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Human neurexin-3a antibodies associate
with encephalitis and alter synapse
development

ABSTRACT

Objective: To report a novel autoimmune encephalitis in which the antibodies target neurexin-3a,
a cell adhesion molecule involved in the development and function of synapses.

Methods: Five patients with encephalitis and antibodies with a similar pattern of brain reactivity
were selected. Antigen precipitation and determination of antibody effects on cultured rat embry-
onic neurons were performed with reported techniques.

Results: Immunoprecipitation and cell-based assays identified neurexin-3a as the autoantigen of
patients’ antibodies. All 5 patients (median age 44 years, range 23–50; 4 female) presented with
prodromal fever, headache, or gastrointestinal symptoms, followed by confusion, seizures, and
decreased level of consciousness. Two developed mild orofacial dyskinesias, 3 needed respira-
tory support, and 4 had findings suggesting propensity to autoimmunity. CSF was abnormal in all
patients (4 pleocytosis, 1 elevated immunoglobulin G [IgG] index), and brain MRI was abnormal in
1 (increased fluid-attenuated inversion recovery/T2 in temporal lobes). All received steroids, 1 IV
immunoglobulin, and 1 cyclophosphamide; 3 partially recovered, 1 died of sepsis while recover-
ing, and 1 had a rapid progression to death. At autopsy, edema but no inflammatory cells were
identified. Cultures of neurons exposed during days in vitro (div) 7–17 to patients’ IgG showed
a decrease of neurexin-3a clusters as well as the total number of synapses. No reduction of
synapses occurred in mature neurons (div 18) exposed for 48 hours to patients’ IgG. Neuronal
survival, dendritic morphology, and spine density were unaffected.

Conclusion: Neurexin-3a autoantibodies associate with a severe but potentially treatable
encephalitis in which the antibodies cause a decrease of neurexin-3a and alter synapse
development. Neurology® 2016;86:2235–2242

GLOSSARY
ANA 5 antinuclear antibodies; ANOVA 5 analysis of variance; div 5 days in vitro; IDIBAPS 5 Institute of Biomedical
Research August Pi i Sunyer; IgG 5 immunoglobulin G; IVIg 5 IV immunoglobulin; LRRTM2 5 leucine-rich repeat trans-
membrane neuronal 2; NMDAR 5 NMDA receptor.

Encephalitis is a severe inflammatory disorder of the brain with many possible causes and a com-
plex differential diagnosis. Studies from different countries and a recent meta-analysis showed
that in about 40% of patients with encephalitis the cause is never identified.1,2 Without reliable
biomarkers, a response to empiric immunotherapy is frequently used to support that the
disorder is immune-mediated, but a lack of response does not rule out an immune-mediated
pathogenesis. For example, approximately 40% of patients with anti–NMDA receptor
(NMDAR) encephalitis fail first-line immunotherapy (steroids, plasma exchange, or IV immu-
noglobulin [IVIg]) and require second-line therapies (rituximab or cyclophosphamide).3,4 How-
ever, second-line therapies are rarely used in encephalitis of unclear cause unless evidence of
autoimmunity is provided. In this setting, the demonstration of autoantibodies to neuronal cell
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surface proteins is important for 3 reasons.
First, they define the disorder as autoimmune
regardless of a response to immunotherapy;
second, they support the use of second-line
immunotherapies or maintenance of intensive
care if needed5; and finally, there is evidence
that most of the antibodies are pathogenic.6

Some antibodies alter the surface dynamics
of the cognate receptors causing their internal-
ization (e.g., NMDAR7,8 or AMPA receptor9),
while others block receptor function without
altering its surface density (e.g., GABAb recep-
tor10). We report the clinical and immunologic
features of a novel form of autoimmune
encephalitis in which the antibodies target
neurexin-3a, a presynaptic cell adhesion mol-
ecule with critical roles in synapse develop-
ment and function.11 In addition, we show
that patients’ antibodies alter the formation
of synapses.

METHODS Patients. Five patients with encephalitis of

unclear cause and antibodies against a previously unknown neuronal

cell surface autoantigen are the focus of this study. The 5 cases were

identified over the last 10 years in the Laboratory of Neuroimmu-

nology at the Institute of Biomedical Research August Pi i Sunyer

(IDIBAPS), Hospital Clínic, University of Barcelona, and the

Department of Neurology, University of Pennsylvania. The

selection of the 5 cases was based on the distinctive pattern of

serum and CSF reactivity with neuropil of rat brain, leading to

the investigations reported here. Clinical data were provided by

the treating physicians. Control samples (total 200) included

serum or CSF of 179 patients with different types of neurologic

disorders (well-characterized autoimmune encephalitis, suspected

autoimmune encephalitis, neurodegenerative diseases, and multiple

sclerosis) and 21 healthy blood donors (supplemental data on the

Neurology® Web site at Neurology.org).

Standard protocol approvals, registrations, and patient
consents. The study was approved by the institutional review

boards of IDIBAPS and University of Pennsylvania and written

consent was obtained.

Determination of antibodies, characterization of the
target antigen, and development of a cell-based assay.
The techniques involved in these studies are similar to those re-

ported for other neuronal cell surface antibodies and anti-

gens7,12,13 and are described in the supplemental data.

Analysis of the effects of the antibodies on cultures of
neurons and confocal microscopy. To determine the effects

of patients’ antibodies at the cellular and synaptic levels, patient

or control purified immunoglobulin G (IgG) (final concentration

80 mg/mL media) were added to cultures of dissociated rat hip-

pocampal neurons at 7, 10, and 14 days in vitro (div).14 On div

17, cultures were washed with phosphate-buffered saline, fixed

with 4% paraformaldehyde, permeabilized with 0.3% Triton

X-100, and blocked for 60 minutes with 1% bovine serum

albumin. Cells were then incubated overnight at 4°C using

single or double immunolabeling with the following antibodies:

anti–leucine-rich repeat transmembrane neuronal 2 (LRRTM2,

sheep polyclonal diluted 1:100, AF5589; R&D Systems,

Minneapolis, MN), anti-bassoon (mouse monoclonal, 1:400,

SAP7F407; Enzo, Farmingdale, NY), or anti-homer1b (rabbit

polyclonal, 1:100, PA5-21487; Pierce, Rockford, IL). To

determine the levels of cell surface neurexin-3a, human IgG with

neurexin-3a antibodies (diluted 1:50) was used as a reagent on the

live neuronal cultures before permeabilization and fixation (as

previously reported for studies with NMDAR antibodies7,15). After

the incubation with primary antibodies, slides were washed and

incubated for 1 hour at room temperature with the corresponding

secondary antibodies (all diluted 1:1,000; Molecular Probes, Eugene,

OR), Alexa Fluor 594 donkey anti-sheep IgG (A-11016), Alexa Fluor

488 goat anti-mouse IgG (A-11001), Alexa Fluor 594 goat anti-

rabbit IgG (A-11037), or Alexa Fluor 488 goat anti-human IgG

(A11013). Slides were then mounted with ProlonGold with 49,

6-diamidino-2-phenylindole dihydrochloride (DAPI, P36935;

Molecular Probes) and results scanned with a confocal

microscope (Zeiss LSM710; Oberkochen, Germany) with

EC-Plan NEOFLUAR CS 1003/1.3, 633/1.4, or 203/0.8

NA oil objectives.

To determine whether patients’ antibodies caused alteration

of neurexin-3a levels and number of synapses in mature neurons,

a similar set of experiments and markers as above were used in

cultures of neurons (div 18) exposed for 48 hours to patient or

control IgG.

Statistical analysis. The quantitation of neuronal cell death and
number of dendritic spines was analyzed using one-way analysis

of variance (ANOVA) and the quantitation of the number of

dendrites and complexity with 2-way ANOVA (data shown in

supplemental data). Confocal cluster densities of neurexin-3a,

LRRTM2, bassoon, or homer1b were analyzed using one-way

ANOVA and post hoc testing with Tukey adjustment for

multiple comparisons. A p value of ,0.05 was considered

significant. The a error was set at 0.05. All tests were done

using GraphPad (La Jolla, CA) Prism (version 6).

RESULTS All 5 patients (median age 44 years, range
23–50 years; 4 female) presented with prodromal
symptoms (fever, headache, nausea, or diarrhea) that
rapidly progressed (1–7 days, median 3) to confusion,
decreased level of consciousness, and seizures (table
1). One patient developed myoclonic jerks and 2 mild
orofacial dyskinesias. Three patients required inten-
sive care with respiratory support. Four of the patients
had history or laboratory findings suggestive of sys-
temic autoimmunity, such as increased antinuclear
antibodies (ANA). One had been diagnosed with
lupus 7 years earlier (fatigue, Raynaud phenomenon,
proteinuria, decreased complement, double-stranded
DNA antibodies, without neurologic symptoms), for
which she had been treated with chronic oral steroids.
The CSF was abnormal in all patients, showing
moderate pleocytosis in 4 and mild increase of IgG
index in 1 of 2 cases examined. Brain MRI was
normal in 4 of 5 patients, and 1 patient had
increased fluid-attenuated inversion recovery/T2
signal in the medial temporal lobes. All 5 patients
received steroids, 1 also received IVIg, and 1
cyclophosphamide. Two patients died (patient 2 of
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encephalitis, patient 4 of systemic complications
while recovering from the encephalitis) and the
other 3 patients had partial recovery after follow-ups
of 2, 24, and 26 months. Despite extensive CSF
investigations (and neuropathologic studies in 2
patients), no evidence of CNS infection was
identified in any of the patients.

The autopsy of patient 2 showed substantial
brain edema without evidence of inflammatory in-
filtrates and no remarkable systemic findings (blood
and CSF studies for 16 different viruses studied at
the California Encephalitis Project were all nega-
tive). The autopsy of patient 4 showed cytopathic
changes in the lung compatible with cytomegalovi-
rus infection. In the brain, there was focal and mild
subarachnoid hemorrhage, sparse petechiae in
the middle cerebellar peduncles, and moderate
meningeal hemorrhage; no remarkable microscopic
findings or evidence of CNS cytomegalovirus infec-
tion were identified.

All 5 patients had antibodies in serum and CSF
that reacted with the neuropil of rat brain, producing
a similar type of reactivity that was not present in con-
trol samples (figure 1, A and C). The pattern of im-
munostaining in the hippocampus (best seen in figure
e-1A) was identical in the 5 patients and different
from other neuronal cell surface antibodies reported
to date. Studies with live hippocampal neuronal

cultures showed that the epitopes were on the neuro-
nal cell surface (figure 1B).

To further confirm that the patients’ antibodies
recognized the same antigen, we performed immuno-
competition assays between the sera of 2 of the pa-
tients. This showed that preincubation of brain tissue
with serum from one patient abrogated the reactivity
of biotinylated IgG of the other patient, confirming
that the antibodies of both patients recognized the
same epitopes (figure e-1).

In order to identify the target antigen, 2 independent
neuronal immunoprecipitations were carried out with
sera from 2 different patients. Mass spectrometry of the
precipitates showed several sequences of neurexin-3a in
both cases (table e-1).

To further asses that neurexin-3a was the target
antigen of patients’ antibodies, patients’ serum and
CSF were tested in a cell-based assay with HEK293
cells expressing human neurexin-3a or its ligand
LRRTM2. Samples from the 5 patients but none of
the 200 controls showed specific reactivity with neu-
rexin-3a (a representative case is shown in figure 2,
A–F). Moreover, the pattern of brain reactivity of
patients’ antibodies was abrogated when a representa-
tive CSF sample was absorbed with HEK cells ex-
pressing neurexin-3a (figure e-2). None of the 5
patients had antibodies against LRRTM2 (figure 2,
G–L). To determine if LRRTM2 influenced the

Table 1 Main clinical features of 5 patients with neurexin-3a antibodies

Patient/
sex/age, y

Prodromal
symptoms

Main neurologic
symptoms Other findings CSF MRI Immunotherapy Outcome

1/F/23 Headache Confusion, somnolence,
memory deficit,
confabulation, acute
episode of suspected
central hypoventilation

Transient thrombocytopenia,
leukopenia

1st: normal;
2nd: 20
WBC;
normal
proteins
and glucose

Normal Steroids Follow-up at 36 mo: partial
recovery; memory deficit,
anxiety, respiratory
problems (requiring BiPAP
at night)

2/M/23 Fever,
headache,
vomiting,
diarrhea

Confusion, extreme
agitation, generalized
seizures, autonomic
instability, myoclonic
jerks, coma, ventilatory
support

Thrombocytopenia, leukopenia, ANA
1:80

31 WBC;
normal
proteins,
glucose,
and IgG
index

Normal Steroids Unresponsive since
hospital admission; died on
day 17; autopsy: brain
edema, herniation

3/F/50 Fever,
headache

Abnormal behavior,
seizures, decreased level
of consciousness, mild
orofacial dyskinesias,
central hypoventilation

History of lupus: fatigue, Raynaud,
ANA 108.2 index (n , 20); anti-
dsDNA 16 IU/mL (,12); anti-RNP
68.7 index (,22); anti-SS-A 95.9
index (,30); anti-SS-B 41.1 index
(,25)

Increased
IgG index;
normal
cells,
protein,
glucose

Abnormal
FLAIR/T2,
DWI, in
medial
temporal
lobes

Steroids,
cyclophosphamide

Follow-up at 24 mo: partial
recovery; cognitive deficit,
refractory epilepsy

4/F/44 Fever,
headache

Confusion, agitation,
generalized seizures,
incoherent speech, mild
orofacial dyskinesias

ANA .1:1,280 (,1:40); negative
anti-dsDNA and ANCAs; normal C3,
C4

10 WBC;
normal
proteins
and glucose

Normal Steroids, IVIg Died on day 67 (sepsis);
autopsy: mild
subarachnoid hemorrhage;
lungs with findings
suggestive of
cytomegalovirus infection

5/F/44 Nausea,
diarrhea

Confusion, memory
deficit, generalized
seizures

Chronic arthralgias, ANA 99.3 index,
anti-SS-A 123.9 index, anti-SS-B
147.7 index, thyroglobulin
antibodies

24 WBC;
proteins 64

Normal Steroids Follow-up at 2 mo:
substantial recovery, mild
cognitive deficit (still
improving)

Abbreviations: ANA 5 antinuclear antibody; ANCA 5 antineutrophil cytoplasmic antibody; anti-RNP 5 anti-ribonucleoprotein antibody; BiPAP 5 bilevel
positive airway pressure; dsDNA 5 double-stranded DNA; DWI 5 diffusion-weighted image; FLAIR 5 fluid-attenuated inversion recovery; SS-A/SS-B 5

Sjögren syndrome related antigen A or B; WBC 5 white blood cell count.
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antibody recognition of neurexin-3a, patients’ sera
and CSF were incubated with HEK293 cells coex-
pressing neurexin-3a and LRRTM2. Cotransfection
of both proteins did not modify the intensity of stain-
ing of the positive samples (data not shown).

Having demonstrated that patients’ antibodies tar-
get neurexin-3a and considering the critical role of
this protein in synapse development,11 we next deter-
mined the effects of the antibodies on the levels of
neurexin-3a and formation of synapses, as well as on
cell survival, number and complexity of dendrites,
and spine density. For these studies, patient’s IgG
was added at regular intervals to dissociated cell cul-
tures of rat embryonic neurons, div 7 to 14, a period
during which there is robust development of neuronal
processes and establishment of functional synaptic
networks (the effects were examined on day 17).14

Compared to neurons treated with control IgG, those
treated with patient IgG had a decrease of cell surface
clusters of neurexin-3a, as well as of clusters of
neurexin-3a colocalizing with LRRTM2; however,
the density of clusters of LRRTM2 was not altered
(figure 3). Additionally, neurons treated with patient
IgG, but not control IgG, showed a decrease in the
total number of synapses, defined by the colocalization

of a presynaptic marker (bassoon) with a postsynaptic
marker (homer1b), as well as a decrease in the total
clusters of bassoon and homer1b (figure 4). No effects
were noted on neuronal survival (data not shown),
number and complexity of dendrites, or spine density
(figure e-3). Similar studies using mature neurons (div
18) exposed for 48 hours to patients’ IgG showed
a significant decrease of neurexin-3a without affecting
LRRTM2 or the number of synapses (figure e-4).
Overall, these findings indicate that patients’ antibod-
ies cause a specific reduction of neurexin-3a, which in
turn decreases the total number of synapses in neurons
undergoing development.

DISCUSSION We report a novel type of autoim-
mune encephalitis characterized by antibodies against
extracellular epitopes of neurexin-3a. The disorder is
important for 3 reasons: first, symptoms are severe
(with a rapid course to death in one patient) but poten-
tially treatable; second, the initial clinical picture in some
patients may suggest anti-NMDAR encephalitis; and
third, the antibodies cause a decrease of neurexin-3a
and formation of synapses.

The combination of young age, rapid decline
of the level of consciousness, seizures, orofacial

Figure 1 Patients’ antibodies react with brain tissue and neuronal cultures

Representative immunoreactivity of patient CSF (A, B) and control CSF (C, D) with sagittal sections of rat brain and cultures of dissociated rat hippocampal
neurons. Patients’ CSF antibodies (A) show a diffuse immunolabeling of neuropil that is not detected with control CSF (C). Patients’ CSF also reacts with the
cell surface of live rat hippocampal neurons (B), whereas the control CSF is negative (D). Scale bar for A and C 5 2 mm, scale bar for B and D 5 20 mm.
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dyskinesias, or central hypoventilation resembles the
clinical picture of anti-NMDAR encephalitis.3 This
diagnosis was clinically considered in patients 1, 3,
and 4, but NMDAR antibody testing with cell-based
assay was negative and the pattern of brain immunos-
taining, although robust and similar in all patients,
was clearly different from that associated with
NMDAR antibodies. None of the patients developed
prolonged psychiatric symptoms or prominent abnor-
mal movements other than mild orofacial dyskinesias
or had teratoma, which are frequent features in
adults with anti-NMDAR encephalitis. In line
with other types of autoimmune encephalitis,13,16 4
of the 5 patients had ANA or other non-neuronal

autoantibodies suggesting propensity to autoimmu-
nity. Despite this, only 1 patient received second-
line immunotherapy. This is probably due to the
rapid course of the disease in patient 2, who died
before aggressive immunotherapy could be tried,
the limited knowledge on autoimmune encephalitis
at the time patients 2 and 4 were studied (2006 and
2008, respectively), and the rapid response to steroids
of patient 5.

The absence of brain inflammatory infiltrates in
the autopsy of patients 2 and 4, despite both having
CSF pleocytosis at symptom onset, is puzzling. In 4
patients, the antibody IgG isotype was investigated;
3 were only IgG1, and 1 IgG1 along with a minor

Figure 2 Patients’ antibodies react with neurexin-3a but not leucine-rich repeat transmembrane neuronal 2
(LRRTM2)

(A) The serum of a representative patient reacts with HEK293 cells expressing neurexin-3a; in contrast, no reactivity is
observed with the serum of a healthy control (D). (B, E) Correspond to the same cells immunolabeled with a commercial
neurexin-3a antibody; (C, F) the merged reactivities. In (G–L), a similar experiment is shown with HEK293 cells expressing
LRRTM2; no reactivity is observed with the patient’s (G) or control (J) serum. Scale bar 5 10 mm.
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component of IgG4 (data not shown), suggesting the
potential for complement activation (not investi-
gated) and recruitment of inflammatory infiltrates.
We postulate the autopsy findings could be related
to the fulminant disease of patient 2, whose death
was likely caused by refractory seizures and brain
edema, raising the possibility that mild inflammatory
infiltrates could have been missed. Patient 4 died of
sepsis and systemic complications after neurologic

improvement; the autopsy showed mild subarachnoid
hemorrhage. In this case, it is possible that the brain
inflammation had resolved by the time of the pa-
tient’s death (day 67). Nevertheless, the absence of
brain inflammation is in contrast to what is found in
other autoimmune encephalitis cases and needs fur-
ther study.17,18

Neurexins are a family of synaptic cell adhesion mol-
ecules involved in synapse formation and maturation.

Figure 4 Patient antibodies interfere with the formation of synapses

Cultures of hippocampal neurons were treated for 10 days with patient immunoglobulin G (IgG) or control IgG or not treated, and the effect on the number of
synapses (defined as clusters of the presynaptic marker bassoon colocalizing with the postsynaptic marker homer1b) was determined. The study shows that
patient IgG antibodies, but not control IgG, caused a significant reduction of the number of synapses (A) as well as bassoon (B) and homer1b (C). All graphs
represent mean 6 SD of 5 independent experiments (for each experiment, 10 dendrites per condition); **p , 0.01, ***p , 0.001, ****p , 0.0001.

Figure 3 Patient antibodies cause a reduction in neurexin-3a

Hippocampal neurons treated during 10 days with patient immunoglobulin G (IgG), control IgG, or not treated were examined on days in vitro (div) 17 for the
density of cell surface neurexin-3a, the colocalization of neurexin-3a with its ligand leucine-rich repeat transmembrane neuronal 2 (LRRTM2), and the
density of LRRTM2. (A) Compared with control IgG or not treated neurons, patient IgG caused a significant reduction in the clusters of cell surface neurexin-
3a (left) as well as the colocalization of neurexin-3a with its ligand LRRTM2 (middle), but had no effects on LRRTM (right). (B) Representative pictures of
each condition. Note the significant reduction of the clusters of neurexin-3a as well as the colocalization of neurexin-3a with LRRTM2 (merge) in neurons
treated with patient IgG. Scale bar5 5 mm. All graphs represent mean6 SD of 3 independent experiments (for each experiment, 10 dendrites per condition);
*p , 0.05, **p , 0.01, ****p , 0.0001.
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They are encoded by 3 genes—NRX1, NRX2, and
NRX3—each of them providing 2 alternative splice
products, a long a and a short b form.11 Each neu-
rexin can bind to a small number of postsynaptic
ligands, including neuroligins, cerebellins, and
LRRTMs11,19; neurexin-3a binds specifically to
LRRTM2.20,21 The serum and CSF of our 5 patients
contained antibodies against neurexin-3a but not
LRRTM2.

Neurexins act as a link between presynaptic and
postsynaptic compartments, with the intracellular
domain interacting with the presynaptic machinery
for neurotransmitter release, and the extracellular
domain binding to postsynaptic cell adhesion mole-
cules.11 Abrogating the expression of all 3 a neurexins
in mice resulted in postnatal death and a dramatic
reduction of Ca21-triggered neurotransmitter
release.22 Specific ablation of neurexin-3 showed dif-
ferent presynaptic and postsynaptic functions in dis-
tinct brain regions. For example, in the hippocampus,
extracellular sequences of presynaptic neurexin-3
mediate transsynaptic regulation of postsynaptic
AMPA receptors, whereas in the olfactory bulb, intra-
cellular sequences of neurexin-3 are selectively required
for GABA release.23 Mutations in the neurexin genes
have been associated with schizophrenia24–26 and
autism.24,27–29

Using rat embryonic neurons in the stage of mat-
uration and development of functional synaptic net-
works (e.g., div 7–17), we found that patients’
antibodies caused a specific reduction of the levels
of neurexin-3a as well as a decrease of the total num-
ber of synapses (defined by the colocalization of the
presynaptic marker bassoon30 with the postsynaptic
marker homer1b31). A similar study using mature
neurons (div 18) exposed for 48 hours to patients’
antibodies showed a decrease of the levels of neurexin-
3a, without affecting the total number of synapses.
Thus, the antibody-mediated decrease of neurexin-
3a affects synapse development. These findings are
in line with studies showing that disruption of endog-
enous neurexin–neuroligin interaction by adding a re-
combinant neurexin reduces the number of
presynaptic terminals and the number of inhibitory
and excitatory synapses.32,33

Our study has the limitation of a small number of
patients. This often occurs in the initial description of
a novel autoimmune encephalitis and prevents an
estimation of disease frequency. For example, the first
2 reports on the clinical and immunologic findings of
anti-NMDAR encephalitis had 4 and 12 patients12,34;
however, after the disorder was known and a diagnos-
tic test developed, identification of cases increased
and it is now considered one of the most frequent
autoimmune encephalitis.35 In some patients with
neurexin-3a antibodies, the clinical presentation

suggests an infectious etiology and the course of the
disease can be fulminant (e.g., patient 2). It is likely
that patients with these presentations are not consid-
ered for neuronal antibody testing, thus missing the
diagnosis.

Future studies should aim to fully characterize the
syndrome reported here and the mechanisms by which
the antibodies decrease the levels of neurexin-3a,
which in turn alter the formation of synapses, and
may affect presynaptic (neurotransmitter release)
and postsynaptic functions (e.g., AMPA receptor
regulation).23 It is unclear whether the antibodies
affect the maintenance of synapses in mature neurons;
we did not see an effect after 48 hours of exposure but
longer treatments may be necessary. The clinical
features, immunologic findings, and diagnostic test
provided in the current study are the first steps
toward these goals.
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