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Recent reports of autoantibodies that bind to neuronal surface receptors or synaptic proteins have defined treatable forms of
autoimmune encephalitis. Despite these developments, many cases of encephalitis remain unexplained. We have previously
described a basal ganglia encephalitis with dominant movement and psychiatric disease, and proposed an autoimmune aeti-
ology. Given the role of dopamine and dopamine receptors in the control of movement and behaviour, we hypothesized that
patients with basal ganglia encephalitis and other putative autoimmune basal ganglia disorders harboured serum autoantibodies
against important dopamine surface proteins. Basal ganglia encephalitis sera immunolabelled live surface cultured neurons that
have high expression of dopamine surface proteins. To detect autoantibodies, we performed flow cytometry cell-based assays
using human embryonic kidney cells to express surface antigens. Twelve of 17 children (aged 0.4-15 years, nine males) with
basal ganglia encephalitis had elevated immunoglobulin G to extracellular dopamine-2 receptor, compared with 0/67 controls.
Immunofluorescence on wild-type mouse brain showed that basal ganglia encephalitis sera immunolabelled microtubule-
associated protein 2-positive neurons in striatum and also in cultured striatal neurons, whereas the immunolabelling was
significantly decreased in dopamine-2 receptor knock-out brains. Immunocytochemistry confirmed that immunoreactivity loca-
lized to the surface of dopamine-2 receptor-transfected cells. Immunoabsorption of basal ganglia encephalitis sera on
dopamine-2 receptor-transfected human embryonic kidney cells decreased immunolabelling of dopamine-2 receptor-transfected
human embryonic kidney cells, neurons and wild-type mouse brain. Using a similar flow cytometry cell-based assay, we found
no elevated immunoglobulin G binding to dopamine 1, 3 or 5 receptor, dopamine transporter or N-methyl-p-aspartate receptor.
The 12 dopamine-2 receptor antibody-positive patients with encephalitis had movement disorders characterized by parkinson-
ism, dystonia and chorea. In addition, the patients had psychiatric disturbance with emotional lability, attention deficit and
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psychosis. Brain magnetic resonance imaging showed lesions localized to the basal ganglia in 50% of the patients. Elevated
dopamine-2 receptor immunoglobulin G was also found in 10/30 patients with Sydenham’s chorea, 0/22 patients with paedi-
atric autoimmune neuropsychiatric disorders associated with streptococcal infection and 4/44 patients with Tourette’'s syndrome.
No dopamine-1 receptor immunoglobulin G was detected in any disease or control groups. We conclude that assessment of
dopamine-2 receptor antibodies can help define autoimmune movement and psychiatric disorders.

Keywords: encephalitis; autoantibody; dopamine receptor; movement disorders; Sydenham's chorea

Abbreviations: DAT = dopamine transporter; GFP = enhanced green fluorescent protein; HEK = human embryonic kidney;
IgG = immunoglobulin G; MAP2 = microtubule-associated protein 2; NMDAR = N-methyl p-aspartate receptor;
PANDAS = paediatric autoimmune neuropsychiatric disorders associated with streptococcal infection

Introduction

There is increasing evidence that autoimmune encephalitis repre-
sents a significant subgroup of encephalitis in children and adults,
which are defined by the presence of antibodies against important
proteins involved in neurotransmission (Dalmau et al., 2008; Lai
et al., 2009; Irani et al., 2010a, b). These antibodies have subse-
quently been used to define the clinical spectrum of autoimmune
CNS diseases. Despite this, many cases of encephalitis present a
diagnostic challenge and the cause is unexplained (Granerod et al.,
2010). We have previously described a basal ganglia encephalitis
associated with movement disorders, and have proposed this syn-
drome to be autoimmune and treatable with immune therapy
(Dale et al., 2001, 2002, 2004).

Basal ganglia encephalitis is part of the spectrum of autoimmune
basal ganglia disorders with the classic autoimmune basal ganglia
disorder being Sydenham's chorea, in which there is good evi-
dence from clinical and therapeutic studies to support the autoim-
mune hypothesis and the presence of autoantibodies (Church
et al., 2002; Kirvan et al., 2003; Garvey et al., 2005; Brilot
et al., 2011; Brimberg et al., 2012; Walker et al., 2012). The
other putative autoimmune basal ganglia disorder is paediatric
autoimmune neuropsychiatric disorders associated with streptococ-
cal infection (PANDAS), although the evidence for an autoimmune
disorder is less clear and the entity remains controversial
(Singer et al., 2005; Kirvan et al., 2006; Brilot et al., 2011).
Finally, it has been proposed that an autoimmune subgroup may
exist in Tourette's syndrome, although results remain controversial
(Martino et al., 2009; Murphy et al., 2010; Felling and Singer,
2011).

Dopamine is a crucial neurotransmitter in the brain and dopa-
minergic dysfunction is thought to underlie common human dis-
eases, such as Parkinson's disease, Tourette's syndrome and
schizophrenia (Beaulieu and Gainetdinov, 2011). Dopamine signal-
ling is mediated through dopamine receptors, which are
G-protein-coupled seven-transmembrane domain receptors. Five
receptors have been identified in humans and are divided into
two groups: D1- (D1R and D5R) and D2-class receptors (D2R,
D3R and D4R) (Kebabian and Calne, 1979). D1- and D2-class
receptors have high expression in basal ganglia, for example stri-
atum (caudate-putamen), but also in cortex, hippocampus and
substantia nigra (Beaulieu and Gainetdinov, 2011). Modulation
of D2R expression in the basal ganglia has been associated with

schizophrenia, depression and movement disorders (Nikolaus
et al., 2009a, b; Beaulieu and Gainetdinov, 2011). Movement
and psychiatric disorders associated with D2R antibody are bio-
logically plausible as D2R is intimately linked to the control of
movement and behaviour. For example, myoclonus dystonia is
associated with D2R gene mutations (Klein et al., 1999); the
best treatment of psychosis, chorea and Tourette's syndrome are
D2R antagonists; and dystonia—parkinsonism is a recognized side-
effect of D2R antagonists.

Herein, we report the presence of antibodies to extracellular
epitopes of D2R antibodies in autoimmune movement and psychi-
atric disorders.

Materials and methods

Patients and controls

We investigated 17 patients seen between 2000 and 2011 with
clinical or radiological features compatible with a basal ganglia en-
cephalitis (Table 1), previously termed encephalitis lethargica (Dale
et al., 2004). The 17 patients had clinical features suggestive of
basal ganglia involvement (movement disorder sometimes with a
psychiatric or sleep disorder). Previous serological testing had been
negative for autoantibodies to N-methyl-p-aspartate receptor
(NMDAR) (n=17), voltage-gated potassium channel complexes
(n=17), glycine receptor (n=10), glutamic acid decarboxylase
(n=10), leucine-rich, glioma-inactivated 1 protein (n=10) and
contactin-associated protein 2 (n=10) (Dale et al., 2009; Suleiman
et al., 2011). All 17 patients fulfilled criteria of encephalitis as pre-
viously defined, including encephalopathy (n =17), focal neurological
signs (n=17), fever (n=9), MRI inflammatory lesions (n=8), EEG
compatible with encephalitis (n=7) and cerebrospinal fluid (CSF)
pleocytosis (n=6) (Granerod et al., 2010). Patients were investi-
gated empirically with a total of 349 negative aetiological investiga-
tions (mean 20, range 6-31; Supplementary Table 1). All patients
were treated briefly with intravenous antibiotics and acyclovir until
bacterial infection or herpes simplex virus infection was excluded.
Follow-up outcomes were assessed by child neurologists including
functional differences compared with age-matched peers. Formal
neuropsychology was only performed in four patients. Serum used
in antibody studies was from the first week of the acute admission
and before immune therapy (except in Supplementary Fig. 3 where
convalescent samples were also used).

In order to define antibody specificity, we used serum from 67
paediatric controls as outlined in Supplementary Table 2. The controls
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included viral encephalitis, NMDAR encephalitis, inflammatory demye-
lination and basal ganglia disease of defined metabolic, genetic or
degenerative origin.

For Sydenham's chorea, all patients (n=30) fulfilled criteria,
namely modified Jones criteria, clinical characteristics and evidence
of streptococcal infection (Cardoso et al., 1997). There was a pre-
ceding throat infection in 19, preceding vaccine in one and no clin-
ical precedent in 10. Serum was from the acute phase ( <3 months)
in 24, subacute phase (3-6 months) in three or during relapse of
Sydenham's chorea in two or persistence of Sydenham's chorea in
one (Table 1).

All patients with PANDAS (n =22) fulfilled criteria proposed for
PANDAS (Swedo et al., 1998) at illness onset. The main differentiating
feature of PANDAS from other neuropsychiatric disorders was the
infection-associated abrupt onset and rapid deterioration of symptoms
that often occurred ‘overnight’, and the evidence of recent strepto-
coccal infection. In total, 18 of the 22 patients had further ongoing
infection-associated relapses, followed by remissions, which were often
associated with the use of antibiotics, referred to as a ‘sawtooth’
course. Four of the patients had abrupt onset, but then a static
course without remissions. All patients had serological evidence of
streptococcal infection associated with infectious triggers. All patients
had active tics and psychiatric disorders at the time of serum sampling
(Table 1).

Al patients with Tourette's syndrome (n=44) fulfilled the
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
criteria for Tourette's syndrome. All patients had active tic disorders at
the time of serum sampling. No patients had the PANDAS phenotype
(Table 1).

Patient sera had immunoglobulin G (I1gG) concentrations measured
by nephelometry (BN ProSpec, Siemens), and IgG values were within
the normal range (6.2-14.4 g/I).

Ethics approval for this study was granted by the Children's Hospital
at Westmead ethics Committees (HREC 2007/035, SSA 07/CHW/58,
HREC/09/CHW/56 and SSA/09/CHW/143), and written informed
consent from all patients was obtained.

Cloning and expression of human
D1R, D2R, D3R, D5R, DAT and
NMDAR

Extracellular N-terminus haemagglutinin-tagged human D1R, D2R and
D5R complementary DNAs were obtained from the Missouri S&T
cDNA Resource Centre (www.cdna.org). Intracellular N-terminus
FLAG-tagged human dopamine transporter (DAT), human D3R and
extracellular C-terminus haemagglutinin-tagged syntaxin-4 comple-
mentary DNAs was kindly given by Prof J.A. Javitch (Colombia
University, NY, USA), and Prof D.E. James (Garvan Institute, Sydney,
Australia), respectively. Sequence-verified D1R, D2R and D5R comple-
mentary DNAs were subcloned into pIRES2-GFP vector (Clontech), a
vector suitable for expression of N-terminal haemagglutinin-tagged
transmembrane antigens with enhanced green fluorescent protein
(GFP) reporter under control of an internal ribosome entry site
enabling both dopamine receptor and GFP to be co-expressed in
cells separately. The human subunit 1 of NMDAR (kind gift from
Prof A. Vincent, Oxford, UK) was also subcloned into the
pIRES2-GFP vector, but was untagged. Human DAT and human
D3R were subcloned into a modified pcDNA4 vector to express intra-
cellular GFP in frame/fusion with DAT/D3R. We used syntaxin-4 as a
control to exclude immunoreactivity of sera against the haemagglu-
tinin tag. Syntaxin-4 is a single-pass type IV membrane protein of 298
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amino acids with only three extracellular amino acids (C terminus
amino acids 296-298) followed by the haemagglutinin tag. Syntaxin-
4 therefore 'anchors’ the haemagglutinin tag at the cell surface, and is
a useful control for haemagglutinin immunoreactivity.

Lipofectamine™ was used to transfect human embryonic kidney
293 (HEK293) cells to obtain surface antigen-expressing cells
(HEK293NR1+, D1R+, D2R+, D3R+, D5R+ and DAT+ cells) according tO
the  manufacturer's instructions  (Invitrogen).  Control  cells
(HEK293NR1—: D1R—, D2R—, D3R—, D5R— and DAT— (q|i5) were obtained
by transfection of HEK293 cells with empty vectors, either pcDNA-GFP
or pIRES2-GFP. Additionally, GFP-positive HEK293P2R* cells were
sorted by flow cytometry, and cultured under 250pg/ml of
Geneticin® (Invitrogen) in order to obtain a polyclonal stable
transfectant.

Cell-based assay for detection of
antibodies to cell surface D1R, D2R,
D3R, D5R, DAT and NMDAR

We used fluorescence-activated cell sorting analysis to detect anti-
body binding of patient serum IgG to surface brain antigens trans-
fected in HEK293 cells as previously described (Brilot et al., 2009,
2011). Two days after transfection, the cells were harvested using
Versene™ (Invitrogen) and washed in phosphate-buffered saline
(PBS) supplemented with 2% foetal bovine serum (FBS) (PBS/FBS).
Then, 50000 cells were incubated with serum at a 1:100 dilution in
a V-bottom plate (Corning) for 30 min at room temperature. Cells
were then washed three times with 200l PBS/FBS and incubated
with Alexa Fluor® 647-conjugated goat anti-human 1gG secondary
antibody (Invitrogen) for 30min at room temperature. Cells were
washed three times with PBS/FBS and then resuspended in 50l
PBS/FBS before analysis. Before acquisition, viability dye 7-AAD
(BD Biosciences) was added to the cells to exclude dead cells. A
total of 10000 events/well were recorded on a BD LSRII instrument
equipped with a high-throughput sampler (BD Biosciences). Data
analysis was performed using FlowJo software (TreeStar) and Excel
(Microsoft). Binding was expressed as mean fluorescence intensity as
previously described (Brilot et al., 2009, 2011). Levels of antibody
binding in GFP-positive-transfected cells were expressed as AMFI-
AMFI was determined by the subtraction of mean fluorescence in-
tensity obtained with HEK293NR!—+ D1R—, D2R—, D3R, D5R— and DAT—
cells from the mean fluorescence intensity obtained with
HEK293NR1+, D1R+, D2R+, D3R+, D5R+ and DAT+ cells. A AMFI
value greater than mean + 3 SDs of values of the healthy control
samples was considered positive. Each experiment was performed at
least three times. Cell-based assays were performed by blinded in-
vestigator and data were unblinded in order to calculate the thresh-
old of positivity. All cell-based assays were optimized on prior
assessment of antigen surface expression. Surface expression on
transfected cells was analysed by flow cytometry after staining
with a rabbit polyclonal anti-haemagglutinin antibody (Clontech),
mouse monoclonal anti-human extracellular NMDAR subunit 1 anti-
body (BD Biosciences), rat monoclonal anti-human extracellular DAT
(Santa Cruz Biotechnology Inc.) or goat polyclonal anti-human extra-
cellular D3R (Merck) in combination with an Alexa Fluor®
647-conjugated appropriate secondary antibody (Invitrogen). Dot
plots shown in Figs 1, 2, 4 and 6 were generated using Excel or
Prism software version 4.0b (GraphPad Software, Inc.).


www.cdna.org

D2R antibody in movement disorders

>
3
g

o @
a a
=] =)

-
=1
=3

300

IgG Binding (MFI)

200

cell number

- HEK293NR1+
—@— HEK2g3NR1-

(P —

w
g

ing to NR1 (AMFI)

000

o 10 20 a0 40 50

anti-NR1 Ab (ng/ml)

o

[JHEK293NR1- 647
HEK293NR1* 1460

AMFI
=813

L | T

10 10t

AF 647

g

... e

Brain 2012: 135; 3453-3468 |

NR1 Ab
(Live)
-
.t
© -
______________________________ T R S
e NN e . e
s Lt wyre HT
Sk e
HC ~ OND DEM ¥V NMDAR BG
(n=18) (n=22) (n=B) ENC ENC ENC
(n=11) (n=8) (n=17)

3457

Figure 1 Basal ganglia encephalitis serum is negative for NMDAR antibody but is immunoreactive to hippocampal and striatal primary
neurons. (A) Antibody reactivity to the subunit 1 of NMDAR (NR1) was determined by flow cytometry cell-based assay using HEK293NR"+
cells expressing surface NR1 subunit of NMDAR, and HEK293"R"~ cells. (B) Sera from healthy control (HC), other neurological disease
(OND), first episode of demyelination syndromes (DEM), viral encephalitis (V ENC), NMDAR encephalitis (NMDAR ENC) and basal ganglia
encephalitis (BG ENC) were incubated with live HEK293N®"* and HEK293NR'~ cells at 1:50 dilution, followed by AF647-conjugated
anti-human IgG secondary antibody and flow cytometry analysis. AMFI was calculated using mean fluorescence intensity obtained with live
HEK293NR"+ and HEK293"R"~. Positivity threshold was determined by AMFI of three standard deviations above the mean of healthy
controls (dotted line on graph). NR1 antibody was detected in 0/17 patients with basal ganglia encephalitis and 0/59 controls, but in all eight
patients with NMDAR encephalitis. Representative dot plot out of three experiments is shown. (C) Representative example of flow
cytometry histograms for one NMDAR antibody-positive patient. Mean fluorescence intensity values are noted in legend. (D) Fixed and live

(continued)
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Immunocytochemistry on primary
culture of murine hippocampal and
striatal neurons and HEK293 cells

Embryonic Day 16.5 mouse hippocampal and striatal neurons were
cultured as previously described (Fath et al., 2009). Primary neurons
and stably transfected HEK293 were fixed with 4% paraformaldehyde
and incubated with patient or control sera (diluted at 1:50), primary
antibodies, purified human 1gG and/or immunoabsorbed sera. Cells
were then washed and incubated with a secondary Alexa Fluor®
647-conjugated anti-human 1gG antibody, or appropriate secondary
antibodies (Invitrogen). Alternatively, live neurons were washed and
incubated with patient and control sera (diluted 1:50) followed by
incubation with appropriate secondary antibody before fixation/per-
meabilization and incubation with anti-rabbit polyclonal anti-microtu-
bule-associated protein 2 antibody (MAP2, Millipore). To confirm that
D2R was the main target antigen, two sera from control and D2R
antibody-positive patients (selected for positivity for D2R antibody
by flow cell-based assay and adequate volume of serum available)
were serially incubated with six wells of live unpermeabilized
HEK293P2R* or HEK293P"~ cells (Irani et al., 2010a; Lai et al.,
2010). Successful immunoabsorption of D2R 1gG was assessed by
flow cytometry cell-based assay. We purified 1gG from sera using pro-
tein G-agarose and Microcon (Millipore).

To visualize neurons and HEK293 cells, we used a confocal SP5
Leica microscope with x100 1.4 NA oil immersion lenses (with a
digital zoom of x1.5 for Fig. 1D and x1.43 for Fig. 1E). Pictures
were overlaid using Metamorph software version 7.1 (Molecular
Devices) and Image) software version 1.440 (National Institute of
Health). Additionally, images from Alexa Fluor® 647-conjugated
anti-human 1gG staining shown in Figs 1 and 4 were pseudo-coloured
in green for clarity.

Immunofluorescence on mouse
brain from wild-type and D2R
knock-out mice

Adult genotyped D2R knock-out mice on C57B6 background and
wild-type littermates were deeply anaesthetized with an intraperitoneal
injection of sodium pentobarbitone (100 mg/kg) and then transcar-
dially perfused with heparinized 0.1M PBS at 37°C followed
by fresh 4% paraformaldehyde in 0.1 M PBS. Brains were embedded
in optimum cutting temperature medium and immediately frozen in a
dry ice-acetone bath. Sixteen-micrometre thick cryostat sections were
thaw mounted on SuperFrost Plus® glass slides (Merzel) and stored at
—20°C. Sections were washed in 0.1 M PBS, then blocked and per-
meabilized for 30 min at room temperature with 0.3% Triton® X-100
(Sigma) and 15% normal goat serum (Sigma) in 0.1 M PBS, and incu-
bated overnight at 4°C with sera from healthy controls, and patients
with basal ganglia encephalitis, NMDAR encephalitis, Sydenham's

Figure 1 Continued
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chorea and Tourette's syndrome (diluted 1:100 in 0.1 M PBS supple-
mented with 0.3% Triton® X-100 and 5% normal goat serum). Slides
were washed in 0.1 M PBS and incubated with the appropriate sec-
ondary antibodies (Invitrogen) for 2h at room temperature. Then,
slides were incubated with anti-MAP2 antibody for 2 h at room tem-
perature, washed and incubated with the secondary appropriate anti-
body for 2 h at room temperature. Slides were washed, mounted and
images were acquired by confocal microscopy using a x20 0.7 NA
objective with or without a digital zoom of x3.05. Analysis of serum
binding to wild-type and D2R knock-out brain was performed in a
blinded manner. All procedures on animals are approved by the
Florey Neuroscience Institutes animal ethics committee and conform
to the National Health and Medical Research Council of Australia's
published code of practice.

Statistical analysis

Chi-square with Yates correction test was used to compare patient and
control groups. A P < 0.05 was considered significant.

Results

Surface D2R IgG antibody in patients
with basal ganglia encephalitis

We first optimized flow cytometry for detection of autoantibodies
using NMDAR antibody-positive sera and HEK cells expressing the
NMDAR subunit 1. The mean intensity of the fluorescence corre-
lated with antibody concentration (Fig. 1A). Using the mean + 3
SDs to establish the threshold for positivity, NMDAR antibodies
were found only in the NMDAR encephalitis group (n=8) com-
pared with all other groups (n =76), including basal ganglia en-
cephalitis, healthy controls, other neurological diseases and viral
encephalitis (Fig. 1B and C; chi-square test with Yates correction,
P < 0.0001), validating flow cytometry as an appropriate method
to detect autoantibodies in patient sera.

Although negative for surface NMDAR antibody, basal ganglia
encephalitis sera immunolabelled cell bodies and MAP2-positive
dendrites of fixed non-permeabilized striatal neurons (Fig. 1D)
and dendrites and cell surface of live primary neurons (Fig. 1E),
suggesting that these sera had 1gG that bound antigens expressed
at the surface of neurons. In order to investigate the dopamine
signalling pathway specifically, we expressed disease-relevant con-
formational surface D2R at the surface of HEK293 cells, and used
these cells to detect antibody against D2R (Fig. 2). Importantly,
due to the lack of a commercial antibody that binds to an extra-
cellular epitope of D2R, we labelled the extracellular N-terminus of
D2R with a haemagglutinin tag, which was readily detected on

(E) neurons (15 days in vitro) were co-labelled with sera from two patients with basal ganglia encephalitis or one healthy control sera
followed by AF647 anti-human 1gG secondary antibody (pseudocoloured in green) and stained with anti-neuron-specific microtubule-
associated protein 2 (MAP2) antibody (red) followed by appropriate secondary antibody. Compared with healthy control sera, sera from
patients with basal ganglia encephalitis immunolabelled non-permeabilized dendrites and cell bodies of fixed MAP2-positive neurons,
whereas surface dendrites were immunolabelled in live MAP2-positive neurons. Scale bars: D = 6.6 um; E = 20 um. Representative images
are shown. Nuclei are stained with DAPI (4',6-diamidino-2-phenylindole). MFI = mean fluorescence intensity.
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Figure 2 Basal ganglia encephalitis is associated with D2R antibody. (A) Antibody reactivity to D2R was determined by flow cytometry
cell-based assay. (B) Human surface D2R 1gG antibody was detected in 12/17 basal ganglia encephalitis samples and 0/67 controls.
Dotted line on graph represents the positivity threshold. Representative dot plot out of five experiments is shown. Samples were con-
sidered positive if they were above threshold at least four times out of five repeated experiments. (C) Representative example of flow
cytometry histograms for one D2R antibody-positive patient and (D) for staining controls on live HEK293P2R~ (/eft) and HEK293P2R* cells
(right). Controls shown are cells stained with secondary AF647-conjugated anti-rabbit IgG antibody only [Il Ab anti rab 1gG; secondary
antibody for the anti-haemagglutinin (HA) Ab], secondary AF647-conjugated anti-human 1gG antibody only (Il Ab anti hum IgG; sec-
ondary antibody for human serum). For comparison, staining of cells with anti-haemagglutinin antibody followed by the appropriate
secondary antibody is also shown (I and Il Ab anti-HA). Only the latter staining gives high mean fluorescence intensity on HEK293P2R+
cells. Mean fluorescence intensity values are noted in legend. (E) Low levels of immunoglobulin M (IgM) were detected in 2/10 patients
positive for D2R 1gG antibody. Sera from 10/12 D2R-positive patients with encephalitis were available for testing due to inadequate sera.
Representative dot plot out of three experiments is shown.
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D2R(-/-)

Figure 3 Immunoreactivity of basal ganglia encephalitis,
NMDAR encephalitis and healthy control sera in the striatum of
wild-type and D2R knock-out mice. Basal ganglia encephalitis
(BG ENC, green) immunolabelled dendrites and cell bodies of
MAP2™ neurons (red) in striatum of wild-type (WT) mouse
(A). In contrast, healthy control (HC) serum showed no signifi-
cant immunolabelling to wild-type brain (B). The immunolabel-
ling of basal ganglia encephalitis serum was significantly
decreased in D2R knock-out D2R(—/—) striatum (C), whereas
NMDAR encephalitis immunolabelling was still observed
(NMDAR ENC; D). The same basal ganglia encephalitis serum is
showed in panels A and C. Lower rows in A-C are 3.05-fold
digital zoom from top images (white square), and show

R. C. Dale et al.

unpermeabilized cells by immunocytochemistry and flow cytome-
try (Fig. 2A and D). An empty vector was negative for surface
D2R staining, as were cells incubated with primary and secondary
antibody controls (Fig. 2A and D). As shown in Fig. 1A, mean
fluorescence intensity was directly dependent on antibody titre
(Fig. 2A). Twelve of the 17 patients with basal ganglia encephalitis
had serum antibodies to surface D2R (71%), compared with 0/67
controls (Fig. 2B and C; chi-square test with Yates correction,
P < 0.0001). In contrast, only two patients showed any IgM re-
activity to the cells (Fig. 2E). We were unable to demonstrate D2R
antibodies in the four available CSFs by flow cytometry or by
immunocytochemistry (data not shown).

To further determine whether basal ganglia encephalitis sera
bound to neurons, six sera (from three patients with basal ganglia
encephalitis and three from healthy control subjects) were applied
to wild-type mouse brains, and co-labelled with the neuronal
marker MAP2. Basal ganglia encephalitis samples brightly
co-immunolabelled MAP2-positive neurons in the striatum
(Fig. 3A), whereas healthy control sera did not (Fig. 3B).
Importantly, the basal ganglia encephalitis immunolabelling was
significantly decreased in D2R knock-out striatum (Fig. 3C),
whereas NMDAR encephalitis immunolabelling was still observed
(Fig. 3D). Immunoreactivity was clearly visible on the cell surface
of unpermeabilized HEK293P2R* cells, and co-localized with sur-
face haemagglutinin-D2R staining, whereas there was no staining
with IgGs purified from healthy control sera (Fig. 4A). To confirm
the specificity for D2R, we successfully immunoabsorbed sera from
two patients with basal ganglia encephalitis using HEK293°2R*
cells (Fig. 4B), and found that absorption decreased immunolabel-
ling of HEK293P?R* cells, primary neurons and wild-type mouse
brains (Fig. 4C-E).

In addition, we show that the D2R antibody-positive sera
did not bind to an extracellular haemagglutinin-tagged irrelevant
antigen (syntaxin-4) or extracellular N-terminal haemagglutinin-
tagged D5R (Supplementary Fig. 2), further confirming that sera
are immunoreactive against D2R and not haemagglutinin.

Absence of surface D3R, D1R, D5R and
DAT IgG antibody in patients with basal
ganglia encephalitis

To determine whether the sera might also contain antibodies
to other proteins in the dopamine signalling pathway, we
performed similar cell-based assays with cells expressing D1R,
D3R and DAT. We could not detect IgG against human surface
D3R, D1R or DAT in any patient or control sera (Supplementary
Fig. 1).

Figure 3 Continued

co-localization between MAP2 and serum staining. CC = corpus
callosum; S = striatum; ILV = left lateral ventricle. Nuclei stained
with DAPI. Scale bar = 100 um and 50 um in zoomed images.
Representative images are shown.
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Figure 4 (A) Immunocytochemistry on fixed unpermeabilized HEK293P2®* cells confirmed basal ganglia encephalitis 1gG co-labelled
GFP-positive and haemagglutinin-D2R-positive (red) cells (GFP shown in green, /eft panel). Both haemagglutinin-D2R and basal ganglia
encephalitis (BG ENC) 1gG immunoreactivities are localized on the cell surface, whereas GFP is cytoplasmic. Healthy control (HC) IgG
showed no significant immunoreactivity. Nuclei stained with DAPI. Scale bar = 20 um. (B) Immunoreactivity to D2R in HEK293°2R ~- and
HEK293P2R* .immunoabsorbed basal ganglia encephalitis and other neurological diseases (ONDs) sera was assessed by flow cell-based
assay. HEK293P2R~-immunoabsorbed basal ganglia encephalitis sera were above the threshold of positivity (dotted line), whereas the
immunoabsorption of basal ganglia encephalitis with HEK293P?R* cells decreased the immunoreactivity to D2R. Immunoabsorption of
basal ganglia encephalitis sera with HEK2932R* cells also significantly reduced the surface labelling of HEK293P2R* cells (C), primary
MAP2* neurons (D) and brain wild-type sections (E) compared with immunoabsorption with HEK293P2R~ cells. CC = corpus callosum;
S = striatum; ILV = left lateral ventricle. Nuclei stained with DAPI. Scale bars: C = 6.70 um; D = 10 um; E = 100 um. Representative images

are shown.
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Clinical features of D2R
antibody-positive basal ganglia
encephalitis

Table 2 summarizes the clinical characteristics and features of the
12 patients with D2R antibody-positive basal ganglia encephalitis.
There was an even sex distribution, and children of all ages were
affected. The children were of mixed ethnic background
(Caucasian 5/12, Afro-Caribbean 3/12, East Asian 2/12, South
Asian 1/12 and Polynesian 1/12). Symptom onset frequently
occurred in the post-infectious or post-vaccine setting. Five out
of 12 had clinical history and serology suggestive of preceding
infection with B-haemolytic Streptococcus (n=3), mycoplasma
pneumonia (n=1) and enterovirus (n=1). The symptoms at
onset were variable, but lethargy, psychiatric symptoms, abnormal
movements or gait disturbance were typical. The established clin-
ical syndrome was dominated by a spectrum of movement dis-
orders, including dystonia, parkinsonism and chorea. Many of the
patients with dystonia had coarse tremor compatible with dystonic
tremor. Oculogyric crises occurred in three patients with dystonia
or parkinsonism, and ocular flutter occurred in one child with
chorea and ataxia. Psychiatric disturbance occurred in 9/12, par-
ticularly agitation, emotional lability, anxiety and psychotic symp-
toms. Sleep disturbance, lethargy, drowsiness, brainstem
dysfunction, seizures and ataxia occurred less commonly.
Investigation for a tumour was not routinely performed, although
examination for neuroblastoma in four patients was negative.
Brain MRI was normal in 6/12 (Supplementary Table 3), but
when abnormal, showed inflammatory changes localizing to
basal ganglia and brainstem structures (Fig. 5). The CSF was ab-
normal in 9/12 patients, although pleocytosis occurred in only
three patients, and the median CSF cell count was 1 monocyte/
mm? (Supplementary Table 3). The EEG was either normal or
showed non-specific slowing compatible with encephalopathy.
No patient had epileptic features on EEG.

Due to the diagnostic uncertainty, the patients were treated
empirically and some patients did not receive immune therapy
(Supplementary Table 3). The outcome was variable with a full
recovery occurring in only 5/12 (Supplementary Tables 3 and 4).
Motor, cognitive and psychiatric morbidity commonly occurred.
Dystonia, dysexecutive cognitive problems, attention deficit dis-
order and psychosis were characteristic outcomes. Five out of 12
patients had problems with learning, with rigid thinking and dys-
executive features, although formal neuropsychology was only
performed in four patients. Two patients with abnormal acute
scans have shown basal ganglia atrophy and gliosis on follow-up;
these patients have persistent cognitive and psychiatric morbidity.

Although the cohort was treated empirically, the most recent
patients have been treated aggressively and early with high dose
methylprednisolone, oral prednisolone taper and concomitant
intravenous immunoglobulin; these patients have made a com-
plete recovery (Supplementary Tables 3 and 4). Acute and conva-
lescent sera were available for three D2R antibody-positive
patients (Supplementary Fig. 3). The two patients diagnosed retro-
spectively only received steroid treatment, have been left with
permanent disability and have elevated D2R antibody on
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Table 2 Clinical comparison of D2R antibody-positive
(n = 12) and negative (n = 5) basal ganglia encephalitis

patients
Characteristic D2R antibody-  D2R antibody-
positive negative
(n=12) (n=5)
Demographics
Sex: male 6/12 2/5
Age, mean, median (range) 7.4, 5.5 (1.6-15) 6.5 (0.4-10)
Non-White 7/12 1/5
Prodromal symptoms
Infection 6/12 4/5
Vaccination 2/12 0/5
Drug 1/12 0/5
Nil 3/12 1/5
Symptom presentation
Lethargy, drowsy 5/12 2/5
Movement disorder 4/12 0/5
Paranoia, psychosis, 3/12 0/5
hallucinations
Agitation, anxiety 2/12 2/5
Gait disturbance, ataxia 2/12 0/5
Seizure 2/12 1/5
Movement disorder
Any movement disorder 12/12 5/5
Dystonia, including 5/12 4/5
dystonic tremor
Parkinsonism 5/12 2/5
Oculogyric crisis 3/12 0/5
Chorea 3/12 0/5
Hemidystonia and 1/10 0/5
hemichorea
Ocular flutter 1/12 0/5
Psychiatric symptoms
Any psychiatric change or ~ 9/12 3/5
personality change
Agitation 5/12 0/5
Psychosis or hallucinations ~ 3/12 0/5
Emotional lability, anxiety 2/12 3/5
Compulsive touching 2/12 0/5
Aggression 1/12 0/5
Sleep disorder
Any sleep disorder 6/12 3/5
Somnolence, lethargy 4/12 2/5
Insomnia 2/12 1/5
Other
Fever at any stage 6/12 3/5
Encephalopathy® 12/12 55
Reduced consciousness or ~ 5/12 3/5
confusion
Autonomic or hiccough 3/12 0/5
Ophthalmoplegia 2/12 0/5
Pyramidal weakness 2/12 1/5
Mutism 2/12 2/5
Seizures 2/12 2/5
Ataxia 2/12 0/5
MRI abnormal® 6/12 2/5

“Encephalopathy definition as per Granerod et al. (2010).

PLesions localized to basal ganglia only.
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Figure 5 D2R antibody-positive encephalitis (ENC) is associated
with normal and abnormal brain MRI. MRI were normal in 6/12
D2R antibody-positive patients with acute encephalitis (upper
panel), and abnormal in 6/12 D2R antibody-positive patients
with acute encephalitis (lower panel). In MRI abnormal patients,
T, axial image (/eft panel) shows enhancement in caudate,
putamen and globus pallidus, and T, FLAIR coronal image
(right panel) shows enhancement in substantia nigra.

convalescent testing. The prospectively diagnosed patient was
treated with both steroid and intravenous immunoglobulin, has
made a complete clinical recovery and D2R antibody has normal-
ized on convalescent testing (Supplementary Fig. 3).

Spectrum of D2R antibody-associated
movement and psychiatric disorders

We measured serum 1gG reactivity to D2R in other putative auto-
immune basal ganglia disorders, including Sydenham’s chorea,
PANDAS and Tourette's syndrome. We detected surface D2R
1gG antibody in the sera of 10/30 patients with Sydenham’s
chorea (30%), 0/22 with PANDAS (0%) and 4/44 with
Tourette's syndrome (9%) compared with 0/40 of control
subjects (Fig. 6A, chi-square test with Yates correction,
Sydenham'’s chorea versus controls, P < 0.0001, Tourette's syn-
drome versus controls, P < 0.11). Samples were considered posi-
tive if they were above threshold at least three times out of four
repeated experiments. We could not detect any surface D1R 18G
antibody in any sera (Fig. 6B). Immunolabelled live neurons from
D2R antibody-positive patients with Sydenham’s chorea and
Tourette's syndrome (Fig. 6C), co-labelled with MAP2 in the stri-
atum of wild-type mouse (Fig. 7A and B) and the immunolabelling
was significantly decreased in D2R knock-out striatum, suggesting
that D2R is the main antibody target in these patients (Fig. 7C
and D).

Brain 2012: 135; 3453-3468 | 3463

Clinical features of D2R
antibody-positive Sydenham’s chorea
and Tourette's syndrome

No obvious differences were observed between Sydenham’s
chorea patients positive or negative for D2R antibody
(Supplementary Table 5). Clinical histories of patients with D2R
antibody-positive Tourette's syndrome are presented in the
Supplementary material. Interestingly, 2/5 of the females with
Tourette's syndrome were D2R antibody positive, whereas only
2/39 males with Tourette's syndrome were D2R antibody positive.

Clinical and demographic findings of
D2R antibody positivity in autoimmune
basal ganglia disorders

We identified a total of 26 individuals with D2R antibody in basal
ganglia disorders. D2R antibodies were more common in females
(17/45) compared with males (9/68, chi-square test with Yates
correction, P < 0.005), and non-White (13/35) compared with
White patients (13/78, chi-square test with Yates correction,
P < 0.05). Streptococcal-O titres were positive (>200IU/ml) in
all of the patients with Sydenham’s chorea, but in only 3/11 of
the patients with basal ganglia encephalitis. The movement dis-
order phenotype varied according to gender. In females positive
for D2R antibodies, the movement disorders in descending order
of frequency were chorea (n = 13), dystonia—parkinsonism (n = 3)
and tics (n=2); in D2R antibody-positive males, the movement
disorders were dystonia—parkinsonism (n=7), tics (n=2) and
chorea (n=1).

Discussion

We have previously shown that 10 out of 20 patients with
encephalitis and dyskinesia, encephalopathy and seizures, previ-
ously considered to be a dyskinetic form of encephalitis lethargica
(Dale et al., 2001, 2002), had NMDAR antibodies, indicating that
they have NMDAR encephalitis (Dale et al., 2009). Herein, we
show that some patients with basal ganglia encephalitis without
NMDAR antibodies, and with a syndrome dominated by move-
ment disorders, have serum 1gG antibodies against surface D2R,
which we call D2R antibody-positive encephalitis. Whereas we did
not find these antibodies in a large number of relevant healthy
and disease controls, they were also present in a proportion of
patients with Sydenham’s chorea and Tourette's syndrome.

D2R is an essential receptor that regulates dopaminergic neuro-
transmission. Alternative splicing of D2R generates two major vari-
ants, D2-short and -long, which differ by the presence of an
additional 29 amino acids in the third intracellular loop
(Giros et al., 1989). D2-long has been shown to be predominantly
expressed postsynaptically, whereas D2-short is expressed pre-
synaptically and functions as an autoreceptor (Usiello et al.,
2000). Although both isoforms have an identical extracellular
sequence, we used D2-long to detect the antibodies, and further
studies are needed to determine whether the autoantibodies can


http://brain.oxfordjournals.org/cgi/content/full/aws256/DC1
http://brain.oxfordjournals.org/cgi/content/full/aws256/DC1
http://brain.oxfordjournals.org/cgi/content/full/aws256/DC1

3464 | Brain 2012: 135; 3453-3468

A 2500
D2R Ab
= (Live)
= 2000
<
&
5 1so0 |
ke
o *
| =4 -
5 1000
2 = *
= . *
U] o3t *
2 500 | M %
TN s gy
0 | ot3ne sl BT e 23t
HC OND sC PANDAS TS

(n=18) (n=22)

(n=30)

(n=22) (n=44)

R. C. Dale et al.

B 2w

D1R Ab
= Live)
L 2000 (
2
14
5 1500
=)
2
= 1000
£
L0
(0]
2 s00 |

0 apt * - + *y
HC OND sc PANDAS TS
(n=18) (n=22) (n=30) (n=22)  (n=44)

Figure 6 Sydenham's chorea and Tourette's syndrome, but not PANDAS, are associated with D2R antibody. (A) Human surface D2R 1gG
antibody was detected in 10/30 patients with Sydenham's chorea (SC), 0/22 with PANDAS, 4/44 with Tourette's syndrome (TS) and 0/40
healthy control (HC) and other neurological diseases (OND) control subjects. (B) Patients with Sydenham's chorea, PANDAS and
Tourette's syndrome do not have D1R antibody. Dotted lines on graphs (A and B) represent the positivity threshold. Representative dot
plots out of four (D2R) and three (D1R) experiments are shown. (C) Live neurons (15 days in vitro) were co-labelled with sera from one
D2R 1gG-positive patient with Sydenham's chorea or one D2R 1gG-positive patient with Tourette's syndrome, followed by AF647
anti-human 1gG secondary antibody (pseudocoloured in green), and stained with anti-MAP2 antibody (AF555, red). Both sera from
patients with Sydenham’s chorea and from Tourette's syndrome immunolabelled surface dendrites of MAP2* neurons. Scale bar = 20 um.

Representative images are shown. Nuclei stained with DAPI.

also bind to the D2-short receptor, and to define the epitope(s)
involved in autoantibody binding. In contrast, although basal
ganglia-expressed D1R, D2R and D3R are closely related (up to
72% amino acid homology), we did not identify antibodies to
surface D1R and D3R, or to the DAT, in any of the sera tested,
but that does not exclude the possibility that they exist in other
disease entities.

The techniques used to detect antibodies against surface and con-
formational epitopes are critical. The use of cell-based assays, such as
ours, either using flow cytometry or via immunofluorescence, has
been highly successful in identifying novel antibody-associated dis-
eases (Dalmau et al., 2007; Hutchinson et al., 2008; Brilot et al.,
2009; Dale et al., 2009; Lai et al., 2009, 2010; Irani et al.,
2010a, b; Lancaster et al., 2010) and also in patients with demyeli-
nating disease (O'Connor et al., 2007; Brilot et al., 2009; McLaughlin
et al., 2009; Probstel et al., 2011; Waters et al., 2012).
Importantly, antibodies that bind to the extracellular domain of

important proteins involved in neurotransmission are highly likely
to be pathogenic (Dalmau et al., 2008; Lai et al., 2009; Hughes
etal., 2010; Vincent et al., 2011, Bien et al., 2012), although patho-
genic mechanisms have not yet been demonstrated in most in-
stances. In contrast, previous studies of patients with basal ganglia
encephalitis used western blotting, a technique that does not readily
recognize extracellular epitopes of membrane proteins, and have not
proved to be helpful in identifying highly relevant cell surface anti-
genic targets (Dale et al., 2004, 2006). Our findings contrast with a
recent report that found D1R and D2R antibodies in both patients
with Sydenham's chorea and those with PANDAS, but this study
used ELISA and western blotting with D2R- and D1R-enriched mem-
brane fractions, which would reveal intracellular epitopes (Brimberg
et al., 2012).

In our cohort, the D2R antibody-positive patients with enceph-
alitis were children, but it is probable that adults will also be af-
fected. Although a search for tumours was not systematic, no
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Figure 7 Immunoreactivity of Sydenham'’s chorea and
Tourette's sydrome sera in the striatum of wild-type and

D2R knock-out D2R(—/—) mice. D2R IgG antibody-positive
Sydenham'’s chorea (SC, A) and Tourette's syndrome (TS, B)
sera (green) immunolabelled dendrites and cell bodies of
MAP2-positive neurons (red) in striatum of wild-type mouse.
The immunolabelling of sera from patients with Sydenham's
chorea (C) and from Tourette's syndrome (D) was significantly
decreased in D2R knock-out striatum. The same Sydenham'’s
chorea and Tourette's syndrome sera are showed in A and

C, and B and D, respectively. Lower rows in A-D are 3.05-fold
digital zoom from top images (white square), and show
co-localization between MAP2 and serum staining. CC = corpus
callosum; S = striatum; rLV = right lateral ventricle. Nuclei
stained with DAPI. Scale bar = 100 and 50 um in zoomed
images. Representative images are shown.
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tumours were found during the follow-up and a paraneoplastic
syndrome seems unlikely, but cannot be excluded. There were
no discernable clinical or radiological differences between the 12
D2R antibody-positive and the five D2R antibody-negative pa-
tients, and the five patients with basal ganglia encephalitis nega-
tive for D2R antibody may have antibodies below the detection
limit of our assays, an alternative antigenic target or an unidenti-
fied viral infection.

Movement disorders dominated the clinical syndrome of D2R
antibody-positive encephalitis, and included dystonia, dystonic
tremor, oculogyric crises, parkinsonism and chorea, sometimes
co-existing in the same patient. Psychiatric features were also
common but not universal, particularly agitation, anxiety and
psychosis. Sleep disturbance was also common, as was other
brainstem dysfunction. Seizures occurred only in 20% of the
D2R antibody-positive encephalitis, significantly less than paediat-
ric NMDAR encephalitis (77 %) (Florance et al., 2009). A relapsing
course affected 3/12 patients, which is a similar rate to NMDAR
encephalitis (Dalmau et al., 2011).

MRI was normal in 50% of the D2R antibody-positive enceph-
alitis cases, but when abnormal, the lesions were localized to the
basal ganglia. Interestingly, MRI is also often normal in NMDAR
encephalitis (Dale et al., 2009; Florance et al., 2009), which em-
phasizes the importance of autoantibodies in the identification of
these disorders. EEG was rarely contributory and often normal,
further suggesting D2R antibody-positive encephalitis predomin-
antly affects subcortical rather than cortical regions, in contrast
to NMDAR encephalitis, which affects both (Irani et al., 2010b;
Dalmau et al., 2011).

We were unable to detect CSF D2R antibodies in the few sam-
ples available, which could be due to a lack of sensitivity of these
assays or represent a genuine absence of intrathecal immuno-
globulin synthesis in these patients. The detection and role of
intrathecal versus serum antibody may vary in different
antibody-associated brain diseases, as may pathogenic mechan-
isms and pathological findings (Martinez-Hernandez et al., 2011;
Bien et al., 2012), as discussed elsewhere (Dalmau et al., 2011;
Lancaster et al., 2011; Vincent et al., 2011). One proposed but
not proven mechanism of antibody access into the brain paren-
chyma is penetration directly from the bloodstream, which could
be influenced by the presence of systemic inflammation (Dalmau
et al., 2008; Vincent et al., 2011). Indeed fever or a preceding
infection was common in D2R antibody-positive patients with en-
cephalitis, although no consistent infectious precipitant was
identified.

The best therapeutic approach is difficult to assess since recov-
ery was variable with frequent residual motor, cognitive and psy-
chiatric morbidity. However, taking lessons from the treatment of
NMDAR encephalitis, recently admitted patients with D2R
antibody-positive encephalitis have been treated promptly and ag-
gressively with high dose steroids and intravenous immunoglobu-
lin, and have made good recoveries with normalization of D2R
antibody titre in one patient. Further study to determine the op-
timal therapeutic approach is required. Additionally, although
immune therapy is recommended in autoimmune encephalitis, a
spontaneous and complete recovery occurred without immune
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therapy in two of the patients suggesting that the autoimmune
process can be spontaneously reversible.

There are a number of similarities between basal ganglia
encephalitis and Sydenham’s chorea; both syndromes are typically
post-infectious movement disorders evolving over days or weeks,
both syndromes can respond to immune therapies and both syn-
dromes have a small but significant risk of relapse (Garvey et al.,
2005; Walker et al., 2012). Although recent streptococcal infec-
tion was evident in all D2R antibody-positive patients with
Sydenham'’s chorea, only a minority of patients with basal ganglia
encephalitis had positive streptococcal serology, suggesting that
D2R antibody is not dependent upon streptococcal immunoreac-
tivity. The D2R antibody-positive patients with encephalitis also
tended to have a more severe clinical syndrome than those with
Sydenham's chorea, and were more likely to have basal ganglia
radiological abnormalities and residual impairments. Intriguingly,
Greenfield and Wolfsohn (1922) reported that the pathology of
basal ganglia encephalitis (so called encephalitis lethargica) and
Sydenham's chorea showed significant similarities, with perivenous
inflammation predominantly affecting the striatum.

In contrast to Sydenham’s chorea, we did not detect D2R anti-
body in patients with PANDAS, highlighting a further immunolo-
gical difference between Sydenham's chorea and PANDAS,
already suggested in our previous work (Brilot et al., 2011). The
hallmark of PANDAS is the rapid infection-associated deterior-
ations, which typically occur overnight. Likewise, improvements
in PANDAS can occur very rapidly in association with the use of
antibiotics. This rapid remission with antibiotic therapy would be
considered atypical of accepted autoantibody-associated CNS dis-
orders, such as NMDAR encephalitis, which are characterized by a
slower evolution and remission of disease over weeks and months
(Dalmau et al., 2008). We therefore suggest that other immune
mechanisms may be operating in PANDAS. One caveat is that
serum sampling in basal ganglia encephalitis and Sydenham's
chorea was performed during the acute phase, whereas serum
sampling in PANDAS and Tourette's syndrome was performed
during the chronic active phase. Longitudinal studies are needed
to understand temporal fluctuations of D2R antibodies in these
patient subgroups. An interesting finding in our report is the pres-
ence of D2R antibodies in a small subgroup of children with
Tourette's syndrome, a common movement and neuropsychiatric
disorder. Dopaminergic dysfunction is largely accepted as being a
prime abnormality in Tourette's syndrome (Felling and Singer,
2011). Furthermore, although still controversial, there is a body
of literature describing immune abnormalities in patients with
Tourette's syndrome, and the presence of an autoimmune sub-
group in Tourette's syndrome has been proposed for some time
(Martino et al., 2009; Felling and Singer, 2011; Landau et al.,
2012). The role of autoantibodies in chronic neurological and psy-
chiatric disease are an important and growing area of interest,
including voltage-gated potassium channel complex antibody in
epilepsy (McKnight et al., 2005), NMDAR antibody in schizophre-
nia (Zandi et al., 2011) and NMDAR antibody of the immuno-
globulin A isotype in atypical dementia (Pruss et al., 2012). The
role of D2R antibodies in large cohorts of Tourette's syndrome and
associated disorders merits further investigation.

R. C. Dale et al.

Finally, we found that females and patients of non-White eth-
nicity were positively associated with D2R antibodies, which are
described risk factors for NMDAR encephalitis and autoimmunity
in general (Florance et al., 2009; Dalmau et al., 2011; Vincent
et al., 2011).

We propose that D2R antibody can define movement and psy-
chiatric disorders of autoimmune origin. D2R antibody may prove
to be an essential diagnostic biomarker to help early intervention
and improve outcome in patients with movement and psychiatric
disorders.
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