria provided in Additional
file 1: Table S1 [38]. We averaged the data for each animal
at each time point and recorded them.

Cell line and cell culture

The bEnd.3 cells, an immortalized mouse brain EC line,
were cultured in DMEM containing 10% FBS (Aus-
GeneX) and cultured at 37 °C with 5% CO,. Subse-
quently, the CD4" T cells and B220" B cells were isolated
by performing a negative selection with a MagCellect Rat
CD4" T-Cell Isolation Kit and a MagCellect Rat B-Cell
Isolation Kit (R&D Systems, Inc., USA) according to the
manufacturer’s instructions. A total of 1x 10 EAMG rat
splenocytes were prepared for isolation, resulting in the
collection of 2-3.5x 107 CD4" T lymphocytes and B cells
after purification. These purified cells and lymphocytes
were then recall stimulated with 10 pg/mL R-AChRy,_;¢
in RPMI 1640 medium (Sigma-Aldrich) supplemented
with 1% sodium pyruvate (Sigma, USA), 10% fetal bovine
serum, 1% nonessential amino acids (Sigma, USA), 1%
L-glutamine (Sigma-Aldrich), 1% penicillin—streptomy-
cin (Gibco, Paisley, UK), and 2-mercaptoethanol (2-ME,
Amresco, Solon, OH, USA) for an additional 48 h of
in vitro incubation.

Proteomics analysis

Protein samples for analysis were prepared from total
brain tissues from CFA and EAMG rats after secondary
immunization using liquid nitrogen cryopreserved. These
samples were transported by dry-ice to Jingjie PTM Bio-
Lab (Hangzhou) Co., Ltd for mass spectrum analysis.
Additionally, brain tissues were also prepared for western
blot analysis.

After the samples were shipped to Jingjie BioLab, the
samples were dissolved and digested into peptides. The
peptides were analyzed in Orbitrap Exploris 480 (Ther-
moFisher Scientific) with a nano-electrospray ion source.
The electrospray voltage applied was 2300 V. FAIMS
compensate voltage (CV) was set as —45 V. Precursors
and fragments were analyzed at the Orbitrap detec-
tor. The full MS scan resolution was set to 60,000 for a
scan range of 400-1200 m/z. The MS/MS scan was fixed
first mass as 110 m/z at a resolution of 15,000 with the
TurboTMT was set as ON. Up to 25 most abundant pre-
cursors were then selected for further MS/MS analyses
with 30 s dynamic exclusion. The HCD fragmentation
was performed at a normalized collision energy (NCE)
of 35%. Automatic gain control (AGC) target was set at
100%, with an intensity threshold of 10,000 ions/s and
a maximum injection time of Auto. The resulting MS/
MS data were processed using Proteome Discoverer
(v2.4.1.15).
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Before proceeding with further analysis, we per-
formed a precheck using t-SNE, a dimensional reduction
method to assess the separability of samples into nor-
mal and disease groups. The method of t-SNE is a widely
used technique for visualizing high-dimensional data
in a lower-dimensional space and has been extensively
employed in exploratory analyses in many fields. To this
end, we adopted Rtsne package to visualize the t-SNE
result [39, 40]. By applying t-SNE to our data, we gener-
ated a two-dimensional plot that depicted the relation-
ships between the samples in a reduced space.

Subsequently, we annotated the proteins accord-
ing to their expression to identify genes associated with
CNS. We utilized the Kyoto Encyclopedia of Genes and
Genomes (KEGG), a widely used comprehensive resource
containing detailed pathways and metabolic information.
Additionally, we also incorporated Gene Ontology (GO),
a standardized vocabulary for consistently and systemati-
cally describing gene and protein functions. Furthermore,
we performed gene set enrichment analysis (GSEA) to
identify overrepresented pathways to gain insights into
the mechanisms under investigation. The enriched path-
ways were ranked based on the absolute value of the nor-
malized enrichment score (NES). To compare two groups
(CFA vs EAMG), we employed Student’s ¢ tests. The
heatmaps display row-normalized expression values.

Isolation and identification of the cerebral
microvasculature

The cerebral microvasculature was isolated following
previously described methods [41]. Briefly, whole brains
were collected and rinsed in ice-cold phosphate-buffered
saline (PBS), from which the leptomeninges, olfactory
bulb, cerebellum, and white matter were removed while
preserving the cortex on ice. The remaining cortices
were then homogenized in 1-2 mL of PBS using a 5 mL
Dounce tissue grinder at a steady pace followed by a
2000 g centrifugation for 5 min at 4 °C. The resulting pel-
let was resuspended in 15% (wt/vol) dextran-PBS before
another centrifugation at 10,000 g for 15 min at 4 °C.
Subsequently, the pellet containing red microvasculature
was suspended in 10-20 mL of PBS containing 0.5% (wt/
vol) bovine serum albumin and centrifuged at 5000 g for
10 min at 4 °C. The resulting purified cerebral microvas-
culature was confirmed via HE staining for tubular struc-
tures and by assessing the absence of neuronal markers
(Syp and Tubb3 genes) using qPCR. This pellet was fur-
ther processed for identification, as well as protein and
RNA extraction.

Immunofluorescence staining
To determine the changes in neuromuscular junctions
(NMJs), frozen sections of diaphragm muscles from
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both CFA and EAMG rats were prepared at a thickness
of 7 pm for immunofluorescence. The muscle sections
were initially blocked with 5% horse serum (ZSGB-Bio,
China) at room temperature (RT) for 2 h. Subsequently,
the sections were incubated overnight at 4 °C with tetra-
methylrhodamine-labeled a-BTX at a dilution of 1:400 in
5% horse serum. Following this incubation, the sections
were treated with diamidino-2-phenylindole (DAPI) at a
dilution of 1:2000 in PBS for 2 min at RT. Finally, the sec-
tions were observed and photographed using a confocal
microscope (Zeiss, Germany).

Immunohistochemistry

Forty-micrometer-thick frozen sections of the midbrain
from both CFA and EAMG rats were obtained to deter-
mine the tyrosine hydroxylase (TH) changes by immu-
nohistochemistry analysis. The midbrain sections were
initially blocked with 5% horse serum (ZSGB-Bio, China)
for 2 h. Subsequently, endogenous peroxidases were
blocked by treating the sections with 0.3% H,O, at RT
for 10 min. To facilitate membrane ruptures, the sections
were then incubated in 0.3% Triton X-100 for 15 min to
obtain membrane ruptures. Sections were washed and
subsequently stained with anti-TH antibody at a dilution
of 1:400 in 5% horse serum, with overnight incubation
at 4 °C. This was followed by a second incubation with
horseradish peroxidase (HRP)-conjugated goat anti-rab-
bit IgG at a dilution of 1:1000 in PBS for 30 min at 37 °C.
After washing, the substrate reaction was carried out at
RT. Images were acquired using an optical microscope
(Olympus, Japan).

Enzyme-linked immunosorbent assay (ELISA)

The titers of AChRa subunit (R-AChRy;_,4)-specific anti-
bodies and dopamine in serum and supernatant were
determined by ELISA. Briefly, 96-well Nunc-Immuno
MaxiSorp plates (Thermo Fisher Scientific) were coated
with purified R-AChRy,_ ;4 in 100 puL of 0.1 M carbon-
ate bicarbonate buffer (pH=9.6) at a final concentration
of 2 ug/ml at 4 °C overnight, followed by 2 h of blocking
with 5% FCS at RT. Then, we added and incubated 100 pL
of diluted serum (1:2000) or supernatant at RT for an
additional 2 h. Next, rabbit anti-rat IgG antibody (Sigma,
America) was added and incubated for an additional 2 h
at RT. After thorough washing with PBS-Tween, goat
anti-rabbit IgG (ZSGB-Bio, China) diluted at 1:2000 was
added and incubated at 37 °C for 30 min. The color reac-
tion was initiated with TMB substrate solution (eBiosci-
ence, America), and the reaction was halted by 2 mol/L
H,SO,. The absorbance values were measured at 450 nm
on an ELISA plate reader (Bio-Rad Laboratories, Inc.
Hercules, CA). Commercial kits from ENZO (ENZO Life
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Science, America) were employed for the detection of
total serum DA levels.

CCK-8 analysis

Splenocytes derived from EAMG rats or bEnd.3 cells
were seeded into 96-well plates with varying DA con-
centrations for a 48-h incubation period. Each well was
seeded with 2x10° splenocytes or 1.5x 10> bEnd.3 cells
in a total volume of 200 pL. Subsequently, 10 uL of Cell
Counting Kit-8 (CCK-8, Dojindo, Japan) reagent was
added to each well. The incubation time for CCK-8 var-
ied depending on the cell types: an additional 4 h for
splenocytes, and 30—-60 min for bEnd.3 cells. The absorb-
ance values were measured at 450 nm on an ELISA plate
reader (Bio-Rad Laboratories, Inc. Hercules, CA).

Protein extraction and western blot

Protein samples were prepared by lysing total brain tis-
sues or cells in cell lysis buffer (Beyotime), supplemented
with phosphatase inhibitor cocktail A (Beyotime) and
protease inhibitor cocktail phenylmethylsulfonyl fluo-
ride. The protein samples were then normalized and
denatured at 100 °C for 6—8 min and separated by 10%
SDS—polyacrylamide gel electrophoresis. Then, the pro-
tein was transferred onto PVDF membranes (Millipore,
Germany) via wet transfer. Membranes were blocked
with 5% nonfat milk at RT for 3 h. Primary antibodies
were diluted in Tris-buffered saline with 0.1% Tween 20
overnight at 4 °C. Various primary antibodies were used,
including GAPDH (1:2000, ORIGENE), B-actin (1:2000,
ORIGENE), TH (1:1000, CST), CHGB (1:2000, GeneTex),
ZO1 (1:500, Thermo), ZO2 (1:200, Santa), CD31 (1:1000,
Santa), and Non-P-Active-B-catenin (1:2000, ABclonal).
The other antibodies against Occludin, Claudin5, CXC43,
Wnt3a, GSK3B/p-GSK3p (Ser9), and P-catenin (1:500)
were purchased from Wanlei Bio Co., Ltd. (Shenyang,
China). The protein bands were detected by probing the
blots with HRP phosphatase-conjugated secondary anti-
bodies (goat-anti-mouse/rabbit, ZSGB-BIO) for 2 h at
RT.

Total RNA extraction and quantitative PCR

Total RNA was extracted from enriched CD4" T cells,
B220™" B cells, lymphocytes, the bEnd.3 cell line, and cere-
bral microvascular, midbrain tissues using TRIzol reagent
(Takara, USA) following the manufacturer’s instructions.
Synthesis of ¢cDNA was performed using the Takara
c¢DNA synthesis kit. Quantitative PCR (qPCR) was con-
ducted to assess differences in specific mRNA levels. The
primer sequences for rats and mice (listed 5'-3") used
in this study are listed in Additional file 1: Table S2, S3.
All samples were run in triplicate using the StepOne Plus
PCR System (ThermoFisher Scientific, America).
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Flow cytometry

Single-cell suspensions prepared from spleens were
stained with fluorochrome-conjugated antibodies against
rat CD4 (PerCP), CD45R (PE), IL-17A (PE), Foxp3 (APC),
CDS80 (PE), CD86 (PE), MHC II (PE), CD45R (FITC),
CD138 (PE) and CD69 (PE) purchased from eBioscience,
BioLegend, R&D Systems, Thermo and Santa. For intra-
cellular cytokine detection, splenocytes subjected to vari-
ous treatments were collected and stimulated for 4—6 h
with phorbol-12-myristate-13-acetate (50 ng/ml, Sigma-
Aldrich) and ionomycin (1 pg/ml, Enzo) in the presence
of brefeldin A (eBioscience, San Diego, CA). After per-
meabilization using Cytofix/Cytoperm (BD Biosciences,
San Jose, CA), cells were stained with the appropriate
antibodies. Data acquisition was performed using the
BD FACSVerse flow cytometer and analyzed with FlowJo
software (Tree Star).

Statistical analysis

All experiments were conducted with three replicates or
more. Statistical comparisons between two groups were
analyzed using the Student’s ¢ tests, and one-way or two-
way ANOVAs were employed for data analysis involving
more than two groups. GraphPad Prism 9 (GraphPad
Software, San Diego, CA) was used for these statistical
analyses. All data are presented as the mean +standard
deviation. A significance level of P<0.05 was considered
statistically significant (*P<0.05; **P<0.01; ***P<0.001).
The complete table consisting of all statistics, p values,
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and effect sizes (adjusted R*) can be found in Additional
file 1: Table S4.

Results

Establishment of the EAMG animal model

Rats were monitored and weighed every other day with
blind to operators, starting from the day of the first
immunization (day 0). As shown in Fig. 1A, the clinical
scores of the EAMG group gradually increased from day
34 and exhibited a significant increase from day 40 com-
pared to the CFA group (Fig. 1A). Body weight serves
as an additional indicator of disease development when
compared to the CFA group. Starting on the twelfth day
after the second immune boost, the EAMG rats exhibited
a significant decline in body weight (Fig. 1B). After the
clinical score reached two points, the rats were randomly
selected for the subsequent experiment.

To assess the alteration of AChR clusters in the NMJ,
the diaphragm muscle was dissected and stained with
a-BTX. The results clearly demonstrated a significantly
decreased fluorescence intensity of a-BTX staining at the
NM]J in the muscle section of the EAMG group, along
with an apparent intermittent morphology (Fig. 1C, D,
red), indicating damage and lost AChRs clustered at the
NMJ. ELISA data showed a significant increase in serum
anti-AChR antibody levels in EAMG rats (Fig. 1E). Col-
lectively, these results indicate the successful establish-
ment of the EAMG rat model.
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Fig. 1 Establishment of the EAMG rat model. A Clinical scores and B body weight of 20 rats were assessed to evaluate the establishment of the rat
model. Arrows and colors indicate the timing of immunizations on day 0 and day 30. Significant differences in clinical scores were observed

on day 40, while significant differences in average weights were observed on day 42 using Sidak’s correction. C a-BTX staining and its fluorescence
intensity (normalized to CFA) at a magnification of 100 um. D The relative intensity in the CFA group is significantly higher than in the EAMG
group. E The level of AChR-specific antibodies in serum was significantly higher in the EAMG group compared to the CFA group. Statistical analysis
was performed using repeated measures ANOVA and t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = no significant difference
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Hyperfunction of dopaminergic system in the midbrain

of EAMG rats

Previous studies have primarily focused on the peripheral
immune regulation mechanism of MG while neglecting
the alteration and regulatory effects of the CNS in MG.
Therefore, it is crucial to direct more attention toward the
CNS in MG. In our study, we unexpectedly discovered
hyperfunction of dopaminergic neurons in the CNS of
symptomatic EAMG rats. After separating the midbrain
tissues containing the substantia nigra, we conducted
western blot and qPCR analyses on total protein and
RNA. Our results revealed significantly higher levels of
TH (Th, a marker of dopaminergic neurons) and CHGB
(Chgb, chromogranin B, a marker of CA-containing vesi-
cles in dopaminergic neurons) proteins and their mRNAs
in the EAMG group than in the CFA group (Fig. 2A-C).
Additionally, immunohistochemistry experiments con-
firmed similar findings in independent samples (Fig. 2D).
Abnormal upregulation of markers for dopaminer-
gic neurons, such as Foxa2 and Kcnj6, was observed in
the midbrain of EAMG rats, indicating hyperactivity of
dopaminergic neurons (Fig. 2E). Furthermore, compared
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to the control group, the mRNA levels of DA receptors
(Drd1, Drd3, and Drd35) and the DA transporter (Scl6a3)
significantly increased in the midbrain of experimental
rats. However, the expression of DA receptors (Drd2 and
Drd4) remained statistically unaltered between groups
(Fig. 2F). These findings collectively demonstrated hyper-
function of the dopaminergic system in the midbrains of
EAMG rats.

Gene expression screening and pathway enrichment

by proteomic analysis

Proteomic characterization of human brain tissue is
increasingly used to identify potential novel biomarkers
and drug targets for diverse neurological diseases. In this
study, total brain tissues were extracted from CFA and
EAMG rats receiving two doses of AChR immunization.
The two groups of deskinned brain tissues were sent to
Jingjie PTM BioLab (Hangzhou) Co., Ltd for mass spec-
trometry analysis. As depicted in Fig. 3A, t-SNE analysis
effectively distinguished the disease and normal sam-
ples. Subsequently, we performed GSEA using complete
expression data in the KEGG database (Fig. 3B) and GO
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Fig. 2 Hyperfunction of the dopaminergic system in the midbrain of EAMG rats. A The protein expression levels of TH and CHGB in the midbrain
were compared between the CFA and EAMG groups using western blot. B TH and CHGB protein expression levels in the midbrain were significantly
higher in the EAMG group. C The mRNA expression levels of Th and Chgb in the midbrain were significantly elevated in the EAMG group. D
Representative immunohistochemistry staining of TH in the midbrain was performed at 200 um magnification. E Higher expression levels

of the transcription factor Foxa2 and Kcnjé were also detected in the midbrain. No significant difference was observed in the expression of the Nurr1
gene. F Gene expression of Drd1-5 and Slc6a3 genes in the midbrain revealed that Drd1, Drd3, Drd5, and Slc6a3 showed significantly higher levels

in the EAMG group, while Drd2 and Drd4 did not show the significant difference. Statistical analysis was performed using t tests, *P<0.05, **P<0.01,

*#**p< 0,001, ****P<0,0001, ns =no significant difference



Hao et al. Journal of Neuroinflammation (2024) 21:10

Page 8 of 16

A D GO (MF) GO (CC) G
D r of pl unfolded profein binding @] endoplsiceticuum chagere q
froteinfoking chaperone | ° mainakon *
30 Sample Conigase actiy | * mitochondrilproein-containe £
° faty acd Igase actviy | * S5 e F EEE—
® Control endodeoxyrbonuclease aciviy | ° pestsynep ) log(p) Sample
20 EAMG pentosyliransferase activy ] @ respiratory ane mmp\ex * — RPock?
ueoxynnonuuease activity{ ; mwonuna\ respirasome { ;f ——— — E“%ﬁ‘ﬁa
norng melpogum et | ——— =
i ivit i H-( i —
p-value o dﬁﬁi‘fﬁﬁﬁ& Iamgcl ﬁ?ﬂ heac g carboniacs cyce ene j ) — Cnin2
~ 10 rogenase achly apical dendrite * — Yao,,
W 0.100 conastonone ooy | @ pamentganse] o = —] k1
z ATP aepenuem protein folding chaperone | @ melanosome ° — | Kenazg
%] dlathrin adaptor activity | ® chaperone complex { ° [E— et
0.075 auprotenbindng | ® cytochrome complex | % — - Sptbna
heat shock protein binding{ @ ‘oxidoreductase complex{ K-  — RSy
0.050 histone deacetylase binding |~ ® ‘aggresome . — — — in1
-10 cargo adaptor activy | ® plateletalpha granule { - [ — can
ion cramel eqitor sty | @ agenlerosome | ¢ — Sptant,
0025 i nding | 3 niedenvaope] ® — Arme
disufide oxdoreductase aciy | @ miroubdeend] @ — — Kific
20 0.000 chromatin DNA binding { @ nucear periphery | @  — Agtpbp1
100 5o o 0 complement binding { @ neurofiament { I Bloc1ss
SNET ransaton longation fctr acivy | @ interosluarbidge | 3¢ — — A
phosphatidic acid binding { @ tight junction {@ | yn!
2iron, 2 sufr cluster binding K- axon cytoplasm P — [r— 26
B c 161718 19 20 1 0 | — Saneet
KEGG GO (BP) F Normalized ES Normalized ES l; ﬁ?bﬁ‘
ol
r = Nossh
——1 _—
Proten processingn endepasic lo ) rotein foding g’
Gt o ° tog(e) S ——— Sample — Raso
* ° e — Reant | Sicda1o
Sopyecomn s econ] @ Teniton oA arston ¢ Ve cant [ 2 — Enpe?
kol tral nervous system myelinati [——
Non-alcoholc aty ver gsease | K cental nervous system myslination o] —— . _— . fries
Fatty acid degradation{ egulaton of Lo rous S5t . | Mitor 1 ————— Ebba114b
ot Ggosonandsbsoon| o —— ] Fhiz S
L i C—— || ] Adcya
Selenocompound metabolism{ ¥ negative regulton p«caﬁggﬁg it ol = J— ,'Z'g",:a N [— Tip2|
Acute myeloid levkemia| @ i ° [ Abca2 — [mdab
] chromosome organization | @ [ E— —
Potenepot]{ @ Cntn2 St
icleobase metaboli 1 @ | — - = G
ECM-receplor meracton{ ¢ s nenoc ol o — , - o — — 50
PPAR signalng patway | K- response o giowth hormone | @ i = Enpp1 [— | hanis
Cardiac muscle contraction{ 3 MIRNA metabolic process | @ [ Aspa 2 e | Cyths
Anigen processngand | @ faty acid ransport | K — L obp — — Magis
Transcrpional mequgionin | 4 a';cnawf";w-‘o'mwfwg"f;' iﬁ ] Cntnap1 L — Map2
reguiaton o roten complex iy | — A s o A
Amyotrophic latera sclerosis | % response to lihium ion ; 3 2 A €3 C1 C c4 B4 E3 E1 E2 5 4 3 2 002 Cl C4 C3 B4 E1 E2 ES
Valine, leucine and isoleyicine. robic electron tr rt ch i
ucine ang soleycine 1 &M;,eesw'gge',zﬂ,:ggv;“en ) Pathway Status Gene Ratio
ot e seton 1 e b negative regulation of calcineurin-NFAT signaling cascade / negative regulation of calcineurin-mediated signaling % Down-regulated ° 025
et o BB negative rsguiston oespence s g central nervous system myelination / axon ensheathment in central nervous system o Uprroguaisd ° 050
Estogen sgnaling patway {0 L 1‘:}; yﬁjpg@.ﬁn ® main axon apical dendrite ° 075
T

16 18 20 8 20 22 axon cytoplasm tight junction

Fig. 3 Visualization of differentially expressed genes (DEGS) in eight pathways. A Two-dimensional t-SNE plot showing the separation between CFA
and EAMG rats, with each color representing a different sample group. B-E The top enriched pathways with the highest NES were plotted in each

subplot for sequenced proteins in the Kyoto Encyclopedia of Genes and Genomes (KEGG,

B) and the biological process (BP, C), molecular function

(MF; D), and cellular component (CC, E) components in the GO database, respectively. The CNS-related pathways are highlighted in dark crimson,
and one pathway associated with the epithelium is highlighted in dark cyan. F-G Two heatmaps illustrate the levels of differentially expressed
genes within eight pathways. In each heatmap, the left panel shows the log-transformed p values obtained by the t tests, while the central panel

shows the relative expression value normalized using the z scores

database (Fig. 3C-E) to gain further insights into the
disrupted signaling pathways in EAMG rats. In the GO
database, we examined three datasets, namely Biological
Process (BP; Fig. 3C), Molecular Function (MF; Fig. 3D),
and Cellular Component (CC; Fig. 3E), each generat-
ing an enrichment plot. The enrichment results from
the GO database revealed seven CNS-specific pathways
(highlighted in dark crimson) and one epithelium-related
pathway (highlighted in middle green), suggesting the
presence of CNS lesions in EAMG rats. Additionally, we
drew expression heatmaps (Fig. 3F-G) and found 80 dif-
ferentially expressed genes within these eight pathways.
From the heatmap, we selected six genes (Gsk3b, Gjal,
Tjp2, Ctnndl, Ocin, and Cldn10) and hypothesized that
both the cerebral microvasculature and TJs were dam-

aged in EAMG rats.

The tight and adherence junctions of cerebral
microvasculature in EAMG rats

The main proteins in EC-cell junctions are presented
in Fig. 4A. To assess the altered status of these junction
proteins in EAMG rats, the cerebral microvasculature
was successfully isolated and purified. The high purity of
the isolation was confirmed via HE staining and qPCR
analysis, revealing the tubular structure and the absence
of neuronal markers (Syp and Tubb3 genes) (Additional

file 1: Fig. S1IA-C). Subsequently, the content of BBB
constituent cells (ECs, PCs, and glial cells) was exam-
ined by qPCR between groups. In the EAMG group,
the expression of two astrocyte markers, the glial water
channel aquaporin 4 (Agp4) and the glial fibrillary acidic
protein (Gfap) significantly decreased (Fig. 4B), while the
PC genes (platelet-derived growth factor receptor beta
(Pdgfrb) and chondroitin sulfate proteoglycan 4 (Cspg4))
remained unaltered except for a decrease in the alanine
aminopeptidase (Anpep) gene (Fig. 4C). Moreover, the
expression levels of EC markers, including Tjp2, CldnS,
Gjal and Pecaml, were downregulated in EAMG rats
compared to the CFA group, while the expression of the
remaining genes showed no distinct alterations (Fig. 4D).
Further confirmation of the expression of TJ] and AJ
proteins in ECs was obtained via western blot analysis,
which revealed a decline in Claudin5 (TJ) and CD31 (AJ)
expression in EAMG rats compared to the control group,
consistent with the qPCR results (Fig. 4E, F). Overall,
these findings align with the proteomic analysis and con-
firm the reduced expression of tight (Claudin5, CldnS5)
and adherence (CD31, Pecaml) junction molecules in
cerebral vascular ECs in the EAMG group. However, no
significant BBB leakage was observed upon the intra-
venous injection of cadaverine in EAMG rats, indicat-
ing no functional impairment of the BBB, which may be
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difference

attributed to the short-term cycles of the EAMG rats
(Additional file 1: Fig. S2).

Dopamine inhibited the levels of tight and adherence
junction proteins in endothelial cells

Consistent with the hyperfunction of the dopaminergic
system in the CNS, an elevated DA level was observed
in the serum of EAMG rats compared to the CFA group
(Fig. 5A). Previous studies have demonstrated that
increased peripheral DA impairs angiogenesis by inhib-
iting angiotensin receptor type 1 expression in ECs dur-
ing post-ischemic healing disease [34]. To verify whether
the abovementioned impairment of endothelial junctions
was caused by elevated DA levels in both the periphery
and CNS, bEnd.3 cells were incubated for 48 h with vari-
ous concentrations of DA hydrochloride. Data showed
that 25 pumol/L DA did not proliferate bEnd.3 cells
(Fig. 5B), it significantly reduced the expression of ZO1,
Claudin5, and CD31 at both the protein and gene lev-
els (Fig. 5C-E). These findings indicated that DA could
inhibit the expression of T] and A] proteins in bEnd.3

cells, which is essential to maintain the BBB structural
integrity.

Dopamine impairs endothelial cells via the Wnt/B-catenin
pathway

To comprehensively understand the mechanisms under-
lying T] and AJ alterations, we examined differentially
expressed genes within the protein—protein interaction
(PPI) network, focusing on those associated with TJs
and AJs in the STRING database (https://string-db.org).
Upon inputting all the DEGs into the STRING database,
we extracted a small subnetwork. Following K-means
clustering, we extracted two main clusters (marked as
red and green) and a secondary cluster (marked as navy
blue). Notably, all the genes we focused on (i.e., Tjpl,
Tjp2, Ocln, Gjal, and Cldnl10) were part of the red clus-
ter. Among the two main clusters, Ctnnb1 was the bridge
node. In Fig. 6A, Axin2 and GSK3b connected to Ctnnbl
within the green cluster, and they were considered key
molecules in the classical Wnt signaling pathway. Based
on these findings, we postulated that DA might induce
EC impairment via the Wnt/(-catenin pathway.
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Several studies have also reported that restoring the
expression of CD31 and Claudin5 can enhance BBB
integrity through the Wnt/B-catenin signaling pathway
[22, 42]. Hence, we investigated whether DA affected
ECs through the Wnt/B-catenin signaling pathway.
Therefore, we treated bEnd.3 cells with DA and ana-
lyzed the protein levels of Wnt3a, total GSK3p/p-
GSK3p, and total B-catenin/active-B-catenin by western
blotting. As illustrated in Fig. 6B, C, 25 umol/L DA sig-
nificantly reduced the expression of Wnt3a, p-GSK3p,
and active-B-catenin in bEnd.3 cells when compared
to the nontreated control. However, DA had no signifi-
cant effect on GSK3p and total B-catenin protein levels
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(Fig. 6B, C). Based on the findings from Figs. 5, 6, we
conclude that DA inhibits the expression of T] and AJ
proteins in bEnd.3 cells by decreasing the expression of
proteins associated with the Wnt/B-catenin pathway.
The bEnd.3 cells were stimulated with DA (25 pM) at a
concentration of 10 pM, along with 10 pM of SCH23390
(dopamine D1 receptor antagonist) and haloperidol
(dopamine D2 receptor antagonist). Compared to DA
treatment group, both cell lines treated with SCH23390
and haloperidol resulted in increased expression levels
of CD31, p-GSK3p and active-B-catenin. However, they
did not induce statistically significant changes in Clua-
din5 and Wnt3a levels, despite a noticeable increasing
trend observed over 48 h in vitro (Additional file 1: Fig.
S4).

The effects of dopamine on AChR-specific Th cells and B
cells

As mentioned above, MG is a classical neurological
autoimmune disease characterized by overactivated
immune cells. Additionally, DA was also verified to
have immune-regulatory effects through its receptors
and transporters (Additional file 1: Fig. S3A, B). The
inflammatory response is promoted by Thl (IFN-y-
secreting T cells) and Th17 (IL-17A-secreting T cells)
cells through cytokine secretion, while Tregs (Foxp3-
positive T cells) suppress inflammation by upregulating
immunosuppressive molecules, tissue homing recep-
tors, and repressing genes. Regarding B cell markers,
CD80, CD86, and MHC II serve as antigen-presenting
molecules, CD69 indicates cell activation, and CD138
represents a core plasma cell marker. To investigate
the role of elevated peripheral DA on EAMG-specific
immune cells, single-cell suspensions of EAMG sple-
nocytes were stimulated with AChR (10 pg/mL) and
different concentrations of DA (0, 0.5, 2.5, 5, 10, 25,
50, and 100 umol/L). Our results showed that DA at
concentrations of 5 and 25 pmol/L did not affect the
proliferation of splenocytes (Fig. 7A), but stimulated
AChR-antibody secretion by B cells at almost all other
concentrations except for 0.5 and 100 umol/L (Fig. 7B).
Considering the proliferative effects observed on
bEnd.3 cells validated in Fig. 5B, we selected a concen-
tration of 25 pmol/L of DA for the subsequent 48 h of
in vitro incubation with splenocytes.

The incubation of DA significantly increased the per-
centage of Thl and Th17 cells, while the proportion
of Treg cells remained unchanged (Fig. 7C). Besides,
25 pmol/L. DA notably enhanced the percentages
of CD138, MHC II, and CD69 expression in B cells
(Fig. 7D), but had little effect on the CD80 and CD86
ratios (Fig. 7D). These findings suggested that due to
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Fig. 6 Dopamine disrupts endothelial junctions through the Wnt/f3-catenin signaling pathway. A The protein—protein interaction subnetwork

was to visualize the interactions between tight junction proteins. K-means clustering was applied to color the genes in the graph and divide

the subnetwork into two main clusters (highlighted in red and green) and a secondary cluster (highlighted in blue). Genes with high connectivity
were selected for the following analysis, including Ctnnb1, Axin2, and Gsk3b. B The protein expression levels of Wnt3a, GSK3{/p-GSK38,

and B-catenin/active-B-catenin in the bEnd.3 cell lines were compared between without dopamine and with dopamine-treated groups using
western blot. C The protein expression levels of Wnt3a, GSK3(3/p-GSK3[3, and 3-catenin/active-B-catenin in the bEnd.3 cell lines were compared
using western blot, revealing lower levels of Wnt3a, p-GSK3[3, and active-B-catenin in dopamine-treated cell lines. Statistical analysis was performed
using t tests, *P<0.05, **P < 0.01, ***P<0.001, ****P <0.0001, ns = no significant difference

the involvement of immune cells in the occurrence and
development of EAMG [43-45], the abnormal activa-
tion of Th and B cells by DA could aggravate the pro-
gression of EAMG.

The influence of activated AChR-specific-immune cells

on endothelial cells

In addition to the direct effects of DA on ECs, we also
assessed how DA indirectly influences ECs through DA-
activated immune cells. Our findings revealed an eleva-
tion of DA in the peripheral circulation of EAMG rats
(Fig. 5B) and showed that high DA incubation had a
proinflammatory effect on AChR-specific T and B cells
(Fig. 7B-D), indicating the lymphocytes in the periph-
eral immune organs of EAMG rats were activated by
DA and AChR. Consequently, bEnd.3 cells were cocul-
tured with lymphocytes, enriched CD4* T cells, or
B220" B cells from two animal groups for 48 h before
harvesting. Results presented in Fig. 8 demonstrate that
EAMG-derived T cells inhibited the protein expression
of CXC43 and CD31 in bEnd.3 cells compared to CFA-
derived T cells (Fig. 8A). Additionally, EAMG-derived T
cells suppressed the mRNA expression of Tjp2 in bEnd.3

cells (Fig. 8B). The protein and RNA levels of ZO2 (Tjp2)
in bEnd.3 cells were significantly reduced by EAMG-
derived B cells (Fig. 8C, D). Furthermore, EAMG-derived
lymphocytes suppressed the protein and mRNA expres-
sion of CD31 (Pecaml) and decreased the gene levels of
Tjp2 and Cldn5 (Fig. 8E, F). In summary, immune cells
activated by DA and AChR in EAMG rats caused struc-
tural impairment in the integrity of TJs and AJs in bEnd.3
cells.

Discussion

Previous studies have explored the involvement of cen-
tral neurological symptoms in some patients with MG.
However, the related pathological changes in the CNS
have not been investigated extensively. In this study, we
provided novel evidence by demonstrating the pathologi-
cal elevation of DA levels in both the CNS and peripheral
circulation suppressed the expression of TJs and AJs in
the cerebral microvascular ECs in the EAMG rat model
via the Wnt/p-catenin signaling pathway. This disruption
of the BBB microstructural integrity could potentially
contribute to the CNS manifestations observed in some
MG patients (see Graphical abstract).
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Fig. 7 The effects of dopamine on T and B cells. A The proliferative effects of dopamine on lymphocytes by CCK-8. B AChR-specific antibody

in the supernatant were measured using ELISA. Statistical analysis was performed using one-way ANOVA in Panel A and B, multiple comparisons
were performed using Dunnett’s test with the DA concentration of 0 umol/L. C The incubation of dopamine significantly increased the percentage
of Th1 and Th17 cells, while the proportion of Treg cells remained unchanged. D Incubated dopamine led to a significant increase in the percentage
of CD138, MHC II* and CD69" B cells, while the proportions of CD80 and CD86 B cells remained unchanged. Statistical analysis was performed using
ttests in Panel Cand D, *P <0.05, **P<0.01, ***P<0.001, ****P < 0.0001, ns=no significant difference

Throughout the history of MG, the focus of research
has predominantly been on the clinical symptoms of
muscle weakness and fatigability mediated by pathologi-
cal immune cells. However, some MG patients experi-
ence CNS symptoms in intermediate and advanced
stages, including depression, anxiety disorders, head-
aches, dysautonomia, sleep disorders, and epilepsy [46,
47]. These CNS symptoms could be partially attributed to
drug side effects (specifically, intravenous immunoglobu-
lin, ravulizumab, and pyridostigmine) [48—50]. There are
also cases where these symptoms arise from unknown
factors, which require careful consideration. However,
current research on CNS symptoms in MG has been
limited to CSF analysis, clinical electroencephalograms,
and neuropsychological tests. Reports have shown an
increased proportion of CD4" T cells in the CSF of MG
patients [51]. Additionally, the IgG concentrations in
the CSF of certain MG patients were significantly higher
compared to healthy controls [12, 13]. Furthermore,

abnormal electroencephalograph recordings indicated
CNS disturbances in 14 out of 118 M@ patients (8 diffuse
slow abnormalities, 6 focal slow abnormalities) [11].

DA plays an integral regulatory role in the CNS, mak-
ing the dopaminergic system relevant to various neuro-
logical disorders such as PD and schizophrenia [52, 53].
PD is characterized by motor symptoms including rigid-
ity, resting tremor, bradykinesia, and the loss of dopa-
minergic neurons [28]. Schizophrenic patients exhibit
elevated DA concentrations and receptor densities in
several subcortical brain regions compared to healthy
controls, contributing to anxiety and depression [54].
Lewis rats are used in the majority of contemporary MG
models because they are thought to be a recognized rep-
resentation of MG [38]. In our study, we provided novel
evidence by confirming the abnormal elevation of DA
levels and its receptors in the midbrain of EAMG rats
at both the gene and protein levels (shown in Fig. 2). DA
serves as a crucial immunomodulator, synthesized and
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difference

produced by various immune cells, especially following
activation [35-37]. Furthermore, MG patients exhibit
lower serum melatonin levels [55] and deficit central cho-
linergic innervation when compared to healthy controls,
leading to cognitive impairment [56]. This deficiency in
melatonin or acetylcholine could potentially contribute
to the elevated DA levels, as melatonin or acetylcholine is
mutually balanced and restrained with DA [57-59]. This
observation further strengthens the reliability of our find-
ings regarding the increased DA levels in both the CNS
and peripheral serum. Furthermore, we demonstrated
that elevated DA levels mediated BBB microstructural
integrity destruction by impairing TJs and adherence
junctions (Fig. 5), a finding not previously reported in the
literature. Considering the regulatory effects of DA on
the CNS [60, 61], the abnormally increased DA in nuclei
regions may provide insights into the involvement of cen-
tral neurological symptoms in MG patients.

In addition to its regulatory effects on the CNS, DA also
plays significant roles in the endothelial system, immune
system, and other systems, including ECs [32], mast cells
[34, 62], T cells [63], B cells [37, 64], and dendrite cells
[65]. Given our observed CNS pathological alterations
in EAMG rats, we hypothesized that the increased levels
of DA in both the CNS and peripheral circulation might
impact brain microvascular ECs. As depicted in Fig. 5,
treatment with 25 pmol/L DA resulted in a significant
decrease in the expression of proteins associated with TJs
(201, Claudin5) and adherence junctions (CD31) in ECs.

TJ and AJ are crucial components specific to ECs that
play a key role in maintaining BBB integrity. Repression

or damage to these junction barrier proteins can result
in the disruption and increased permeability of the BBB
[19, 20, 23, 24]. Although previous studies have indicated
that the BBB remains intact and functionally unchanged
in patients with MG [66, 67], our findings in Fig. 4 dem-
onstrate a downregulation of Claudin5 (Cldn5), CXC43
(Gjal) and CD31 (Pecaml) expression in cerebral micro-
vascular ECs of EAMG rats as assessed by western blot
and qPCR. This downregulation suggests a possible
breakdown and opening of the BBB in EAMG rats, which
provides a solid basis for further investigation into CNS
changes in both MG and EAMG.

To investigate differential gene expression in the entire
PPI network, we performed K-means clustering and
identified Ctnnbl and Gsk3b genes, which are the key
molecules in the classical Wnt signaling pathway respon-
sible for maintaining BBB integrity. Brain neovasculariza-
tion involves several signaling pathways, including PI3K/
AKT pathway, NF-xB pathway, and cAMP signaling
pathway [30, 34, 68]. Among these pathways, the Wnt/f3-
catenin signaling pathway is known to play an important
role in angiogenesis in the CNS [69, 70].

In the canonical Wnt pathway, the central coactivator
B-catenin is maintained at low levels by a degradation
complex comprising Axin, adenomatosis polyposis pro-
tein (APC), creatine kinase 1 (CK1la), and GSK3p, which
phosphorylates B-catenin, leading to its ubiquitination
and degradation. Consequently, it maintains low levels
of B-catenin in the cytoplasm, preventing its entry into
the nucleus for transcription initiation [21]. Activation of
the Wnt pathway disrupts the stability of the degradation
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complex, allowing adequate {-catenin to accumulate in
the cytoplasm and translocate into the nucleus. Once
in the nucleus, B-catenin combines and interacts with
TCF/LEF transcription factors to initiate the transcrip-
tion of target genes [71, 72]. Therefore, we focused on
the Wnt3a/GSK3p/B-catenin pathway. As depicted in
Fig. 6, our in vitro experiments demonstrated that DA
significantly impaired the expression of CD31 and Clau-
din5 in ECs via the activation of Wnt3a/GSK3[/B-catenin
signaling.

As mentioned above, DA can promote or inhibit
the activation, differentiation, and antibody secretion
of immune cells [73, 74]. We also observed increased
peripheral blood DA levels in EAMG rats. In vitro
incubation with a concentration of 25 pumol/L of DA
promoted Thl and Th1l7 cell differentiation and B cell
activation, as illustrated in Fig. 7. These findings sug-
gested a mobilization of both T and B cells in vivo in
EAMG rats due to the elevated DA levels in serum. We
further investigated the impact of disease (AChR and
DA)-specific inflammatory cells on ECs. Figure 8 illus-
trates that AChR-specific and DA-activated T and B cells
suppressed the expression of T] and AJ proteins, poten-
tially compromising the integrity of the BBB structures
maintained by ECs.

Although we verified the damaging effect of the cere-
bral microvasculature at both the gene and protein lev-
els, the BBB fluorescence leakage assay (Additional file 1:
Fig. S1) did not show significant disruption in BBB integ-
rity. This apparent contradiction may be attributed to the
short survival period (35-55 days) of EAMG rats, which
may not fully reflect the long-term or lifelong impacts
observed in MG clinical patients. Based on these find-
ings, we hypothesize that long-term or lifelong effects
of DA stimulation and AChR-specific lymphocyte acti-
vation in MG patients could invade brain microvascu-
lar ECs, causing irreversible damage to the TJ integrity
of ECs and ultimately leading to the impairment of BBB
microstructural integrity.

Conclusions

In summary, our study revealed pathological alterations
in the CNS of EAMG rats. Furthermore, we interpreted
that elevated DA in both central and peripheral systems
contributes to the impairment of cerebral microvascular
ECs, which occurs through the activation of the Wnt/f3-
catenin pathway.
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one-way ANOVA, *P <0.05, **P <0.01, ***P<0.001, ****P<0.0001, ns=no
significant difference. Figure S5. The effects of dopamine on T and B cells
were examined. A Upon dopamine incubation, the mean fluorescence
intensity (MFI) level of Th17 cells were significantly increased, whereas

the MFI of Th1 and Treg cells exhibited no significant changes. B The
dopamine exposure resulted in a significant increase in the MFI of CD86™
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is the red staining highlighted by the white arrow. Figure S7. The effect
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tigated by gavage every other day after the first immunization in vivo. A
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