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Leucine-rich glioma-inactivated 1 (LGI1) is a secreted neuronal protein that forms a trans-synaptic complex that includes the

presynaptic disintegrin and metalloproteinase domain-containing protein 23 (ADAM23), which interacts with voltage-gated po-

tassium channels Kv1.1, and the postsynaptic ADAM22, which interacts with AMPA receptors. Human autoantibodies against

LGI1 associate with a form of autoimmune limbic encephalitis characterized by severe but treatable memory impairment and

frequent faciobrachial dystonic seizures. Although there is evidence that this disease is immune-mediated, the underlying LGI1

antibody-mediated mechanisms are unknown. Here, we used patient-derived immunoglobulin G (IgG) antibodies to determine the

main epitope regions of LGI1 and whether the antibodies disrupt the interaction of LGI1 with ADAM23 and ADAM22. In

addition, we assessed the effects of patient-derived antibodies on Kv1.1, AMPA receptors, and memory in a mouse model

based on cerebroventricular transfer of patient-derived IgG. We found that IgG from all patients (n = 25), but not from healthy

participants (n = 20), prevented the binding of LGI1 to ADAM23 and ADAM22. Using full-length LGI1, LGI3, and LGI1

constructs containing the LRR1 domain (EPTP1-deleted) or EPTP1 domain (LRR3-EPTP1), IgG from all patients reacted with

epitope regions contained in the LRR1 and EPTP1 domains. Confocal analysis of hippocampal slices of mice infused with pooled

IgG from eight patients, but not pooled IgG from controls, showed a decrease of total and synaptic levels of Kv1.1 and AMPA

receptors. The effects on Kv1.1 preceded those involving the AMPA receptors. In acute slice preparations of hippocampus, patch-

clamp analysis from dentate gyrus granule cells and CA1 pyramidal neurons showed neuronal hyperexcitability with increased

glutamatergic transmission, higher presynaptic release probability, and reduced synaptic failure rate upon minimal stimulation, all

likely caused by the decreased expression of Kv1.1. Analysis of synaptic plasticity by recording field potentials in the CA1 region of

the hippocampus showed a severe impairment of long-term potentiation. This defect in synaptic plasticity was independent from

Kv1 blockade and was possibly mediated by ineffective recruitment of postsynaptic AMPA receptors. In parallel with these findings,

mice infused with patient-derived IgG showed severe memory deficits in the novel object recognition test that progressively

improved after stopping the infusion of patient-derived IgG. Different from genetic models of LGI1 deficiency, we did not observe

aberrant dendritic sprouting or defective synaptic pruning as potential cause of the symptoms. Overall, these findings demonstrate

that patient-derived IgG disrupt presynaptic and postsynaptic LGI1 signalling, causing neuronal hyperexcitability, decreased plas-

ticity, and reversible memory deficits.
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Introduction
Autoimmune encephalitides refer to a group of inflammatory

brain diseases that manifest with prominent neuropsychiatric

symptoms and are associated with antibodies against neur-

onal cell surface proteins, ion channels or receptors (Dalmau

et al., 2017). One of the most frequent types of autoimmune

encephalitis predominantly affects the limbic system (limbic

encephalitis) and can result from autoantibodies against dif-

ferent antigens, such as leucine-rich glioma-inactivated

1 (LGI1) protein, the �-amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid receptor (AMPAR), the �-aminobutyric

acid (GABA) type B receptor, or contactin-associated pro-

tein-like 2 (Caspr2), each of them manifesting with a core

syndrome that includes severe difficulty in forming new

memories (anterograde or short-term memory deficit),

changes of mood and behaviour, and variable presence of

seizures (Dalmau and Graus, 2018). The most frequent is

autoimmune limbic encephalitis with antibodies against

LGI1 (Irani et al., 2010; Lai et al., 2010). Patients with

this disorder often present with faciobrachial dystonic seiz-

ures or hyponatraemia that precede or develop together with

the aforementioned core syndrome of limbic dysfunction

(Irani et al., 2013). Less frequently, patients with LGI1 anti-

bodies present with rapidly progressive dementia which, as

the other clinical manifestations, is responsive to immuno-

therapy (Arino et al., 2016; Gadoth et al., 2017).

Anti-LGI1 associated limbic encephalitis (or anti-LGI1

encephalitis) has an estimated incidence of 0.83 per 1 mil-

lion individuals (van Sonderen et al., 2016), strongly asso-

ciates with DRB1*07:01-DQB1*02:02 and HLA-DRB4

(Kim et al., 2017; van Sonderen et al., 2017b), and rarely

presents as a paraneoplastic manifestation of an underlying

thymoma (van Sonderen et al., 2017a). Different from

other autoantigens of limbic encephalitis, which are synap-

tic receptors or cell membrane proteins, LGI1 is a secreted

neuronal protein that has several binding partners, possibly

organizing a trans-synaptic complex that includes the

presynaptic disintegrin and metalloproteinase domain-

containing protein 23 (ADAM23) and Kv1.1 potassium

channels, and the postsynaptic ADAM22 and AMPAR

(Sirerol-Piquer et al., 2006; Fukata et al., 2010).

Mutations of LGI1 are linked to a disorder named ‘auto-

somal dominant lateral temporal lobe epilepsy’ (ADTLE),

an inherited form of epilepsy characterized by partial seiz-

ures with acoustic or visual hallucinations (Poza et al.,

1999; Morante-Redolat et al., 2002; Staub et al., 2002).

Several transgenic mouse models expressing a truncated

LGI1 mutant that causes the inherited human disease, as

well as LGI1 knock-out mice, showed an increase of exci-

tatory synaptic transmission as compared with wild-type

mice (Zhou et al., 2009; Boillot et al., 2016; Seagar

et al., 2017). These findings and evidence from experiments

in oocytes after overexpression of Kv1.1, Kvbeta1, LGI1,

and mutated LGI1 (Schulte et al., 2006) suggested that

LGI1 decreases presynaptic release probability by upregu-

lating presynaptic Kv1 channel activity in vivo. On the

other hand, LGI1 knock-out mice also had decreased

levels of postsynaptic AMPA receptor (AMPAR) in the

hippocampal dentate gyrus (Ohkawa et al., 2013).

A previous study examining the synaptic effects of

patient-derived LGI1 antibodies showed that they disrupted

the interaction of LGI1 with ADAM22 and reversibly

reduced the postsynaptic clusters of AMPAR in vitro in

rat hippocampal neurons (Ohkawa et al., 2013). The anti-

bodies also altered the interaction of LGI1 with a soluble

construct of ADAM23 (Ohkawa et al., 2013). An in vitro

study using IgG from a single patient with antibodies

against the voltage-gated K+ channel complex (which in-

cludes LGI1) showed increased cell excitability in hippo-

campal brain slices (Lalic et al., 2011). However, the

antibody effects on Kv1.1 potassium channels and plasti-

city, and whether the patient’s antibodies can impair

memory were not reported. Considering the interaction of

LGI1 with ADAM23, we reasoned that patient-derived

antibodies would have a downstream effect on the Kv1.1

channels. Moreover, since anti-LGI1 encephalitis usually

results in a treatable hippocampal dysfunction
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characterized by difficulty in forming new memories (Arino

et al., 2016; van Sonderen et al., 2016), we postulated that

patient-derived antibodies would alter memory in a mouse

model based on cerebroventricular transfer of the antibo-

dies. Our findings reveal a complex pathogenic mechanism

of LGI1 antibodies, involving both the Kv1.1 and AMPAR,

and leading to alterations of plasticity and prolonged but

reversible memory deficits.

Material and methods

Patient-derived serum samples

Serum samples of 25 patients with anti-LGI1 encephalitis

were included in the assays (Supplementary Table 1). In all

cases the presence of LGI1 antibodies was confirmed with

rat brain tissue immunohistochemistry and a cell-based

assay with human embryonic kidney (HEK)293 cells ex-

pressing LGI1 (Lai et al., 2010). Serum samples from 20

antibody-negative healthy blood donors were used as con-

trols. In a subset of experiments (field potential recordings)

we additionally used CSF from patients and controls.

Studies were approved by the institutional review board

of Hospital Clı́nic and Institut d’Investigacions

Biomèdiques August Pi i Sunyer (IDIBAPS), University of

Barcelona and Jena University Hospital.

Serum IgG purification

Sera from eight high-titre LGI1 IgG antibody-positive patients

with limbic encephalitis (presented in Supplementary Table 1)

were pooled and the IgG (LGI1 IgG) isolated using agarose

beads columns (#20423, Pierce), as reported (Gresa-Arribas

et al., 2016). IgG similarly isolated from pooled serum of

antibody-negative healthy blood donors was used as control

(control IgG). After IgG isolation, samples were dialyzed,

normalized to a concentration of 4 mg/ml using Amicon

Ultracentrifugal filters 30K (#UFC903024, Sigma-Aldrich), fil-

tered, and kept at –80�C until use. The LGI1 specificity of the

sample preparation was determined by immunohistochemistry

with brain of LGI1 null mice, which showed lack of immu-

nostaining (Supplementary Fig. 1); brain tissue from LGI1

null mice was kindly provided by J. K. Cowell (Yu et al.,

2010). Additional confirmation of the absence of brain-react-

ing antibodies other than anti-LGI1, was obtained by immu-

noabsorption of patient-derived LGI1 IgG with HEK293 cells

expressing LGI1, which showed abrogation of reactivity of

LGI1 IgG with brain tissue, cultured live neurons, and

LGI1-expressing HEK293 cells (Supplementary material and

Supplementary Fig. 2).

Production of soluble LGI1

HEK293 cells seeded in P100 dishes at a density of 2 �

106 cells were grown to a confluence of 70% and trans-

fected with a human LGI1 plasmid (Origene, human

sequence sc-116925) using LipofectamineTM 2000

(Invitrogen) as reported (Lai et al., 2010). Sixteen to 20 h

after transfection, culture medium was replaced with

reduced serum Opti-MEMTM medium (#51985-026,

Gibco) and cells were incubated for 24 h at 37�C, 95%

O2, 5% CO2. The medium was then collected and after

adding protease inhibitors (1:50, #P8340, Sigma-Aldrich)

it was concentrated (total protein, 3 mg/ml) using Amicon

Ultracentrifugal filters 30K (#UFC903024, Millipore). The

LGI1 enriched medium was then filtered through 0.22 mm

polyvinylidene difluoride (PVDF) membrane filters (#sc-

358812, Santa Cruz), and the presence of LGI1 in the

media was determined by immunoblot using a polyclonal

rabbit antibody against LGI1 (1:200, #ab30868, Abcam),

as described in the Supplementary material. The same steps

were carried out for the media of non-transfected HEK293

cells (used as control). The concentration of LGI1 in the

media was determined by quantitative immunoblot com-

paring the LGI1 signal produced by the media with that

produced by a commercially available LGI1 human recom-

binant protein of known concentration (#H00009211-P01,

Abnova) (Supplementary material). These studies showed

that the concentration of LGI1 in the enriched media was

4.2 mg/100 ml (Supplementary Fig. 3).

LGI1 deletion mutants

To identify the main epitope regions of LGI1, human full-

length LGI1 DNA (SC116925; NM_005097, Origene) in

pCMV6-AC-GFP plasmid, and human LGI3 DNA

(Origene reference number RC213016) subcloned into

pCMV6-AC-GFP plasmid, were used to generate deletion

or chimeric constructs. In preliminary experiments a deletion

construct containing the leucine-rich repeat domain of LGI1

(LRR1) was found to be recognized by all patients’ antibo-

dies, but a deletion construct containing the epitempin

domain (EPTP1) was only recognized by 60% of the pa-

tients (data not shown). Considering the possibility that

EPTP1 conformational epitopes could be lost by removing

LRR1, we designed a construct in which LRR1 was replaced

by the homologous LRR3 of LGI3, similar to that reported

by Ohkawa et al. (2013). The cloning procedures were per-

formed by GenScript, and four clones all containing the

same signal peptide were used for the experiments: Clone

1 corresponded to the indicated human full-length LGI1

DNA (LRR1-EPTP1); Clone 2 corresponded to the full-

length LGI3 DNA (LRR3-EPTP3); Clone 3 was a deletion

construct that contained LRR1 (35–223 nucleotides), and

Clone 4 contained LRR3 (31–220 nucleotides) and EPTP1

(224–557 nucleotides). To anchor the constructs to the cell

membrane, all clones had the glycosylphosphatidylinositol

(GPI) sequence of human IGLON5 (RG225495;

NM_001101372, Origene) added to the C-terminus; in add-

ition, all clones had the green fluorescence protein (GFP)

sequence added to the C-terminus (sequence obtained from

the same commercially available IgLON5-GFP tagged plas-

mid). The presence of patient-derived serum antibodies
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against each of these clones was determined with a conven-

tional HEK293 cell-based assay, using serum dilutions 1:20

for 1 h at room temperature, and a secondary goat anti-

human IgG Alexa Fluor� 594 (1:1000, A11014,

Invitrogen) for 1 h.

LGI1 binding assay

Coverslips seeded with HEK293 cells at a 70% confluence

were transfected with ADAM22 or ADAM23 [rat se-

quences containing a haemagglutinin (HA) tag] as reported

(Lai et al., 2010), and their expression was confirmed with

a mouse polyclonal antibody against HA 6E2 (1:1000,

#2367, Cell Signaling). To show that soluble LGI1 was

able to bind to ADAM22 or ADAM23, coverslips with

HEK293 live cells expressing ADAM22 or ADAM23 in

300 ml wells with Dulbecco’s modified Eagle medium

(DMEM) were exposed to the indicated LGI1 enriched

medium (1:3 dilution or final LGI1 concentration, 1.4 mg/

100ml) for 2 h at 37�C, washed with DMEM, and sequen-

tially incubated for 45 min at 37�C with patient-derived

LGI1 IgG or control IgG (1:50) and goat anti-human IgG

Alexa Fluor� 488 (1:1000, #A11013, Invitrogen). A similar

experiment was performed using goat polyclonal antibody

against LGI1 (diluted 1:100, #sc9583, Santa Cruz) instead

of human LGI1 IgG; in this setting the secondary antibody

was donkey anti-goat Alexa Fluor� 488 (1:1000, #A11055,

Invitrogen).

Parallel studies in which the indicated medium with sol-

uble LGI1 had been preincubated with excess patient-

derived or control IgG (total IgG concentration 2 mg/ml)

for 2 h at 37�C, were used to determine whether patient-

derived IgG interfered with the binding of soluble LGI1 to

cells expressing ADAM22 or ADAM23.

Mice, placement of osmotic pumps,
and behavioural tasks

Male C57BL6/J mice (Charles River), 8–10 weeks old

(25–30 g) were used in the studies. Animal experiments

were performed in accordance to the ARRIVE guidelines

for reporting animal research (Kilkenny et al., 2010) and

the procedures were approved by the local ethics committee

at the Universities of Barcelona and Jena. Detailed infor-

mation on the animal studies including surgery, placement

of ventricular catheters and osmotic pumps, and behav-

ioural tests is provided as Supplementary material and

has been previously reported (Planaguma et al., 2015).

The distribution of behavioural tests in relation to the infu-

sion of LGI1 IgG or control IgG is shown in Supplementary

Fig. 4. Overall, 143 mice were used for these studies: 83 for

behavioural and brain tissue studies (quantification of

Figure 1 Patient’s LGI1 IgG blocks the binding of soluble LGI1 to ADAM23 and ADAM22. (A) Top: Coomassie staining of proteins

contained in the medium of HEK293 LGI1-expressing cells (lanes 2 and 3) and HEK293 cells not expressing LGI1 (lanes 4 and 5) (total protein

load in lanes 2 and 4, 25 mg; and in lanes 3 and 5, 12.5 mg). Bottom: Immunoblot of protein preparations shown in the upper Coomassie panel using

a polyclonal LGI1 antibody; note that LGI1 is only present in the medium derived from HEK LGI1-expressing cells. (B) HEK293 cells expressing

ADAM23 or ADAM22 (in magenta) bind soluble LGI1 (in green) present in the medium of HEK293 cells expressing LGI1 (B, top row) but not

present in control medium (B, second row). When the medium with soluble LGI1 is preincubated with a representative patient’s LGI1 IgG the

binding of LGI1 to ADAM23 or ADAM22 is abrogated (B, third row); in contrast, no blocking of the binding is observed when the medium is

preincubated with control IgG (B, fourth row). Scale bar = 20 mm.
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Kv1.1 and AMPAR clusters; antibody extraction; immuno-

precipitation) and 60 for electrophysiological studies.

Immunofluorescence and confocal
microscopy with brain tissue

Representative groups of mice were deeply anaesthetized

with isoflurane, perfused with phosphate-buffered saline

(PBS), and sacrificed at different time points (Days 1, 5,

13, 18, 26 and 47). The brains were removed and sagittally

split into the two hemispheres. One hemisphere was fixed

with 4% paraformaldehyde for 1 h, cryopreserved in 40%

sucrose for 48 h, embedded in optimal cutting temperature

compound (#4583, Tissue-Tek), and snap frozen in isopen-

tane chilled with liquid nitrogen.

To determine the levels of presynaptic Kv1.1 potassium

channels, 5-mm thick cryostat sections of brains were

sequentially incubated with a polyclonal rabbit antibody

against Kv1.1 (1:100, #ab32433, Abcam) for 2 h at room

temperature, washed in PBS containing 0.3% Triton, and

incubated with a mouse monoclonal antibody against the

presynaptic marker Bassoon (1:250, #SAP7F407, Enzo),

overnight at 4�C. Secondary antibodies included goat

anti-rabbit Alexa Fluor� 488 and goat anti-mouse Alexa

Fluor� 594 (both 1:1000, #A11008 and A11005,

Invitrogen).

To determine whether the postsynaptic levels of AMPAR

were affected, brain sections were incubated with a poly-

clonal guinea pig antibody against GluA1 (1:200,

#AGP009, Alomone) for 2 h at room temperature,

washed in PBS containing 0.3% Triton, and incubated

with a rabbit polyclonal antibody against the postsynaptic

marker PSD95 (1:250, #18258, Abcam) overnight at 4�C.

Secondary antibodies included goat anti-guinea pig Alexa

Fluor� 488, and goat anti-rabbit Alexa Fluor� 594

(1:1000, #A11073 and A11012, Invitrogen). The AMPAR

that co-localized with PSD95 were defined as synaptic.

Total and synaptic clusters of the indicated proteins were

visualized and quantified by confocal imaging (LSM710,

Carl-Zeiss) using Imaris suite 7.6.4 (Bitplane), as reported

(Planaguma et al., 2015).

Acid-extraction of human antibodies
from hippocampal tissue

The contralateral hippocampus of 14-day infused mice with

LGI1 IgG or control IgG was dissected under a magnifying

glass (Zeiss stereomicroscope, Stemi 2000), washed with cold

PBS, homogenized in PBS containing a cocktail of protease

inhibitors (1:50, #P8340, Sigma-Aldrich), and centrifuged at

16 000 rpm for 5 min. The supernatant was separated and

kept as pre-extraction fraction; the pellet was resuspended in

0.1 M Na-citrate buffer pH 2.7 for 15 min on ice, centrifuged

Figure 2 Reactivity of a patient’s serum with deletion and chimeric constructs of LGI1. Serum from a representative patient with

anti-LGI1 encephalitis shows predominant antibody reactivity (in red) with the full-length sequence of LGI1 (Clone 1), and the constructs that

contain the LRR1 (Clone 3) and EPTP1 (Clone 4) domains. In contrast, the LRR3 and EPTP3 domains contained in the full-length LGI3 (Clone 2)

were not recognized by patient’s antibodies. Scale bar = 20 mm.
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(16 000 rpm, 5 min), and the supernatant containing the acid-

extracted human IgG was separated and neutralized with

1.5 M Tris buffer pH 8.8 (extraction fraction). The presence

of human LGI1 antibodies in the pre-extraction and extraction

fractions was assessed with the indicated HEK293-LGI1 cell-

based assay (Lai et al., 2010).

LGI1 immunoprecipitation from
brain tissue

Representative mice brain from animals infused for 14 days

with LGI1 IgG or control IgG were used for this experiment.

Brains were removed, washed with PBS, the hippocampus

Figure 3 Patient-derived LG1 IgG causes a decrease of total cell surface and synaptic Kv1.1 clusters in the hippocampus. (A)

Sagittal section of hippocampus of a representative mouse infused with patient-derived LGI1 IgG demonstrating the immunostaining of Kv1.1,

Bassoon, and the merging reactivities. Squares in ‘Analysis’ indicate the analysed subregions in CA1, CA3, and dentate gyrus for each animal. Scale

bar = 200 mm. (B) 3D projection and analysis of the density of total clusters of Kv1.1 and Bassoon, and synaptic clusters of Kv1.1 (defined as Kv1.1

clusters that co-localized with Bassoon) in one of the indicated CA3 subregions (A, ‘Analysis’). Merged images (B, top and bottom left; Kv1.1 green,

and Bassoon red) were post-processed and used to calculate the density of the indicated clusters (density = spots/mm3). Scale bar = 2 mm. (C–E)

Quantification of the density of total (C) and synaptic (D) Kv1.1 clusters, and Bassoon clusters (E) in a pooled analysis of hippocampal subregions

(CA1, CA3, dentate gyrus) in animals treated with patient-derived LGI1 IgG (red) or control IgG (black) on the indicated days. Mean density of

clusters in control IgG treated animals was defined as 100%. Data are presented as mean � SEM. For each time point five animals infused with

patient-derived LGI1 IgG and five with control IgG were examined. Significance of treatment effect was assessed by two-way ANOVA with an

alpha-error of 0.05 (asterisks) and post hoc testing with Sidak-Holm adjustment. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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dissected and homogenized with 500 ml of cold lysis buffer

(NaCl 150 mM, EDTA 1 mM, Tris-HCl 100 mM, deoxy-

cholic acid 0.5%, TritonTM X-100 1%) and a cocktail of

protease inhibitors (1:50, #P8340, Sigma). After centrifuga-

tion (16 000 rpm for 20 min), the supernatant was retained

and the IgG contained in the supernatant was precipitated

with protein A/G agarose beads (100 ml beads; #20424,

Thermo Fisher). The precipitated beads containing IgG were

then washed five times with lysis buffer and after adding 25

ml of Rotiload (#K929.1, Roth) they were boiled for 5 min,

centrifuged, and 25 ml of supernatant separated on a 4–12%

Bis-Tris electrophoresis gel (#NP03222 NuPAGE�,

Invitrogen), and transferred to a nitrocellulose membrane

(#1704158, Bio-Rad). The presence of LGI1 in the IgG pre-

cipitate was demonstrated by blotting the membrane with a

polyclonal rabbit antibody against LGI1 (1:200, #ab30868,

Abcam) overnight at 4�C, followed by 1 h incubation with a

peroxidase-labelled secondary anti-rabbit antibody (1:1000,

GE HealthCare); the signal was developed with ECL western

blotting detection reagent (#RPN2108, GE Healthcare) visua-

lized with LAS4000 imager (GE Healthcare).

Electrophysiological recordings

Preparation of acute hippocampal brain slices was done

14–16 days after pump implantation. Mice were deeply

anaesthetized, decapitated, and the brain was removed in

ice-cold protective cutting artificial CSF [aCSF1 for patch-

clamp recordings (in mM); 95 N-methyl-D-glutamine, 30

NaHCO3, 20 HEPES, 25 glucose, 2.5 KCl, 1.25

NaH2PO4, 2 thiourea, 5 sodium ascorbate, 3 sodium pyru-

vate, 10 MgSO4, 0.5 CaCl2, 12 N-acetylcysteine, adjusted

Figure 4 Patient-derived LG1 IgG causes a decrease of total cell surface and synaptic AMPAR clusters in the hippocampus. (A)

3D projection and analysis of the density of total clusters of GluA1 AMPAR and PSD95, and synaptic clusters of AMPAR (defined as AMPAR clusters

that co-localized with PSD95) in one of the CA3 subregions indicated in Fig. 3A, ‘Analysis’. Merged images (A, top and bottom left; GluA1 green, and

PSD95 red) were post-processed and used to calculate the density of the indicated clusters (density = spots/mm3). Scale bar = 2 mm. (B–D)

Quantification of the density of total (B) and synaptic (C) GluA1 AMPAR clusters, and PSD95 clusters (D) in a pooled analysis of hippocampal

subregions (CA1, CA3, dentate gyrus) in animals treated with patient-derived LGI1 IgG (red) or control IgG (black) on the indicated days. Mean

density of clusters in control IgG treated animals was defined as 100%. Data are presented as mean � SEM. For each time point five animals infused

with patient-derived IgG and five with control IgG were examined. Significance of treatment effect was assessed by two-way ANOVA with an alpha-

error of 0.05 (asterisks) and post hoc testing with Sidak-Holm adjustment. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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to pH 7.3 and an osmolarity of 300 to 310 mOsmol,

purged with 95% O2/5% CO2] (Grunewald et al., 2017)

or in high sucrose extracellular artificial fluid [aCSF2 for

field potential recordings (in mM); 206 sucrose, 1.3 KCl, 1

CaCl2, 10 MgSO4, 26 NaHCO3, 11 glucose, 1.25

NaH2PO4; purged with 95% CO2/5% O2, pH 7.4]. The

brain was then subdivided into hemispheres and coronal

hippocampal slices (300 mm for patch-clamp recordings

and 380 mm for field potential recordings) were prepared

on a vibratome (Leica VT1200 S).

Whole-cell patch-clamp recordings of
dentate gyrus granule cells and CA1
pyramidal cells

Slices were incubated in aCSF1 at 34�C for 12 min and

transferred into another incubation beaker with protective

storage aCSF3 (in mM: 125 NaCl, 25 NaHCO3, 25 glucose,

2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 2 thiourea,

5 sodium ascorbate, 3 sodium pyruvate, 12 N-acetylcysteine,

adjusted to pH 7.3 and an osmolarity of 300 to 310

mOsmol, purged with 95% O2/5% CO2) at room tempera-

ture for at least 1 h until recording.

Electrophysiological measurements were performed with

a HEKA EPC-10 double patch-clamp amplifier with a sam-

pling rate of 20 kHz. All recordings were filtered at 2.9 and

10 kHz using Bessel filters of the amplifier. For whole-cell

patch-clamp recordings single slices were transferred into a

recording chamber and continuously submerged with re-

cording aCSF4 (in mM: 125 NaCl, 25 NaHCO3, 25 glu-

cose, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, purged

with 95% O2/5% CO2) at room temperature (Haselmann

et al., 2015). Measurements were done on dentate gyrus

granule cells and CA1 pyramidal neurons of the hippocam-

pus at holding potentials of –70 mV. Patch pipettes were

pulled from thick-walled borosilicate glass and filled with

intracellular solution (in mM: 120 K-gluconate, 20 KCl, 10

HEPES, 0.1 EGTA, 4 Mg-ATP, 0.2 Na2-GTP, 2 MgCl2, 10

Na-phosphocreatine, adjusted to pH 7.3 with CsOH and

an osmolarity of 280 mOsmol) and had a final resistance of

2.5–5 M�. Series resistance was compensated (70–80%)

and monitored during the recordings. For evaluation of

evoked excitatory postsynaptic currents (eEPSCs) in dentate

gyrus granule cells the medial perforant path was stimu-

lated by a theta glass bipolar electrode filled with aCSF4

and connected to a stimulus isolation unit (Isoflex,

A.M.P.I). Supramaximal stimulation was determined

when increasing stimulation did not result in an increase

of eEPSC and ranged from 200 to 400 mA. For isolation of

AMPAR-mediated glutamatergic transmission, 50 mM

2-amino-5-phosphonovalerate (AP-5, #0106, Tocris) and

20 mM bicuculline (#0109, Tocris) in aCSF4 perfusion

were used to block NMDA receptors and GABAa receptors,

respectively. For evaluation of minimally stimulated EPSCs

in CA1 pyramidal neurons, minimal stimulation of the

Schaffer collateral pathway was performed using a theta

glass bipolar electrode (stimulation currents 7–19 pA)

placed at least 200 mm from the recording site to avoid

direct dendritic stimulation. Stimulation was systematically

decreased until all-or-none unitary events with frequent ini-

tial failures were detectable and minimally-stimulated EPSC

amplitude and failure rate was stable in a range of about

5% alteration of stimulation intensity (Stevens and Wang,

1995; Geis et al., 2010; Lalic et al., 2011). Under the con-

dition of minimal stimulation in the Schaffer collateral

pathway the majority of minimally stimulated EPSCs in

CA1 pyramidal neurons derive from an individual synapse

after fusion of a single vesicle (unitary event) (Stevens and

Wang, 1995). Failures were visually identified and the fail-

ure rate was calculated as percentage of all trials. Peak

amplitude calculation of minimally stimulated EPSCs was

performed as averages of all trials excluding failures. In

separate experimental groups, 100 nM �-dendrotoxin

(DTX, #D-350, Alomone) was added 410 min before

recordings to block Kv channels. Paired-pulse facilitation

of EPSCs after supramaximal and minimal stimulation

was measured with interstimulus intervals of 50 ms.

Whole cell recordings were analysed by NeuroMatic

plugin of Igor Pro Software 6 or 7 (Wavemetrics,

Portland, OR, USA). Cells with series resistance 430

M� or series resistance changes of 420% during measure-

ment were discarded. Liquid junction potential of 10 mV

was corrected offline for all whole-cell patch clamp

recordings.

Field potential recordings and
analysis of long-term potentiation

Coronal hippocampal slices (380-mm thick) were trans-

ferred into an incubation beaker with aCSF5 (in mM:

119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.25 NaH2PO4, 1.5

MgSO4, 25 NaHCO3, 11 glucose, purged with 95%

CO2/5% O2 pH 7.4). Slices were kept at 32�C for

60 min and subsequently at room temperature for at least

60 additional minutes. Slices were then transferred into

a measurement chamber perfused with aCSF5 at 32�C.

A bipolar stimulation electrode (Platinum-Iridium stereo-

trode, Science Products) was placed in the Schaffer collat-

eral pathway (Planaguma et al., 2016). Recording

electrodes were made from borosilicate glass (BF150-86-

10, Sutter Instruments). The recording electrode filled

with aCSF5 was placed in the dendritic branching of the

CA1 region for local field potential measurement (field

excitatory postsynaptic potential, fEPSP). Signals were

amplified and stored using AxoClamp 2B (Molecular

Devices) or an HEKA EPC-10 double patch-clamp ampli-

fier. A stimulus isolation unit A385 (World Precision

Instruments) was used to elicit stimulation currents.

Before baseline recordings, input-output curves were deter-

mined for each slice with stimulation currents ranging from

25 to 700 mA at 0.03 Hz. The stimulation current was

adjusted for each recording to evoke fEPSP, which was at
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half of its maximal evoked amplitude. After baseline

recordings for 20 min with 0.03 Hz, long term potentiation

(LTP) was induced by theta-burst stimulation (10 theta

bursts of four pulses of 100 Hz with an interstimulus inter-

val of 200 ms, repeated seven times with 0.03 Hz). After

LTP induction, fEPSPs were recorded for additional 50 min

with 0.03 Hz. Recordings with unstable baseline measure-

ments (variations higher than 20% in baseline fEPSPs) were

discarded. In separate recordings 100 nM DTX was added

by bath perfusion.

The recordings were done and analysed using Axon

pCLAMP Software (Molecular Devices, version 10.6) and

Igor Pro Software 7. Slopes of all recordings were measured

within 1–1.5 ms of the linear part of the rising fEPSP

before it reaches the peak and the fibre volley. For deter-

mination of theta-burst stimulation induced LTP, mean

slope values of fEPSPs after theta-burst stimulation until

end of the recording were compared between the experi-

mental groups.

Golgi–Cox staining, Sholl analysis and
synaptic spine quantification

Morphological dendrite and spine analyses were performed

in granule cells of the dentate gyrus and pyramidal neurons

of the CA1 region from the contralateral brain hemisphere

of mice used in neurophysiological recordings. Directly

after removal, Golgi silver impregnation was conducted

with the FD Rapid GolgiStainTM Kit (FD

NeuroTechnologies) according to manufacturer’s instruc-

tions. Dendritic complexity was assessed with the Sholl

ring method, including analysis of total dendritic length,

number of branch ends, and number of dendrites per

branch order. Density of dendritic spines was analysed in

tertiary branches of CA1 pyramidal neurons. Spines were

subclassified (thin, mushroom, stubby, filopodia or

branched) according to previous reports (McKinney,

2010). Detailed information on Golgi-Cox staining Sholl

and dendritic spine analysis is provided in the

Supplementary material.

Statistical analysis

Confocal cluster densities of GluA1, Kv1.1, PSD95, or

Bassoon, and behavioural tests with multiple time points

(NOR, LOC, RI, ANH) were analysed using two-way

ANOVA. All behavioural paradigms with single time

points (BW, EPM) were analysed with independent

sample t-tests. Post hoc analyses for all experiments used

Bonferroni correction for multiple testing.

Electrophysiological measurements of In-Out curves were

analysed with two-way ANOVA followed by Holm-Sidak

post hoc test. Group comparisons of independent record-

ings were made using two-tailed t-tests or one-way

ANOVA with Bonferroni post hoc test. The alpha-level

used to determine significance was P5 0.05. All tests

were done using GraphPad Prism (Version 7) or

SigmaPlot (Version 13.0). Mean values were presented

with standard error of the mean (SEM).

Data availability

Raw data were generated at Idibaps-Hospital Clinic,

University of Barcelona, and at the Hans-Berger Department

of Neurology, Jena University Hospital. Derived data sup-

porting the findings of this study are available from the cor-

responding authors upon reasonable request.

Results

Patient-derived LGI1 IgG prevents
the binding of LGI1 to ADAM23
and ADAM22

To determine whether patient-derived LGI1 IgG recognized

soluble LGI1 and prevented its binding to ADAM23 or

ADAM22, HEK293 cells expressing each of these proteins

were incubated with LGI1-enriched or control media. The

presence of LGI1 in the media was first confirmed with

immunoblot (Fig. 1A, lanes 2 and 3), and the binding of

soluble LGI1 to ADAM23 or ADAM22 was demonstrated

in HEK293 cells expressing each of these proteins incu-

bated with soluble LGI1 followed by patient-derived

LGI1 IgG (Fig. 1B) or a commercial LGI1 antibody (data

not shown). Preincubation of soluble LGI1 with the serum

of each patient with LGI1 antibodies, but not with control

serum, abrogated the binding of LGI1 to ADAM23 and

ADAM22 (Fig. 1B and Supplementary Fig. 5).

The target epitopes of patient-
derived antibodies are distributed in
the LRR and EPTP domains of LGI1

All patient-derived samples strongly reacted with Clone 1

(full-length LGI1) and Clones 3 and 4 that contained the

LRR1 and EPTP1 domains, respectively. None of the sam-

ples recognized Clone 2 (LGI3), which contained the same

signal peptide (SP) of the other clones and LRR3 and

EPTP3 (Fig. 2). None of the 20 control sera showed re-

activity with any of the four clones (data not shown). These

findings indicate that patient-derived antibodies are specif-

ically directed against epitopes located in the LRR and

EPTP domains of LGI1.

Passive transfer of patient-derived
LGI1 IgG causes a decrease of Kv1.1
potassium channels and AMPAR

In mice infused with patient-derived LGI1 IgG, but not

those infused with control IgG, the presence of human

LGI1 antibodies specifically bound to brain was demon-

strated with two techniques: immunoprecipitation of LGI1
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bound to patient-derived IgG using protein A/G agarose

beads (Supplementary Fig. 6A), and acid-extraction of

human antibodies bound to mouse brain, which showed

to be LGI1-specific in a cell-based assay with LGI1-

expressing HEK293 cells (Supplementary Fig. 6B).

To determine whether patient-derived LGI1 IgG altered

the levels of Kv1.1 and AMPAR clusters, we focused on the

hippocampus (Fig. 3A). This region was selected because

anti-LGI1 encephalitis predominantly affects the hippocam-

pus, which has close proximity to the lateral ventricles

where the IgG fractions were infused. Compared with ani-

mals infused with control IgG, those infused with patient-

derived LGI1 IgG had—on Days 13, 18 and 26—a signifi-

cant decrease of the density of total and synaptic Kv1.1

clusters (Fig. 3B–D) followed by a gradual recovery after

Day 26 (pooled analysis of the subregions in CA1, CA3,

and dentate gyrus indicated in Fig. 3A). By contrast, pa-

tient-derived LGI1 IgG did not affect the density of the

presynaptic marker Bassoon (Fig. 3E). The effect of pa-

tient-derived LGI1 IgG and control IgG on the levels of

Kv1.1 in each subregion of the hippocampus is shown in

Supplementary Fig. 7.

In parallel we investigated whether the levels of total and

synaptic AMPAR (GluA1) clusters were altered in the same

hippocampal areas examined in the Kv1.1 studies. The find-

ings showed that mice infused with patient-derived LGI1

IgG had a decrease of total and synaptic AMPAR in the

hippocampus (Fig. 4A–C). By contrast, LGI1 IgG did not

alter the levels of the postsynaptic marker PSD95 (Fig. 4D).

Considering each of the indicated subregions, the AMPAR

changes were less prominent in CA3 than those observed

with the Kv1.1 channels, and appeared to occur at mildly

later time points, becoming significant on Day 18 in CA1

and in the dentate gyrus (Supplementary Fig. 8).

Patient-derived LGI1 IgG increases
presynaptic excitability and
glutamatergic synaptic transmission

To investigate the pathophysiological role of patient-

derived LGI1 IgG in synaptic transmission, we examined

the glutamatergic transmission by whole-cell patch-clamp

recordings in the CA1 region and in the dentate gyrus of

acute hippocampal slices of mice after the indicated 14-day

cerebroventricular infusion of patient-derived LGI1 IgG or

control IgG. We did not observe any differences in mem-

brane properties, e.g. series resistance, resting membrane

potential, or cell capacitance after 14-day infusion of

LGI1 or control IgG in CA1 pyramidal neurons and den-

tate gyrus granule cells (not shown). We used minimal elec-

trical stimulation of the Schaffer collateral pathway and

whole-cell recordings of CA1 pyramidal cell EPSCs (min-

imally-stimulated EPSCs) to investigate monosynaptic

transmission after single axon stimulation. We selected

Figure 5 Patient-derived LGI1 IgG increases presynaptic release probability. (A) Example whole-cell recordings of unitary EPSCs of

CA1 pyramidal neurons after minimal stimulation of Schaffer collateral axons. Five traces of the same cell are shown for each experimental group.

(B) Failure rate of unitary events is decreased in neurons of LGI1 IgG treated mice similar to neurons of control IgG treated mice after application

of DTX. Failure rate is unchanged in the LGI1 IgG group upon application of DTX (ncontrol IgG = 8; ncontrol IgG+DTX = 7; nLGI1 IgG = 10; nLGI1 IgG+DTX

= 8; box plots show the median, 25th, and 75th percentiles; whiskers indicate the 10th and 90th percentiles, outlying points are depicted as dots;

one-way ANOVA and Bonferroni post hoc test. *P < 0.05). (C–E) Peak amplitude of unitary minimally stimulated EPSCs (D) and paired pulse

facilitation with an interstimulus interval of 50 ms (E) is similar in CA1 neurons of all experimental groups (synaptic failures are excluded).

Exemplary average traces of individual cells are shown in C.
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this pathway for minimal stimulation as under this condi-

tion most minimally-stimulated EPSCs represent fusions of

a single vesicle (unitary event) (Stevens and Wang, 1995).

For estimation of release probability, we analysed the fail-

ure rate of synaptic transmission after minimal stimulation.

We found reduced synaptic failures in slices from mice

infused with patient-derived LGI1 IgG. Failure rate in

these slices was similar to slices of control IgG treated

mice after superfusion with DTX, a specific blocker of Kv

1.1, 1.2, and 1.6 channels (Fig. 5A and B). Against to

recordings in slices with control IgG, DTX application to

slices from mice infused with patient-derived LGI1 IgG did

not result in further reduction of the failure rate. Thus,

treatment of mice with patient-derived LGI1 IgG resulted

in similar increase of presynaptic release as compared to

Kv1 blockade. When we analysed peak amplitude and

Figure 6 Patients’ LGI1 IgG increases excitatory synaptic transmission. (A and B) Evoked excitatory postsynaptic currents (eEPSCs)

in dentate gyrus granule cells upon incremental stimulation of medial perforant path (MPP) afferent fibres are increased in acute brain slices of

mice that received patient-derived LGI1 IgG. Example traces of an individual recording are shown in A. In/out characteristics of granule cell

neurons of control IgG and patient-derived LGI1 IgG treated mice (B; ncontrol IgG = 13; nLGI1 IgG = 15; data are presented as mean � SEM; two-way

ANOVA and Holm-Sidak post hoc test. ***P < 0.001). (C and D) Peak amplitude of eEPSCs (supramaximal stimulation; example traces in C) is

increased after infusion of antibodies against LGI1, whereas rise and decay time is unchanged (ncontrol IgG = 13; nLGI1 IgG = 15; box plots show

the median, 25th, and 75th percentiles; whiskers indicate the 10th and 90th percentiles, outlying points are depicted as dots; unpaired t-test.

**P < 0.01). (E and F) Paired pulse facilitation with an interstimulus interval of 50 ms is reduced in granule cell neurons from mice after infusion of

patient-derived LGI1 IgG indicating increased release probability. Example traces in E; dashed lines indicate peak amplitude of the first pulse

(ncontrol IgG = 11; nLGI1 IgG = 13; box plots show the median, 25th, and 75th percentiles; whiskers indicate the 10th and 90th percentiles, outlying

points are depicted as dots; unpaired t-test. *P < 0.05).
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paired pulse facilitation of unitary minimally stimulated

EPSCs after exclusion of synaptic failures we did not find

changes in the experimental groups (Fig. 5C–E). Moreover,

rise and decay time of these unitary events were unchanged

(not shown). Considering that LGI1 strongly co-localizes

with Kv1.1 in the middle molecular layer of the dentate

gyrus (Schulte et al., 2006), we recorded electrically-

evoked EPSCs in the dentate gyrus granule cells of the

hippocampus. Incremental stimulation of multiple axons

in the medial perforant path from the entorhinal cortex

led to increased peak amplitudes of eEPSCs at higher

stimulus intensities in slices of mice infused with patient-

derived LGI1 IgG as compared to control IgG, whereas

eEPSC kinetics remained unchanged (Fig. 6A–D). This in-

crease of excitatory synaptic transmission could either

result from altered AMPAR formation on the postsynaptic

density or from increased presynaptic release of glutamate,

e.g. by increased release probability and axonal hyperexcit-

ability. To determine whether short-term plasticity was

altered in patient-derived LGI1 IgG treated mice after

supramaximal stimulation, we performed paired-pulse

recordings in the medial perforant path-granule cell path-

way. Mice infused with patient-derived LGI1 IgG showed

reduced paired-pulse facilitation as compared to control

IgG infused mice indicating higher release probability

(Fig. 6E and F). Together, these data suggest that mice

with chronic infusion of LGI1-IgG have alterations in pre-

synaptic function characterized by increased presynaptic

excitability.

Patient-derived LGI1 IgG alters
synaptic plasticity

Next, we examined synaptic plasticity in the hippocampus

by recording field potentials (fEPSPs) in the CA1 pathway

after stimulation of the Schaffer collateral in hippocampal

slices of mice infused with patient-derived LGI1 IgG and

control IgG. The findings showed impaired LTP in slices of

mice infused with patient-derived LGI1 IgG as shown by

reduced fEPSP slope values throughout the recording

period up to 50 min after theta-burst stimulation (Fig. 7A

and B). When we applied DTX to hippocampal slices of

mice infused with patient-derived LGI1 IgG or control IgG,

no additional changes in LTP were observed (Fig. 7A, C

and Supplementary Fig. 9).

Dendritic pruning is unaffected by
patient-derived LGI1 IgG

In a previous report using a transgenic mouse model with a

truncated form of LGI1, abnormal dendritic pruning and

increased spine density was associated with increased exci-

tatory synaptic transmission (Zhou et al., 2009). Here, we

investigated dendritic pruning and spine morphology in

mice infused with patient-derived LGI1 IgG and control

IgG. Sholl analysis with concentric shells and neurolucida

reconstructions of dentate gyrus granule cells showed un-

changed dendritic arborization and dendrite length after

infusion of patient-derived LGI1 IgG (Supplementary Fig.

10A–E). Analysis of synaptic spines in CA1 apical dendrites

revealed identical spine density and unchanged spine

morphology in both experimental groups (Supplementary

Fig. 10F–H). Thus, changes in excitatory transmission

and synaptic plasticity were not mediated by defective syn-

aptic maturation.

Patient-derived LGI1 IgG causes
memory deficits in mice

In parallel with the indicated effects of patient-derived

LGI1 IgG on the levels of Kv1.1 and AMPAR, neuronal

excitability and plasticity, mice infused with patient-derived

IgG showed a progressive decrease of the object recognition

index, indicative of a memory deficit (Bura et al., 2007).

The memory deficit became significant on Day 3 and per-

sisted until Day 25 (11 days after the infusion of IgG had

stopped). At the last time point (Day 47), the object recog-

nition index had normalized and was similar to that of

animals treated with control IgG (Fig. 8). Mice infused

with control IgG only showed mild decline of initial

memory performance that was not significant compared

to baseline testing and may be caused by surgical proced-

ures or non-specific effects of intraventricular IgG applica-

tion. For all time-points, the total time spent exploring both

objects (internal control) was similar in animals infused

with patient-derived LGI1 IgG or control IgG (data not

shown). No significant differences were noted in tests of

anxiety (black and white test, elevated plus maze test), ag-

gression (resident-intruder test) and locomotor activity

(Supplementary Fig. 11).

Discussion
Previous clinical studies demonstrated that despite the se-

verity of anterograde memory deficits, most patients with

anti-LGI1 encephalitis improved with immunotherapy

(Arino et al., 2016; van Sonderen et al., 2016; Gadoth

et al., 2017), and experimental studies showed that

patient-derived antibodies caused a decrease of AMPAR

in cultured neurons (Ohkawa et al., 2013). These findings

suggested the pathogenicity of LGI1 autoantibodies but the

effects on an animal model were not investigated. Here we

report a model based on cerebroventricular transfer of pa-

tient-derived IgG to mice showing that the antibodies alter

the levels of Kv1.1 potassium channels and AMPAR caus-

ing a severe impairment of neuronal transmission, plasti-

city, and memory. These findings support a direct

pathogenic role of patient-derived antibodies and suggest

that similar mechanisms apply to the short-term memory

deficit of the patients.

LGI1 is a neuronal secreted protein containing an N-ter-

minal LRR-domain and a C-terminal EPTP domain (Fukata
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Figure 7 Patient-derived LGI1 IgG alters synaptic plasticity. (A) Example traces of individual fEPSP recordings in the CA1 region before

(black traces) and after (red traces) theta burst stimulation (TBS) of Schaffer collateral afferents. Potentiation of fEPSPs is reduced in brain slices of

mice that received patient-derived LGI1 IgG without further changes upon application of DTX. (B) Time course of LTP after theta-burst

stimulation (arrow), demonstrates persistent reduction of fEPSP slope values in slices of mice after infusion of patient-derived LGI1 IgG indicating

disturbed synaptic plasticity. (C) Quantification of fEPSP slope change is decreased in LGI1 IgG infused mice. Application of DTX does not alter

fEPSP slope values in LGI1 and control IgG infused mice, respectively (ncontrol IgG = 14; ncontrol IgG+DTX = 9; nLGI1 IgG = 18; nLGI1 IgG+DTX = 8; box

plots show the median, 25th, and 75th percentiles; whiskers indicate the 10th and 90th percentiles, outlying points are depicted as dots; one-way

ANOVA and Bonferroni post hoc test. *P < 0.05, **P < 0.01).

Figure 8 Cerebroventricular infusion of patient-derived LGI1 IgG causes decrease of memory. Novel object recognition index in

mice treated with patient-derived LGI1 IgG (red, n = 16 mice) or control IgG (grey, n = 14 mice). A high index indicates better memory. Data are

presented as mean � SEM. *P < 0.05; **P < 0.01.
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et al., 2006; Sirerol-Piquer et al., 2006). Previous studies

have shown that LGI1 interacts with the transmembrane

metalloproteases ADAM23 and ADAM22 (Fukata et al.,

2006), which serve as receptors associated with presynaptic

and axonal complexes containing Kv1.1 channels and post-

synaptic complexes containing AMPAR, respectively. Using

IgG fractions from 25 patients with anti-LGI1 encephalitis,

we found that all patient-derived IgG strongly reacted with

the LRR and EPTP domains of LGI1 and prevented the

binding of LGI1 to ADAM23 and ADAM22, as previously

shown by Ohkawa et al. (2013). These findings suggested

that the effects of patient-derived antibodies did not only

alter postsynaptic ADAM22 interactions, which include the

AMPAR, but also presynaptic ADAM23 interactions,

which include the Kv1.1 channels, as we demonstrate here

in our animal model.

Mice with mutated or deficient LGI1 show a severe epi-

leptic phenotype with premature death (Zhou et al., 2009;

Chabrol et al., 2010; Fukata et al., 2010; Yu et al., 2010).

In these genetic models, two potential underlying mechan-

isms have been reported including loss of synaptic AMPAR

leading to reduction of AMPAR-mediated glutamatergic

transmission (Fukata et al., 2010; Lovero et al., 2015),

and defective function of axonal and presynaptic Kv1.1 re-

sulting in enhanced excitatory transmission (Yu et al.,

2010; Boillot et al., 2016; Seagar et al., 2017). Here,

after continuous intraventricular infusion of patient-derived

LGI1 IgG, we found significant reduction of AMPAR and

Kv1.1 clusters in the hippocampus, corroborating previous

observations in LGI1 knockout mouse models (Fukata et

al., 2010; Lovero et al., 2015; Seagar et al., 2017).

Moreover, in acute sections of hippocampus of mice

infused with patient-derived LGI1 IgG, but not in those

infused with control IgG, we found distinct functional evi-

dence for hyperexcitability and enhanced glutamatergic

transmission compatible with increased presynaptic release.

These findings are in agreement with a previous report

showing increased firing frequency and enhanced excitabil-

ity in CA3 neurons after preincubation of brain slices with

IgG from patients with limbic encephalitis and antibodies

against proteins of the voltage-gated K+ channel complex

(Lalic et al., 2011), which presumably were directed against

LGI1 (Lai et al., 2010). It is known that presynaptic Kv1.1

potassium channel inactivation enhances release probability

by increased and prolonged depolarization, Ca2+ influx,

and subsequent potentiation of excitatory transmission

(Geiger and Jonas, 2000). Indeed, recent studies in slice

cultures or acute slices of LGI1 knockout mice showed evi-

dence for enhanced neuronal excitability, increased release

of presynaptic glutamate, and enlarged excitatory synaptic

drive (Boillot et al., 2016; Seagar et al., 2017). In an oocyte

expression system, LGI1 has been shown to prevent the

N-type inactivation of Kv1.1 channels. Mutated LGI1 abro-

gated this effect, thus leading to rapid inactivation possibly

contributing to an increase of action potential broadening

and glutamate release (Schulte et al., 2006).

The effect of patient-derived LGI1 IgG on synaptic plas-

ticity was not mimicked by application of DTX in slices of

hippocampus of mice infused with control IgG. Moreover,

the application of DTX to slices of patient-derived LGI1

IgG treated mice did not further decrease LTP. Thus, the

deterioration in synaptic plasticity upon chronic infusion of

patient-derived IgG is most likely not mediated by changes

in presynaptic Kv1.1 function but may be caused by insuffi-

cient synaptic incorporation of AMPAR during LTP as a

result of disturbed trans-synaptic linker function of LGI1.

Together, in this model based on cerebroventricular

transfer of patient-derived LGI1 IgG we identified several

underlying pathophysiological mechanisms that are in good

agreement with previous observations in LGI1 deficient

model systems. Our findings point toward interference

with LGI1 associated pathways that affect LGI1 signalling

via post- and presynaptic mechanisms.

In our model we did not observe seizures, although elec-

trographic recordings were not performed. Obviously, the

degree of immune-mediated LGI1 disruption occurs grad-

ually and is less pronounced to that of genetic LGI1 knock-

out models, which may be a reason why spontaneous

seizures were not observed.

At the synaptic level the findings in the LGI1 deficient

models as well as in the immune-mediated model make it

difficult to explain how reduced AMPAR function associates

with epileptic seizures in patients with ADTLE or anti-LGI1

encephalitis. Homeostatic downregulation of postsynaptic

AMPAR in response to an ongoing presynaptic hyperexcit-

ability has been proposed but it remains speculative and is

not yet supported by experimental evidence (Seagar et al.,

2017). However, this hypothesis is in line with the observa-

tion that patient-derived LGI1 IgG caused a reduction of

Kv1.1 expression (from Day 5 after onset of antibody infu-

sion) that preceded the reduction of AMPAR clusters (from

Day 13) in the hippocampus of infused mice.

In ADAM23 deficient mice (Owuor et al., 2009) as well

as in a transgenic model with truncated LGI1 (Zhou et al.,

2009), abnormal maturation of hippocampal synapses was

observed. These changes consisted of a decrease of den-

dritic arborization in ADAM23 deficient mice, and a de-

fective synaptic pruning with increased spine density in the

transgenic mice. Different from these observations in germ-

line knockout strains, application of LGI1 antibodies in

adult mice did not induce changes in spine density or den-

dritic arborization. Furthermore, we did not detect any dif-

ferences in neuronal membrane properties such as cell

capacitance or input resistance. This is likely explained by

the acute disturbance of LGI1 function by specific autoan-

tibodies in the mature brain in contrast to chronic changes

and adaptations in neuronal network following genetic mu-

tation. Supporting these findings, a recent report revealed

unchanged synaptic density and dendritic arborization in

very young LGI1 knockout mice before onset of epileptic

activity (Boillot et al., 2016).

Overall, intraventricular application of patient-derived

LGI1 IgG caused a decrease of levels of Kv1.1 and
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AMPAR along with neuronal hyperexcitability and severe

impairment of memory and plasticity; these findings are

similar to those reported in models of genetic alteration

of LGI1, supporting the pathogenicity of patient-derived

LGI1 antibodies. Since LGI1 is a neuronal secreted linker

protein, the antibody-mediated disturbance of this synaptic

signalling pathway leads to fundamentally different patho-

physiological mechanisms as compared with those asso-

ciated with other antibody-mediated diseases, such as

anti-NMDAR (Mikasova et al., 2012; Planaguma et al.,

2015; Ladepeche et al., 2018) or anti-AMPAR encephalitis

(Haselmann et al., 2018), where the antibodies alter the cell

surface dynamics of the targets and cause their internaliza-

tion. Interestingly, among the few antibody-mediated ence-

phalitides that more frequently manifest as limbic

encephalitis (Dalmau and Graus, 2018), two of them asso-

ciate with antibodies that cause an important reduction of

AMPAR, either by direct binding of the antibodies to the

receptor (anti-AMPAR encephalitis) or by binding to syn-

aptic partners, as shown here for LGI1. A task for the

future is to clarify how antibody-binding to the protein-

protein interaction domains of LGI1 (LRR, EPTP) affects

LGI1 conformation and reactivity with its binding partners,

and whether different approaches of antibody transfer (par-

enchymal, cortical) in different strains of mice lead to epi-

leptic activity and seizures.
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