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Pathogen-mediated NMDA receptor autoimmunity and
cellular barrier dysfunction in schizophrenia
G Kannan1,2,9, KL Gressitt3, S Yang3, CR Stallings4, E Katsafanas4, LA Schweinfurth4, CLG Savage4, MB Adamos4, KM Sweeney4,
AE Origoni4, S Khushalani4, S Bahn5, FM Leweke6,7, FB Dickerson4, RH Yolken3, MV Pletnikov1,8 and EG Severance3

Autoantibodies that bind the N-methyl-D-aspartate receptor (NMDAR) may underlie glutamate receptor hypofunction and related
cognitive impairment found in schizophrenia. Exposure to neurotropic pathogens can foster an autoimmune-prone environment
and drive systemic inflammation leading to endothelial barrier defects. In mouse model cohorts, we demonstrate that infection
with the protozoan parasite, Toxoplasma gondii, caused sustained elevations of IgG class antibodies to the NMDAR in conjunction
with compromised blood–gut and blood–brain barriers. In human cohorts, NMDAR IgG and markers of barrier permeability were
significantly associated with T. gondii exposure in schizophrenia compared with controls and independently of antipsychotic
medication. Combined T. gondii and NMDAR antibody seropositivity in schizophrenia resulted in higher degrees of cognitive
impairment as measured by tests of delayed memory. These data underscore the necessity of disentangling the heterogeneous
pathophysiology of schizophrenia so that relevant subsets eligible for NMDAR-related treatment can be identified. Our data aid to
reconcile conflicting reports regarding a role of pathological NMDAR autoantibodies in this disorder.
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INTRODUCTION
The N-methyl-D-aspartate receptor (NMDAR) is a glutamate
receptor that functions in synaptic plasticity and memory
formation.1 Altered NMDAR activity has been observed in
individuals who exhibit neuropsychiatric symptoms, including
those with schizophrenia and mood disorders.2,3 Although the
mechanisms causing NMDAR dysfunction in psychiatric disorders
remain unknown, one source may be autoantibodies that target
the NMDAR. Anti-NMDAR encephalitis is an autoimmune disorder
that involves the production of IgG antibodies directed against the
NMDAR.4–6 Psychosis is a pathological sequela of this condition,
thus leading researchers to hypothesize a role for NMDAR
autoantibodies in the pathogenesis of psychiatric disorders.4–6

The examination of NMDAR autoantibodies in case–control
cohorts of various psychiatric disorders, however, has produced
mixed results, and positive associations of these antibodies with
disease have not been uniformly replicated.7–21 The heteroge-
neous etiology and pathophysiology of polygenic complex brain
disorders such as schizophrenia may underlie the failure to detect
a straightforward mechanistic contribution of NMDAR autoanti-
bodies to these disorders.
An insult to the blood–brain barrier (BBB) may increase the

likelihood that NMDAR autoantibodies produce neuropsychiatric
symptoms.21,22 The experimental infusion of mouse- and human-
derived anti-NMDAR antibodies in rodent models leads to
hippocampal-dependent memory impairment only once the BBB
is perturbed.23,24 Infectious microbial agents are known to

increase BBB permeability in rodents,25,26 have been associated with
elevated NMDAR antibodies in humans with encephalitis22,27,28

and are environmental influences that may further tangle the
heterogeneity of schizophrenia.29 Exposure to the neurotropic
parasitic protozoan, Toxoplasma gondii, in particular, is a putative
risk factor for schizophrenia and for the development of cognitive
deficits.30,31 In rodent models, T. gondii infection alters behavior in
a parasite strain-dependent manner31–36 and leads to NMDAR
subunit and antibody changes.37,38

In a parallel examination of mice and humans, our objective was
to dissect the NMDAR autoimmune phenotype of schizophrenia in
the context of exposure to the infectious parasite, T. gondii. We
hypothesized that, as a neurotropic and gut pathogen, T. gondii
may promote an inflammatory autoimmune state, which would
lead to the production of NMDAR antibodies as well as an avenue
of breached cellular barriers via which these autoantibodies would
be detrimental to the central nervous system (CNS).

MATERIALS AND METHODS
Study design
The study assessed the inter-relatedness of pathogen antibodies, NMDAR
autoantibodies and markers of endothelial barrier permeability as
replicated in two rodent models and two human cohorts. The mouse
component was composed of one longitudinal cohort of animals infected
with two different strains of T. gondii with controls and one cohort infected
with activated and inactivated parasites with controls. In these rodent

1Department of Psychiatry, Solomon H. Snyder Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD, USA; 2Program in Cellular and
Molecular Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, USA; 3Stanley Division of Developmental Neurovirology, Department of Pediatrics, Johns
Hopkins University School of Medicine, Baltimore, MD, USA; 4Sheppard Pratt Health System, Stanley Research Program, Baltimore, MD, USA; 5Department of Chemical
Engineering and Biotechnology, University of Cambridge, Cambridge, UK; 6Department of Psychiatry and Psychotherapy, Central Institute of Mental Health, Medical Faculty
Mannheim, Heidelberg University, Mannheim, Germany; 7Brain and Mind Centre, University of Sydney, Camperdown, NSW, Australia and 8Department of Molecular Immunology
and Microbiology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, USA. Correspondence: Dr EG Severance, Stanley Division of Developmental Neurovirology,
Department of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, MD 21287, USA.
E-mail: eseverance@jhmi.edu
9Current address: Department of Microbiology and Immunology, University of Michigan Medical School, Ann Arbor, MI, USA.
Received 31 March 2017; revised 9 June 2017; accepted 13 June 2017

Citation: Transl Psychiatry (2017) 7, e1186; doi:10.1038/tp.2017.162

www.nature.com/tp

http://dx.doi.org/10.1038/tp.2017.162
mailto:eseverance@jhmi.edu
http://dx.doi.org/10.1038/tp.2017.162
http://www.nature.com/tp


model cohorts, we examined temporal changes in NMDAR autoimmunity
and accompanying cellular barrier permeability as generated and
replicated by specific strains of T. gondii. The human component was
composed of one case–control cohort of individuals with established
schizophrenia and controls without a history of psychiatric disorders, and
one cohort of individuals with first-episode schizophrenia who were either
antipsychotic-naive or had received antipsychotics. In these human
psychiatric cohorts, we determined whether the same autoimmune and
cellular barrier indices were associated with a schizophrenia diagnosis and
whether a combined T. gondii-NMDAR antibody hit led to decreased
performance on cognitive tests.
Blood samples from mice and humans were generated from other

ongoing studies, and all available samples and related data were included
in this investigation to produce the largest possible sample sizes. For mice,
prior studies demonstrate very little variance in T. gondii infection status,
with designations of positive or negative clearly evident based on antibody
levels. Thus, sample sizes of four to five mice screened as positive or
negative are routinely adequate for comparisons between infected and
uninfected animals. For the human cohort studies, power assessments
based on previous case–control comparisons of means and s.d.'s of serum
marker levels were undertaken. Cohort 1 had sample sizes that well
exceeded minimal power requirements with a power (1− β) of greater
than 0.95 and an α of less than 0.001. Cohort 2 had the smallest sample-
sized group at n=57, and this size had a sufficient power of 0.80 using an α
of less than 0.05.

Mouse experiments
Animals. Male BALB/c mice (Jackson Laboratories, Bar Harbor, ME, USA)
were used in these experiments in a controlled laboratory environment.
Mice were given free access to food and water for the duration of the
experiment and were kept on a 14.5/9.5 h light/dark cycle. Animal
protocols were reviewed and approved by the Animal Care and Use
Committee at Johns Hopkins University.

Infection. The two T. gondii strains chosen for this study, Prugniaud (PRU)
and ME49, are part of the type II genotypic lineage, which is the most
common type found in humans in Europe and North America.39

Tachyzoites from PRU and ME49 were maintained and purified as
previously described for cohort 1 [ref. 36] and cohort 2.40 Upon arrival at
the animal facility, mice were randomly put into one of three cages
assigned to be administered either vehicle (control), PRU or ME49
tachyzoites. Cohort 1 mice (4.5 weeks of age) were either mock-infected
with Dulbecco's phosphate-buffered saline (DPBS; n=5 mice) or adminis-
tered 400 purified PRU or ME49 tachyzoites via intraperitoneal injection.
One of each of the DPBS- and PRU-infected mice died; final sample sizes
were n= 4 DPBS, n= 4 PRU, n= 5 ME49. Cohort 2 mice (5 weeks of age)
received either live purified PRU (400 tachyzoites; n=8 mice), 300 000
ultraviolet (UV)-inactivated tachyzoites in alum adjuvant (n=13 mice),
alum adjuvant only (n= 5 mice) or DPBS only (n= 5 mice). Boosters
consisting of DPBS, 300 000 UV-inactivated tachyzoites in alum adjuvant,
alum adjuvant only or DPBS, respectively, were administered at 12 days
post infection.

Serum collection. For cohort 1, blood was collected via tail clip at eight
time points—0, 2, 4, 6, 8, 12, 16 and 20 weeks post infection (wpi). For
cohort 2, blood was collected at 19 wpi. The blood was centrifuged at

10 000 g to separate the serum. Serum was stored at − 80 °C until needed.
Serum was coded and further studies were run blinded by separate
investigators.

Immunoassays. Using enzyme-linked immunosorbent assays, serum IgG
antibodies were measured for T. gondii, NMDAR subunit GLUN2 and
gluten.37,41 Gluten antibodies served as a marker of cytological damage
and gut barrier permeability.41–43 Serum levels of the glial-specific S100B
protein served as a marker of CNS barrier dysfunction.44,45 S100B
measurements were carried out according to the manufacturer’s instruc-
tions (antibodies-online.com, Atlanta, GA, USA). Each 96-well plate tested
contained kit standards as well as study sample replicates for use as
internal controls of reproducibility.

Human participants
Human studies were approved by the Institutional Review Boards of the
Sheppard Pratt Health System, University of Cologne, Heidelberg
University and the Johns Hopkins Medical Institution following established
guidelines. All participants provided written informed consent after study
procedures were explained. The work was carried out in accordance with
The Code of Ethics of the World Medical Association (Declaration of
Helsinki) for experiments involving humans.

Human cohort 1—Sheppard Pratt, Baltimore, MD, USA. We retrieved
available data previously generated for T. gondii IgG, NMDAR IgG, gluten
IgG, S100B and cognitive tests for people with schizophrenia and controls
in the study cohort. Methods and analyses reporting psychiatric case and
control levels of T. gondii IgG, NMDAR IgG and gluten IgG were previously
published for subsets of this cohort.14,46,47 Cognitive functioning was
assessed with the Repeatable Battery for the Assessment of Neuropsycho-
logical Status (RBANS).48 This cohort was composed of 899 sample results
(n=297 controls, n=602 schizophrenia). S100B data were available for a
subset (n= 112 controls, n= 237 schizophrenia) and measures were
derived using a multianalyte immunoassay platform.49

Methods for identifying and characterizing individuals of diagnostic
groups according to criteria defined by DSM-IV50 have been previously
described.46 To be included in the schizophrenia group, individuals
received a DSM-IV diagnosis of schizophrenia, schizophreniform disorder
or schizoaffective disorder. Inclusion criteria required an age between 18
and 65 years. Individuals without a history of psychiatric disorder were
recruited from posted announcements and were screened to rule out
current or past psychiatric disorders with the Structured Clinical Interview
for DSM-IV Axis I Disorders Non-Patient Edition.51 Control participants were
between the ages of 20 and 60 years, inclusive. Exclusion criteria for all
participants included the following: history of intravenous substance
abuse; mental retardation; and clinically significant medical disorder that
would affect cognitive performance. For psychiatric participants, having a
primary diagnosis of substance abuse or dependence was an exclusion
criterion. Basic demographic data for this study population are shown in
Table 1. The mean± s.e. duration of illness onset for this schizophrenia
cohort at the time when blood was drawn was 18.99 ± 0.48 years.

Human cohort 2—University of Cologne/Central Institute of Mental Health.
The methods for identifying and characterizing individuals with a first
episode of schizophrenia according to criteria defined by DSM-IV were
previously described.52 Biomarker data for T. gondii and gluten IgG were

Table 1. Demographics and baseline cognition scores of the study population

n Age, mean years+s.e.m. Gender, n (% female) Race, n (% Caucasian) RBANS, mean score+s.e.m.

Cohort 1: Sheppard Pratt
CON 297 32.27+0.67 185 (62.3) 149 (50.2) 85.77+0.70
SCH 602 39.55+0.49a 230 (38.2)b 317 (52.7) 64.83+0.49c

Cohort 2: Cologne, Germany
SCH−AP+ 57 36.26+1.74 28 (49.1) NA NA
SCH−AP− 76 30.53+1.23d 33 (43.4) NA NA

Abbreviations: AP, antipsychotic; CON, control; NA, not applicable; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; SCH,
schizophrenia. aSCH versus CON, t= 8.60, P⩽ 0.0001. bSCH versus CON, χ2= 46.4, P⩽ 0.001. cSCH versus CON, t= 24.48, P⩽ 0.0001. dAP+ versus AP− , t= 2.77,
P⩽ 0.006.
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obtained from previous analyses of this cohort.53,54 NMDAR GLUN2
antibodies and S100B levels were measured using commercially available
enzyme-linked immunosorbent assay kits (CIS Biotech, Decatur, GA, USA;
EMD Millipore, Darmstadt, Germany). Seventy-six of these patients were
antipsychotic-naive and 57 were currently receiving antipsychotic medica-
tion. Individuals were excluded if they had a relevant comorbidity such as
heart disease, liver cirrhosis, known immune-mediated disease (such as
multiple sclerosis) or history of substance dependence. Demographic data
regarding age and sex are listed in Table 1. The region from which patients
were recruited was generally homogenous with respect to socioeconomic
characteristics.

Statistical analyses
Data were checked for normality and equal variance, and all subsequent
analyses were carried out using STATA version 12 (STATA, College Station,
TX, USA). Data analyses were performed blinded to group identities. For
quantitative antibody data in mouse cohort 1 kinetic experiments,
repeated measures analysis of variance (ANOVAs) were applied to identify
significant differences in antibody levels among groups according to time
and infection status. Interstrain differences in marker levels at each time
point were examined with t-tests. Mouse cohort 2 intergroup data
differences were tested with ANOVAs and t-tests.
In the human cohort analyses, absorbance levels were normalized per

plate by the mean value of controls, as previously described.55 Parallel
analyses of non-normalized data and use of assay plate designations to
correct plate-to-plate variation were also evaluated in multivariate
analyses. Multiple linear regressions (MLRs) corrected for demographic
variables were used to identify significant correlations of T. gondii and
NMDAR antibody levels. For cohort 1, multivariate regressions incorporat-
ing gluten IgG, S100B and RBANS cognitive scores were applied to confirm

significance of all markers within the model. Demographic covariates of
age, sex and race were included for cohort 1; age and sex were included
for cohort 2.
Dichotomous marker seropositivity was established based on three

cutoff values to maximize detection of informative data. For the human
cohort 1, cutoff values corresponded to absorbances of 75, 90 and 95%
control values, which represented an increasing degree of stringency for
demarcating seropositivity. Because there were no control values for
human cohort 2, we examined seropositivity based on a combination of
control values in cohort 1, a series of s.d.'s above the mean and a visual
inspection of cohort 2 data where a natural bifurcation of the data is
evident for T. gondii. T-tests were used to detect significant differences
between marker levels for those who were seropositive versus those who
were seronegative for T. gondii and NMDAR IgG. χ2-tests were used to
identify differences in categorical diagnostic and demographic data sets. P-
values less than 0.05 were considered statistically significant. One- versus
two-tailed t-test results are indicated; one-tailed t-tests were justified
because marker elevations with T. gondii seropositivity were expected.

RESULTS
T. gondii infection produced sustained, strain-specific, anti-NMDAR
immune responses
Animals infected with either T. gondii strain sustained a parasite-
directed immune response for the entire duration of the 20-week
study (Figure 1a; repeated measures ANOVA, between infected
versus uninfected groups, F= 1288.13, P⩽ 0.0001; time-by-
infection group interaction, F= 80.74, P⩽ 0.0001). Over this same
time period, both strain types elicited an increase in NMDAR

a b

c d

Figure 1. T. gondii infection in mice produces antibodies that react with the GLUN2 subunit of the NMDAR. Infection with PRU and ME49
strains of T. gondii caused significant increases in the mean serum IgG antibody levels to total T. gondii (a) and to NMDAR GLUN2 (b). DPBS,
n= 4; PRU, n= 4; ME49, n= 5. Error bars represent s.e.m. A red asterisk (*) indicates significant differences over time according to the infection
group in repeated measures ANOVAs. A blue asterisk (*) indicates significant differences in NMDAR antibodies between PRU and ME49 mice at
individual time points with t-tests. PRU mice infected with live parasite and inactivated parasite had elevated T. gondii antibodies compared
with DPBS and adjuvant controls (c). Only mice infected with live T. gondii had elevated levels of IgG to the NMDAR GLUN2 (d). Dashed line
represents the mean antibody levels. A red asterisk (*) indicates significant differences between infection groups in ANOVAs. ANOVA, analysis
of variance; DPBS, Dulbecco's phosphate-buffered saline; NMDAR, N-methyl-D-aspartate receptor.
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GLUN2 antibodies compared with mock-infected controls, with
one peak at 4 wpi and a second at 12 wpi (Figure 1b; repeated
measures ANOVA, between groups, F= 18.90, P⩽ 0.0002; time-by-
infection group interaction, F= 11.17, P⩽ 0.0001). The early 4-wpi
peak in GLUN2 IgG levels was particularly strong for ME49-
infected mice, with levels significantly increased compared with
the PRU group (Figure 1b; t-test, t= 3.58, two-tailed P⩽ 0.007).
In the second cohort, both live and UV-inactivated parasites

potently produced anti-T. gondii IgG (Figure 1c; ANOVA, F= 31.70,
P⩽ 0.0001). However, only infection with the live strain resulted in
antibodies that recognized the GLUN2 subunit of the NMDAR
(Figure 1d; ANOVA, F= 12.05, P⩽ 0.0001).

NMDAR antibody associations with T. gondii in two schizophrenia
cohorts
In the first clinical cohort, NMDAR IgG levels in T. gondii-
seropositive people with schizophrenia were consistently elevated
across three different assay cutoff values compared with
seronegative counterparts (Figure 2a; shown are results for the

95% cutoff value, t-test, t= 3.84, two-tailed P⩽ 0.0001). NMDAR
IgG levels were also significantly greater in T. gondii-seropositive
people with schizophrenia than T. gondii-seropositive controls
(75% control cutoff, t-test, t= 2.16, two-tailed P⩽ 0.03). In multi-
variate regression analyses, quantitative T. gondii and NMDAR IgG
levels were significantly correlated in schizophrenia but not in
controls (Figure 2b; MLR, age, sex, race-corrected, coefficient =
0.73, 95% confidence interval (CI) 0.45–1.01, P⩽ 0.0001). Sepa-
rately, T. gondii and NMDAR IgG levels and seropositivity
percentages were not significantly different between individuals
with schizophrenia compared with controls. Seropositivity esti-
mates for people with schizophrenia corresponding to the 75, 90
and 95% control cutoff values were 24.1, 10.5 and 8.5% for
T. gondii IgG and 22, 11.1 and 8.1% for NMDAR IgG, respectively.
In the second cohort, T. gondii-seropositive patients with first-

episode schizophrenia who were antipsychotic-naive had sig-
nificantly elevated NMDAR IgG levels compared with those who
were T. gondii-seronegative (Figure 2c; t-test, t= 2.31, two-tailed
P⩽ 0.02). There were no differences in NMDAR IgG levels between
medicated T. gondii-seropositive patients versus medicated

Figure 2. NMDA receptor antibodies in T. gondii-seropositive individuals with schizophrenia. Levels of NMDAR IgG were significantly elevated
in individuals with schizophrenia who were T. gondii-seropositive (Tg+) compared with those who were T. gondii-seronegative (Tg− ) and
compared with controls who were Tg+ (a). There were no significant differences between diagnostic groups for individuals who were Tg− .
Error bars represent s.e.m. In multiple linear regressions corrected for age, sex and race, T. gondii and NMDAR antibodies were significantly
correlated in individuals with schizophrenia, but not controls (b). Levels of NMDAR IgG were also significantly elevated in antipsychotic-naive
individuals with first-episode schizophrenia who were Tg+ compared with those who were Tg− . No differences in NMDAR IgG levels were
detected between T. gondii seropositivity groups who were medicated (c). T. gondii and NMDAR antibodies were significantly correlated in the
antipsychotic-naive, but not medicated, group of first-episode individuals. The correlation became significant (blue dashed line) in the
medicated group when one outlier (circled in blue) was removed (d). A red or blue asterisk (*) indicates significant associations of antibody
levels or seropositivity in t-tests or multiple linear regressions. NMDAR, N-methyl-D-aspartate receptor.
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seronegative patients. MLRs corrected for age and sex showed
significant correlations between T. gondii and NMDAR IgG in the
antipsychotic-naive group (Figure 2d; MLRs, AP-naive, coefficient =
1.02, 95% CI 0.24–1.80, P⩽ 0.01). In the medicated group, initial
analyses showed no significant correlations between parasite and
receptor IgG. To determine whether one extremely high NMDAR
IgG value was having a negative impact on the correlation, we re-
performed the data analyses with the outlier removed. Although
basic differences in the mean levels of NMDAR antibodies
between the T. gondii-seropositive and -seronegative medicated
subgroups did not significantly change, we found that the
correlation between T. gondii IgG and receptor antibody levels
in the group receiving medication was now statistically significant
(Figure 2d; MLRs, AP+, coefficient = 1.35, 95% CI 0.09–2.60,
P⩽ 0.04).

Blood–gut barrier and BBB permeability in T. gondii-exposed mice
To explore the possibility that the mechanisms driving the
production of NMDAR autoantibodies require permeability at
blood–gut barrier and BBB, we quantified the levels of two
surrogate markers of gut and CNS endothelial barrier dysfunction,
gluten IgG and S100B, respectively. Both gluten IgG and S100B
levels were significantly elevated in infected mice throughout the

20-week study (Figures 3a and b; repeated measures ANOVA,
between groups, gluten F= 82.51, P⩽ 0.0001, S100B F= 113.75,
P⩽ 0.0001; time-by-infection group interaction, gluten F= 3.77,
P⩽ 0.0001, S100B F= 3.53, P⩽ 0.0002). We also found strain-
specific differences at individual time points for gluten IgG, with
levels significantly elevated in ME49 compared with PRU at 8 wpi
(t-test, t= 2.04, one-tailed P⩽ 0.04), and then significantly
decreased at the later time points, 16 and 20 wpi (t-test,
t= 2.69–3.52, two-tailed P⩽ 0.01–0.03).

T. gondii exposure and blood–gut barrier and BBB permeability in
schizophrenia
Gluten IgG was significantly elevated in T. gondii-seropositive
individuals with schizophrenia compared with seronegative ones
(Figure 3c; 95% cutoff value shown, t-test, both t= 1.79, one-tailed
P⩽ 0.04). For S100B, levels were significantly elevated in T. gondii-
seropositive individuals with schizophrenia compared with
seropositive controls (Figure 3d; t-test, t= 2.23, two-tailed
P⩽ 0.028). In multivariate regression analyses incorporating gluten
IgG and S100B in addition to age, sex and race, quantitative T.
gondii and NMDAR IgG levels were significantly correlated in
schizophrenia but not in controls (MLR, coefficient = 0.89 (pre-
viously 0.73), 95% CI 0.52–1.27, P⩽ 0.0001).

Figure 3. Blood–gut barrier and BBB permeability markers in T. gondii-infected mice and in T. gondii-seropositive individuals with
schizophrenia. Infection with PRU and ME49 strains of T. gondii caused significant increases in the mean serum IgG antibody levels to gluten
(a), and in the mean levels of the glial protein S100B, a marker often used as a measure of blood–brain barrier permeability (b). DPBS, n= 4;
PRU, n= 4; ME49, n= 5. Error bars represent s.e.m. A red asterisk (*) indicates significant differences over time and according to the infection
group in repeated measures ANOVAs. A blue asterisk (*) indicates significant differences in gluten antibodies between PRU and ME49 mice at
individual time points. Levels of gluten IgG were significantly elevated in individuals with schizophrenia who were T. gondii-positive (Tg+)
compared with those who were T. gondii-negative (Tg− ; c). Levels of S100B were significantly elevated in individuals with schizophrenia who
were Tg+ compared with controls who were Tg+ (d). There were no significant differences between diagnostic groups for individuals who
were Tg− . Error bars represent s.e.m. A red asterisk (*) indicates significant differences between infection and seropositivity groups in
repeated measures ANOVAs and t-tests. ANOVA, analysis of variance; DPBS, Dulbecco's phosphate-buffered saline.
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Combined T. gondii and NMDAR seropositivity has an adverse
impact on cognitive functioning in schizophrenia
We found significant decreases in scores on the delayed memory
index of RBANS for cohort 1 people with schizophrenia who were
seropositive for both T. gondii and NMDAR antibodies compared
with those who were not seropositive for both antigens (Figure 4;
90% cutoff shown, t-test, t= 1.72, one-tailed P⩽ 0.04). Individuals
who were seropositive for only one antibody marker did not yield
significant differences in memory scores compared with those
who were seronegative. Delayed memory scores were significantly
inversely correlated with both T. gondii and NMDAR antibody
levels in regressions corrected for age, sex and race (T. gondii:
coefficient =− 3.69, 95% CI − 7.31 to − 0.08; NMDAR: coefficient =
− 1.56, 95% CI − 3.07 to − 0.05; P⩽ 0.04).

DISCUSSION
Investigations of NMDAR autoantibodies as agents that suppress
glutamatergic function in schizophrenia have yielded mixed
results, a phenomenon that likely reflects the complex etiological
and pathophysiological heterogeneity of the disorder. In this
study, we identified a subgroup of individuals with schizophrenia
who had NMDAR autoantibodies that were associated with
exposure to the infectious parasite, T. gondii. We further
established that the T. gondii-NMDAR antibody correlations were
not simply a medication effect attributable to antipsychotics. T.
gondii enters the body through the gut and over the course of
infection, disseminates into host circulation and eventually travels
to the brain where it enters a dormant stage.56 As such, T. gondii
has the ability to cross both the blood–gut barrier and BBB, and
here we show that these compromised vascular barriers were
significantly associated with infection by this parasite in indivi-
duals with schizophrenia. Control individuals did not show similar
autoantibody or barrier associations with infection, suggesting an
inherent predisposition of certain people with schizophrenia to
dysfunctions that contribute to an autoimmune state or pathways
that have an impact on cellular barrier integrity. Much of the

recent genetic evidence points to the human leukocyte antigen
region of chromosome 6 as housing immune-related susceptibility
loci for schizophrenia.57,58

The human cohorts examined in the present investigation
represented different stages of schizophrenia. Cohort 1 reflects a
relatively established disease state with all individuals currently
receiving antipsychotic medications and cohort 2 a more recent
onset phase of individuals with first-episode schizophrenia
including people who were antipsychotic-naive. The cohorts also
differed with respect to culture, socioeconomics and geography,
with cohort 1 derived from the metropolitan area of Baltimore,
MD, USA, and cohort 2 originating from the German cities of
Cologne and Mannheim. Technical differences in study design and
sample collection and processing at the two sites likely also
introduced variability to the measured immunoassay responses. In
spite of these differences, we demonstrated in both cohorts an
association between pathogen exposure and antibodies that
recognize the NMDAR. We would expect that the findings from
our analyses of a well-treated chronic disease population such as
cohort 1 might be best replicated in the cohort 2 individuals who
were receiving antipsychotics. However, this connection was not
immediately evident and was only measurable in the medicated
first-episode cohort 2 group, when one outlier was removed.
Nevertheless, in the cohort 2 antipsychotic-naive group, which
arguably represents an early stage, less confounded state of the
disease, the association between pathogen exposure and NMDAR
antibodies was readily detectable.
In the mouse cohorts, we verified the causality of infection by T.

gondii with the sustained production of antibodies against the
NMDAR. The presence of such autoantibodies in the CNS would
have an obvious impact on NMDAR functioning, and others have
shown that high levels of these antibodies lead to neuronal death
and cognitive dysfunction in vivo.3,23,24 The mechanism of NMDAR
antibody pathogenicity presumably occurs via antibody capping
and internalization of the receptor.6 Previously, we observed
downregulated NMDAR expression in brains of T. gondii-infected
juvenile mice, and these expression changes corresponded with
increases in serum NMDAR antibodies.37 In the present study, both
strains of T. gondii caused NMDAR antibody upregulation during
the initial acute phase of infection, and which was maintained
across timescales that reflect long-term infection. These data
suggest that NMDAR autoantibody pathogenicity could persist
significantly after the initial exposure to the parasite. Interestingly,
however, we also observed T. gondii strain-specific differences that
were consistent with previous findings that ME49, but not PRU,
altered aspects of mouse behavior and cognition.31,36 Here, ME49-
infected mice produced a stronger and earlier anti-NMDAR
immune response than the PRU-infected mice. Gut barrier
permeability also seemed to be achieved earlier with the ME49
strain compared with PRU.
We further found that NMDAR autoantibodies were only

generated following infection with live, fully functional parasites,
compared with parasites that were UV-inactivated. These results
may suggest that the antibodies produced against the parasite
itself were not cross-reactive to the receptor. It is possible,
however, that an antigenic mimic of NMDAR is expressed by a
later stage of the parasite, such as during the dormant cyst phase
and that this antigen was not generated by UV-inactivated
parasites arrested earlier during the cell cycle.
Our mouse and human data support that T. gondii caused

elevations of gluten IgG and S100B, markers that are surrogates
for gut–blood barrier and BBB dysfunction, respectively. Infection-
related BBB permeability would enable access to the brain where
anti-NMDAR antibodies could presumably be generated and act at
their final CNS destination. Another interpretation introduces a
scenario whereby all of the processes discussed in the paper
converge to the intestinal tract. NMDARs are present in the enteric
nervous system where the receptors are involved in visceral pain

Figure 4. Combined seropositivity to T. gondii and NMDAR
antibodies contributes to decreased memory scores on tests of
cognition. Individuals who were seropositive for both T. gondii and
NMDAR antibodies (Both+) had decreased performance on the
delayed memory module of RBANS compared to individuals who
were not seropositive to both (One/none+). Delayed memory scores
were not significantly altered between individuals who were T.
gondii-seropositive (Tg+) compared with those who were serone-
gative (Tg− ) or between individuals who were NMDAR IgG-
seropositive (NMDAR+) compared with those who were seronega-
tive (NMDAR− ). A red asterisk (*) indicates significant differences
between seropositivity groups. Fourteen individuals positive for
both (Both+) were removed from the single marker analyses.
NMDAR, N-methyl-D-aspartate receptor; RBANS, Repeatable Battery
for the Assessment of Neuropsychological Status.
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associated with colitis.59 Initial infection with this parasite creates
an inflammatory intestinal environment that could expose novel
immunogenic triggers composed of enteric NMDARs complexed
with other gut cellular, dietary or microbial antigens. Transit of the
pathogen to the brain to generate antibodies against the NMDAR,
thus, would not be required. Although S100B is often used as a
surrogate measure of BBB permeability,44,45 the gut has its own
enteric glial network capable of producing S100B.60,61 The kinetic
profiles from our gluten IgG and S100B kinetic studies may
support this proposed mechanism, with S100B peaking earliest of
all markers at 2 wpi. A number of disorders of the intestinal tract
have an autoimmune component (for example, celiac disease,
Crohn’s disease and ulcerative colitis) and increasingly psychiatric
symptoms are being reported in a subset of people afflicted with
intestinal conditions.62–65

The extent to which our results can be interpreted are limited
by several issues. It is notoriously difficult to reproduce promising
biological data generated from human specimens of heteroge-
neous diseases. Although we included two clinical cohorts, some
of our statistical analyses were exploratory and were not subjected
to multiple comparison corrections. The main results, however,
connecting infection with receptor autoantibodies were strong in
the human comparisons especially with the more rigorous
multifactorial regressions. Furthermore, our modeling of this
connectome in two cohorts of mice produced highly statistically
significant results, providing verification of a sound mechanism.
Another factor to consider is that the assay used recorded activity
only of antibodies that recognize the GLUN2 subunit of the
NMDAR. Others have previously proposed that the NMDAR
autoantibody response in schizophrenia might be distinct from
the classic anti-NMDAR encephalitis due to a disease-specific
differential recognition of GLUN1 versus GLUN2.6 It will also be
necessary to further study these patterns longitudinally in humans
and to do so with a larger array of gut biomarkers, such as with
other measures of intestinal inflammation, dietary and microbial
translocation and microbiome imbalances. The identification and
development of biomarkers of BBB dissolution that do not reflect
components of the enteric nervous system are also necessary.
To put these findings into perspective, we envision that the

continued identification and use of a combination of serological
biomarkers will help define distinct subsets of individuals who
may benefit from refined individualized therapeutic strategies.
The NMDAR represents an attractive pharmacological treatment
target for use in psychiatric disorders because of a well-studied
array of receptor agonists, antagonists and modulators available
to evaluate its function. The anesthetic ketamine, a receptor
antagonist, is currently a hotly evaluated treatment, especially of
depression, and it is approved for other indications. It is believed to
improve glutamatergic transmission through the increased release
of glutamate.66,67 Hypofunction of the NMDAR in schizophrenia
could involve a range of insufficiencies including that of the primary
ligand glutamate, its binding partner glycine or D-serine or it may
be that densities of actual functional receptors in this disorder are
unusually sparse. In order for the correct pharmacological treatment
to be clinically tested and developed, however, the appropriate
patient population afflicted by an NMDAR pathology needs to be
identified. On the basis of our work, the identification of those
exposed to T. gondii and possibly other intestinal pathogens is also
warranted to further fine-tune treatment strategies.
In conclusion, we provide mechanistic evidence that exposure

to the pathogen, T. gondii, produced an anti-NMDAR immune
response that was accompanied by endothelial barrier dysfunc-
tion in both the gut and the CNS, using biomarkers that were
similarly informative in both mouse and human studies. In the
subset of patients identified in this study, those who tested
positive for both NMDAR and pathogen antibodies had reduced
scores on memory modules of the RBANS measures of cognition.
Taken together, these data help to further refine proposed

inclusion criteria for participation in studies of NMDAR antibodies
in schizophrenia, by requiring the identification of past exposures
to infectious agents and other causes of endothelial barrier
compromise. Our better understanding of NMDAR mechanisms in
schizophrenia will in turn lead to more applicable treatments
based on this well-studied and modifiable pharmacological target.
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