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Anti-IgLON5 antibodies cause progressive 
behavioral and neuropathological changes 
in mice
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Abstract 

Background: Anti-IgLON5 disease is a rare neurological disorder associated with autoantibodies against the neu-
ronal cell adhesion protein, IgLON5. Cellular investigations with human IgLON5 antibodies have suggested an 
antibody-mediated pathogenesis, but whether human IgLON5 autoantibodies can induce disease symptoms in mice 
is yet to be shown. Moreover, the effects of anti-IgLON5 autoantibodies on neurons and the precise molecular mecha-
nisms in vivo remain controversial.

Methods: We investigated the effects of anti-IgLON5 antibodies in vivo and evaluated their long-term effects. We 
used two independent passive-transfer animal models and evaluated the effects of the antibodies on mouse behav-
iors at different time points from day 1 until day 30 after IgG infusion. A wide range of behaviors, including tests of 
locomotion, coordination, memory, anxiety, depression and social interactions were established. At termination, brain 
tissue was analyzed for human IgG, neuronal markers, glial markers, synaptic markers and RNA sequencing.

Results: These experiments showed that patient’s anti-IgLON5 antibodies induced progressive and irreversible 
behavioral deficits in vivo. Notably, cognitive abnormality was supported by impaired average gamma power in the 
CA1 during novel object recognition testing. Accompanying brain tissue studies showed progressive increase of 
brain-bound human antibodies in the hippocampus of anti-IgLON5 IgG-injected mice, which persisted 30 days after 
the injection of patient’s antibodies was stopped. Microglial and astrocyte density was increased in the hippocampus 
of anti-IgLON5 IgG-injected mice at Day 30. Whole-cell voltage clamp recordings proved that anti-IgLON5 antibodies 
affected synaptic homeostasis. Further western blot investigation of synaptic proteins revealed a reduction of presyn-
aptic (synaptophysin) and post-synaptic (PSD95 and NMDAR1) expression in anti-IgLON5 IgG-injected mice.

Conclusions: Overall, our findings indicated an irreversible effect of anti-IgLON5 antibodies and supported the 
pathogenicity of these antibodies in vivo.
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Introduction
Anti-IgLON5 disease is a recently described neurologi-
cal disorder, characterized by sleep disorders, progres-
sive gait instability, brainstem dysfunction, and cognitive 
impairment [1]. The biological hallmark of this disease 
is the presence of antibodies against IgLON5, a neu-
ronal cell adhesion molecule whose function is not fully 
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understood [2]. Whether the primary underlying patho-
physiology of anti-IgLON5 disease is degenerative or 
autoimmune is unclear. Postmortem examinations have 
suggested a novel tauopathy with neuronal loss, predomi-
nantly involving the hypothalamus, tegmentum of the 
brainstem, hippocampus, and cerebellum [3]. However, a 
recent case report demonstrated that tauopathy was not 
always present in autopsy [4]. Despite the neurodegener-
ative features, a strong association of the disease with the 
HLA-DRB1*10:01-DQB1*05:01 haplotype and the pres-
ence of an antibody against a neuronal surface antigen 
supported an immune-mediated pathogenesis [5].

Cellular investigations of the potential pathogenic role 
of patients’ antibodies using cultured neurons showed 
that the antibodies cause damage to the neuronal 
cytoskeleton and lead to the internalization of surface 
IgLON5, which are irreversible in the long term after the 
removal of antibodies [6, 7]. Moreover, patient antibod-
ies also result in dystrophic neurites and axonal swelling 
[7]. Collectively, these studies suggest antibody-mediated 
pathogenesis, providing a link between autoimmun-
ity and neurodegeneration. However, whether patient-
derived anti-IgLON5 antibodies can induce disease 
symptoms in vivo remains to be determined.

Passive immunization is ideal for investigating the 
pathogenicity of a given neuronal autoantibody, includ-
ing behavioral changes and molecular synaptic abnor-
malities [8]. We therefore purified immunoglobulin G 
(IgG) autoantibodies from one patient with anti-IgLON5 
disease and established two independent passive-transfer 
animal models. The short-term and long-term effects of 
anti-IgLON5 antibodies on mouse behaviors were exam-
ined at different time points from day 1 and day 30 after 
injections. The ventricle is a commonly chosen injection 
site in animal models of autoimmune encephalitis and 
increases parenchymal antibody binding [9, 10]. In addi-
tion, human antibodies can preferentially bind to the hip-
pocampus during ventricular perfusion due to the close 
spatial relationship between the hippocampus and the 
ventricle. Our patient’s PET/MR also indicated damaged 
metabolism in the temporal lobe, so we selected the hip-
pocampus for local injection of antibodies. Our results 
thus identify a unique immune–neuronal interaction that 
may underlie characteristic disease symptoms. To our 
knowledge, this is the innovative study of anti-IgLON5 
antibodies are causative for the disease symptoms in vivo.

Materials and methods
Animals
A total of 160 male C57BL/6 mice aged 7–8 weeks were 
purchased from Charles River (Beijing, China). Animal 
care and use strictly followed institutional guidelines 
and governmental regulations. The mice were housed in 

cages with 4–5 mice per cage, before surgery. After sur-
gery, each mouse was housed in a separate cage based on 
the different behavioral experiments. They were under 
a 12-h light–dark cycle (light on from 9:00 p.m. to 9:00 
a.m.) at 22–25 °C with free access to food and water. All 
in vivo and in vitro experiments were performed exactly 
as approved by the IACUC at Shanghai Jiaotong Univer-
sity and ShanghaiTech University.

Human IgG purification and subclass analysis
IgG were purified using Protein A from a serum sample 
of a 74-year-old female patient with anti-IgLON5 dis-
ease and that of one healthy individual with matched 
age and sex (healthy control-IgG) as described previ-
ously [11]. The concentration of the patient’s purified IgG 
was 2.3 mg/mL while the one from healthy control was 
1.8 mg/mL.

Antibody testing was done through indirect immuno-
fluorescence analysis to test for anti-IgLON5 antibody 
(Jinyu Inspection Co., Ltd., Guangzhou, GD, China).

Surgery
Stereotactic IgG injection
Daily stereotactic injections of purified human IgG 
or control IgG for 7  days into CA1 was performed in 
C57BL/6 male mice. The surgical approach was similar to 
that of Yuan et  al., Li et  al., Zeng et  al. [12–14]. Briefly, 
C57BL/6 WT mice were adequately anesthetized using 
1.5% of isoflurane/oxygen (w/v), and the head was fixed 
onto a stereotactic apparatus. The skull was exposed 
using a small midline incision; the stereotactic injection 
sites were marked, and holes were drilled with a dentist’s 
drill. Using a micro-syringe pump (Nanoject III #3-000-
207, DRUMNOND), 2 μL purified human or control IgG 
(50 steps, 20 μL every 30  s) was injected daily into the 
dorsal side of both CA1 on the following coordinates: AP, 
−  1.4  mm; ML, ± 1.0  mm; DV, −  1.7  mm. The injector 
was kept still for an additional 10 min to allow the IgG to 
diffuse. Tissue damage in the target region was avoided 
by using very thin glass application pipettes, low injection 
volume, and slow injection speed. At the end of each day, 
the scalps of the mice were disinfected and cleaned to 
reduce infection, lidocaine ointment was applied locally 
to relieve pain, and a simple local dressing was performed 
to reduce exposure. After the injection on the seventh 
day, the skin was sutured.

Ventricular cannulas embedment
Cerebroventricular infusion of IgG was performed 
using cannulas. Cannulas were purchased from RWD 
Life Science Co., LTD (Shenzhen China). The pro-
cedure for implanting the cannula is the same as 
described above. Then cannulas were implanted into the 
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ventricles (coordinates from Bregma: AP, −  0.46  mm; 
ML, ± 1.0 mm; DV, − 1.4 mm). The injection was started 
one week after the surgery. All injections were admin-
istered between 4–6  pm and continued for 10  days. 
Mice received 2 μl of purified IgG daily of either patient 
or healthy control IgG. The locations of the cannu-
las or microinjection in the ventricle and dorsal CA1 
were defined by visualization of stained tissue under a 
microscope.

Behavioral testing
The same designated room was used for all behavio-
ral studies and testing was performed during the dark 
phase (9:00–21:00). Three days before the experiment, all 
mice were handled for at least 5 min per day. Mice were 
placed in the room 2  h before tests to adapt to the test 
environment. The tasks were aimed to assess memory 
(novel object recognition and Y-maze), anxiety (elevated 
plus maze), locomotion (open field test), social behaviors 
(three-chamber social interaction test), depressive-like 
behaviors (tail suspension) and coordination (rotarod 
test). Change in body weight, water intake, food intake 
and anal temperature of mice after IgG infusion was 
monitored. A description of each task is provided in the 
Additional file 1.

Histology
The mice were deeply anesthetized through the abdom-
inal cavity injection of tribromoethanol (20 mg/kg, i.p.), 
following saline perfusion through the heart. Most of 
the blood was drained and fixed with 4% paraformal-
dehyde (PFA). The stripped brain was placed in PFA 
overnight and then transferred to 30% sucrose at 4  °C 
for 24 to 48  h. The 40  μm thick coronal sections were 
obtained with a cryostat microtome (Leica CM3050S). 
Sections were blocked by pre-application of blocking 
buffers containing 5% bovine serum albumin (BSA) 
and 0.3% Triton X-100 in 1xPBS. The blocking buffers 
are used for subsequent primary antibody incubation. 
The primary antibodies used were rabbit polyclonal 
anti-NeuN (1:500, #26975-1-AP, Proteintech), anti-
glial fibrillary acidic protein (GFAP) (Proteintech, 
#16828-1-AP, 1:100) and anti-IBA1 (Wako, #019-19741, 
1:500). The secondary antibody used were AlexaFluor 
488 goat anti-human IgG (H + L) (1:1000; #A-11013, 
Thermo Fisher) and AlexaFluor 488 donkey anti-rabbit 
IgG (1:1000; Jackson ImmunoResearch). The primary 
antibody was incubated at 4  °C for 48  h, and the sec-
ondary antibody was incubated at room temperature 
for 2 h. The sections were washed with 1xPBS buffer 3 
times between changes in antibody incubation. DAPI 
(4′,6-diamidine-2-phenindoles) staining was used to 
identify the cell bodies. Finally, 10% of glycerine was 

used to seal the slides [15]. To evaluate morphology, 
sections were Nissl-stained with Cresylviolet (C0117, 
Beyotime).

Fluorescent images were acquired with an Olympus vs 
120 microscope and a Nikon CSU Sora 2Camera confo-
cal microscope. Brightfield images were taken using an 
Olympus vs 120 microscope. All images were analyzed 
with ImageJ and Qupath software. Methods of cell quan-
titative analysis have been described in the Additional 
file 1.

Western blot analysis
Hippocampus tissues of mice were used for western 
blotting using previously described methods [16]. Equal 
amounts of protein were separated by 10% SDS–poly-
acrylamide gel electrophoresis and transferred onto 
nitrocellulose membranes. Membranes were blocked 
via 5% skim milk powder in Tris-buffered saline includ-
ing 0.05% (v/v) Tween 20 (TBST) for 2  h at 25  °C and 
then incubated overnight with the primary antibodies 
to NMDAR1(1:1000, #32-0500, Invitrogen), synaptophy-
sin (1:1000, ab32127, abcam), PSD-95 (1:1000, ab238135, 
abcam) and β-actin (1:1000, TA-09, ZSGB-BIO). Mem-
branes were washed thrice with TBST over 15  min 
and incubated with secondary antibodies (ZSGB-BIO, 
Beijing, China) in 5% skim milk powder in TBST. The 
membranes were exposed to BCIP/NBT alkaline phos-
phatase color developing reagent (Beyotime Institute of 
Biotechnology, Shanghai, China) for 15 min. Bands cor-
responding to the proteins of interest were scanned and 
band density analyzed using the Quantity One automatic 
imaging analysis system (Bio-Rad).

To examine the synaptic effects of anti-IgLON5 anti-
bodies, rat hippocampal neuron cultures were exposed 
to anti-IgLON5 IgG and healthy control IgG for 7 days. 
Primary cell cultures of rat hippocampal neurons were 
prepared from embryonic P18 day as previously reported 
[6]. Western blot analysis was carried out on hippocam-
pal neuron cultures using previously described methods 
[17]. Total protein was extracted from cells using Cell 
Total Protein Extraction Kit (Sangon Biotech). The meth-
ods have been described in detail in the Additional file 1.

In vitro electrophysiological recordings
Whole-cell recordings were obtained from CA1 pyrami-
dal neurons in acute brain slices from mice that had 
been stereotaxically injected with patient IgG or control 
IgG for seven days. Procedures for electrophysiological 
recordings followed the previous publications [15]. The 
electrophysiological recordings are detailed in the Addi-
tional file 1.
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Recording and analysis of local field potentials
Local field potentials (LFP) recordings were performed 
following previous studies, with only minor modifica-
tions [17]. The mice were deeply anesthetized with iso-
flurane, and a 75-μm stainless-steel electrode (#791000, 
A-M system, USA) was subsequently placed in the prin-
cipal cell layer of dorsal CA1 of the HPC. After surgery, 
the mice had at least 3 days to recover. Recording signals 
(low-pass filter: 1–100 Hz) were digitized by the Ephyslab 
System (Thinker Tech Nanjing Biotech Co. Ltd.) at 
30 kHz and then resampled at 1 kHz for the LFP analysis. 
The videos were recorded simultaneously with a camera. 
Using MATLAB R2018b program for LFP data analysis, 
the recorded LFPs were filtered by a 50-Hz notching fil-
ter to remove the powerline artifact. The time window of 
the NOR event was defined as the period 1 s before and 
2 s after the nose-poke of the new object. The normalized 
power change of the theta (4–12  Hz), beta (12–25  Hz), 
and gamma (25–90 Hz) rhythm was defined as the aver-
age power within 2  s after exploration divided by the 
average power within 1  s before exploration (1  s before 
the time window of the NOR event).

RNA extraction and RNA sequencing
Hippocampal tissue was dissected after euthanasia. The 
hippocampus tissue was collected into the RNase-free 
tube and kept frozen at − 80 °C until analysis. Total RNA 
was isolated and purified using  TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA). RNA amount and purity of 
each sample were assessed using NanoDrop ND-1000 
(NanoDrop, Wilmington, DE, USA). RNA integrity was 
assessed by Bioanalyzer 2100 (Agilent, CA, USA) with 
RIN number > 7.0 and confirmed by electrophoresis with 
denaturing agarose gel. The transcriptome-seq was per-
formed in LC-Bio, Hangzhou, China. About 10  µg total 
RNA was purified and poly(A) RNA was isolated. After 
purification, the Poly (A) RNA was reverse transcribed 
into small fragments to form cDNA library. Then the 
DNA was screened and purified by UDG enzyme diges-
tion and PCR to obtain the final sequencing library. Illu-
mina Hiseq4000 was used to sequence the library after 
qualified quality inspection according to the recom-
mended protocols [18].

The differentially expressed mRNAs were selected with 
fold changes ≥ 2 or fold changes ≤ 0.5 and P-value < 0.05 
by R package edgeR or DESeq2, and then the differen-
tially expressed mRNAs were enriched by Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG).

Statistical analyses
All statistical analyses were performed in GraphPad 
Prism 8 or MATLAB R2018b programs. Statistical 

differences between groups were assessed using unpaired 
two-tailed Student’s T-test and two-way ANOVA fol-
lowed by Sidak’s multiple comparison test. Differences 
between groups were judged to be statistically signifi-
cant when p < 0.05. Definition of statistical significance: 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Results
Patient data
In this study, we used purified IgG from serum samples 
of one patient with anti-IgLON5 disease and one healthy 
person without detectable antineuronal autoantibodies 
(control IgG). A consistent finding across all antibody-
mediated CNS diseases is that antibody levels in the 
serum are much higher than in the CSF [19]. Thus, we 
selected serum antibodies for animal experiments [11]. 
We previously found that cognitive impairment was a 
predominant clinical feature [20]. As such, we explored 
the mechanism of its occurrence.

The main manifestations of the patient were cogni-
tive impairment and anxiety, accompanied by mild sleep 
disorders. She had very high titers of IgLON5 IgG in the 
serum and cerebrospinal fluid via immunofluorescence 
assay (Additional file  2: Fig.  S1A). She carried the HLA 
DRB1*10:01-DQB1*05:01 haplotype, which is present 
in approximately 60–70% of patients with IgLON5 anti-
bodies [21]. Cranial 18F-fluorodeoxyglucose positron 
emission tomography magnetic resonance imaging (18F-
FDG PET-MR) indicated mild hypometabolism in the 
left temporal lobe (Additional file 2: Fig. S1B). The time-
line showing disease symptom progression, paraclinical 
examinations, and treatments over a 2-year follow-up is 
shown in Additional file  2: Fig.  S1D. The experimental 
design is illustrated in Fig. 1A.

Patient anti‑IgLON5 antibodies cause cognitive 
impairments and behavior alternations in mice
To investigate the functional effects of anti-IgLON5 anti-
bodies on animal behavior, we used two independent 
passive-transfer animal models: (1) continuous 10-day 
infusion of patient IgG or control IgG directly into the 
lateral ventricle [9, 22, 23]; (2) stereotactic injections of 
patient IgG or control IgG directly into the CA1 (cornu 
ammonis 1) region of the hippocampus on both sides [24, 
25] (Fig. 2A, G).

In the first model of 10-day intraventricular IgG infu-
sion, behavioral tests were conducted for 7 days follow-
ing the final injection (days 1–7) and for another 3 days 
on days 32–35. The most robust effects on Days 1–7 
were presented in the novel object recognition test and 
Y-maze test (NOR: t = 3.776, df = 12, p = 0.0026; Y-maze: 
t = 3.007, df = 12, p = 0.0109) (Fig.  2C, D). The anti-
IgLON5-IgG infused mice showed a progressive decrease 
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in the object recognition index and discrimination rate 
(NOR: t = 4.214, df = 12, p = 0.0012; Y-maze: t = 5.715, 
df = 12, p < 0.0001), indicating long-term and short-term 
working memory deficit.

In addition, the elevated plus maze test results showed 
that intraventricular injection of patient IgG caused the 
mice to develop anxiety-like behavior (t = 2.234, df = 11, 
p < 0.05), which was manifested by a shorter period in 
the open arm, and this anxiety-like behavior persisted 
after 30  days (t = 2.833, df = 12, p = 0.0151) (Fig.  2E). 
Importantly, memory deficit and anxiety in anti-IgLON5 
IgG infused mice persisted until day 32–35, indicat-
ing the long-term effects of IgLON5 antibodies. Results 
of locomotor activity (open field test and rotarod test), 
depression (tail suspension test), and social activity 
(three-chamber social interaction test) tests showed no 
significant differences between the two groups (Fig. 2F).

Considering that cognitive impairment was the most 
significant behavioral change observed after the intra-
ventricular injection of antibodies, we stereotactically 
injected antibodies locally in the CA1 region of the hip-
pocampus, the brain region most closely associated with 
cognition, and observed the behavioral changes. Con-
sistently, the anti-IgLON5 IgG-injected mice showed 
impaired cognition in the novel object recognition test 
and Y-maze test on day 5 and 7 (NOR: F (1, 16) = 6.791, 
P = 0.0145; Y-maze: F (1, 16) = 0.7811, P = 0.0023). Nota-
bly, we found a significant deterioration of memory 
function in anti-IgLON5 IgG-injected mice with longer 
recovery around 30  days later (day 35 and 36) (NOR: F 
(1, 16) = 46.95, P < 0.0001; Y-maze: F (1, 16) = 39.46, 

P = 0.0004) (Fig. 2I, J). The results of anxiety-like behav-
iors (elevated plus maze) showed no differences between 
the two groups (Fig. 2K).

To obtain a comprehensive measurement, we also 
examined the effect of anti-IgLON5 IgG on metabolism 
in mice. On recording the body weight, water intake, 
food intake, and anal temperature of mice, we found that 
some indices changed after the final injection (Additional 
file 3: Fig. S2C–F).

These results indicate that our two independent pas-
sive-transfer animal models for in  vivo application of 
anti-IgLON5 autoantibodies induced typical signs of 
anti-IgLON5 disease in the recipient mice.

Dysfunction of memory‑related neuronal oscillations 
in the CA1 of patient IgG‑injected mice
Oscillatory fluctuations of local field potentials (LFPs) in 
the theta (4–8 Hz) and gamma (25–90 Hz) bands play a 
mechanistic role in various aspects of memory includ-
ing the encoding, consolidation, and retrieval of episodic 
memories [26]. As abnormalities in the novel object 
recognition test occurred in patient IgG-injected mice, 
we recorded the LFPs from the CA1 of the dorsal hip-
pocampus when the mice performed the NOR test using 
in  vivo electrophysiological recordings (Fig.  3A, B). The 
power ratio in the 1 s before and 2 s after exploring the 
novel object were measured in both the anti-IgLON5 
IgG-injected mice and the control group. The normal-
ized power values of the gamma, beta, and theta bands 
were calculated. At day 7, during novel object recognition 
(touching or sniffing the object), the patient IgG-injected 

Fig. 1 Experimental design. A Experimental design at different time points. ICV intra-cerebroventricular injection, LFP local field potentials, Wb 
western blot, EPhys electrophysiology, QRT-PCR quantitative real-time PCR, UHPLC/MS ultrahigh performance liquid chromatography–mass 
spectrometry
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Fig. 2 Infusion of antibodies in different passive-transfer models causes cognitive deficits in mice. A A unilateral cannula is implanted, and patient 
or control IgG is infused continuously in the ventricle from day -10 to day 0. Behavioral tasks are performed. B Schematic diagram of intraventricular 
cannula implantation. Scale bar = 250 µm. C The novel object recognition index is lower in IgLON5-IgG-injected mice than in healthy control 
IgG-injected mice (t = 3.776, df = 12, p = 0.0026, unpaired t-test), and there are differences in the novel object recognition index after 30 days 
(t = 4.214, df = 12, p = 0.0012, unpaired t-test). D In the Y-maze, there is a reduced discrimination rate (t = 3.007, df = 12, p = 0.0109, unpaired 
t-test) between the two groups, and the differences persist after 30 days (t = 5.715, df = 12, p < 0.0001, unpaired t-test). E In the EPM test, there is 
a decrease in open arm time (t = 2.234, df = 11, p < 0.05, unpaired t-test), and the differences persist after 30 days (t = 2.833, df = 12, p = 0.0151, 
unpaired t-test). F There are no differences in total distance, preference index, immobile index, or time to fall. G Experimental time course of the 
intrahippocampal injection passive-transfer model. Stereotactic microinjections of patient or control IgG into the dorsal CA1 of the hippocampus 
from day -7 to day 0. Behavioral testing is performed at the indicated time points. H Schematic diagram of stereotactic injection in hippocampus. 
Scale bar = 200 µm. I The novel object recognition index is lower in IgLON5-IgG-injected mice than in healthy control IgG-injected mice (p = 0.0145, 
two-way ANOVA), and there are differences in the novel object recognition index after 30 days (p < 0.0001, two-way ANOVA). J In the Y-maze, there 
is a reduced discrimination rate (p = 0.0023, two-way ANOVA), and the differences persist after 30 days (p = 0.0004, two-way ANOVA). K There are no 
significant differences in EPM test. Statistical significance was determined using the unpaired two-tailed Student’s t-test. I and J used the repeated 
measure two-way ANOVA followed by Sidak’s multiple comparison test. For B–F, n = 7 per group. For G–K, n = 9 per group. For (K), n = 5 per group. 
*,#p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001versus control IgG group. D = day



Page 7 of 18Ni et al. Journal of Neuroinflammation          (2022) 19:140  

Fig. 3 Dysfunction of memory-related neuronal oscillations in the CA1 of patient IgG-injected mice. A, B Schematic of the experimental design. 
Scale bar = 200 μm. C Time course of CA1 raw LFP from a mouse in the control or patient group exploring freely at day 7. D During novel object 
recognition task at day 7. The time “0” refers to the onset of an interaction event. Warmer colors indicate enhanced power. E Mean theta, beta, and 
gamma power while the mice explore the novel object at day 7. The patient IgG-injected mice show significantly lower gamma-band activity than 
does the healthy control IgG-injected mice (t = 4.941, df = 10, p = 0.0006; unpaired t-test). F Time course of CA1 raw LFP from a mouse in the control 
or patient group exploring freely at day 30. G During novel object recognition task at day 30. The time “0” refers to the onset of an interaction event. 
Warmer colors indicate enhanced power. H Mean theta, beta, and gamma power while the mice explore the novel object at day 30. The patient 
IgG-injected mice show significantly lower gamma-band activity than does the healthy control IgG-injected mice at day 30 (t = 6.269, df = 10, 
p < 0.0001, unpaired t-test). For C–H, n = 6 per group. ***p < 0.001, ****p < 0.0001 versus control IgG group
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mice showed significantly lower gamma band activity 
than did the control IgG- injected mice (t = 4.941, df = 10, 
p = 0.0006) (Fig. 3C–E). At 30 days after discontinuation 
of IgG, the differences in gamma-band activity between 
patient IgG- injected mice and the control group per-
sisted (t = 6.269, df = 10, p < 0.0001) (Fig.  3F–H). These 
results indicate that anti-IgLON5 IgG causes gamma-
oscillation dysfunction in mice.

Anti‑IgLON5 antibodies bind the brain for a long time 
and caused neuronal loss in vivo
Neuropathological autopsy of some anti-IgLON5 cases 
showed gliosis and neuronal loss in the brain stem, teg-
mental, hypothalamus and hippocampus [27]. To further 
demonstrate the pathogenicity of antibodies against anti-
IgLON5 disease, brain tissue was analyzed for human IgG 
and neuronal markers. Mice injected with anti-IgLON5 
IgG, but not control IgG, had progressively increased 
human IgG immunostaining (representing IgG bound 
to brain) at day 7, especially in the CA1 and DG regions 
(Total: t = 10.27, df = 6, p < 0.0001; CA1: t = 0.0007, 
df = 6, p = 0.0007; CA3: t = 4.691, df = 6, p = 0.0034; DG: 
t = 8.742, df = 6, p = 0.0001) (Fig.  4A, C). In addition, 
the amount of human IgG bound to all selected regions 
of the hippocampus was significantly higher in the anti-
IgLON5 IgG-injected mice than in the control group at 
30 days after IgG injection was stopped (Total: t = 6.280, 
df = 8, p = 0.0002; CA1: t = 7.678, df = 8, p < 0.0001; 
CA3: t = 0.6918, df = 8, p = 0.5086; DG: t = 3.885, df = 8, 
p = 0.0046), suggesting that anti-IgLON5 antibody pro-
duced relatively long-term damage (Fig. 4B, D).

The densities of NeuN-positive neurons were measured 
in the hippocampus. No evidence of neuronal loss was 
found in the anti-IgLON5 IgG at day 7 (Fig. 4E, F). How-
ever, neuron density in the CA1 region was decreased 
30  days after anti-IgLON5 antibody injection (t = 2.935, 
df = 6, p = 0.0261), while there was no difference in total 
neuron density in the hippocampus (Fig. 4G, H).

Both groups showed no gross morphological changes 
in Nissl-stained sections in the hippocampus after 7 days 
(data not shown). Nissl staining after 30  days of IgG 
injection showed that compared with the control group, 
there were some morphological changes in the neurons 
in CA1 region of the anti-IgLON5 group but not in the 
control group (CA1: t = 2.705, df = 13, p = 0.018; Total: 
t = 0.4548, df = 13, p = 0.6568), which was consistent with 
the results of NeuN staining of neurons (Fig. 4I, J).

Anti‑IgLON5 IgG‑injected mice display microglial 
and astrocytic activation
Activated microglial cells, as identified by expression 
of IBA1 (Fig.  5A), were measured in the hippocampus. 
Microglial density was increased in the hippocampus of 
anti-IgLON5 IgG-injected mice at Day 7 (t = 4.169, df = 6, 
p = 0.0059) (Fig. 5B). At Day 30, significant activation of 
microglia compared to the control-IgG group (t = 5.966, 
df = 8, p = 0.0003) (Fig.  5E, F) was seen. There were no 
evident differences in the density of GFAP-positive cells 
in the hippocampus at Day 7 (Fig. 5C, D), but increased 
GFAP expression in the hippocampus of anti-IgLON5 
IgG-injected mice at Day 30 (t = 3.752, df = 8, p = 0.0056) 
(Fig. 5G, H). These microglial and astrocyte changes were 
suggestive of a state of neuroinflammation in the anti-
IgLON5 IgG-injected mice.

Anti‑IgLON5 IgG exposure disrupted synaptic homeostasis
To investigate whether anti-IgLON5 IgG injection 
affects synaptic transmission, we recorded the spon-
taneous excitatory post-synaptic currents (sEPSCs) 
of pyramidal neurons in the CA1 region by whole-cell 
patch-clamp recording of acute brain slices of IgLON5-
IgG-injected mice and control mice at day 7 (Fig. 6A). 
We found that the frequency and the amplitude of 
sEPSCs decreased significantly in anti-IgLON5 IgG-
injected mice (frequency: t = 3.578, df = 39, p = 0.0009; 
amplitude: t = 2.052, df = 39, p = 0.0469) (Fig.  6B, 

Fig. 4 Anti-IgLON5 IgG bind in vivo for a long time and cause damage to neurons in the hippocampus. A Representative images of IgG binding to 
the hippocampus in perfused fixed brains on day 7. Scale bar = 100 µm. B Representative images of IgG binding to the hippocampus in perfused 
fixed brains on day 30. Scale bars = 100 µm. C Quantification of the intensity of human IgG immunolabeling in the hippocampus of mice injected 
with patient IgG or control IgG killed on day 7 (total: t = 10.27, df = 6, p < 0.0001; unpaired t-test; CA1: t = 0.0007, df = 6, p = 0.0007; unpaired t-test; 
CA3: t = 4.691, df = 6, p = 0.0034; unpaired t-test; DG: t = 8.742, df = 6, p = 0.0001; unpaired t-test). D Quantification of the intensity of human IgG 
immunolabeling in the hippocampus of mice infused with patient IgG or control IgG killed on day 30 (total: t = 6.280, df = 8, p = 0.0002; unpaired 
t-test; CA1: t = 7.678, df = 8, p < 0.0001; unpaired t-test; CA3: t = 0.6918, df = 8, p = 0.5086; unpaired t-test; DG: t = 3.885, df = 8, p = 0.0046; unpaired 
t-test). E Representative pictures of NeuN expression in the hippocampus of mice injected with patient IgG or control IgG killed on day 7. Scale 
bars = 20 μm. The white arrows on the left and right represent the same neuron. F Quantification of NeuN-positive cell density in the total 
hippocampus and CA1 region on day 7. G Representative pictures of NeuN expression in the hippocampus of mice on day 30. Scale bars = 20 μm. 
The white arrows on the left and right represent the same neuron. H Quantification of NeuN-positive cell density in the total hippocampus and 
CA1 region on day 30 (t = 2.935, df = 6, p = 0.0261; unpaired t-test). I Representative pictures of Nissl-stained sections in the hippocampus of mice 
injected with patient IgG and control IgG and killed on day 30. Scale bars = 100 μm. J Quantification of Nissl-stained positive cell densities in the 
total hippocampus and CA1 regions on day 30 (CA1: t = 2.705, df = 13, p = 0.018; unpaired t-test; Total: t = 0.4548, df = 13, p = 0.6568; unpaired 
t-test). For A–D, n = 4 or 5 per group. For (E)–(H), n = 4 or 5 per group. For I–J, n = 7 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs 
control IgG group. NeuN = neuronal nuclear antigen

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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C). The action potential was measured and showed 
a decrease in the evoked spikes after anti-IgLON5 
IgG injection compared to those in the control group 
(Fig. 6F, G). Paired-pulse facilitation is a form of short-
term synaptic plasticity, which reflects the release prob-
ability of the presynaptic cell. Greater facilitation in the 
paired pulse ratio (PPR) indicates decreased release 
probability. In this condition, a higher PPR was noted 
in anti-IgLON5 IgG-injected mice (t = 2.265, df = 37, 
p = 0.0294) (Fig. 6H, I), suggesting a presynaptic defect 
associated with lower release probability. The UHPLC–
MS method was employed to quantify the three main 
neurotransmitters in the hippocampus: Glu, GABA, 
and NE. The glutamate level in the hippocampus of the 
anti-IgLON5 IgG-injected group was lower than that of 
the control group. However, there were no significant 
differences in the other two neurotransmitters (Addi-
tional file 5: Fig. S4A–C).

To further examine the synaptic mechanisms of 
antibody injection, IHC analysis for the expression of 
presynaptic markers, synaptophysin and post-synaptic 
markers, post-synaptic density protein (PSD)-95, and 
NMDAR1 were performed in the hippocampal CA1 
region (Fig. 6J). Western blot analysis showed a marked 
decrease in PSD-95, synaptophysin, and NMDAR1 
protein levels in the hippocampus of IgLON5-IgG-
injected mice compared with those in control mice at 
day 7 (NMDAR1:t = 2.785, df = 4, p = 0.0496; PSD-95: 
t = 3.163, df = 4, P = 0.0341; synaptophysin: t = 2.899, 
df = 4, p = 0.0441; the full blot is provided in Addi-
tional file  6: Fig.  S5A) (Fig.  6K–M). In parallel experi-
ments, we quantified the amount of post-synaptic and 
presynaptic proteins NMDAR1, PSD95, and synapto-
physin (Fig. 6N). All were found to be decreased in cul-
tures exposed to anti-IgLON5 IgG (NMDAR1:t = 5.835, 
df = 4, p = 0.0043; PSD-95: t = 2.828, df = 4, p = 0.0474; 
synaptophysin: t = 4.310, df = 4, p = 0.0126; the full blot 
is provided in Additional file 6: Fig. S5B) (Fig. 6O–Q).

Electrophysiological measurements and western 
blot results collectively showed that anti-IgLON5 IgG 
injection resulted in synaptic homeostasis imbal-
ance through decreased excitation, affecting synaptic 
function.

Whole‑genome transcriptomic analyses
We performed RNA-seq analyses of patient IgG- and 
control IgG-treated mice at day 7 and day 30 after dis-
continuation of IgG to explore the potential molecular 
mechanisms. RNA was extracted from the hippocampal 
tissues. At day 7, there were 502 differentially expressed 
genes (DEGs) between anti-IgLON5 IgG and control 
IgG-injected mice, of which 438 genes were upregu-
lated and 64 genes were downregulated (p value < 0.05 
and absolute log2 (fold change) > 1). To show the gen-
eral scattering of the genes and to filter the DEGs, vol-
cano plots were constructed (Fig. 7A). The distribution 
of significant DEGs was reflected through the Gene 
Ontology (GO) enrichment scatter plot (three terms: 
biological process, cellular component, and molecular 
function) (Fig. 7B).

We then focused on the relatively high expression 
levels of DEGs for different functions (Fig.  7C). As 
expected,  most of the gene function in inflammatory 
and immune responses, such as C3, Ctss, Cxcr6, Aoah, 
Cxcl 10, and Tlr2. Some differential genes also played 
a role in cell adhesion and cytoskeleton, as IgLON5 is 
well-known as a cell adhesion molecule. There are also 
several genes implicated in learning and memory that 
are relevant to our research. QRT-PCR was used to fur-
ther verify some genes suggested by RNA-Seq (Addi-
tional file  6: Fig.  S5C). Related inflammatory markers 
and chemokines were detected: TGF-β, IL-6, IL-1-β, 
TNF-α, CXCL16, CXCR6, CCL5, CCL12, CXCL13. 
The relative mRNA expression of TGF-β, CCL5, and 
CXCL13 was found to be increased in the anti-IgLON5 
group compared to that of the control-IgG group 7 days 
after cessation of human IgG injection.

However, on day 30, we found 51 DEGs between anti-
IgLON5 IgG- and control IgG-injected mice, of which 24 
genes were upregulated and 27 genes were downregu-
lated (Fig. 7D). In addition, a biological pathway distribu-
tion was observed in Kyoto Encyclopedia of Genes and 
Genomes enrichment analysis (Fig. 7E). There were vari-
ous signaling pathways, including PPAR, adipocytokine, 
and AMPK. The results of the heat map suggested that 
DEGs at day 30 were associated with cell death, cell adhe-
sion and cytoskeleton, learning, and memory (Fig. 7F).

(See figure on next page.)
Fig. 5 Anti-IgLON5 IgG-injected mice display microglial and astrocytic activation. A Immunofluorescence for IBA-1 (red) in anti-IgLON5 IgG-injected 
mice (right) compared to controls (left) on day 7. The higher magnification insets from the hippocampus show individual microglia. B Quantification 
of IBA-1 positive cell densities in the total hippocampus on day 7 (t = 4.169, df = 6, p = 0.0059; unpaired t-test). C Immunofluorescence for GFAP 
(green) in anti-IgLON5 IgG-injected mice (right) compared to controls (left) on day 7. The higher magnification insets from the hippocampus show 
individual astrocyte. D Quantification of GFAP-positive cell densities in the total hippocampus on day 7 (t = 0.3880, df = 6, p = 0.7114; unpaired 
t-test). E Immunofluorescence for IBA-1 (red) in anti-IgLON5 IgG-injected mice (right) compared to controls (left) on day 30. F Quantification of 
IBA-1 positive cell densities in the total hippocampus on day 30 (t = 5.966, df = 8, p = 0.0003; unpaired t-test). G Immunofluorescence for GFAP 
(green) in anti-IgLON5 IgG-injected mice (right) compared to controls (left) on day 30. H Quantification of GFAP-positive cell densities in the total 
hippocampus on day 30 (t = 3.752, df = 8, p = 0.0056; unpaired t-test). Scale bars = 1000 µm (Inset, 200 µm). For A–D, n = 4 per group. For E–H, n = 5 
per group. **p < 0.01, ***p < 0.001 vs control IgG group
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Fig. 5 (See legend on previous page.)
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Discussion
To our best knowledge, this is the innovative study to 
show that anti-IgLON5 antibodies cause disease symp-
toms in vivo by directly injecting anti-IgLON5 antibodies 
into the mouse brain. The pathogenicity of anti-IgLON5 
antibodies provides a unique and disease-related con-
cept of direct immune–neuronal interaction to clarify 
the symptoms of this disease and impaired memory for-
mation in patients. Further, our results identify a unique 
immune–neuronal interaction that may underlie the 
characteristic disease symptoms.

Relatively long‑term effects of anti‑IgLON5 antibodies 
in vivo
Anti-IgLON5 disease usually has a protracted clini-
cal course and is diagnosed many months after symp-
tom onset in contrast to anti-NMDAR or anti-AMPAR 
encephalitis that usually has a rapid presentation in 
days or weeks [27, 28]. Considering that animal models 
of anti-NMDAR encephalitis can recover from related 
behavioral damage 14  days after discontinuation of 
antibody injection [29, 30], while this type of disease 
still has behavioral damage 30  days after discontinua-
tion of antibody injection, the current study established 
the relatively long-term effects of anti-IgLON5 antibod-
ies. Continuous application of anti-IgLON5 antibodies 
with cannula embedment and repeated microinjection 
both consistently afflicted memory and cognition for a 
relatively long time. In addition, mice injected with anti-
IgLON5 IgG embedded in the ventricles showed long-
term anxiety-like behavior, which was consistent with the 
patient’s clinical characteristics.

We observed deposition of human IgG in the hip-
pocampus for a relatively long time and damage of 
neurons after 30  days of anti-IgLON5 antibody injec-
tion. Neuronal damage was progressive and no evi-
dent neuronal damage was observed at 7  days after 

discontinuation of antibody injection, consistent with 
what has been observed in other studies: There was no 
difference in cell death for human-induced pluripotent 
stem cell (hiPSC)-derived cultures after 7  days of expo-
sure to anti-IgLON5 IgG, but significant cell death was 
observed after 21 and 35 days [31]. Progressive neuronal 
injury might be accompanied by an initial cytoskeletal 
disruption and neuroinflammatory reactions [7].

Synaptic plasticity as a potential mechanism 
in anti‑IgLON5 disease
Our results show that patient antibodies reduced the 
electrophysiological activity of neurons. Although this 
has never been previously shown as an effect of anti-
IgLON5 antibodies, changes in electrophysiological 
properties are a commonly described effect of antibodies 
of other subtypes of autoimmune encephalitis [32–34]. 
In our model, the reduced frequencies and amplitudes of 
sEPSCs recorded by pyramidal neurons, decreases in the 
spike of the action potential, and increases in PPR sug-
gest that the presynaptic release probability and the num-
ber of functional excitatory synapses are downregulated, 
which may lead to inappropriate excitatory/inhibitory 
balance in local HPC circuits. Therefore, these autoanti-
bodies, contribute to cognitive deficits by directly target-
ing neuronal molecules that regulate synaptic excitability 
[35].

The results showed many clusters of post- and pre-
synaptic proteins (PSD95, NMDAR1, and synaptophysin 
(SYN)), and these clusters were significantly reduced in 
rat hippocampal neurons exposed to anti-IgLON5 IgG. 
These findings are in agreement with a previous report 
showing that the amount of post- and pre-synaptic pro-
teins PSD95 and synaptophysin were decreased in hiPSC 
derived cultures exposed to anti-IgLON5 IgG [31].

Cognitive impairment is associated with synaptic 
abnormalities in the hippocampus [36]. Pre-synaptic 

Fig. 6 Anti-IgLON5 IgG exposure causes imbalance of synaptic homeostasis. A Example traces showing sEPSCs recorded in pyramidal neurons of 
CA1 for control IgG-injected and IgLON5 IgG-injected mice. B Average sEPSC frequency in the two groups (t = 3.578, df = 39, p = 0.0009, unpaired 
t-test). C Average sEPSC amplitudes in the two groups (t = 2.052, df = 39, p = 0.0469, unpaired t-test). D Cumulative probability of inter-event 
internal sEPSCs. Control: n = 20 neurons from four mice; IgLON5-Ab: n = 21 neurons from four mice. E Cumulative probability of the amplitude 
of sEPSCs. Control: n = 20 neurons from four mice; IgLON5-Ab: n = 21 neurons from four mice. F Current-clamp recordings of anti-IgLON5 IgG 
and Control-IgG group. G The number of spikes in anti-IgLON5 IgG and Control-IgG group (n = 24–28 neurons, p < 0.0001, two-way ANOVA). 
H Representative traces recorded in CA1 pyramidal cells from anti-IgLON5 IgG and Control-IgG hippocampal slices following paired-pulse 
stimulation protocol. I Averaged PPR from anti-IgLON5 IgG and Control-IgG group (n = 19–20 neurons, t = 2.265, df = 37, p = 0.0294, unpaired 
t-test). J Immunoblot analysis of PSD-95, synaptophysin, and NMDAR1 expression in the hippocampus of IgLON5-IgG- and HC-IgG-treated mice. 
K–M Quantification of PSD-95, synaptophysin, and NMDAR1 protein levels shows that the levels of these proteins are significantly lower in the 
IgLON5-IgG-injected group than in the control group. (NMDAR1: t = 2.785, df = 4, p = 0.0496, unpaired t-test; PSD-95: t = 3.163, df = 4, P = 0.0341, 
unpaired t-test; synaptophysin: t = 2.899, df = 4, p = 0.0441, unpaired t-test). N Immunoblot analysis of PSD-95, synaptophysin, and NMDAR1 
expression in cultures exposed to anti-IgLON5 IgG. O–Q Quantification of PSD-95, synaptophysin, and NMDAR1 protein levels showed that the 
expressions of these proteins are significantly lower in cultures exposed to anti-IgLON5 IgG than in the control group (NMDAR1:t = 5.835, df = 4, 
p = 0.0043, unpaired t-test; PSD-95: t = 2.828, df = 4, P = 0.0474, unpaired t-test; synaptophysin: t = 4.310, df = 4, p = 0.0126, unpaired t-test). For B–E, 
n = 20 or 21. For F–G, n = 24–28 per group. For H–I, n = 19 or 20 per group. For J–Q, n = 3 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
vs control IgG group

(See figure on next page.)
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and post-synaptic proteins such as SYN and PSD-95, 
respectively, play important roles in synaptic plasticity 
and cognitive function [37]. SYN protein levels are lower 
in elderly individuals with dementia. Recent, evidence 

shows that PSD-95 disruption is associated with  cogni-
tive and learning deficits observed in schizophrenia and 
autism [38]. NMDA receptors also play a dominant role 
in  synaptic plasticity and are responsible for working 

Fig. 6 (See legend on previous page.)
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Fig. 7 Whole-genome transcriptomic analyses. A Volcano plot of differentially expressed genes between IgLON5-IgG-injected mice and 
HC-IgG-injected mice at day 7. Downregulation and upregulation are shown in blue and red dots, respectively. B Statistics of GO enrichment on 
day 7. Rich factor = S gene number/B gene number. The size of dots represents the S gene number, and the color of dots represents the p value. S 
gene, significant differentially expressed gene annotated as specific GO term; B gene, gene annotated as a specific GO term. C Cluster analysis of 
high expression levels of differentially expressed genes on day 7. There are three main categories: immune and inflammatory, cell adhesion and 
cytoskeleton, and learning and memory. D Volcano plot of differentially expressed genes between IgLON5-IgG-injected mice and HC-IgG-injected 
mice at day 30. E KEGG analyses of RNA-seq data at day 30 showing the top 20 regulated pathways in IgLON5-IgG-injected mice in comparison with 
control-IgG-injected mice. The P-value represents the level of significance of enrichment. F Cluster analysis of high expression levels of differentially 
expressed genes on day 30. There are three main categories: cell death, cell adhesion and cytoskeleton, and learning and memory. For A–F, n = 3 
per group
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memory function and cognitive performance. This indi-
cates that IgLON5 antibodies may lead to an imbalanced 
synaptic homeostasis and impaired synaptic function, 
which may provoke pathological excitatory neurotrans-
mission. These deficits in synaptic plasticity most likely 
account for the behavioral abnormalities observed in pas-
sive-transfer models.

Impairment of gamma‑oscillations may lead to cognitive 
impairment
The rhythmic activity of neuronal populations oscillates 
in the brain’s LFP, which plays a functional role in neu-
ral synchronization mechanisms, abnormalities of which 
have been implicated in the pathophysiology of many 
neuropsychiatric disorders [39]. Changes in neural oscil-
lations in various physiological rhythms are associated 
with cognitive performance. Theta and gamma rhythms 
are two prevalent rhythms in the hippocampus and are 
believed to be extremely relevant to cognition [40]. In our 
study, anti-IgLON5 IgG-injected mice displayed aber-
rant gamma power in the CA1 during novel object rec-
ognition testing at 7 and 30 days after the end of antibody 
injection. By using LFP recording, the gamma power pro-
vides information about the collective behavior of neu-
rons and the mode of operation of a given network [41]. 
Our data extend previous findings that gamma-oscilla-
tion deficits play a vital role in autoimmune induced cog-
nitive impairments [42].

Oscillatory activity plays an important role not only 
within local neuronal networks, but also in the integra-
tion of coordinated activity among distant brain regions 
[43]. The hippocampus, prefrontal cortex, and intercon-
nected neural circuits are implicated in several aspects 
of cognitive and memory processes [44]. Therefore, 
we hypothesized that impaired memory consolidation 
mechanisms of the hippocampal–cortical neural circuit 
may be responsible for spatial memory deficits [45]. This 
mechanism could be further studied in the future [46].

Anti‑IgLON5 antibody may cause neuroinflammation
An increase in the expression of microgliosis and 
astrogliosis markers in the hippocampus was noted. 
Previous studies have shown that activated micro-
glia can induce reactive astrocytes under pathologi-
cal conditions, which upregulate C3 expression and 
are responsible for neurotoxicity and synaptic loss 
[47, 48]. Additionally, microglial activation has been 
reported in neuropathological cases of patients with 
anti-IgLON5 disease [49]. In a recent case series study, 
anti-IgLON5 patients showed inflammatory changes 
and increased B lymphocyte frequency on routine cer-
ebrospinal fluid analysis, which supports the presence 

of an inflammatory response [50]. This study also 
found that the relative mRNA expression of TGF-β, 
CCL5, and CXCL13 increased in the anti-IgLON5 
group compared to that of the control-IgG group 
7 days after cessation of human IgG injection.

At the same time, evidence exists that supports the 
direct pathogenicity of anti-IgLON5 IgG. Firstly, neu-
ral adhesion proteins such as IgLON5 are crucial in 
the development and maintenance of functional neural 
connectivity. Altered expression of IgLON5 may cause 
suicidal behaviors in psychotic patients [51]. Patients’ 
antibodies can cause a decrease of cell surface IgLON5 
clusters, which strongly indicates the pathogenicity of 
anti-IgLON5 antibody [6]. Secondly, anti-IgLON5 IgG 
that we purified was of high titers. Moreover, the anti-
IgLON5 IgG did bind in the mouse brain for a longer 
period of time, rather than for a while, which indicated 
that anti-IgLON5 IgG took part in the pathological 
process continuously. Thirdly, post-mortem findings 
in two patients showed neuronal loss and predomi-
nantly involving the hypothalamus and tegmentum of 
the brain stem without evidence of inflammation [1, 3]. 
Fourthly, anti-IgLON5 IgG can disrupt the cytoskel-
etal organization in cultured rat hippocampal neurons, 
resulting in dystrophic neurites and axonal swelling 
without involvement of inflammation.

Based on the findings of this research, negative effects 
on neural activity may result from a combination of 
anti-IgLON5 antibodies and neuroinflammation. Fur-
ther research is required to evaluate the pathogenicity 
of anti-IgLON5 antibodies via their direct function and 
antibody-induced inflammatory microenvironments.

The limitation of this study was related to the type of 
disease and symptoms in the model. Anti-IgLON5 dis-
ease results in a broader spectrum of symptoms, aside 
from memory and cognitive deficits [52]. Further exper-
imental studies on the effects of anti-IgLON5 anti-
bodies on sleep and movement disorders are needed. 
Moreover, only one case and one control sample were 
used in our study. Anti-IgLON5 disease is, rare, with an 
estimated prevalence of 1/150,000, and only about 10 
cases have been documented in China. Although our 
research indicates that anti-IgLON5 antibody induced a 
relatively long-term pathogenic effect, we have not con-
ducted longer follow-ups (e.g., 2–6 months). Neverthe-
less, because little is known about the role of CSF and 
serum antibodies in certain situations, we used serum 
antibodies with higher titers rather than CSF antibodies 
as in other autoimmune animal models [9, 53]. Further 
studies on the link between antibody-mediated autoim-
munity and neurodegeneration would be valuable for 
validating the specificity.
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Conclusions
The data in the current study indicate several novel 
findings. (1) Anti-IgLON5 antibodies may affect 
synaptic stability and function, leading to progres-
sive cognitive impairment in mice. (2) In the long 
term, anti-IgLON5 antibodies can damage the neu-
rons and activate astrocytes and microglial in  vivo. 
(3) Gamma-oscillations play a key role in controlling 
cognitive activity in anti-IgLON5 disease. (4) Anti-
IgLON5 antibodies can cause neuroinflammation. The 
negative effects on neural activity may result from a 
combination of anti-IgLON5 antibodies and neuroin-
flammation. These findings support the pathogenic role 
of anti-IgLON5 IgG that antibodies causing neuronal 
dysfunction and abnormal behaviors and lead the way 
for more detailed studies on how and where antibodies 
act to cause clinical features.
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Additional file 1: Supplemental materials for the methodology section.

Additional file 2: Fig. S1. Clinical information of an anti-IgLON5 disease 
patient. Related to Figure 1. (A) Representative images of cell-based assays 
showing anti-IgLON5 antibodies in the serum from the patient but not in 
the serum from a healthy control. Scale bar=20μm. (B) The cranial 18F-
FDG PET-MR image of the patient upon first admission. The standardized 
uptake value ratios (SUVR) of the left thalamus, right thalamus, and left 
temporal lobe are 1.12, 0.97, and 0.91, respectively. The cranial 18F-FDG 
PET-MR of the patient upon the second admission. The SUVRs of the bilat-
eral thalamus and left temporal lobe are lower than they are 18 months 
ago (left thalamus, 0.97; right thalamus, 0.82; left temporal lobe, 0.70). (C) 
Immunoprecipitation results show the presence of these antibodies in 
patient but their absence in control serum. (D) Timeline of symptoms.

Additional file 3: Fig. S2. Minor pathogenicity dose of anti-IgLON5 IgG 
and Metabolism in mice. Related to Figure 2. (A) We diluted the patient’s 
IgG by 10-fold and 100-fold with PBS respectively (0.23mg/ml and 
0.023mg/ml). The novel object recognition index of 1/10 anti-IgLON5 IgG 
injected mice is lower than healthy control IgG-injected mice at Day 7 
(n=6 per group, p=0.0419, one-way ANOVA with Tukey’s post-hoc test). 
(B) In the Y-maze, there is a reduced discrimination rate in 1/10 anti-
IgLON5 IgG injected mice than the other two groups at Day 7 (Control-IgG 
vs. 1/10 anti-IgLON5 IgG: n=6 per group, p=0.001, one-way ANOVA with 
Tukey’s post-hoc test; 1/10 anti-IgLON5 IgG vs. 1/100 anti-IgLON5 IgG: 
n=6 per group, p=0.0097, one-way ANOVA with Tukey’s post-hoc test). 
(C) Body weights were tested every 2 days after final injection at the 
same time period and recorded again 30 days after the injection (Day 8: 
p=0.0193, unpaired t-test; Day 15: p=0.0406, unpaired t-test). (D) Rectal 
body temperature was measured every 2 days after final injection and 
recorded again 30 days after the injection. (E) Food intake were measured 
once every 2 days after final injection at the same time and recorded 
again 30 days after the injection (Day 13: p=0.0059, unpaired t-test). (F) 
Water intake were measured once every 2 days after final injection at 
the same time and recorded again 30 days after the injection (Day 13: 
p=0.0208, unpaired t-test). For (C)–(F), n=6 per group. *p < 0.05, **p < 
0.01, ***p < 0.001 vs control IgG group

Additional file 4: Fig. S3. The lower magnification views of Fig.4 E and 
G. Related to Figure 4. (A) The lower magnification views of Fig.4 E and 
G have provided. In the representative pictures of NeuN expression in 
the hippocampus on day 7 (left), the black rectangles that appear at the 
corners of these images are areas that are not scanned by the confocal 
microscope. Because it is outside the target area, the analysis result is not 
affected. The white box area is the area we present in the results. Scale 
bars = 100µm.

Additional file 5: Fig. S4. Anti-IgLON5 antibodies reduce associated 
neurotransmitters. Related to Figure 6. (A) Concentration of Glu in the 
hippocampus of control and anti-IgLON5 IgG group (n=3 per group, 
t=2.822, df=4, p=0.0477, unpaired t-test). (B) Concentration of GABA in 
the hippocampus of control and anti-IgLON5 IgG group. (C) Concentra-
tion of NE in the hippocampus of control and anti-IgLON5 IgG group. (D) 
Cultures treated with anti-IgLON5 IgG showed a decrease in PSD-95. Scale 
bar=25μm.

Additional file 6: Fig. S5. Anti-IgLON5 antibodies reduce cell surface syn-
aptic proteins. Related to Figure 6. (A) Immunoblot analysis of NMDAR1, 
PSD-95, and Synaptophysin expression in brains of anti-IgLON5 IgG and 
control-IgG treated mice. (B) Immunoblot analysis of NMDAR1, PSD-95, 
and Synaptophysin expression in cultures exposed to anti-IgLON5 IgG 
and control-IgG. (C) QRT-PCR results of related inflammatory markers 
and chemokines: TGF-β, IL-6, IL-1β, TNF-α, CXCL16, CXCR6, CCL5, CCL12, 
CXCL13 (TGF-β: n=3 per group, t=5.739, df=4, p=0.0046, unpaired t-test; 
CCL5: n=3 per group, t=18.49, df=4, p<0.0001, unpaired t-test; CXCL13: 
n=3 per group, t=3.707, df=4, p=0.0207, unpaired t-test). *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001 vs control IgG group.
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