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Summary

Background—Some encephalitides or seizure disorders once thought idiopathic now seem to be
immune mediated. We aimed to describe the clinical features of one such disorder and to identify
the autoantigen involved.

Methods—15 patients who were suspected to have paraneoplastic or immune-mediated limbic
encephalitis were clinically assessed. Confocal microscopy, immunoprecipitation, and mass
spectrometry were used to characterise the autoantigen. An assay of HEK293 cells transfected
with rodent GABAg| or GABAR; receptor subunits was used as a serological test. 91 patients
with encephalitis suspected to be paraneoplastic or immune mediated and 13 individuals with
syndromes associated with antibodies to glutamic acid decarboxylase 65 were used as controls.

Findings—All patients presented with early or prominent seizures; other symptoms, MRI, and
electroencephalography findings were consistent with predominant limbic dysfunction. All
patients had antibodies (mainly IgG1) against a neuronal cell-surface antigen; in three patients
antibodies were detected only in CSF. Immunoprecipitation and mass spectrometry showed that
the antibodies recognise the B1 subunit of the GABAg receptor, an inhibitory receptor that has
been associated with seizures and memory dysfunction when disrupted. Confocal microscopy
showed colocalisation of the antibody with GABAg receptors. Seven of 15 patients had tumours,
five of which were small-cell lung cancer, and seven patients had non-neuronal autoantibodies.
Although nine of ten patients who received immunotherapy and cancer treatment (when a tumour
was found) showed neurological improvement, none of the four patients who were not similarly
treated improved (p=0.005). Low levels of GABAg receptor antibodies were identified in two of
104 controls (p<0.0001).

Interpretation—GABAR receptor autoimmune encephalitis is a potentially treatable disorder
characterised by seizures and, in some patients, associated with small-cell lung cancer and with
other autoantibodies.

Funding—National Institutes of Health.

Introduction

Synaptic plasticity is an essential property of neurons that is involved in memory, learning,
and cognition. Plasticity depends on the interactions of ion channels and synaptic receptors,
including excitatory glutamate NMDA receptors and AMPA receptors, and inhibitory
GABAg receptors.!»2 In animal models, pharmacological or genetic disruption of these
receptors result in seizures and changes in memory, learning, and behaviour.3~¢ Immune
responses against these receptors would therefore be expected to result in similar symptoms.
Indeed, two disorders, one associated with antibodies to extracellular epitopes of the NR1
subunit of NMDA receptors’ and the other associated with antibodies to GluR1/2 subunits
of AMPA receptors,8 have recently been identified. These disorders result in encephalitis
with prominent psychiatric, behavioural, and memory problems, often accompanied by
seizures. The antibodies implicated in these two autoimmune disorders cause a decrease in
the amounts of the target receptor in cultured neurons, suggesting the antibodies are
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pathogenic. Patients with these syndromes often respond to treatment, and in some patients
the immune response occurs as a paraneoplastic event. These findings, as well as the
prevalence of some of these disorders (eg, anti-NMDA receptor encephalitis7°9:10), have
raised the possibility that other syndromes in which memory and behaviour are impaired and
seizures are common could also be immune mediated. In some of these syndromes an
immune-mediated pathogenesis is suggested by the clinical response to immunotherapy, the
CSF and MRI findings suggesting limbic encephalitis, and the detection of antibodies to
unknown neuronal cell-surface antigens. We aimed to identify the autoantigen involved in a
new disorder that has most of these suggestive features.

Study population

Procedures

Between January, 2006, and June, 2009, we studied 410 patients with encephalitis suspected
to be paraneoplastic or immune mediated. These patients were seen by the authors or by
clinicians at other institutions and the patients' sera and CSF were sent for analysis of novel
autoantibodies to the Center for Paraneoplastic Disorders at the University of Pennsylvania
(PA, USA). We identified autoantibodies in the serum or CSF of 357 patients, including 275
patients with antibodies to NMDA receptors (including 75 patients previously reported7), 27
with antibodies to voltage-gated potassium channels, 19 with antibodies to glutamic acid
decarboxylase 65 (GAD65), 15 with antibodies to AMPA receptors (including ten patients
previously reported8), 11 with anti-Ma2 antibodies, eight with anti-HuD antibodies, and two
with anti-CRMPS antibodies (patients each had only one of these antibodies). Of the
remaining 53 patients, 15 had serum or CSF antibodies with reactivity against neuronal cell-
surface antigens predominantly in the neuropil of sectioned rat brain. Because of the serum
and CSF findings and the response to immunotherapy and cancer treatment of the first of
these patients to be clinically and immunologically studied (the index patient), we focused
on these 15 patients. Clinical information about the patients was obtained by the
investigators or provided by referring physicians. Patients were said to have neurologically
improved if they were able to function independently or with little assistance when they
returned home. Control samples were CSF or serum from 104 patients, including 91
randomly selected by use of an online random integer generator from the 410 individuals
with encephalitis and 13 who had syndromes associated with GADG65 antibodies and who
were not included in the group of 410 patients. These 13 patients were seen either by the
study investigators or their serum, CSF, and clinical information were sent from other
institutions to the primary investigator (JD) for study of disorders of unknown cause.

Studies were approved by the University of Pennsylvania Institutional Review Board, and
written informed consent was obtained from all patients or their representatives.

To establish whether serum or CSF contained antibodies to neural tissue, sagittal sections
were taken from the brains of adult female Wistar rats; brains had been immersed in 4%
paraformaldehyde at 4°C for 2 h, cryoprotected with 40% sucrose for 24 h, and snap frozen
in chilled isopentane. Paraffin-embedded tumour tissue from patients was deparaffinised and
the antigens retrieved.!! 7 um thick frozen (or 4 um paraffin) tissue sections were incubated
with 0.3% hydrogen peroxide for 20 min, with 10% goat serum in PBS for 1 h, and with
patients' or control individuals' serum (1:250) or CSF (1:10) or a guineapig polyclonal
antibody against an intracellular epitope of the GABAg; receptor (1:200; AB2256,
Millipore, Billerica, MA, USA) at 4°C overnight. After using the appropriate secondary
antibodies (all 1:2000, diluted in PBS with 5% goat serum), labelling was developed with
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the avidin—biotin—peroxidase method. Results were photographed under a fluorescence
microscope using Zeiss Axiovision software (Zeiss, Thornwood, NY, USA).

Immunohistochemistry with human tissue (small-cell lung cancer) was done by use of IgG
purified from patients' or control individuals' sera and labelled with biotin.!2 No secondary
antibody was needed, thus avoiding background labelling caused by other human IgG in the
tissue.

To identify the antigen and its localisation on cells in vitro, rat hippocampal neuronal
cultures were prepared as reported previously.!3 Live neurons grown on coverslips were
incubated for 1 h at 37°C with patient or control serum (final dilution 1:200) or CSF (1:10).
After removing the media and washing with PBS, neurons were fixed with 4%
paraformaldehyde and were made permeable with 0.1% Triton X-100 (Sigma-Aldrich, St
Louis, MO, USA). Neurons were single or double immunolabelled with a guineapig
polyclonal GABAg; receptor antibody (1:200), followed by the corresponding Alexa Fluor
secondary antibodies (1:2000; Molecular Probes, Invitrogen, Eugene, OR, USA). Results
were photographed as detailed above.

Rat hippocampal neurons were grown in 100 mm wells (10° neurons per well) and
incubated at 37°C with filtered serum (1:500) for 1 h. Neurons were then washed with PBS,
lysed with buffer (sodium chloride 150 mM, EDTA [edetic acid] 1 mM, tris(hydroxymethyl)
aminomethane [Tris]-hydrochloric acid 100 mM, deoxycholate acid 0.5%, 1% Triton X-100,
pH 7.5) containing protease inhibitors (P8340; Sigma-Aldrich), and centrifuged at 16.1x103
gravities for 20 min at 4°C. The supernatant was retained and incubated with protein A/G
agarose beads (20423; Pierce, Rockford, IL, USA) overnight at 4°C, centrifuged, and the
pellet containing the beads with patients' antibodies bound to the target cell-surface antigen
was washed with PBS, aliquoted, and kept at —80°C. A 25 pL aliquot of this pellet was
resuspended in Laemmli buffer, boiled for 10 min, separated in 4—15% sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins visualised with
EZBlue gel staining (G1041; Sigma-Aldrich). Protein bands from the gels were cut and sent
for mass spectrometry to the Proteomics Core Facility of the Genomics Institute at the
Abramson Cancer Center (University of Pennsylvania, PA, USA). Protein bands were
trypsin digested and analysed with a nanoL.C/nanospray/LTQ mass spectrometer (Thermo
Electron Corporation, San Jose, CA, USA) as reported previously.!4 Briefly, a 3 pL trypsin-
digested sample was injected with autosampler (Eksigent, Dublin, CA, USA). The digested
samples were separated on a 10 cm C18 column, using nanoL.C (Eksigent) with a 200 pL/
min flow rate, and a 45 min gradient. Online nanospray was used to spray the separated
peptides into a linear trap quadrupole, and raw data were obtained with Xcalibur software
(Thermo Scientific, Waltham, MA, USA). The raw data files were searched against the
National Center for Biotechnology Information and Swiss-Prot (Swiss Institute of
Bioinformatics, Basel, Switzerland) databases with Mascot (Matrix Science, Boston, MA,
USA). The cutoff score for definite protein identification was 70 or more.

After characterisation of the antigen, frozen samples of the pellets were separated in SDS-
PAGE, transferred to nitrocellulose (162-0115; Bio-Rad, Hercules, CA, USA), and blotted
with the polyclonal antibodies against GABAg; (1:2000) or GABAR, (1:1000) receptor
subunits. The reactivity was developed by use of biotinylated anti-guineapig IgG made in
goat (1:2000; Vector Laboratories, Burlingame, CA, USA) and the avidin—biotin—peroxidase
diaminobenzidine method.

To determine the sensitivity and specificity of patients' antibodies for the GABAg receptor,

we used a semi-quantitative confocal microscopy analysis similar to that used for other
synaptic receptors.7-® Live rat hippocampal neurons cultured for 14-21 days in vitro were
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incubated with patients' CSF (1:30 dilution in Neurobasal B27 medium; GIBCO, Invitrogen,
Carlsbad, CA, USA) for 24 h, washed in PBS, fixed in paraformaldehyde (4%
paraformaldehyde, 4% sucrose in PBS) for 5 min, made permeable with 0.25% Triton
X-100 for 10 min, and blocked with 5% normal goat serum for 1 h. Neurons were incubated
with a guineapig polyclonal antibody against an intracellular epitope of the GABAg receptor
(1:1000; Invitrogen) and a mouse monoclonal antibody against the presynaptic marker
Bassoon (1:200; Stressgen, Victoria, BC, Canada), washed, and incubated with the
appropriate fluorescent-conjugated secondary antibodies (1:1000, Molecular Probes).

A laser-scanning confocal microscope (Leica TCS SP2; Leica, Deerfield, IL, USA) was
used to obtain images. For each image, laser light levels and detector gain and offset were
adjusted so that no pixel values were saturated. Images were automatically segmented with
an iterative thresholding approach that finds maxima of fluorescence intensity,!’ and areas
of interest containing dendrites were selected, and the number of individual clusters along
dendrites was quantified by use of ImageJ interactive software (Research Services Branch,
National Institute of Mental Health, Bethesda, MD, USA) as described previously.7:8 The
colocalisation of clusters labelled with patients' antibodies, commercial GABAg antibodies,
and Bassoon was quantified using a software macro (written by EH) in ImageJ.

Owing to the reactivity of patients' antibodies with rat tissue and hippocampal neuronal
cultures, and the homology between human and rat GABAg receptor sequences (the B1
receptor subunit has 91.3% cDNA sequence identity and 98.6% amino acid sequence
identity in the two species),'® HEK293 cells were transfected with plasmids containing
rodent GABAg| or GABAR) or plasmids without an insert (control), by use of a method
previously reported.” In other experiments, cells were transfected with GABAg; and
GABARg; in equimolar ratios. Cells were then grown for 24 h before assessment.
Transfected cells were fixed in 4% paraformaldehyde, made permeable with 0.1% Triton
X-100, and then incubated overnight at 4°C with patients' serum (1:200) or CSF (100%) and
the guineapig polyclonal GABAR; receptor antibody (1:20 000) or a polyclonal GABAg;
receptor antibody (1:10 000, generated by SJM), washed in PBS, and incubated with the
appropriate Alexa Fluor secondary antibodies (1:2000). Results were photographed as
before.

Antibody titres were obtained by use of HEK293 cells expressing GABAg /g, incubated
with serial dilutions of serum and CSF, starting at 1:1 dilution. Patients' antibody IgG
subtypes in serum or CSF were identified by use of the HEK293 transfected cells and
secondary anti-human antibodies specific for [gG1, IgG2, IgG3, or IgG4 (all 1:50; Sigma-
Aldrich) as reported.!”

Statistical analysis

The association between GABAg receptor antibodies and other autoantibodies (GAD65, N-
type voltage-gated calcium channel, thyroid peroxidase, thyroglobulin, or SOX1) and that
between neurological improvement and cancer treatment or immunotherapy were analysed
with Fisher's two-sided exact test. The colocalisation of patients' antibodies with the
polyclonal GABAg receptor antibodies or antibodies to the synaptic marker Bassoon was
analysed with the Student's ¢ test.

Role of the funding source

The study sponsor had no role in the study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication.
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In May, 2008, a 60-year-old woman with a long history of smoking was admitted to hospital
with confusion, memory problems, and new-onset generalised tonic-clonic and partial
complex seizures refractory to treatment (index patient; patient 1). At examination, she was
confused about the time and where she was and had poor concentration and short-term
memory (table 1). Although she had saccadic pursuits with lateral gaze, no cranial nerve
abnormalities were noted. Strength, sensation, reflexes, and coordination were normal. MRI
of the brain showed increased fluid-attenuated inversion recovery (FLAIR) signal in the
medial temporal lobe of both hemispheres, compatible with limbic encephalitis (table 2,
figure 1A). Diffuse slowing and bilateral periodic lateralised epileptiform discharges were
seen on encephalography (EEG). In the CSF there were nine white blood cells per pL, total
protein concentration was 350 mg/L, and glucose concentration was 3.94 mmol/L; there
were no oligoclonal bands and cytological findings were normal. PCR for herpes simplex
virus, West Nile virus, and St Louis encephalitis were negative. The patient had
hyponatraemia (119 mEq/L) caused by syndrome of inappropriate antidiuretic hormone
secretion. Combined CT and fluorodeoxyglucose-PET showed mediastinal
lymphadenopathy, which was proven by biopsy to be small-cell lung cancer. The patient
was treated with antiepileptic drugs (levetiracetam, valproic acid, and phenytoin) and
immunotherapy (intravenous immunoglobulins and corticosteroids), immediately followed
by chemotherapy with cisplatin and etoposide. The patient's short-term memory and
cognition improved, and seizures resolved. After chemotherapy the patient had standard
prophylactic whole-brain radiation therapy. Brain MRI 1 month after symptom presentation
showed improvement of the abnormal FLAIR signal (figure 1B); MRI at 3 months and 9
months were unchanged except for progressive general atrophy, probably secondary to
radiation (figure 1C, D). 1 year after symptom presentation, the patient had only mild
deficits in memory and cognition and lived independently.

Sera and CSF from the index patient and the 14 other patients (patients 1-15) showed a
pattern of reactivity with the neuropil of rat brain (figure 2) that was different from that
reported with antibodies against NR1 subunits of the NMDA receptor, GluR1/2 subunits of
the AMPA receptor, or voltage-gated potassium channels.’”-3:18 When non-fixed and non-
permeabilised cultures of rat hippocampal neurons were incubated with patients' serum or
CSF, intense reactivity with the cell surface was seen (figure 3A). Similar studies with
serum or CSF from control individuals showed no reactivity with rat brain tissue (figure 2E)
or cultures of neurons (figure 3B).

The GABAGg receptor was identified as the target antigen by immunoprecipitation of the
antigen with patients' serum samples and peptide sequence recognition (GABAg; and
GABARg);) by mass spectrometry (webappendix). Immunoprecipitates were obtained using
the serum from four patients. Electrophoresis of the immunoprecipitates showed similar
protein bands at about 90 kDa and 105 kDa (Figure 3C). The indicated protein bands
contained sequences derived from GABAg; and GABAg; (protein scores for B1: 160, 225,
342, and 178; protein scores for B2: 1094, 1784, 1946, and 2653).

The results were confirmed by immunoblotting the immunoprecipitates with antibodies
specific for GABAg| and GABAg,. Immunoblot analysis confirmed that the band at about
105 kDa was recognised by anti-GABAg; and anti-GABAg, antibodies, and the band at
about 90 kDa was recognised by anti-GABAg antibodies (figure 3D).

Colocalisation of patients' antibodies with the GABAR receptor and the synaptic and
extrasynaptic location of the target receptors were noted on confocal microscopy. The
colocalisation of patients' antibody clusters with GABAgp receptor clusters (figure 4) was

Lancet Neurol. Author manuscript; available in PMC 2010 February 18.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Lancaster et al.

Page 7

quantified for the dendrites of 23 neurons on four separate coverslips. 103% (SE 0.8%) of
the clusters labelled with antibodies from patients colocalised with clusters labelled by the
guineapig polyclonal GABAg receptor antibody, and 107% (SE 0.7%) of guineapig
antibody-labelled clusters colocalised with those labelled by patients' antibodies (numbers
slightly higher than 100% occur because of overlapping of a few clusters labelled by patient
antibodies with two guineapig antibody-labelled clusters and vice versa). These results
suggest that all patients' antineuronal cell-surface antibodies target the GABARg receptors
and that almost all neuronal GABAGg receptors are labelled by patients' antibodies. 62% (SE
1.3%) of GABAg receptor clusters labelled by patients' antibodies were also labelled by
Bassoon, significantly fewer than those also labelled by guineapig GABARg receptor
antibodies (Student's ¢ test, p<0.0001), suggesting that patient antibodies bind both synaptic
and extrasynaptic GABAg receptors.

The location of the epitope in GABAg; was identified with HEK293 cells transfected with
GABAg|, GABAR,, or both GABAGg receptor subunits. All 15 patients had serum or CSF
antibodies that reacted with GABAg; (figure 5), and one had additional reactivity with the
GABAg; subunit (data not shown). Similar studies with the 104 control individuals showed
that two patients, both with syndromes attributed to GAD65 autoimmunity, had GABAg;
receptor antibodies at low titres (CSF 1:2, serum negative), which did not bind at detectable
levels to sections of rat brain (Fisher's exact test, p<0.0001, data not shown).

Samples from the six patients for whom sufficient serum or CSF was available were
analysed for antibody IgG subtypes. All six patients had IgG1 GABAg; antibodies, two had
additional IgG3, and one had IgG2 antibodies.

Table 1 shows demographic features and symptoms of the 15 patients and the two control
individuals who had antibodies to GAD65. Among the 15 patients, median age was 62 years
(range 24-75); eight were men. All patients had seizures, confusion, and memory deficits. In
13 patients the seizures were the presenting symptom; in two (patients 3 and 13) memory
deficit and confusion were the presenting symptoms. After further clinical assessment most
seizures appeared to have a temporal-lobe onset with secondary generalisation, and three
patients had status epilepticus.

Ten patients had unilateral or bilateral increases in medial temporal lobe FLAIR/T?2 signal
consistent with limbic encephalitis, and one had a small area of increased FLAIR signal in
the corpus callosum (table 2). Four patients had normal brain MRIL

CSF was abnormal in nine of ten patients for whom data were available. The most common
CSF abnormality was lymphocytic pleocytosis in eight patients. EEG results were available
from 12 patients: nine had temporal-lobe seizures, epileptiform discharges, or temporal-lobe
slowing; two had generalised slowing; and one had no abnormalities. Several types of
seizures were noted on EEG, including complex partial seizures (often of temporal-lobe
onset), status epilepticus, and subclinical seizures.

The two control individuals with low titre GABAR; antibodies developed different
syndromes in association with high titre GAD65 antibodies in serum and CSF. Neither of
these two patients developed seizures or limbic dysfunction (table 1). One had progressive
cerebellar ataxia, and the other had gait instability, muscle stiffness, rigidity, myoclonus, and
dysarthria, categorised as progressive encephalomyelitis with rigidity and myoclonus.

In addition to GABAg antibodies, seven of 15 patients had antibodies to one or more of the
following: GADG65 (3 patients), thyroid peroxidase (3 patients), N-type voltage-gated
calcium channels (3 patients), and SOX1 (1 patient). Only one of the three patients with
GADG65 antibodies had endocrinopathy, and one of the three patients with voltage-gated
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calcium channel antibodies had small-cell lung cancer (table 1). The patient with SOX1
antibodies had small-cell lung cancer.

Seven patients had tumours (table 1), detected at the time of neurological symptom
presentation. Of these patients, five had small-cell lung cancer, one had a lung tumour of
neuroendocrine origin, and one had mediastinal adenopathy. No other systemic tumours
were identified. Because most lung tumours were diagnosed by use of needle biopsy, no
tissue was available for analysis of GABAg receptor expression. However, three of four
small-cell lung cancers from control individuals without antibodies or encephalitis (archived
tissue from the Division of Anatomic Pathology, University of Pennsylvania) showed
reactivity with a guineapig polyclonal antibody to GABAg receptor and patients'
biotinylated IgG, suggesting that these receptors are expressed by small-cell lung cancer
(webappendix).

Five of the patients were young (median age 30 years, range 24-45), were non-smokers, and
had negative cancer screening including CT/fluorodeoxyglucose-PET, and two of these
patients had long-term follow-up (41 and 72 months), making the presence of cancer
unlikely.

Nine of 15 patients had a neurological response to immunotherapy (six) or treatment of the
tumour as well as immunotherapy (three). The median follow-up of these nine patients was
10 months (range 3—72 months). One patient (patient 2) later died of tumour progression (15
months) and one (patient 3) was lost to follow-up at 4 months. Six patients did not have
sustained neurological improvement: three patients (patients 4, 14, and 15) died from
tumour or chemotherapy-related complications soon after presentation of the disorder, two
were diagnosed with GABAg receptor antibodies after death (patients 5 and 7), and one was
lost to follow-up (patient 12). Of the latter three, only patient 7 was thought to have an
autoimmune disorder, and therefore this patient received corticosteroids and plasma
exchange; the other two patients did not receive immunotherapy. Overall, after excluding
one non-assessable patient (patient 12) nine of the ten patients who received immunotherapy
and cancer treatment (when a tumour was found) showed neurological improvement, while
none of the four patients (patients 4, 5, 14, and 15) who did not receive immunotherapy or
whose tumour treatment was not completed showed improvement (Fisher's exact test
p=0.005).

Discussion

15 patients had autoimmune encephalitis associated with antibodies to extracellular epitopes
of the GABAg receptor and nine responded to treatment. On the basis of clinical, MRI, and
EEG findings, the brain regions most affected are the hippocampi and temporal lobes. Thus,
it is not surprising that the resulting syndrome is similar to other types of limbic encephalitis
(eg, encephalitis associated with antibodies against AMPA receptors or voltage-gated
potassium channels), although some clinical and immunological features might suggest
GABAg receptor autoimmunity. We have reported development of seizures in all patients,
the association with lung cancer in seven patients (five pathologically confirmed as small-
cell lung cancer), and the presence of autoantibodies of unclear relation to this type of limbic
encephalitis in seven patients. Disruption of GABAg receptors by patients' antibodies is a
possible explanation for the symptoms because pharmacological!*2! and genetic?+*
changes to these receptors in rodents result in phenotypes similar to limbic encephalitis,
including prominent seizures, memory deficits, increased anxiety, and mood dysregulation.
22 Moreover, in human beings, some GABAg receptor polymorphisms are associated with
temporal-lobe epilepsy.2
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GABAg receptors are G-protein-coupled receptors composed of two subunits, GABAg; and
GABARg,.192* GABAg receptors mediate presynaptic inhibition by at least two
mechanisms: the activation of G-protein-coupled-inward rectifying potassium channels and
the inhibition of calcium channels.?’ These receptors also attenuate presynaptic firing
frequencies.2® Postsynaptic GABAg receptors mediate inhibition by similar mechanisms
and by inducing a slow inhibitory postsynaptic potential.2® GABAg receptors limit the
duration of network high-activity states, preventing excessive neuronal synchronisation, and
allowing new stimuli to break synchronous activity.2%-30 GABAp receptors are widely
distributed in the brain and spinal cord, but the highest levels of GABAg receptors are found
in the hippocampus, thalamus, and cerebellum.3! In the current study, the corresponding
areas of rat brain were more intensely immunolabelled by patients’ antibodies. The main
antigen recognised by the patients' antibodies, the GABARg subunit, is necessary for GABA
binding and receptor function, whereas the GABAg, subunit is required for localisation of
the receptor to appropriate areas of the cell membrane and G-protein coupling.32-33

27

By use of a HEK293 cell-based assay we showed that the sera or CSF of all 15 patients had
antibodies that reacted with GABARg, with additional reactivity to GABAg, in one patient.
These findings suggest that HEK293 cells expressing GABAg /52 or GABAg; could be
used as a diagnostic test.

A third of patients with encephalitis and GABAg receptor antibodies had pathologically
confirmed small-cell lung cancer (age range 53—70 years, all smokers). The involvement of
this type of tumour in paraneoplastic disorders and its ability to express synaptic proteins,
including GABAg receptors, suggests that it might trigger the immune response against
these receptors. In a subgroup of patients with limbic encephalitis and small-cell lung cancer
previously thought to be without antibodies or attributed to antibodies against intracellular
antigens, GABAg receptor autoimmunity is probably involved,3* particularly in patients
who improved after treatment of the tumour or immunotherapy.3>-3¢ Moreover, GABAg
receptor autoimmune encephalitis also seems to develop without cancer association. In this
respect, GABAg receptor autoimmune encephalitis is similar to other synaptic
autoimmunities of the CNS (those involving antibodies to NMDA receptors or AMPA
receptors)8~ 10 or peripheral nervous system (those involving antibodies to acetylcholine
receptors or P/Q-type voltage-gated calcium channels) that can develop with or without
cancer.37 As occurs in some of these disorders,8 almost half of the patients with GABAg
receptor autoimmune encephalitis (including five without tumours) had additional
autoantibodies (to TPO, GADG65, SOX1, or N-type voltage-gated calcium channels),
suggesting autoimmunity. The overlap with antibodies to GAD65 (an intracellular antigen)
suggests that some patients with limbic encephalitis attributed to GAD65 autoimmunity
might have GABAg receptor antibodies as a more likely cause of the symptoms.38:39 As
more relevant cell-surface or synaptic autoantigens are identified, subsets of disorders with
unclear definitions, such as steroid-responsive encephalitis or Hashimoto's encephalitis
without thyroid peroxidase antibodies in the CSF, will probably be reclassified.

The small number of patients with GABAp receptor antibodies and the retrospective
identification of patients prevented us from assessing the contribution of cancer treatment,
immunotherapy, or both, to neurological improvement. Moreover, we were unable to
correlate antibody titres with clinical outcome because we did not have serial serum or CSF
samples. As this disorder becomes more widely recognised, additional symptoms are likely
to be identified. On the basis of the distribution of GABAg receptors in the brain, one would
expect that some patients might develop encephalitis or seizure disorders with less focal
limbic dysfunction. This could be tested using HEK293 cells that express GABARg /g, or
GABAg|, as described in this paper. By the time antibodies are detected the serum titres can
be very low, and we suggest examining both serum and CSF. Identification of these

Lancet Neurol. Author manuscript; available in PMC 2010 February 18.
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antibodies should prompt the search for a small-cell lung cancer. Recognition of this

di
th

sorder is important because it is potentially responsive to immunotherapy and treatment of
e tumour. The binding of patients' antibodies to the GABAg receptor in live rat neurons,

and the similarity of the syndrome to experimental phenotypes in which this receptor does
not function properly, suggest the antibodies are pathogenic. Although GABAg receptor
antibodies are mainly IgG1 and thus able to activate complement, the role of complement-

m
ar

ediated cytotoxicity is questionable in this potentially reversible disorder in which neurons
e the main targets. Future studies should focus on the disease mechanism and effects of the

antibodies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MRI of a patient with GABAR receptor antibodies and limbic encephalitis

Axial fluid-attenuated inversion recovery (FLAIR) MRI from patient 1 at presentation (A)
showed increased signal in the medial temporal lobes, which was more pronounced on the
left. Repeat study at 1 month (B) showed improvement of the FLAIR signal that remained
stable at 3 months and 9 months (C, D), with development of mild generalised atrophy (the
patient received standard whole-brain radiation therapy as prophylaxis for small-cell lung
cancer metastases).
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Figure 2. Immunolabelling of rat brain with patients' antibodies

Sagittal section of rat brain immunolabelled with CSF of a patient with limbic encephalitis
(A) and a control individual (E). Note the extensive staining in A of the neuropil of thalamus
(B), hippocampus (C), cerebellum (D), and cerebral cortex. DG=dentate gyrus.
M=molecular layer. P=Purkinje cell layer. G=granular cell layer. Avidin—biotin—peroxidase
method; sections counterstained with haematoxylin.
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Figure 3. Culture of rat hippocampal neurons incubated (live, non-permeabilised) with the CSF
of a patient with limbic encephalitis and a control individual

Note the intense punctate reactivity of patient's antibodies with cell surface antigens (A) and
the absence of reactivity in the control (B); nuclei of neurons stained with 4',6-diamidino-2-
phenylindole (DAPI). The surface antigens were precipitated using the antibodies within the
patient's serum, and then electrophoretically separated and visualised with EZBlue (C).
Patient's antibodies (P) precipitated two main protein bands at about 105 kDa and 90 kDa;
these bands are not seen in the precipitate using serum from a control individual (N).
Sequencing of the 105 kDa band by use of mass spectrometry showed it contained the B1
and B2 subunits of the GABAR receptor (webappendix). The 90 kDa and other smaller
bands were proteolytic fragments and patient's IgG products. Subsequent transfer of the gel
to nitrocellulose and immunoblotting with antibodies specific for each of the GABAg (D)
subunits confirmed that patient's antibodies precipitated the B1 and B2 subunits (105 kDa)
and that the 90 kDa band was a proteolytic fragment of B1.
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10pm

10pm

Figure 4. Confocal image of a cultured triple labelled embryonic rat hippocampal neuron
Patient's antibodies are in green, a guineapig polyclonal antibody against an intracellular
epitope of the GABAg; receptor is in red, and an antibody to the presynaptic marker
Bassoon is in blue (A). Area of dendrite from the same neuron showing patient's antibody
staining (B), guineapig polyclonal GABAg; receptor antibody staining (C), both patient and
guineapig antibody staining (D), and triple staining (E). The colocalisation of labelling of
the dendrites of 23 neurons was quantified (F). This suggests that patients' antibodies bind
both synaptic and extrasynaptic GABAR receptors.
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Figure 5. Detection of antibodies to the GABAp; subunit using a HEK293 cell-based assay
HEK?293 cells transfected with the GABARg; receptor subunit show reactivity with CSF from
a patient with limbic encephalitis (A) and a polyclonal antibody against the B1 subunit of
the GABAg receptor (B); both reactivities are merged in C. Similarly transfected cells do
not react with CSF from a control individual (D) but do show reactivity with a polyclonal
antibody against the B1 subunit of the GABAp receptor (E); reactivities merged in F.
Immunofluorescent method.
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