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ABSTRACT 

SYNAPTIC, CELLULAR AND BEHAVIORAL PATHOPHYSIOLOGY IN ANTI-GABAB 

RECEPTOR AND ANTI-NMDA RECEPTOR ENCEPHALITIDES 

 

Ankit Jain 

Rita J. Balice-Gordon 

 

A new class of severe but treatable autoimmune encephalitides is associated with 

serum and CSF autoantibodies to cell surface receptors that are thought to cause 

disease by disrupting the normal function of their target protein. Consistent with 

disruption of the major neurotransmission pathways and thus circuit malfunction in the 

central nervous system, symptoms of these newly characterized diseases are severe 

and include psychosis, memory loss, confusion, seizures, and autonomic instability 

normal function. The majority of symptoms resolve with aggressive immunosuppresive 

therapy. 

The best characterized of these encephalitides is associated with antibodies to 

ionotropic glutamate receptors, N-methyl-D-aspartate receptor (NMDAR) or α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR). NMDAR and AMPAR 

autoantibodies cross-link the cognate synaptic receptors on the surface of cultured 

neurons and result in a selective internalization of the target without disruption of any 

other synaptic component or injury to neurons. In a passive transfer animal model, 

chronic perfusion of NMDAR antibodies into the cerebrospinal fluid (CSF) of mice also 

decreases NMDA receptors after 14 days, which results in anhedonia and diminished 
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spatial memory.  Consistent with the reversible course of disease, the effects of NMDAR 

and AMPAR autoantibodies can be reversed in both in vivo and in vitro model systems. 

These mechanisms may underlie the neurological and psychiatric manifestations of 

these forms of autoimmune encephalitis, and account for recovery of many patients with 

immune therapy aimed at lowering antibody titer. 

Patients with antibodies to the metabotropic gamma-aminobutyric acid receptor 

type B (GABAB receptor) develop severe intractable seizures, but little is known about 

the underlying pathophysiological mechanisms. Deletion mapping and expression in 

heterologous cells showed that patient anti-GABAB antibodies bind to alternatively 

spliced Sushi domains present in the presynaptically localized GABAB1a isoform.  In 

contrast to patient anti-NMDAR antibodies, GABAB autoantibodies did not result in a 

decrease in surface GABAB receptors or their internalization. Treating neurons with 

GABABR autoantibodies for two hours blocked the activation of GABAB receptors by 

baclofen in a titer-dependent manner. Autoantibody-bound GABABRs are still signaling 

competent, because baclofen block was circumvented by directly activating GABAB2 with 

a selective agonist, CGP7930.   

Patient GABAB receptor autoantibodies are selective GABAB1 antagonists that may 

contribute to seizures by interfering with GABA-mediated inhibition. Brain penetrant 

GABAB2 agonists may be useful to treat intractable seizures in anti-GABAB receptor 

encephalitis patients. 
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PREFACE 

Recently, several novel, potentially lethal and treatment-responsive syndromes that 

affect hippocampal and cortical function have been shown to be associated with auto-

antibodies against synaptic antigens, notably glutamate or GABAB receptors. Patients 

with these autoantibodies (sometimes associated with teratomas and other neoplasms) 

present with psychiatric symptoms, seizures, memory deficits and decreased levels of 

consciousness. These symptoms often improve dramatically after immunotherapy or 

tumor resection. In this work I review and extend several studies of the cellular and 

synaptic effects of these antibodies in hippocampal neurons in vitro and preliminary work 

in rodent models. Our work suggests that patient antibodies lead to rapid and reversible 

removal of neurotransmitter receptors from synapses, leading to changes in synaptic 

and circuit function that, in turn, are likely to lead to behavioral deficits. I also discuss 

several of the many questions raised by these and related disorders. Determining the 

mechanisms underlying these novel anti-neurotransmitter receptor encephalitides will 

provide insights into the cellular and synaptic bases of the memory and cognitive deficits 

that are hallmarks of these disorders, and potentially suggest avenues for therapeutic 

intervention. 

In my thesis, I have focused on the pathophysiological mechanisms of two 

autoimmune encephalitides, one associated with anti-NMDA receptor antibodies, and 

the other associated with anti-GABAB receptor antibodies. The investigation of these 

diseases ranges from patient-oriented research to mechanistic experiments in cell 

culture and in animal models. The rich tapestry of clinical and mechanistic insights into 

this new class of diseases caused by neuronal cell surface autoantibodies is 
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introduced in Chapter 1. Rapid progress has been made in our understanding of these 

diseases since the discovery of anti-NMDA receptor encephalitis as the founding 

member of this class of autoimmune disease in 2003. Since then, many previously 

known as well as newly identified syndromes have been found to be caused by 

autoantibodies to a diverse group of surface proteins such as neurotransmitter 

receptors, synaptic scaffolding proteins, and also proteins whose function has not yet 

been discovered.  

In Chapter 2, I explore the mechanistic underpinnings of pathogenesis by GABAB 

autoantibodies in a neuronal cell culture model. The autoantibodies in anti-GABAB 

receptor encephalitis affect GABAB receptor function by a mechanism distinct from what 

has been described thus far for anti-NMDA receptor, anti-AMPA receptor and anti-

GABAA receptor encephalitis. Rather than decreasing the level of GABAB receptors at 

the surface of neurons, GABAB autoantibodies directly antagonize the activation of 

GABAB receptors. 

In Chapter 3, I present a multi-center collaborative effort to generate and describe a 

passive immunization model of anti-NMDA receptor encephalitis. My role in this work 

was to generate the animal model, and discover the conditions and tools that resulted in 

a successful infusion of anti-NMDA receptor encephalitis patient CSF into mouse 

cerebral ventricles. Like in vitro, exposure of mouse brains to patient CSF reduces 

NMDA receptor levels and results in defects in spatial and object memory. Remarkably, 

both the reduction in NMDA receptor levels and the cognitive decline recovers after the 

cessation of patient CSF infusion. This animal model will be vital to test potential 

therapeutic interventions that may reduce receptor loss and cognitive decline or hasten 

recovery. 

In Chapter 4, I describe a small case series of the first known pregnant 
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women with anti-NMDA receptor encephalitis. The two term infants potentially exposed 

to anti-NMDA receptor antibodies in utero did not have any signs of encephalitis.  

The importance of these disorders is that they offer human models of brain–

immune interactions in which the target antigens have critical roles in neuronal synaptic 

transmission and plasticity. Therefore, their study will improve our understanding of the 

effects of the antibodies at the cellular, synaptic and circuit levels, eventually impacting 

the clinical management of the patients.
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CHAPTER 1. Introduction 

Cellular, synaptic and circuit effects of antibodies in synaptic 

autoimmune encephalitides 

 

Ankit Jain1 and Rita Balice-Gordon1,2 

 

1Department of Neuroscience, Perelman School of Medicine at the University of 

Pennsylvania, Philadelphia, PA  19104 

2Neuroscience Research Unit, Pfizer, Inc., Cambridge, MA  02139 
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Establishing a pathogenic role for anti-synaptic antibodies 

Multiple lines of evidence strongly suggest that anti-synaptic antibodies are not 

simply markers of disease but rather are directly pathogenic.  When live, 

unpermeabilized dissociated rodent brain cells are treated with patient CSF, 

immunoglobulins (IgG) isolated from patient CSF or serum, unique patterns of punctate 

surface staining are observed (Fig. 2A; Ances et al., 2005). This shows that patient 

derived antibodies bind distinct neuronal cell surface proteins. This is in contrast to 

classically described paraneoplastic autoimmune encephalitides, in which the isolated 

antibodies target intracellular antigens, resulting in a cytotoxic T cell response, neuronal 

cell death and a result, poor prognosis (Dalmau and Rosenfeld, 2008). In the case of 

synaptic autoimmune encephalitides rodent brain sections immunostained with patient 

CSF also show distinct patterns of immunoreactivity in the neuropil of hippocampus, 

cortex and other brain regions, while there is no immunoreactivity to neuronal cell bodies 

(Vitaliani et al., 2005).  Brain biopsies from a small number of patients demonstrate 

minimal pathologic changes or cell loss but demonstrate rare T cell and B cell infiltrates, 

microgliosis and astrocytosis (Fig. 4; Martinez-Hernandez et al., 2011). These results 

are consistent with a direct pathogenic role for patient antibodies in synaptic 

autoimmunities rather than a cell mediated immune response as seen in paraneoplastic 

encephalitides associated with intracellular antigens.   

Mass spectrometry has been particularly useful for identifying specific binding 

targets of anti-synaptic antibodies from immunoprecipitates of rat brain lysates with 

patient antibdodies (Fig. 2C; Lai et al., 2009; Lancaster et al., 2011). Immunostaining of 

heterologous cells that overexpress an antigenic candidate protein identified by mass 

spectrometry with patient CSF has been used to confirm binding of patient antibodies to 

a particular antigenic protein (Fig. 2D-F). These in vitro approaches, 
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together with other analyses, have been used to establish that each distinct syndrome 

corresponds to a distinct cell surface antigen targeted by patient CSF antibodies (Fig. 1). 

The function of a surface protein antigen and the particular neuropsychiatric 

encephalitis syndrome associated with that antigen are, not surprisingly, strongly 

correlated.  Moreover, the titer of a specific antibody is correlated to disease severity. 

Upon aggressive immunomodulation therapy, these patient often improve in concert with 

a decrease in antibody titer of the CSF (Dalmau et al., 2008; Florance et al., 2009), 

although many patients can have positive antibody titers several years after their 

recovery.  Work from several labs has shown that associated antibodies likely cause the 

neuronal and circuit abnormalities that manifest as neuropsychiatric symptoms, using 

several complementary approaches.  

In assays of antibody-antigen binding that rely on immunoprecipitation or 

radioligands, it is not possible to distinguish between binding of antibody directly to the 

protein of interest or to a non-antigenic protein that is bound to the antigenic protein in a 

multiunit complex. To show that the putative target antigen is indeed sufficient to bind 

patient antibodies, it is important to demonstrate that patient antibodies can immunostain 

heterologous cells exogenously expressing the putative target antigen, and do not bind 

to heterologous cells not expressing the exogenous protein.  The CSF of autoimmune 

encephalitis patients may contain antibodies against several distinct antigens, and the 

results from immunoprecipitation, neuronal staining and heterologous cell staining would 

be consistent with the possibility of antibodies to multiple antigens. To show that the 

putative target antigen is specific and necessary to bind to immunoglobulins in a 

patient’s CSF, a demonstration that patient antibodies do not bind to neuronal tissue 

from rodents that lack the target antigen is required (Fig. 1). 
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Another confounding factor is that any effect of CSF on neurons in vitro or in vivo 

may be the result of some factor(s) other than self-reactive immunoglobulins that does 

not specifically bind to the putative target, for example elevated cytokines and other 

sequelae of inflammation. To show that the immunoglobulin fraction of the CSF is 

necessary and sufficient to disrupt normal functioning of the target antigen, one needs to 

demonstrate that the effect of CSF is reproduced by IgG purified from CSF, but not by 

the CSF fraction depleted of IgG. To confirm that antibodies cause neuronal dysfunction 

and hence are the most likely candidate CSF factor to cause disease, the specific 

antibodies are purified from CSF by incubation with immobilized antigen. Treatment with 

this immunodepleted CSF results in no adverse effects on neurons, while the specific 

antibodies purified from patient CSF recapitulate the effect of whole patient CSF. The 

specific binding of antibodies along with an isolated change in the properties of the 

cognate antigen provides a plausible biological mechanism for the causal link between 

patient antibodies and the neuropsychiatric manifestation of the associated disease.   

Cellular and synaptic mechanisms mediated by antibodies  

Antibodies against ionotropic glutamate receptors 

The best characterized autoimmune encephalitides in patients as well as in the 

laboratory are ones associated with antibodies to ionotropic glutamate receptors: NMDA 

receptors (NMDAR) and AMPA receptors (AMPAR).  Anti-NMDAR encephalitis patients 

classically present with severe aggression, paranoia, hallucinations and delusions 

characteristic of acute psychosis along with personality changes and memory loss 

(Dalmau et al., 2007; Sansing et al., 2007). Within days or weeks of the appearance of 

psychiatric symptoms, patients begin to deteriorate neurologically; they have debilitating 

seizures, decreased level of consciousness, abnormal movements, autonomic instability, 
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and hypoventilation. In contrast to the varied symptoms in anti-NMDAR encephalitis, 

anti-AMPAR encephalitis most often presents with isolated memory loss and seizures 

(Lai et al., 2009). 

Both NMDARs and AMPARs transmit glutamatergic excitation, but serve distinct 

functions at the cellular and circuit level.  AMPA receptors mediate most of the fast 

excitatory synaptic transmission in the brain (Shepherd and Huganir, 2007), while 

NMDARs act as molecular coincidence directors.  Open NMDARs allow calcium to enter 

the postsynaptic cell where the high local concentration of calcium acts as a second 

messenger. Together, they are essential for synaptic plasticity and memory.  

NMDA receptors are usually formed from heteromers of two NR1 and two NR2 

subunits (Kendrick et al., 1996; Laube and Kiderlen, 1997).  There are four NR2 subunits 

(NR2A-D), which have 50-70% sequence identity in the extracellular domain; NR1 is 

ubiquitously distributed in the brain (Monyer et al., 1994; Standaert et al., 1994; Waxman 

and Lynch, 2005).  AMPA receptors are predominantly heterotetramers composed of 

GluR1, 2, 3 or 4 subunits, and distinct combinations of subunits are expressed in a 

region-specific manner (Palmer et al., 2005).  GluR1/2 and GluR2/3 levels are high in 

hippocampus and other limbic regions (Sprengel, 2006), similar to the distribution of 

immunostaining with patients' antibodies.  

There are several possible molecular mechanisms by which antibody binding to 

synaptic proteins may result in a disruption in synaptic transmission that in turn alters 

circuit properties pathologically. Antibody binding may block the agonist binding site or 

inhibit conformational changes that promote the activation of receptors. In a classically 

known autoimmune disease of the neuromuscular synapse, myasthenia gravis, 

application of the pathogenic antibodies against nicotinic acetylcholine receptor 
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(nAChRs) from patients to outside-out patches of mouse myotubes irreversibly blocks 

AChR currents (Jahn et al., 2000). In addition to agonist binding sites, both AMPAR and 

NMDAR have additional N-terminal binding sites for channel modulators such as zinc 

and polyamines that may be obscured by patients' antibodies (Rassendren et al., 1990; 

Herin and Aizenman, 2004; Paoletti and Neyton, 2007).  

On the opposite end of the spectrum, the antibodies may promote the active 

conformation of the antigenic receptor and thus result in a constitutive or increased 

activity of the receptor.  NMDA receptor NR2 subunit specific antibodies from patients 

with systemic lupus erythematosus (SLE) cause neuronal death when injected into 

mouse brain (DeGiorgio et al., 2001). This effect is attenuated by treatment with the 

NMDAR blocker, MK-801, suggesting the antibodies mediate cell death by enhancing 

channel activation (DeGiorgio et al., 2001). Synaptic transmission is finely tuned over 

many episodes of concurring electrical and biochemical activity in the cell. A change in 

the gain of synaptic transmission by an exogenous agent can result in the loss of 

information encoded by the synapse or even result in cellular injury from excitotoxicity or 

increased intracellular calcium levels.  Thus, either activation or inhibition of the cognate 

receptor by antibodies may disrupt circuit dynamics by changing the finely tuned 

synaptic gain or by causing cellular injury. 

If antibody binding does not change the properties of the cognate antigen at the 

molecular level, it can result in clustering of target receptors and their consequent 

displacement from their multiprotein complexes at the synapse. This can change target 

antigen localization in synaptic domains, deplete the target antigen by antibody mediated 

capping and internalization, or even alter the turnover or intracellular trafficking of the 

target antigen (Fig. 3A-C).  Any of these possibilities would result in a loss of the role of 

the target receptor at synapses and hence adversely affect synaptic 
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transmission.  In addition to an acute blockade of nAChR by pathogenic antibodies, 

nAChR antibodies from patients with myasthenia gravis have also been observed to 

cause a loss of surface nAChRs by cross-linking and internalization (Drachman et al., 

1978). Similarly, cross-linking and internalization of voltage gated calcium channels by 

autoantibodies has also been shown to occur in patients with Lambert-Eaton syndrome 

(Nagel et al., 1988; Peers et al., 1993).  

In the anti-glutamate receptor encephalitides, incubation of cultured neurons with 

patient CSF for 15-30 minutes does not change synaptic transmission mediated by 

NMDARs or AMPARs (Moscato et al., 2014, Peng et al., 2014). However, both anti-

NMDAR1 and anti-AMPAR antibodies decrease the frequency and amplitude of mini 

EPSCs (Hughes et al., 2010; Moscato et al., 2014; Peng et al., 2014) within 12 hours of 

CSF treatment. This loss of glutamatergic signaling at the synapse after several hours of 

exposure of neurons to patient CSF is due to a reversible loss of receptors from 

synapses. For both diseases, incubation of neurons grown 14 to 21 days in vitro and 

treated with patient CSF for as little as 12 hours results in a titer-dependent decrease in 

density of synaptic receptors monitored by immunostaining (Fig 3D-E). There is also a 

decrease in the amount of surface receptors as seen by surface biotinylation followed by 

western blotting, and a consistent decrease in receptor clusters that colocalize with other 

synaptic proteins as assayed by immunostaining (Hughes et al., 2010; Moscato et al., 

2014). The receptors lost from the surface are internalized because a pool of antibody 

bound receptors can be stained only upon permeabalization of the cell (Fig. 3B-C; 

Moscato et al., 2014). 

The molecular and subcellular effects of patient CSF on NMDA and AMPARs are 

specific to the antigenic target of autoantibodies. The receptors are lost from the 

synapse without affecting neuron morphology, synapse density or the 
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surface localization or amount of other synaptic proteins. In anti-NMDAR encephalitis, 

despite a loss of NMDARs from synapses, there is no evidence for neuronal death, 

synaptic pruning, or a loss of AMPARs or GABARs at either glutamatergic or gabaergic 

synapses (Hughes et al., 2010). Similarly, anti-AMPAR antibodies exclusively affect 

synaptic AMPARs, without a decrease in PSD-95, vesicular glutamate transporter, 

NMDARs, or the AMPAR scaffolding protein, stargazin (Peng et al., 2014). This precise 

molecular excision of the target antigen from synapses reflects the specificity of anti-

target antibodies.   

Remarkably, the synaptic loss of NMDARs or AMPARs is reversible.  After 

incubation for 24 hours, CSF can be washed out and replaced with culture medium. In 

both cases, the cluster density of NMDARs or AMPARs returned to baseline within 

several days. This reversibility of loss of synaptic glutamate receptors, together with the 

fact that there is little or no neuron death after treatment with patient antibodies, may 

explain the remarkable recovery of patients after CSF antibody titers are lowered by 

immunotherapy. It is unclear, however, whether the prolonged time of recovery (usually 

several months) represents persistence of the immune response in the brain or slow 

recovery of circuit dysfunction caused by the decrease of synaptic proteins like NMDARs 

and AMPARs that are critical for synaptic function and plasticity. 

More is known about the mechanism of synaptic loss of NMDARs and AMPARs 

than other antigens.  NMDARs that are lost from the surface are internalized into 

recycling endosomes and to some degree in degradation lysosomes (Moscato et al., 

2014). This internalization effect of patient antibodies can be lost if the antibodies are 

converted into Fab fragments and lose their divalency (Fig. 2H).  The divalency seems to 

be more important than the presence of the Fc domain as clustering the NMDAR bound 

Fab fragment with a second divalent anti-Fab antibody restores the ability of 
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the pathogenic antibodies to internalize NMDAR (Hughes et al., 2010). This requirement 

for divalency of the antibody-antigen complex results in the sequestering of receptors in 

clusters and this signals internalization of the receptor clusters. In vitro immunostaining 

of neurons shows that treatment with patient CSF not only reduces the density of 

receptor clusters, but the remaining clusters are much larger than in control treated 

cultures. So, patient antibodies in anti-NMDAR encephalitis disrupt NMDAR contribution 

to glutamatergic synapses by their clustering effect, and may not need to agonize or 

antagonize NMDARs directly to cause the circuit dysfunction from abnormal 

glutamatergic signaling in anti-NMDAR encephalitis. One suggested mechanism for how 

antibody clustering of NMDAR results in their internalization is that upon antibody 

binding, NMDARs have a weaker interaction with the EphB2 receptor (Mikasova et al., 

2012), which stabilize and retain NMDARs at synapse (Dalva et al., 2000, 2007). This 

effect is strengthened several fold when EphB2Rs are activated by the ligand ephrin-B2. 

In fact, exposing neurons to ephrin-B2 along with the pathogenic antibodies partially 

rescues the antibody-dependent internalization and loss of NMDARs both in vivo and in 

vitro (Mikasova et al., 2012).  Measuring the diffusion of single particles using quantum 

dot imaging showed that when the NMDAR-EPHB2R complex is disrupted, NMDAR 

lateral mobility in the membrane is increased and NMDARs redistribute from being 

synaptically clustered to uniformly and diffusely distributed between the synaptic and 

extrasynaptic domains. Consistent with the observation that treatment with patient CSF 

reduces NMDAR density without affecting other synaptic components (Hughes et al., 

2010), treatment with NMDAR antibodies has no effect on surface diffusion of GluA1, 

metabotropic dopamine receptor D1, alpha2 GABAAR subunits, or Kv1.3 (Mikasova et 

al., 2012).  

Another mechanism for cellular and tissue damage seen in other 
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autoimmune diseases is opsonization of cells with autoantibodies followed by 

complement mediated inflammatory cytotoxicity. Muscle biopsies from patients with 

myasthenia gravis have revealed extensive deposits of components of the complement 

cascade (Engel et al., 1977; Sahashi et al., 1980). Autopsy and in vitro studies have also 

linked complement activation with Rasmussen's encephalitis and neuromyelitis optica, 

the latter characterized by antibodies to aquaporin-4 (Whitney et al., 1999; Lucchinetti et 

al., 2002; Waters et al., 2008). Although antibodies from patients with synaptic 

autoimmune encephalitides can fix complement in vitro, biopsies from patient brains do 

not contain complement deposits (Martinez-Hernandez et al., 2011). Also, given the 

minimal gross tissue damage and the near complete recovery of most patients that are 

diagnosed and treated promptly, it is unlikely that complement mediated cell death plays 

a major role in clinically relevant pathogenesis. 

Antibodies against voltage gated K+ channel associated proteins 

Two overlapping syndromes are associated with proteins that are part of the 

voltage gated K channel complex (Klein et al., 2013). The CNS dominant disease called 

Morvan syndrome is caused by antibodies against the leucine rich glioma activated 1 

protein (LGI1; Lai et al., 2010). It is characterized by limbic encephalitis and autonomic 

dysfunction, but with neuromyotonia less frequently (Liguori et al., 2001). The PNS 

dominant disease, Isaac’s syndrome, is caused by antibodies against contactin-

associated protein-like 2 (CASPR2; Shillito et al., 1995; Lancaster et al., 2011), although 

around half of anti-CASPR2 encephalitis patients also exhibit encephalitis.  

LGI-1 is a secreted protein that has been linked to a pediatric epilepsy disorder 

known as autosomal dominant lateral temporal lobe epilepsy (ADLTE; Nobile et al., 

2009). Animal experiments support the role of normal LGI-1 activity in preventing seizure 

activity; mice with LGI-1 knocked out in pyramidal neurons during embryonic 
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stages exhibited early-onset seizures that were commonly lethal (Boillot et al., 2014). 

LGI-1 when knocked out in rats, mice or zebrafish causes hyperexcitability and seizures 

(Fukata et al., 2010; Teng et al., 2010; Yu et al., 2010).  

There are several known functions of LGI-1, any or all of which could be disrupted 

by the pathogenic anti-LGI-1 antibodies in patients. LGI-1 It integrates into a complex 

with presynaptic voltage-gated potassium channel Kv1.1 and prevents its inactivation by 

blocking the cytoplasmic regulatory protein Kvbeta1 (Schulte et al., 2006). It has also 

been shown to complex with synaptic scaffolding proteins ADAM22 and ADAM23, which 

stabilize and retain AMPARs at the synapse. LGI-1 knockout rats had decreased AMPA 

mEPSP amplitude in the hippocampus of acute brain slices suggesting that LGI-1 

potentiates AMPAR-mediated synaptic transmission (Ohkawa et al., 2013). 

In anti-LGI-1 encephalitis, antibodies result in a loss of AMPARs from glutamatergic 

synapses. The antibodies disrupt LGI-1 and ADAM22/23 interaction that may destabilize 

the machinery that sequesters AMPARs to synaptic membranes. Soluble extracellular 

ADAM22 mimicked the effect of anti-LGI-1 antibodies on AMPAR trafficking out of the 

synaptic domain.  This is similar to the disruption of the interaction between NMDARs 

and EphB2Rs by anti-NMDAR antibodies (Mikasova et al., 2012). It would be interesting 

to measure the diffusion coefficient of quantum dot labeled AMPARs after exposing the 

neuron to anti-LGI-1 antibodies. The role of LGI-1 in maintaining AMPAR levels has 

been confirmed in vivo. LGI-1 null mice have reduced AMPARs at synapses.  The 

ADAM22 complex binds to ADAM23 presynaptically and this is thought to regulate levels 

of synaptic AMPAR levels. Changes in AMPAR levels underlie plasticity, global brain 

excitability, and homeostatic scaling that maintains the average synaptic gain while 

preserving the information encoded in the relative strengths of synaptic inputs onto a 
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neuron (Shepherd and Huganir, 2007; Lu et al., 2009; Ohkawa et al., 2013) 

Antibodies against GABA receptors 

Patients with antibodies against either the ionotropic GABAAβ3 subunit or 

metabotropic GABAB receptor B1a subunit typically present with seizures that are 

refractory to antiepileptic treatment. Patients with either disease have a higher risk of 

mortality typically due to unmitigated status epilepticus (Höftberger et al., 2013; Petit-

Pedrol et al., 2014). The patient presentations are consistent with the known functions of 

both ionotropic and metabotropic GABA receptors.  Human mutations in either GABAA or 

GABAB have been associated with genetic epilepsy syndromes.  Mice that are genetic 

nulls for either GABAA subunits or GABAB receptors have a lower seizure threshold 

(Prosser et al., 2001). Important antiepileptic and anxiolytic drugs such as 

benzodiazepines and barbiturates modulate GABAA activity.  Similarly, baclofen, a 

GABAB antagonist, is used as an anti-spasmodic.  

Despite the similarity in presentation and clinical course, the mechanism of 

antibody-mediated disruption of the cognate receptor is different in the anti-GABAA and 

anti-GABAB encephalitis. Similar to the encephalitides with antibodies against 

glutamatergic ionotropic receptors, patient anti-GABAA antibodies reduce both synaptic 

GABAA receptors as seen by immunostaining and picrotoxin sensitive IPSCs in cultured 

hippocampal neurons. The effects of these antibodies are specific for the cognate 

receptors; anti-GABAA antibodies do not affect NMDARs, glutamatergic synaptic 

transmission, or the localization or amount of the GABAA synaptic anchoring protein, 

gephryn.  

In contrast to anti-GABAA receptor antibodies, it is striking that anti-GABAB1 

receptor antibodies do not result in a loss of surface GABAB receptors. How then do anti-
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GABAB antibodies result in a change in inhibitory tone via GABAB activation that is likely 

to underlie the refractory status epilecticus in patients?  In live cultured neurons, 

application of a GABAB agonist such as baclofen results in a reduction in global synaptic 

activity. Anti-GABAB antibodies block this effect. If GABAB1 antibodies do not reduce the 

density of GABAB receptors, then they must inactivate or interfere with the target 

receptors. One possibility is that the antibodies act as an orthosteric or an allosteric 

blocker of GABAB receptors. This would predict that patient antibodies can disrupt 

GABAB signaling with an acute application, and the antibody blocking effect should be 

dose dependent. Additionally, an allosteric agonist of GABAB1 or an activator of GABAB2 

should circumvent the GABAB signaling block by patient antibodies. Another possibility is 

that the patient antibodies activate the GABAB receptors and a prolonged incubation with 

patient antibodies results in a tonic constitutive GABAB signaling, which then results in 

deactivation of receptors. These questions are currently being addressed by studying 

the pharmacological properties of anti-GABAB antibodies in both cultured neurons and 

heterologous cultured cells that have been transfected to express GABAB receptors 

exogenously. 

Homeostatic plasticity in response to antibody-mediated decrease of receptor 
levels 

Homeostatic plasticity is important for maintaining the stability of neuronal network 

activity in the face of potentially destabilizing changes in the strengths of individual 

synapses.  Compensatory mechanisms at the cellular and synaptic level have been 

shown to occur in autoimmune disorders of the nervous system in humans and in 

experimental model systems.  Studies from mouse models of myasthenia gravis and 

patients' tissue have shown an enhanced rate of synthesis of AChRs and increased 

expression levels of AChR α, β, δ, and ε subunits, as well as increased 
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ACh release upon stimulation (Wilson et al., 1983; Guyon et al., 1994, 1998; Plomp et 

al., 1995). Similarly, in the CNS, Purkinje cells treated with IgG from patients with 

Lambert-Eaton syndrome show a loss of P/Q-type voltage gated calcium channel 

currents and a concomitant increase in R-type currents (Pinto et al., 1998). The NMDAR 

hypofunction in anti-NMDAR encephalitis led us to the question of whether patient 

antibody treatment can induce homeostatic changes in cultured neurons.  

It is well known that after pharmacological blockade of glutamate receptors, 

cultured neurons compensate by changing both excitatory and inhibitory synaptic 

strength. Several studies have shown that, after 48 hours of NMDAR or AMPAR 

blockade, mEPSC amplitude is enhanced (Turrigiano et al., 1998; Sutton et al., 2006). 

Treatment of cultured neurons with antibodies from patients with anti-NMDAR 

encephalitis results in a decrease in glutamatergic transmission via NMDA receptors. 

Therefore it is plausible that neurons compensate for a loss of functional NMDA 

receptors by reducing inhibitory synaptic transmission or by increasing NMDAR and 

AMPAR expression. Treatment of cultured neurons does not increase expression of 

NMDARs or AMPARs, but result in a decrease in inhibitory synapse density visualized 

as colocalizing GABAA and VGAT clusters (Moscato et al., 2014).  

Similarly, in anti-AMPAR encephalitis, antibody treated neurons compensate for the 

loss of AMPAR conductance by decreasing GABAAR mIPSC amplitude. In addition to 

changes at the synapse, treatment with anti-AMPAR antibodies increases intrinsic 

neuronal excitability (Peng et al., 2014). While the average action potential firing 

frequency was unaffected, antibody treatment changed the pattern of firing as evidenced 

by a decrease in inter-spike interval. These compensatory changes are consistent with 

numerous observations that pyramidal neurons tend to homeostatically maintain firing 

rate in response to chronic inactivity (Turrigiano et al., 1998; Burrone et al., 
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2002). This may explain why despite reducing excitatory synaptic transmission via 

glutamate receptors, patient antibodies are capable of inducing synaptic and neuronal 

changes that contribute to the short-term memory loss and seizures observed in patients 

with anti-AMPAR encephalitis. 

In vivo effects of anti-receptor antibodies on circuits and behavior 

Patient antibodies disrupt their cognate antigens at synapses in cell culture. This 

synaptic dysfunction and the accompanying homeostatic changes are likely to underlie 

the circuit malfunction and psychologic and neurologic deficits in patients. To test 

whether anti-NMDAR antibodies from patients can disrupt NMDAR-dependent circuit 

properties in vivo, Zhang et al. (2012) tested the effect of a short treatment with patient 

antibodies on LTP induction at Schaffer collateral–CA1 synapses in rodent acute 

hippocampal slices.  Genetic and pharmacological block of NMDAR blocks induction of 

LTP at these synapses although their activity is not necessary for maintenance of LTP.  

In slices treated with anti-NMDAR antibodies for 15 minutes, the induction of LTP by 

theta burst stimulation was suppressed (Fig. 4C-D; Zhang et al., 2012). This suppression 

was not present when slices were treated with patient CSF that had antibodies adsorbed 

on HEK cells overexpressing NMDAR.  LTP in hippocampal synapses is a leading 

candidate for the circuit property that encodes place memory and loss of LTP induction 

in the hippocampus of rodents after exposure to patient antibodies may disrupt memory 

in awake behaving animals. 

 In a large rodent study, Planaguma et al. (2014) generated a passive immune 

transfer model of anti-NMDAR encephalitis to test the effects of patient antibody infusion 

on animal behavior. Using osmotic pumps, they infused a dialyzed mixture of CSF from 

several patients or controls into the cerebral ventricles of mice for 14 days. The pumps 
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were removed after 14 days to enable studying recovery from a chronic exposure to 

pathogenic antibodies from patients.  A dramatic loss of novel object memory and 

anhedonia in the mice with chronic infusion of patient antibodies was observed over 14 

days of infusion. However, by day 18 (day 4 after cessation of infusion), both the 

memory deficits and anhedonia had returned to control levels (Fig. 4E). The behavioral 

deficits correlated with a NMDAR levels in the brain, which also decreased during the 

14-day infusion and recovered completely by day 21 (Planagumà et al., 2014).  This 

study demonstrates the pathogenic potential of antibodies present in patients with anti-

NMDAR encephalitis. It also establishes the relationship between the effects of 

pathogenic antibody on synapse and circuit function, and the changes in behavior, 

memory and cognition that are hallmarks anti-NMDAR encephalitis.   

Recent translational studies have begun to shed light on whole brain activity during 

anti-NMDAR or anti-AMPAR encephalitis. Diffusion tensor MRI in anti-NMDAR patients 

shows decreased functional connectivity between the two hippocampi and extensive 

white matter changes that correlates with disease severity (Finke et al., 2013). Imaging 

studies in anti-AMPAR encephalitis patients have identified hypermetabolism in the 

limbic area on 18-F-FDG PET, which correlates with severity of clinical course (Spatola 

et al., 2014). EEG studies identified a characteristic electrographic pattern in anti-

NMDAR encephalitis known as “extreme delta brush”, characterized by rhythmic delta 

activity at 1-3 Hz with superimposed 20-30 Hz bursts superimposed on each delta wave 

(Schmitt et al., 2012; Armangue et al., 2013). The clinical significance of the extreme 

delta brush pattern is unclear, but reflects widespread cortical and subcortical network 

dysfunction. 

Mechanisms of autoimmunity 
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In the majority of autoimmune encephalitides, patients are much more likely than 

normal to have an associated neoplasm. These encephalitides were initially classified as 

paraneoplastic syndromes. The associated tumors are often dedifferentiated tissues that 

express many neuronal proteins. Among patients with teratomas, the ones with a 

comorbid NMDAR encephalitis were more likely than neurologically intact patients to 

have dysplastic CNS neurons in teratomas that express NMDARs (Day et al., 2014). 

The tumor microenvironment along with the inappropriate expression of neuronal 

proteins in non-neuronal contexts may contribute to the breakdown of immune tolerance 

(Maueröder et al., 2014). Another possibility is that mutant genes in tumors produce 

proteins are structurally different enough from the wild type protein to escape immune 

tolerance and induce an immune response that is cross-reactive to both the mutant and 

wild type gene product (Engelhorn et al., 2006). A well-studied example is scleroderma, 

an autoimmune connective tissue disease, in which a subset of patients that have 

autoantibodies to RNA polymerase III are more likely to have cancer (Shah et al., 2010). 

The cancers in these scleroderma patients harbor missense mutations in the gene 

encoding for RNA polymerase III, POLR3A, and the T cells in these patient that were 

reactive to mutant RNA polymerase cross-reacted with the wild type form of the protein 

(Joseph et al., 2014). 

Not all patients with autoimmune encephalitis have a co-morbid neoplasm. It is 

possible, but unproved, that an immune response elicited by the tumor and the 

subsequent antibody synthesis decreases the size or eliminates the tumor via antibody 

binding and complement mediated cytotoxicity. Thus, at the time of diagnosis, antibodies 

are present, but no tumor is detected. 

 A genetic predisposition to autoimmunity may contribute to sensitizing the immune 

system against essential synaptic proteins. Another evidence for the 
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association between tumor and synaptic autoimmunity is that higher titers correlated with 

poor outcome and presence of teratoma. In the case of anti-NMDAR encephalitis, the 

presence of a tumor is correlated with more severe disease and higher titers. 

Conversely, in patients with tumors, excision of the tumor was one of the most effective 

treatment modality (Gresa-Arribas et al., 2014). 

Identification of the epitope of pathogenic antibodies in anti-NMDA, anti-AMPAR, 

anti-CASPR2 and anti-GABAB1 encephalitides raise an intriguing possibility that regions 

of these synaptic proteins may be inherently immunogenic. In all these diseases, the 

identified epitope is nearly identical regardless of the age, sex, tumor status, or disease 

severity of patients (Gleichman et al., 2012). Moreover, in anti-NMDAR encephalitis, the 

epitope remained constant over disease progression (Gresa-Arribas et al., 2014). 

Domain swapping and point mutation experiments identified the N368/G369 region of 

the LIVBP domain of NMDAR1 to be the minimal epitope necessary for antibody binding 

(Gleichman et al., 2012). 

Molecular mimicry or the cross reactivity of antibodies against infectious epitopes 

with normal host proteins can occur if the epitopes are sufficiently similar.  Guillain-Barré 

syndrome (GBS), an immune mediated peripheral neuropathy affecting axons and 

myelin sheaths is a classic example of an autoimmune neurologic disease that is known 

to arise from molecular mimicry (Hahn, 1998; Hughes and Cornblath, 2005). The 

disorder is frequently preceded by an infection, often by Campylobacter jejuni (Rees et 

al., 1995; McCarthy and Giesecke, 2001). Patients' serum antibodies react with 

peripheral nerve gangliosides as well as lipooligosaccharide from Campylobacter 

jejuni (Oomes et al., 1995; Yuki et al., 2004). Similarly, a syndrome known as 

Sydenham's chorea is characterized by abnormal movements, hypotonia, and 

neuropsychiatric symptoms, and characteristically occurs after an 
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infection by group A streptococci (Marques-Dias et al., 1997; Kirvan et al., 2006). Like in 

GBS, antibodies from patients with Sydenham's chorea react with gangliosides 

expressed in the basal ganglia and cross-react with group A streptococcal N-acetyl-

glucosamine (Bronze and Dale, 1993; Kirvan et al., 2003). Patients with SLE, a 

multisystem autoimmune disease, can harbor antibodies to double stranded DNA that 

also cross react with a single epitope present in the extracellular region of NR2A and 

NR2B of the NMDAR (DeGiorgio et al., 2001; Kowal et al., 2006). Cross reacting anti-

double stranded DNA antibodies are more prevalent in SLE patients with 

neuropsychiatric symptoms, but can also be seen in neurologically normal patients.   

The source and brain access of autoantibodies 

Two different, but not mutually exclusive, sources of pathogenic antibodies can 

synthesis of antibodies within the intrathecal space by plasma cells derived from anti-

neuronal targeted B cells that translated across the blood brain barrier and matured 

within the intrathecal space or the antibodies are synthesized peripherally and cross the 

blood brain barrier that has been pathologically disrupted. 

Antibodies that are synthesized in peripheral lymph nodes and serum can cross the 

blood brain barrier passively and down their concentration gradient if the barrier 

becomes more permeable in disease. There are several methods for experimentally 

increasing BBB permeability to test the effect of peripherally generated antibodies on 

CNS functions including focal ultrasound (Kinoshita et al., 2006), hypertonic solute 

(Neuwelt et al., 1988) and lipopolysaccharide (Xiao and Jan, 2009). More physiologically 

relevant models of BBB disruption include peripheral inflammation (Rabchevsky et al., 

1999; Huber et al., 2001), acute stress (Esposito et al., 2002), and epinephrine (Huerta 

et al., 2006). At least in rodent models, crossing of serum protein including antibodies 
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has been shown to increase after inducing a “leaky” blood brain barrier experimentally. 

Iodinated antibodies injected into rats were detected in the brain following osmotic 

opening of the BBB (Neuwelt et al., 1988). Kinoshita et al. showed that focal sonication 

caused BBB disruption allowing intravenously injected dopamine receptor antibodies to 

enter the brain and bind to antigen at sites of barrier breakdown (Kinoshita et al., 2006). 

A clinical observation that is consistent with the possibility of peripheral antibody 

synthesis with transudation across a disrupted blood brain barrier is that many patients 

with autoimmune encephalitis report a history of flu-like prodromal symptoms or 

demonstrated viral infection prior to presenting with neuropsychiatric syndrome of 

autoimmune encephalitis (Dalmau et al., 2004). It is possible that a systemic 

inflammation induced by a bacterial or viral infection transiently disrupts the BBB, and 

allows antibodies that were already present in the serum to enter the intrathecal space. 

Memory B-cells that are able to cross a normal BBB will undergo re-stimulation, 

antigen-driven affinity maturation, clonal expansion, and differentiation into NMDAR 

antibody-secreting plasma cells. This mechanism, which occurs in other autoimmune 

diseases such as multiple sclerosis (Hauser et al., 2008), would explain the detection of 

intrathecal synthesis of antibodies in most patients with anti-NMDAR encephalitis. 

Clinical pathology investigations of CSF from autoimmune encephalitis patients support 

intrathecal synthesis of pathogenic antibodies. These patients often have an increased 

ratio of CSF IgG to serum IgG concentration. This could result from the intrathecal space 

being the source of antibodies and the peripheral space being the sink or anti-neuronal 

antibodies present in serum when given access to neuronal tissue get sequestered close 

to the neuronal tissue. Additionally, protein electrophoretic analyses of the CSF from 

autoimmune encephalitis patients demonstrates multiple distinct bands of IgG that are 

absent in serum (oligoclonal bands), supporting the presence of plasma cell 
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clones within the thecal space that that are absent in serum and thus may have matured 

after their progenitor B cells extravasated intrathecally (Dalmau et al., 2008). 

The relative lack of efficacy of strategies for treating autoimmune encephalitis by 

depleting serum IgG (IVIg, plasma exchange) is another piece of evidence to support the 

presence of the source of pathogenic antibodies intrathecally. IVIg and plasmapharesis 

alone are no longer considered standard of care or appropriate first line treatment for 

autoimmune encephalitis (Martinez-Hernandez et al., 2011). Patients that do not 

respond to IVIg or plasma exchange often improve with immunomodulatory drugs that 

affect immune cells such cyclophosphamide and rituximab. Also, a retrospective study of 

titers and disease progression showed that higher titers of antibodies in CSF but not in 

serum correlated with poor neurologic outcome (Gresa-Arribas et al., 2014). Additionally, 

relapses of neuropsychiatric decline correlated more with CSF titer change than serum 

titer.  

There is also direct evidence for the presence of CD138+ plasma cells in 

perivascular, interstitial and Virchow-Robin spaces in brain biopsies from patients (Fig. 

5). Biopsies in 14 cases and autopsy of three patients showed microgliosis, occasional 

inflammatory B-cell and plasma cell infiltrates, and very rare T-cell infiltrates (Martinez-

Hernandez et al., 2011), in contrast to other paraneoplastic syndromes in which only 

cytotoxic T-cell infiltrates are prominent (Stein-Wexler et al., 2005).  These lymphocytes 

may be recruited by chemokines secreted by monocytes and microglia. Patients have a 

higher level of B-cell–attracting C-X-C motif chemokine 13 (CXCL13) in their CSF 

compared to controls but there was no difference in serum (Leypoldt et al., 2014). 

Moreover, anti-NMDAR patients from whom brain biopsy samples are available showed 

infiltration of monocytes and microglia that express CXCL13 (Fig. 5C). This suggests 

that despite being an immune privileged organ, the intrathecal space 
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of autoimmune encephalitis patients displays all the hallmarks of an organ with an 

adaptive immune system response: antigen presenting cells secreting chemokines, 

extravasation of immature lymphocytes, and mature plasma cells producing anti-

neuronal antibodies. 

Effects of synaptic receptor antibodies related to neurologic symptoms 

Glutamate binding to NMDARs and AMPARs is crucial for synaptic transmission 

and plasticity. Pharmacological blockade or genetic reduction of NMDARs or AMPARs 

has been shown to alter measures of learning and memory and other behaviors in 

animal models (Mohn et al., 1999; Kapur and Seeman, 2002; Schmitt et al., 2007; Labrie 

et al., 2008).  The balance between excitatory and inhibitory synaptic inputs is also 

altered, and this has been shown to affect circuit function and behavior (Prange et al., 

2004; Epsztein et al., 2006; Kehrer et al., 2008). In addition, NMDA (Olney et al., 1999; 

Coyle and Tsai, 2003; Stahl, 2007) and/or AMPA (Wiedholz et al., 2008; Zavitsanou et 

al., 2008) receptor hypofunction has been proposed to be part of the pathophysiological 

mechanisms underlying schizophrenia.    

It is interesting to consider why patients with anti-NMDAR antibodies develop a 

complex syndrome that includes psychosis, learning and memory dysfunction, abnormal 

movements, autonomic instability and frequent hypoventilation, while those with AMPAR 

antibodies preferentially develop psychiatric and amnestic symptoms.  Studies using 

genetic deletion of NMDAR or AMPAR subunits in mouse models provide some insight 

into this issue. While NR1 knockout mice die shortly after birth due hypoventilation (Li et 

al., 1994), mice with spatially restricted NR1 deletion can survive into adulthood 

(Nakazawa et al., 2004). CA1-specific NR1 knockouts have impaired spatial and 

temporal memory and a loss of CA1 LTP (Tsien et al., 1996). Mice with an inducible, 
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reversible knockout of NR1 in forebrain show impairment in the maintenance of long-

term memory if NR1 expression is turned off during the memory storage phase. 

In addition to memory deficits, targeted manipulation of NR1 expression can result 

in schizophrenia-like symptoms. Hypomorphic expression of NR1 leads to increased 

stereotypic behavior and decreased sociability, while early postnatal loss of NR1 in a 

subset of cortical and hippocampal interneurons results in decreased pre-pulse inhibition 

and increased social isolation-induced anxiety (Mohn et al., 1999; Belforte et al., 2010). 

Moreover, subanesthetic doses of NMDAR blockers such as phencyclidine and 

ketamine are psychotomimetic, and they recapitulate many of the positive and negative 

signs of schizophrenia in humans and rodents as well as repetitive orofacial movements, 

autonomic instability and seizures (Luby et al., 1962; Krystal et al., 1994; Lahti, 2001; 

Krystal, 2002).The remarkable similarity between these phenotypes, the effect of 

patients' antibodies resulting in a dramatic decrease of synaptic NMDAR clusters and 

function, and the reduced levels of NMDARs in autopsied patients, support an antibody-

mediated pathogenesis of anti-NMDAR encephalitis, and strengthen the NMDAR 

hypofunction hypothesis of schizophrenia (Belforte et al., 2010). 

The consequences of loss of AMPAR expression have also been studied in mouse 

models. Spatial learning and memory are largely unaffected in GluR1 knockout mice 

despite the fact that LTP is reduced in CA1 and CA3 (Zamanillo, 1999) and working 

memory is diminished (Reisel et al., 2002; Sanderson et al., 2007). GluR2 knockout 

mice show reduced exploration and impaired motor coordination. In these animals, 

AMPAR mediated synaptic transmission is reduced, but LTP is enhanced (Jia et al., 

1996; Gerlai et al., 1998). GluR2 knockout mice also have increased cell death 

(Feldmeyer et al., 1999; Oguro et al., 1999), possibly due to excitotoxicity related to 

increased, compensatory insertion of GluR1 homomeric AMPARs.  While 
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AMPAR subunit knockout mice have not provided a satisfying explanation for the role of 

AMPARs in synaptic plasticity related to learning and memory, the fact that patients with 

AMPAR antibodies have short-term learning and memory deficits argues that further 

studies at the circuit and behavioral levels are warranted. 

GABAB1 receptor knockout mice display a variety of neurologic and behavioral 

abnormalities, including spontaneous seizures, enhanced anxiety, hyperactivity, 

hyperalgesia, and impaired memory (Prosser et al., 2001) suggesting dysfunction of the 

limbic system. Consistent with these experimental data, patients with anti-

GABAB1 receptor antibodies present with an encephalitis that associates with early and 

prominent seizures, confusion, agitation, behavioral problems and severe short-term 

memory deficit along with MRI abnormalities predominantly involving the hippocampi. 

Interestingly, both GABAB1 receptor knock out mice and mice treated with a 

GABAB1 receptor antagonist, CGP56423A, exhibit antidepressant-like behavior in a 

forced swim test and a learned helplessness paradigm (Nakagawa et al., 1999; 

Mombereau et al., 2004), suggesting that GABA signaling may have disparate effects on 

different aspects of mood such as depression and anxiety. Combined with animal 

studies, these patients can provide rich insight into the role of GABAB1 receptor signaling 

in memory, behavior, and cognition. 

Conclusion 

Each of the clinical syndromes under the umbrella of autoimmune encephalitis is an 

opportunity to not only understand the mechanism by which the human body fails to 

distinguish self from non-self but also how autoantibodies cause CNS disease.  The 

basic science and translational work on the unique aspects on each of the autoimmune 

encephalitides underscores the fact that despite a failure in immunotolerance, cellular 
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and humoral factors can disrupt their target antigen in distinct ways.  
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Figures 

 

Fig 1. Flowchart of identifying a cluster of autoimmune encephalitis patients, identifying 

the target antigen, and laboratory characterization. 
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Figure 2.  Process of characterization, antigen immunoprecipitation, and development of 

diagnostic tools. (A) Immunohistochemistry of rat brain section stained with patient CSF 

(anti-NMDA receptor encephalitis; Dalmau et al., 2007). Scale bar = 1mm.  (B) 

Dissociated rat hippocampal neurons maintained in vitro and incubated (live, 

nonpermeabilized) with patient CSF.  Note the binding of of patient's antibodies with 

clusters of cell surface antigens; scale bar = 10 μm. (C) Precipitation of these antigens 

using two patients’ CSF antibodies is shown in a gel in which proteins are visualized with 

EZBlue. Note that patients’ antibodies (P1, P2) precipitated a single band at ∼100 kDa; 

this band is not seen in the precipitate generated with CSF from a control individual (N). 

Analysis of the 100 kDa band by mass spectrometry demonstrated sequences derived 

from GluR1/GluR2 subunits of the AMPA receptor. The ∼50 kDa band across all 

samples corresponds to IgG. Transfer of the proteins to nitro‐cellulose and Western blot 

with GluR1 and GluR2 antibodies confirmed that the 100 kDa band contained both 

GluR1 and GluR2 subunits (not shown). (D-F) Further validation of the antigen was done 

in heterologous cells expressing GluR1/2, showing reactivity with patient's antibodies (D, 

green), a commercial monoclonal GluR1 antibody (E, red), and merged (F, yellow). 

Scale bar = 10 um.  Figure panels from Lai et al., 2009. 
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Figure 3. Synaptic effects of antibodies from patients with anti-NMDAR encephalitis. (A–

C) AMPA and NMDA receptors are localized in the postsynaptic membrane and are 

clustered at the postsynaptic density.  (A) Patient antibodies bind selectively to synaptic 

and extrasynaptic NMDA receptors, and this binding leads to receptor cross-linking (B). 

Cross-linked and clustered NMDA receptors are internalized, resulting in a decrease of 

surface NMDA receptors while other synaptic components, such as postsynaptic AMPA 

receptor clusters and PSD-95, as well as presynaptic terminals, dendrite branches, 

dendritic spines and cell viability, are unaffected (C).  Panels A-C adapted from Moscato 

et al 2010.  (D–E) Rodent cultured neurons treated within patient's CSF results in 

internalization of antibody bound NMDA receptors. After treatment with patient CSF for 

1h (D) or 12h (E), surface NMDA receptors were stained using an anti-human IgG 

secondary antibody conjugated to Alexa 488 on live cultured neurons.  After fixing and 

permeabalization, an anti-human IgG secondary antibody conjugated to Alexa 594 is 

used to stain the internalized antibody bound fraction of NMDA receptors. 

Counterstaining with a commercial antibody labeled the total pool of NMDA receptors.  

Scale bar = 1 um.  (F–G) Whole-cell patch recordings of miniature excitatory 

postsynaptic currents (mEPSCs) that consist of a fast AMPA receptor–mediated 

component and a slower later component mediated by NMDA receptors that is APV 

sensitive. Compared with neurons without patient antibody mediated internalization, 

those treated with CSF from a patient with NMDA receptor antibodies show a loss of the 

APV-sensitive NMDA receptor component G (Hughes et al., 2010). (H)  Quantification of 

surface and internalized NMDARs following treatment. Surface NMDAR density was 

significantly decreased after 12 hours of patient CSF treatment compared with patient 

antibody-derived F(ab) fragments after which surface levels reached a plateau. This was 

paralleled by an increase over time in the density of internalized NMDARs.  
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Panels D-H adapted from Moscato et al., 2014. 
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Figure 4. Infusion of CSF from patients with NMDAR antibodies into rodent brains 

reduces synaptic NMDA receptors and results in deficits circuit plasticity, memory and 

behavior  (A-B) Three-dimensional projection and analysis of the density synaptic 

clusters of NMDA receptors (defined as NMDAR clusters colocalized with PSD95) in 

CA3 region of hippocampus.  (C-D) Suppression of LTP by CSF obtained from an anti-

NMDAR encephalitis patient (Zhang et al., 2011).  (C) Superimposed field EPSPs 

(fEPSPs) recorded at Schaffer colateral-CA1 synapses immediately before (black) and 

30 min after TBS (red). For assessment of the magnitude of LTP, the initial slope of 

post-tetanic fEPSP (red) was expressed as percent of the pre-tetanic slope (black). The 

slope was measured as indicated in the middle panel (dotted lines). Scale bars: 2 ms 

and 0.5 mV.  (D) Averaged LTP time course. The slope of fEPSPs was expressed as 

percent of those recorded immediately before TBS. The lines represent data from the 

artificial CSF control (solid line with filled circles), the non-encephalitis control (solid line 

with open circles), the herpes simplex virus encephalitis control (HSV; chain line with 

open triangles) and the NMDAR antibody positive case (chain line with filled triangles).  

(E) Infusion of CSF from patients with NMDAR antibodies causes deficits in memory, 

anhedonia and depressive-like behavior.  Novel object recognition index in open field is 

reduced in animals treated with patients’ CSF (grey circles) but not control CSF (white 

circles) after 14 days of chronic infusion. The patient CSF infused animals recover their 

novel object memory 11 days after the cessation of infusion (day 25 post surgery).  A 

higher novel object Index indicates better object recognition memory.  Figure adapted 

from Planaguma et al., 2014 and Zhang et al., 2011. 
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Figure 5. Brain biopsy of a patient with anti-NMDAR encephalitis showing perivascular 

lymphocytic and monocytic Infiltrates. (A) In Virchow-Robin spaces, CD138+ plasma 

cells are in perivascular regions (arrows) and along the tissue surface (arrowheads) that 

delineates spaces containing CSF and small vessels (v). The plasma cells/plasmablasts 

indicated with arrows are amplified in the inset in K. Scale bars = 20 m. (B-C) Monocytic 

infiltrates expressing CXCL13, a B-cell attracting chemokine (B, arrow heads).  Infiltrates 

were mainly composed of monocytes and macrophages (B, arrow heads indicate CD68 

expressing monocytes and macrophages). Scale bar = 14 μm.  Figure adapted from 

Stein-Wexler et al., 2005 and Leypoldt et al., 2014. 

  



 

36 

 

References 

Ances BM, Vitaliani R, Taylor RA, Liebeskind DS, Voloschin A, Houghton DJ, Galetta 

SL, Dichter M, Alavi A, Rosenfeld MR, Dalmau J (2005) Treatment-responsive 

limbic encephalitis identified by neuropil antibodies: MRI and PET correlates. Brain 

128:1764–1777. 

Armangue T, Titulaer MJ, Málaga I, Bataller L, Gabilondo I, Graus F, Dalmau J (2013) 

Pediatric anti-N-methyl-D-aspartate receptor encephalitis-clinical analysis and novel 

findings in a series of 20 patients. J Pediatr 162:850–856.e2. 

Belforte JE, Zsiros V, Sklar ER, Jiang Z, Yu G, Li Y, Quinlan EM, Nakazawa K (2010) 

Postnatal NMDA receptor ablation in corticolimbic interneurons confers 

schizophrenia-like phenotypes. Nat Neurosci 13:76–83. 

Boillot M, Huneau C, Marsan E, Lehongre K, Navarro V, Ishida S, Dufresnois B, 

Ozkaynak E, Garrigue J, Miles R, Martin B, Leguern E, Anderson MP, Baulac S 

(2014) Glutamatergic neuron-targeted loss of LGI1 epilepsy gene results in 

seizures. Brain:awu259. 

Bronze MS, Dale JB (1993) Epitopes of streptococcal M proteins that evoke antibodies 

that cross- react with human brain. J Immunol 151:2820–2828. 

Burrone J, O’Byrne M, Murthy VN (2002) Multiple forms of synaptic plasticity triggered 

by selective suppression of activity in individual neurons. Nature 420:414–418. 

Coyle JT, Tsai G (2003) NMDA receptor function, neuroplasticity, and 



 

37 

the pathophysiology of schizophrenia. Int Rev Neurobiol 59:491–515. 

Dalmau J, Gleichman AJ, Hughes EG, Rossi JE, Peng X, Lai M, Dessain SK, Rosenfeld 

MR, Balice-Gordon R, Lynch DR (2008) Anti-NMDA-receptor encephalitis: case 

series and analysis of the effects of antibodies. Lancet Neurol 7:1091–1098. 

Dalmau J, Rosenfeld MR (2008) Paraneoplastic syndromes of the CNS. Lancet Neurol 

7:327–340. 

Dalmau J, Tüzün E, Wu H, Masjuan J, Rossi JE, Voloschin A, Baehring JM, Shimazaki 

H, Koide R, King D, Mason W, Sansing LH, Dichter MA, Rosenfeld MR, Lynch DR 

(2007) Paraneoplastic anti-N-methyl-D-aspartate receptor encephalitis associated 

with ovarian teratoma. Ann Neurol 61:25–36. 

Dalva MB, McClelland AC, Kayser MS (2007) Cell adhesion molecules: signalling 

functions at the synapse. Nat Rev Neurosci 8:206–220. 

Dalva MB, Takasu MA, Lin MZ, Shamah SM, Hu L, Gale NW, Greenberg ME (2000) 

EphB Receptors Interact with NMDA Receptors and Regulate Excitatory Synapse 

Formation. Cell 103:945–956. 

Day GS, Laiq S, Tang-Wai DF, Munoz DG (2014) Abnormal neurons in teratomas in 

NMDAR encephalitis. JAMA Neurol 71:717–724. 

DeGiorgio LA, Konstantinov KN, Lee SC, Hardin JA, Volpe BT, Diamond B (2001) A 

subset of lupus anti-DNA antibodies cross-reacts with the NR2 glutamate receptor 

in systemic lupus erythematosus. Nat Med 7:1189–1193. 

Drachman DB, Angus CW, Adams RN, Michelson JD, Hoffman GJ (1978) 



 

38 

Myasthenic antibodies cross-link acetylcholine receptors to accelerate degradation. 

N Engl J Med 298:1116–1122. 

Engel AG, Lambert EH, Howard Jr. FM (1977) Immune complexes (IgG and C3) at the 

motor end plate in myasthenia gravis. Ultrastructural and light microscopic 

localization and electrophysiologic correlations. Mayo Clin Proc 52:267–280. 

Engelhorn ME, Guevara-Patiño JA, Noffz G, Hooper AT, Lou O, Gold JS, Kappel BJ, 

Houghton AN (2006) Autoimmunity and tumor immunity induced by immune 

responses to mutations in self. Nat Med 12:198–206. 

Epsztein J, Milh M, Bihi RI, Jorquera I, Ben-Ari Y, Represa A, Crépel V (2006) Ongoing 

epileptiform activity in the post-ischemic hippocampus is associated with a 

permanent shift of the excitatory-inhibitory synaptic balance in CA3 pyramidal 

neurons. J Neurosci 26:7082–7092. 

Esposito P, Chandler N, Kandere K, Basu S, Jacobson S, Connolly R, Tutor D, 

Theoharides TC (2002) Corticotropin-releasing hormone and brain mast cells 

regulate blood-brain-barrier permeability induced by acute stress. J Pharmacol Exp 

Ther 303:1061–1066. 

Feldmeyer D, Kask K, Brusa R, Kornau H-C, Kolhekar R, Rozov A, Burnashev N, 

Jensen V, Hvalby Ø, Sprengel R, Seeburg PH (1999) Neurological dysfunctions in 

mice expressing different levels of the Q/R site-unedited AMPAR subunit GluR-B. 

Nat Neurosci 2:57–64. 

Finke C, Kopp UA, Scheel M, Pech L-M, Soemmer C, Schlichting J, Leypoldt F, Brandt 

AU, Wuerfel J, Probst C, Ploner CJ, Prüss H, Paul F (2013) Functional 



 

39 

and structural brain changes in anti-N-methyl-D-aspartate receptor encephalitis. 

Ann Neurol 74:284–296. 

Florance NR, Davis RL, Lam C, Szperka C, Zhou L, Ahmad S, Campen CJ, Moss H, 

Peter N, Gleichman AJ, Glaser CA, Lynch DR, Rosenfeld MR, Dalmau J (2009) 

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis in children and 

adolescents. Ann Neurol 66:11–18. 

Fukata Y, Lovero KL, Iwanaga T, Watanabe A, Yokoi N, Tabuchi K, Shigemoto R, Nicoll 

RA, Fukata M (2010) Disruption of LGI1-linked synaptic complex causes abnormal 

synaptic transmission and epilepsy. Proc Natl Acad Sci U S A 107:3799–3804. 

Gerlai R, Henderson JT, Roder JC, Jia Z (1998) Multiple behavioral anomalies in GluR2 

mutant mice exhibiting enhanced LTP. Behav Brain Res 95:37–45. 

Gleichman AJ, Spruce LA, Dalmau J, Seeholzer SH, Lynch DR (2012) Anti-NMDA 

receptor encephalitis antibody binding is dependent on amino acid identity of a 

small region within the GluN1 amino terminal domain. J Neurosci 32:11082–11094. 

Gresa-Arribas N, Titulaer MJ, Torrents A, Aguilar E, McCracken L, Leypoldt F, 

Gleichman AJ, Balice-Gordon R, Rosenfeld MR, Lynch D, Graus F, Dalmau J 

(2014) Antibody titres at diagnosis and during follow-up of anti-NMDA receptor 

encephalitis: a retrospective study. Lancet Neurol 13:167–177. 

Guyon T, Levasseur P, Truffault F, Cottin C, Gaud C, Berrih-Aknin S (1994) Regulation 

of acetylcholine receptor α subunit variants in human myasthenia gravis: 

Quantification of steady-state levels of messenger RNA in muscle biopsy using the 



 

40 

polymerase chain reaction. J Clin Invest 94:16–24. 

Guyon T, Wakkach A, Poea S, Mouly V, Klingel-Schmitt I, Levasseur P, Beeson D, 

Asher O, Tzartos S, Berrih-Aknin S (1998) Regulation of acetylcholine receptor 

gene expression in human myasthenia gravis muscles. Evidences for a 

compensatory mechanism triggered by receptor loss. J Clin Invest 102:249–263. 

Hahn AF (1998) Guillain-Barre syndrome. Lancet 352:635–641. 

Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel J, Fox RJ, Bar-Or A, Panzara M, 

Sarkar N, Agarwal S, Langer-Gould A, Smith CH (2008) B-cell depletion with 

rituximab in relapsing-remitting multiple sclerosis. N Engl J Med 358:676–688. 

Herin GA, Aizenman E (2004) Amino terminal domain regulation of NMDA receptor 

function. Eur J Pharmacol 500:101–111. 

Höftberger R, Titulaer MJ, Sabater L, Dome B, Rózsás A, Hegedus B, Hoda MA, Laszlo 

V, Ankersmit HJ, Harms L, Boyero S, de Felipe A, Saiz A, Dalmau J, Graus F 

(2013) Encephalitis and GABAB receptor antibodies: novel findings in a new case 

series of 20 patients. Neurology 81:1500–1506. 

Huber JD, Witt KA, Hom S, Egleton RD, Mark KS, Davis TP (2001) Inflammatory pain 

alters blood-brain barrier permeability and tight junctional protein expression. Am J 

Physiol - Hear Circ Physiol 280:H1241–H1248. 

Huerta PT, Kowal C, DeGiorgio LA, Volpe BT, Diamond B (2006) Immunity and 

behavior: Antibodies alter emotion. Proc Natl Acad Sci U S A 103:678–683. 

Hughes EG, Peng X, Gleichman AJ, Lai M, Zhou L, Tsou R, Parsons TD, 



 

41 

Lynch DR, Dalmau J, Balice-Gordon RJ (2010) Cellular and synaptic mechanisms 

of anti-NMDA receptor encephalitis. J Neurosci 30:5866–5875. 

Hughes RA, Cornblath DR (2005) Guillain-Barré syndrome. Lancet 366:1653–1666. 

Jahn K, Franke C, Bufler J (2000) Mechanism of block of nicotinic acetylcholine receptor 

channels by purified {IgG} from seropositive patients with myasthenia gravis. 

Neurology 54:474–479. 

Jia Z, Agopyan N, Miu P, Xiong Z, Henderson J, Gerlai R, Taverna FA, Velumian A, 

MacDonald J, Carlen P, Abramow-Newerly W, Roder J (1996) Enhanced LTP in 

mice deficient in the AMPA receptor GluR2. Neuron 17:945–956. 

Joseph CG, Darrah E, Shah AA, Skora AD, Casciola-Rosen LA, Wigley FM, Boin F, 

Fava A, Thoburn C, Kinde I, Jiao Y, Papadopoulos N, Kinzler KW, Vogelstein B, 

Rosen A (2014) Association of the autoimmune disease scleroderma with an 

immunologic response to cancer. Science 343:152–157. 

Kapur S, Seeman P (2002) NMDA receptor antagonists ketamine and PCP have direct 

effects on the dopamine D2 and serotonin 5-HT2 receptors - Implications for 

models of schizophrenia. Mol Psychiatry 7:837–844. 

Kehrer C, Maziashvili N, Dugladze T, Gloveli T (2008) Altered excitatory-inhibitory 

balance in the NMDA-hypofunction model of schizophrenia. Front Mol Neurosci 1. 

Kendrick SJ, Lynch DR, Pritchett DB (1996) Characterization of glutamate binding sites 

in receptors assembled from transfected NMDA receptor subunits. J Neurochem 

67:608–616. 



 

42 

Kinoshita M, McDannold N, Jolesz FA, Hynynen K (2006) Targeted delivery of 

antibodies through the blood-brain barrier by MRI-guided focused ultrasound. 

Biochem Biophys Res Commun 340:1085–1090. 

Kirvan CA, Swedo SE, Heuser JS, Cunningham MW (2003) Mimicry and autoantibody-

mediated neuronal cell signaling in Sydenham chorea. Nat Med 9:914–920. 

Kirvan CA, Swedo SE, Kurahara D, Cunningham MW (2006) Streptococcal mimicry and 

antibody-mediated cell signaling in the pathogenesis of Sydenham’s chorea. 

Autoimmunity 39:21–29. 

Klein CJ, Lennon VA, Aston PA, McKeon A, O’Toole O, Quek A, Pittock SJ (2013) 

Insights from LGI1 and CASPR2 potassium channel complex autoantibody 

subtyping. JAMA Neurol 70:229–234. 

Kowal C, DeGiorgio LA, Lee JY, Edgar MA, Huerta PT, Volpe BT, Diamond B (2006) 

Human lupus autoantibodies against {NMDA} receptors mediate cognitive 

impairment. Proc Natl Acad Sci 103:19854–19859. 

Krystal JH (2002) Effects of NMDA Receptor Antagonists: Implications for the 

Pathophysiology of Schizophrenia. Arch Gen Psychiatry 59:663–664. 

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, Heninger GR, 

Bowers Jr. MB, Charney DS (1994) Subanesthetic effects of the noncompetitive 

NMDA antagonist, ketamine, in humans: Psychotomimetic, perceptual, cognitive, 

and neuroendocrine responses. Arch Gen Psychiatry 51:199–214. 

Labrie V, Lipina T, Roder JC (2008) Mice with reduced NMDA receptor glycine affinity 



 

43 

model some of the negative and cognitive symptoms of schizophrenia. 

Psychopharmacology (Berl) 200:217–230. 

Lahti A (2001) Effects of Ketamine in Normal and Schizophrenic Volunteers. 

Neuropsychopharmacology 25:455–467. 

Lai M, Hughes EG, Peng X, Zhou L, Gleichman AJ, Shu H, Matà S, Kremens D, Vitaliani 

R, Geschwind MD, Bataller L, Kalb RG, Davis R, Graus F, Lynch DR, Balice-

Gordon R, Dalmau J (2009) AMPA receptor antibodies in limbic encephalitis alter 

synaptic receptor location. Ann Neurol 65:424–434. 

Lai M, Huijbers MGM, Lancaster E, Graus F, Bataller L, Balice-Gordon R, Cowell JK, 

Dalmau J (2010) Investigation of LGI1 as the antigen in limbic encephalitis 

previously attributed to potassium channels: a case series. Lancet Neurol 9:776–

785. 

Lancaster E, Huijbers MGM, Bar V, Boronat A, Wong A, Martinez-Hernandez E, Wilson 

C, Jacobs D, Lai M, Walker RW, Graus F, Bataller L, Illa I, Markx S, Strauss KA, 

Peles E, Scherer SS, Dalmau J (2011) Investigations of caspr2, an autoantigen of 

encephalitis and neuromyotonia. Ann Neurol 69:303–311. 

Laube U, Kiderlen AF (1997) Detection of Pneumocystis carinii with DNA-binding 

bisBenzimide 33258 Hoechst. J Eukaryot Microbiol 44:35S. 

Li Y, Erzurumlu RS, Chen C, Jhaveri S, Tonegawa S (1994) Whisker-related neuronal 

patterns fail to develop in the trigeminal brainstem nuclei of NMDAR1 knockout 

mice. Cell 76:427–437. 



 

44 

Liguori R, Vincent A, Clover L, Avoni P, Plazzi G, Cortelli P, Baruzzi A, Carey T, 

Gambetti P, Lugaresi E, Montagna P (2001) Morvan’s syndrome: peripheral and 

central nervous system and cardiac involvement with antibodies to voltage-gated 

potassium channels. Brain 124:2417–2426. 

Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ, Sprengel R, Seeburg PH, Nicoll RA 

(2009) Subunit Composition of Synaptic {AMPA} Receptors Revealed by a Single-

Cell Genetic Approach. Neuron 62:254–268. 

Luby ED, Gottlieb JS, Cohen BD, Rosenbaum G, Domino EF (1962) Model psychoses 

and schizophrenia. Am J Psychiatry 119:61–67. 

Lucchinetti CF, Mandler RN, McGavern D, Bruck W, Gleich G, Ransohoff RM, Trebst C, 

Weinshenker B, Wingerchuk D, Parisi JE, Lassmann H (2002) A role for humoral 

mechanisms in the pathogenesis of Devic’s neuromyelitis optica. Brain 125:1450–

1461. 

Marques-Dias MJ, Mercadante MT, Tucker D, Lombroso P (1997) Sydenham’s chorea. 

Psychiatr Clin North Am 20:809–820. 

Martinez-Hernandez E, Horvath J, Shiloh-Malawsky Y, Sangha N, Martinez-Lage M, 

Dalmau J (2011) Analysis of complement and plasma cells in the brain of patients 

with anti-NMDAR encephalitis. Neurology 77:589–593. 

Maueröder C, Munoz LE, Chaurio RA, Herrmann M, Schett G, Berens C (2014) Tumor 

immunotherapy: lessons from autoimmunity. Front Immunol 5:212. 

McCarthy N, Giesecke J (2001) Incidence of Guillain-Barré syndrome following infection 



 

45 

with Campylobacter jejuni. Am J Epidemiol 153:610–614. 

Mikasova L, De Rossi P, Bouchet D, Georges F, Rogemond V, Didelot A, Meissirel C, 

Honnorat J, Groc L (2012) Disrupted surface cross-talk between NMDA and Ephrin-

B2 receptors in anti-NMDA encephalitis. Brain 135:1606–1621. 

Mohn AR, Gainetdinov RR, Caron MG, Koller BH (1999) Mice with Reduced NMDA 

Receptor Expression Display Behaviors Related to Schizophrenia. Cell 98:427–

436. 

Mombereau C, Kaupmann K, Froestl W, Sansig G, Van Der Putten H, Cryan JF (2004) 

Genetic and pharmacological evidence of a role for GABAB receptors in the 

modulation of anxiety- and antidepressant-like behavior. 

Neuropsychopharmacology 29:1050–1062. 

Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH (1994) Developmental 

and regional expression in the rat brain and functional properties of four {NMDA} 

receptors. Neuron 12:529–540. 

Moscato EH, Peng X, Jain A, Parsons TD, Dalmau J, Balice-Gordon RJ (2014) Acute 

mechanisms underlying antibody effects in anti-N-methyl-D-aspartate receptor 

encephalitis. Ann Neurol 76:108–119. 

Nagel A, Engel AG, Lang B, Newsom-Davis J, Fukuoka T (1988) Lambert-Eaton 

myasthenic syndrome IgG depletes presynaptic membrane active zone particles by 

antigenic modulation. Ann Neurol 24:552–558. 

Nakagawa Y, Sasaki A, Takashima T (1999) The GABA(B) receptor antagonist 



 

46 

CGP36742 improves learned helplessness in rats. Eur J Pharmacol 381:1–7. 

Nakazawa K, McHugh TJ, Wilson MA, Tonegawa S (2004) {NMDA} receptors, place 

cells and hippocampal spatial memory. Nat Rev Neurosci 5:361–372. 

Neuwelt EA, Barnett PA, Hellstrom I, Hellstrom KE, Beaumier P, McCormick CI, Weigel 

RM (1988) Delivery of melanoma-associated immunoglobulin monoclonal antibody 

and Fab fragments to normal brain utilizing osmotic blood-brain barrier disruption. 

Cancer Res 48:4725–4729. 

Nobile C, Michelucci R, Andreazza S, Pasini E, Tosatto SCE, Striano P (2009) LGI1 

mutations in autosomal dominant and sporadic lateral temporal epilepsy. Hum 

Mutat 30:530–536. 

Oguro K, Oguro N, Kojima T, Grooms SY, Calderone A, Zheng X, Bennett MVL, Zukin 

RS (1999) Knockdown of AMPA receptor GluR2 expression causes delayed 

neurodegeneration and increases damage by sublethal ischemia in hippocampal 

CA1 and CA3 neurons. J Neurosci 19:9218–9227. 

Ohkawa T, Fukata Y, Yamasaki M, Miyazaki T, Yokoi N, Takashima H, Watanabe M, 

Watanabe O, Fukata M (2013) Autoantibodies to epilepsy-related LGI1 in limbic 

encephalitis neutralize LGI1-ADAM22 interaction and reduce synaptic AMPA 

receptors. J Neurosci 33:18161–18174. 

Olney JW, Newcomer JW, Farber NB (1999) NMDA receptor hypofunction model of 

schizophrenia. J Psychiatr Res 33:523–533. 

Oomes PG, Jacobs BC, Hazenberg MPH, Bänffer JRJ, Van Der Meché FGA (1995) 



 

47 

Anti-GM1 IgG antibodies and campylobacter bacteria in Guillain-Barré syndrome: 

Evidence of molecular mimicry. Ann Neurol 38:170–175. 

Palmer CL, Cotton L, Henley JM (2005) The molecular pharmacology and cell biology of 

α-amino-3-hydroxy-5- methyl-4-isoxazolepropionic acid receptors. Pharmacol Rev 

57:253–277. 

Paoletti P, Neyton J (2007) NMDA receptor subunits: function and pharmacology. Curr 

Opin Pharmacol 7:39–47. 

Peers C, Johnston I, Lang B, Wray D (1993) Cross-linking of presynaptic calcium 

channels: a mechanism of action for Lambert-Eaton myasthenic syndrome 

antibodies at the mouse neuromuscular junction. Neurosci Lett 153:45–48. 

Peng X, Hughes EG, Moscato EH, Parsons TD, Dalmau J, Balice-Gordon RJ (2014) 

Cellular plasticity induced by anti-AMPA receptor encephalitis antibodies. Ann 

Neurol. 

Petit-Pedrol M, Armangue T, Peng X, Bataller L, Cellucci T, Davis R, McCracken L, 

Martinez-Hernandez E, Mason WP, Kruer MC, Ritacco DG, Grisold W, Meaney BF, 

Alcalá C, Sillevis-Smitt P, Titulaer MJ, Balice-Gordon R, Graus F, Dalmau J (2014) 

Encephalitis with refractory seizures, status epilepticus, and antibodies to the 

GABAA receptor: a case series, characterisation of the antigen, and analysis of the 

effects of antibodies. Lancet Neurol 13:276–286. 

Pinto A, Gillard S, Moss F, Whyte K, Brust P, Williams M, Stauderman K, Harpold M, 

Lang B, Newsom-Davis J, Bleakman D, Lodge D, Boot J (1998) Human 

autoantibodies specific for the α(1A) calcium channel subunit reduce 



 

48 

both P-type and Q-type calcium currents in cerebellar neurons. Proc Natl Acad Sci 

U S A 95:8328–8333. 

Planagumà J, Leypoldt F, Mannara F, Gutiérrez-Cuesta J, Martín-García E, Aguilar E, 

Titulaer MJ, Petit-Pedrol M, Jain A, Balice-Gordon R, Lakadamyali M, Graus F, 

Maldonado R, Dalmau J (2014) Human N-methyl D-aspartate receptor antibodies 

alter memory and behaviour in mice. Brain:awu310 – . 

Plomp JJ, Van Kempen GTH, De Baets MBH, Graus YMF, Kuks JBM, Molenaar PC 

(1995) Acetylcholine release in myasthenia gravis: Regulation at single end-plate 

level. Ann Neurol 37:627–636. 

Prange O, Wong TP, Gerrow K, Wang YT, El-Husseini A (2004) A balance between 

excitatory and inhibitory synapses is controlled by PSD-95 and neuroligin. Proc Natl 

Acad Sci U S A 101:13915–13920. 

Prosser HM et al. (2001) Epileptogenesis and enhanced prepulse inhibition in 

GABA(B1)-deficient mice. Mol Cell Neurosci 17:1059–1070. 

Rabchevsky AG, Degos J-D, Dreyfus PA (1999) Peripheral injections of Freund’s 

adjuvant in mice provoke leakage of serum proteins through the blood-brain barrier 

without inducing reactive gliosis. Brain Res 832:84–96. 

Rassendren F-A, Lory P, Pin J-P, Nargeot J (1990) Zinc has opposite effects on NMDA 

and Non-NMDA receptors expressed in xenopus oocytes. Neuron 4:733–740. 

Rees JH, Soudain SE, Gregson NA, Hughes RAC (1995) Campylobacter jejuni infection 

and Guillain-Barré syndrome. N Engl J Med 333:1374–1379. 



 

49 

Reisel D, Bannerman DM, Schmitt WB, Deacon RMJ, Flint J, Borchardt T, Seeburg PH, 

Rawlins JNP (2002) Spatial memory dissociations in mice lacking GluR1. Nat 

Neurosci 5:868–873. 

Sahashi K, Engel AG, Lambert EH, Howard Jr. FM (1980) Ultrastructural localization of 

the terminal and lytic ninth complement component (C9) at the motor end-plate in 

myasthenia gravis. J Neuropathol Exp Neurol 39:160–172. 

Sanderson DJ, Gray A, Simon A, Taylor AM, Deacon RMJ, Seeburg PH, Sprengel R, 

Good MA, Rawlins JNP, Bannerman DM (2007) Deletion of glutamate receptor-A 

(GluR-A) AMPA receptor subunits impairs one-trial spatial memory. Behav Neurosci 

121:559–569. 

Sansing LH, Tüzün E, Ko MW, Baccon J, Lynch DR, Dalmau J (2007) A patient with 

encephalitis associated with NMDA receptor antibodies. Nat Clin Pract Neurol 

3:291–296. 

Schmitt A, Fendt M, Zink M, Ebert U, Starke M, Berthold M, Herb A, Petroianu G, Falkai 

P, Henn FA (2007) Altered NMDA receptor expression and behavior following 

postnatal hypoxia: Potential relevance to schizophrenia. J Neural Transm 114:239–

248. 

Schmitt SE, Pargeon K, Frechette ES, Hirsch LJ, Dalmau J, Friedman D (2012) Extreme 

delta brush: a unique EEG pattern in adults with anti-NMDA receptor encephalitis. 

Neurology 79:1094–1100. 

Schulte U, Thumfart J-O, Klöcker N, Sailer CA, Bildl W, Biniossek M, Dehn D, Deller T, 

Eble S, Abbass K, Wangler T, Knaus H-G, Fakler B (2006) The 



 

50 

epilepsy-linked Lgi1 protein assembles into presynaptic Kv1 channels and inhibits 

inactivation by Kvbeta1. Neuron 49:697–706. 

Shah AA, Rosen A, Hummers L, Wigley F, Casciola-Rosen L (2010) Close temporal 

relationship between onset of cancer and scleroderma in patients with RNA 

polymerase I/III antibodies. Arthritis Rheum 62:2787–2795. 

Shepherd JD, Huganir RL (2007) The cell biology of synaptic plasticity: AMPA receptor 

trafficking. Annu Rev Cell Dev Biol 23:613–643. 

Shillito P, Molenaar PC, Vincent A, Leys K, Zheng W, van den Berg RJ, Plomp JJ, van 

Kempen GT, Chauplannaz G, Wintzen AR (1995) Acquired neuromyotonia: 

evidence for autoantibodies directed against K+ channels of peripheral nerves. Ann 

Neurol 38:714–722. 

Spatola M, Stojanova V, Prior JO, Dalmau J, Rossetti AO (2014) Serial brain 18FDG-PET 

in anti-AMPA receptor limbic encephalitis. J Neuroimmunol 271:53–55. 

Sprengel R (2006) Role of AMPA receptors in synaptic plasticity. Cell Tissue Res 

326:447–455. 

Stahl SM (2007) Beyond the dopamine hypothesis to the NMDA glutamate receptor 

hypofunction hypothesis of schizophrenia. CNS Spectr 12:265–268. 

Standaert DG, Testa CM, Young AB, Penney Jr. JB (1994) Organization of N-methyl-D-

aspartate glutamate receptor gene expression in the basal ganglia of the rat. J 

Comp Neurol 343:1–16. 

Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC, Schuman EM (2006) 



 

51 

Miniature Neurotransmission Stabilizes Synaptic Function via Tonic Suppression of 

Local Dendritic Protein Synthesis. Cell 125:785–799. 

Teng Y, Xie X, Walker S, Rempala G, Kozlowski DJ, Mumm JS, Cowell JK (2010) 

Knockdown of zebrafish Lgi1a results in abnormal development, brain defects and 

a seizure-like behavioral phenotype. Hum Mol Genet 19:4409–4420. 

Tsien JZ, Huerta PT, Tonegawa S (1996) The Essential Role of Hippocampal CA1 

NMDA Receptor–Dependent Synaptic Plasticity in Spatial Memory. Cell 87:1327–

1338. 

Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB (1998) Activity-

dependent scaling of quantal amplitude in neocortical neurons. Nature 391:892–

896. 

Vitaliani R, Mason W, Ances B, Zwerdling T, Jiang Z, Dalmau J (2005) Paraneoplastic 

encephalitis, psychiatric symptoms, and hypoventilation in ovarian teratoma. Ann 

Neurol 58:594–604. 

Waters P, Jarius S, Littleton E, Leite MI, Jacob S, Gray B, Geraldes R, Vale T, Jacob A, 

Palace J, Maxwell S, Beeson D, Vincent A (2008) Aquaporin-4 antibodies in 

neuromyelitis optica and longitudinally extensive transverse myelitis. Arch Neurol 

65:913–919. 

Waxman EA, Lynch DR (2005) N-methyl-D-aspartate receptor subtypes: Multiple roles in 

excitotoxicity and neurological disease. Neuroscientist 11:37–49. 

Whitney KD, Andrews PI, McNamara JO (1999) Immunoglobulin G and complement 



 

52 

immunoreactivity in the cerebral cortex of patients with Rasmussen’s encephalitis. 

Neurology 53:699–708. 

Wiedholz LM, Owens WA, Horton RE, Feyder M, Karlsson R-M, Hefner K, Sprengel R, 

Celikel T, Daws LC, Holmes A (2008) Mice lacking the AMPA GluR1 receptor 

exhibit striatal hyperdopaminergia and “schizophrenia-related” behaviors. Mol 

Psychiatry 13:631–640. 

Wilson S, Vincent A, Newsom Davis J (1983) Acetylcholine receptor turnover in mice 

with passively transferred myasthenia gravis. II. Receptor synthesis. J Neurol 

Neurosurg Psychiatry 46:383–387. 

Xiao S, Jan LY (2009) A Gate Keeper for Axonal Transport. Cell 136:996–998. 

Yu YE, Wen L, Silva J, Li Z, Head K, Sossey-Alaoui K, Pao A, Mei L, Cowell JK (2010) 

Lgi1 null mutant mice exhibit myoclonic seizures and CA1 neuronal 

hyperexcitability. Hum Mol Genet 19:1702–1711. 

Yuki N, Susuki K, Koga M, Nishimoto Y, Odaka M, Hirata K, Taguchi K, Miyatake T, 

Furukawa K, Kobata T, Yamada M (2004) Carbohydrate mimicry between human 

ganglioside GM1 and Campylobacter jejuni lipooligosaccharide causes Guillain-

Barre syndrome. Proc Natl Acad Sci U S A 101:11404–11409. 

Zamanillo D (1999) Importance of AMPA Receptors for Hippocampal Synaptic Plasticity 

But Not for Spatial Learning. Science (80- ) 284:1805–1811. 

Zavitsanou K, Nguyen V, Newell K, Ballantyne P, Huang XF (2008) Rapid cortico-limbic 

alterations in AMPA receptor densities after administration of PCP: implications for 



 

53 

schizophrenia. J Chem Neuroanat 36:71–76. 

Zhang Q, Tanaka K, Sun P, Nakata M, Yamamoto R, Sakimura K, Matsui M, Kato N 

(2012) Suppression of synaptic plasticity by cerebrospinal fluid from anti-NMDA 

receptor encephalitis patients. Neurobiol Dis 45:610–615. 

 



 

54 

CHAPTER 2. GABAB autoantibodies are antagonists 

Antibodies from anti-GABAB receptor encephalitis patients are 

selective GABAB1 antagonists 

 

Ankit Jain1, Ramani Balu2, Josep Dalmau3, Eric Lancaster2, Rita Balice-Gordon1 
 
1Dept. of Neuroscience and 2Neurology, Perelman School of Medicine at the University 
of Pennsylvania, 3Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), 
and Institució Catalana de Recerca i Estuis Avançats (ICREA), Hospital Clínic, 
University of Barcelona, Spain 

  



 

55 

 

Abstract 

Patients with antibodies to the metabotropic gamma-aminobutyric acid receptor 

type B (GABAB) develop severe intractable seizures, but little is known about the 

underlying pathophysiological mechanisms.  Using deletion mapping and expression in 

heterologous cells, we show that patient anti-GABAB receptor antibodies bind to 

alternatively spliced Sushi domains that is present in the presynaptically localized 

GABAB1a isoform.  In contrast to anti-NMDAR antibodies from patients, GABAB  receptors 

autoantibodies did not decrease in surface GABABRs or their internalization.  Treating 

neurons with GABAB receptors autoantibodies for as little as 30 minutes blocked the 

activation of GABAB receptors by baclofen in an autoantibody titer-dependent manner. 

Autoantibody-bound GABABRs are still signaling competent, however, because baclofen 

block was circumvented by directly activating GABAB2 with a selective agonist, 

CGP7930.  Thus, patient GABAB receptor autoantibodies are selective GABAB1 

antagonists that may contribute to seizures by interfering with GABA-mediated inhibition. 

Brain penetrant GABAB2 agonists may be useful to treat intractable seizures in anti-

GABABR encephalitis patients. 

Introduction  

A growing family of autoimmune neurological diseases defined by pathogenic 

antibodies to neuronal cell surface proteins has been recognized over the last decade 

(Leypoldt et al., 2014). These diseases typically cause profound neuropsychiatric 

disability, and may be fatal (Vitaliani et al., 2005; Dalmau et al., 2008; Finke et al., 2012; 

Petit-Pedrol et al., 2014), but most patients improve markedly with immunosuppression, 

and many patients recover (Iadisernia et al., 2012; Gresa-Arribas 
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et al., 2014). Some of these disorders target important synaptic proteins including the 

ionotropic glutamate receptors, N-Methyl D-Aspartate receptor (NMDAR, Sansing et al., 

2007; Dalmau et al., 2008) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR, Lai et al., 2009), the glycine receptor, the ionotropic gamma-

aminobutyric acid receptor type A (GABAAR, Petit-Pedrol et al., 2014) and the 

metabotropic gamma-aminobutyric acid receptor type B receptor (GABABR, Lancaster et 

al., 2010). The neuropsychiatric manifestations of these autoimmune encephalitides are 

similar to those caused by the genetic or pharmacologic disruption of the corresponding 

receptors in animal models and in human genetic diseases (Prosser et al., 2001; Brown 

et al., 2003). The specificity of the autoantibodies for receptor subunits, and often 

dominant epitopes of these proteins, is exquisite (Gleichman et al., 2012, 2014).  While 

studies of the effects of patient antibodies on neurons, synapses, circuits, and behavior 

have begun to provide important insights into the pathophysiologic etiology of patient 

symptoms, many questions remain.  

The cellular effects mediated by NMDAR and AMPAR antibodies have been 

studied in detail (Lai et al., 2009; Hughes et al., 2010; Moscato et al., 2014; Peng et al., 

2014). These antibodies do not directly inhibit receptor function. Rather, NMDAR and 

AMPAR autoantibodies cross-link the cognate synaptic receptors on the surface of 

cultured neurons and result in a selective internalization of the target without disrupting 

other synaptic components or injurying neurons (Hughes et al., 2010; Moscato et al., 

2010; Peng et al., 2014). Chronic perfusion of NMDAR antibodies into the cerebrospinal 

fluid (CSF) of rodents also decreases NMDA receptors after 14 days (Planagumà et al., 

2014). This passive transfer of autoimmunity in mice results in anhedonia and 

diminished spatial memory.  These effects are reversible in both in vivo and in vitro 

model systems (Moscato et al., 2010; Planagumà et al., 2014). Thus, these 
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mechanisms may underlie the neurological and psychiatric manifestations of these forms 

of autoimmune encephalitis, and account for recovery of many patients with immune 

therapy aimed at lowering antibody titer. 

Antibodies to the extracellular domain of B1 subunit of the metabotropic GABAB 

receptor (GABAB1) have been have been identified in a subset of patients with 

autoimmune limbic encephalitis (15, 10, and 20 patients in Lancaster et al., 2010; 

Höftberger et al., 2013; Dogan Onugoren et al., 2014, respectively). These patients 

typically present with subacute seizures that are resistant to treatment, along with 

confusion, memory loss and behavioral problems. Nearly half the patients have a co-

morbid small cell lung cancer, and many patients improve with immunosuppression. 

Other reports have confirmed this association of antibodies to GABAB1 with encephalitis, 

severe seizures, and small cell lung cancers (Lancaster et al., 2010). GABAB1 may be 

the most common antigen in patients with small cell lung cancer and autoimmune 

encephalitis.  

GABAB receptors are G-protein coupled receptors (GPCRs) for the inhibitory 

neurotransmitter GABA (Kaupmann et al., 1997).  They are obligate heterodimers of 

GABAB1, which binds GABA, and GABAB2, which activates intracellular G-protein 

mediated signaling (Robbins et al., 2001; Schwenk et al., 2010).  The GABAB1 subunit 

has two distinct isoforms with different localization and function (Vigot et al., 2006).  

GABAB1a is found in presynaptic receptors, which can decrease in synaptic vesicle 

release by inhibition of presynaptic calcium influx (Harrison, 1990). The GABAB1b 

subunit is found in post-synaptic receptors (Hannan et al., 2012), which can reduce 

excitability by the opening of G-protein coupled inwardly rectifying K+ channels (GIRK, 

Lüscher et al., 1997).  Hypoactivity of GABAB signaling is implicated in epilepsy, 

spasticity, anxiety, addiction, autism and pain.  GABAB1 null mice have 
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decreased sensorimotor gating, spontaneous seizures, hyperlocomotion and memory 

impairment (Prosser et al., 2001).  Baclofen, a selective GABAB agonist, is used 

routinely to treat spasticity in patients.  

Here, we describe the target epitope of human GABAB1 autoantibodies and 

demonstrate that these antibodies preferentially target the GABAB1a isoform of the 

receptor.  The cellular effects of anti-GABAB1a antibodies on cultured hippocampal 

neurons are strikingly different from those of antibodies to ionotropic glutamate 

receptors. GABAB1 antibodies do not result in internalization of surface GABAB 

receptors.  Rather, patient GABAB1 antibodies prevent activation of the GABAB1 subunit 

by the agonist baclofen, without affecting the ability of the GABAB2 subunit to induce G-

protein mediated signaling.  GABAB1 receptor antagonism may account for the severe 

and intractable seizures that are prominent in patients with CSF GABAB1 antibodies.  
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Materials and Methods 

Patients and human samples 

Cerebrospinal fluid and serum were obtained from patients with well-characterized 

clinical manifestations of anti-GABAB receptor encephalitis. Control samples were 

obtained from patients undergoing CSF screening for various disorders not associated 

with antibodies against known neuronal antigens.  Control CSF used in this study was 

confirmed to not have any anti-neuronal antibodies using the methods described below. 

The clinical characteristics of patients with GABAB antibodies whose CSF was used in 

this study have been described previously (Lancaster et al., 2010; Höftberger et al., 

2013).  

Primary neuron cell culture and treatment  

Hippocampi from embryonic day 18 rat pups were subjected to proteolytic digestion 

and mechanical disruption as previously described (Hughes et al., 2010). Briefly, 

dissociated cells were plated onto poly-L-lysine coated 15 mm coverslips at a density of 

25,000 cells/cm2 and incubated in Neurobasal medium.  Neurons were treated on days 

in vitro (div) 17 – 21 with CSF from patients or controls at dilutions specified in the figure 

legends. 

Antibodies  

The following antibodies were used at the indicated dilutions for Western blots 

(WB), HEK293 cells (H) or dissociated neurons (N): GluN1 (rabbit, WB 1:1000, Millipore 

AB9864R), GluA1 (rabbit, WB 1:200, Millipore AB1504), GABAB1Rs (guinea pig, WB 

1:200 N 1:500 H 1:2000, Millipore AB2256), GABAARβ2/3 (mouse, WB 1:200, Millipore 

05-474), and β-actin (chicken, WB 1:1000, Abcam ab13822), myc tag (mouse, 1:1000, 

Sigma 9E10). Omission of primary antibodies was used as a control for each of the 

secondary antibodies, which were raised in goat and conjugated to 
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various Alexa Fluor or Dylight dyes (Jackson Immunoresearch). 

Immunostaining and microscopy 

Hippocampal neurons on coverslips were fixed and stained as previously described 

(Hughes et al., 2010).  Briefly, neurons were fixed with freshly prepared 4% 

paraformaldehyde/4% sucrose for 10 min, blocked in 5% goat normal serum/ 0.1% 

Triton X-100 for 1 hour and washed in phosphate buffered saline (PBS) three times for 5 

min each, incubated with primary antibodies diluted in block overnight at 4oC and 

washed, then incubated in secondary antibodies for 1-2 hours at room temperature and 

washed.  Coverslips were mounted, sealed and imaged on a confocal microscope (TCS 

SP5, Leica, Wetzlar, Germany).   

To selectively label internalized human IgG, neurons were incubated with patient 

CSF (1:50), followed by incubation with goat anti-human secondary antibody conjugated 

to Alexa 488 (1:100).  After 1-2 hours, neurons were fixed, permeabalized, and stained 

with goat anti-human secondary antibody conjugated to Alexa 594 to selectively label 

human IgG bound internalized receptors. 

Images acquired on the confocal microscope were analyzed using custom-written 

ImageJ macros as previously described (Hughes et al., 2010). Briefly, images were 

background corrected by subtracting a Gaussian blur of the image, followed by adaptive 

thresholding and cluster detection to produce a binary mask of clusters (Bergsman et al., 

2006). 

Immunohistochemical staining of brain sections was carried out as described 

previously (Gable et al., 2009). Briefly, mouse brain hemisections were immersion fixed 

in freshly prepared 4% paraformaldehyde for 2 hours and then cryoprotected in 30% 

sucrose until equilibrated. Snap frozen brains were saggitally sectioned at 10 um, and 
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mounted on glass slides. Sections were immersed in 0.3% hydrogen peroxide for 10 min 

and then washed, blocked in 5% goat normal serum, incubated with patient CSF (1:50) 

overnight at 4oC and washed, then incubated with biotinylated goat anti-human IgG 

secondary antibody (1:2000) and washed, incubated with avidin-biotin-peroxidase 

complex (ABC kit, Vector Labs) for 1 hour and washed. The sections were incubated 

with diaminobenzidine (DAB Eqv, Vector Labs) for 5 - 15 mins; the reaction was stopped 

when a section not incubated with patient CSF begins developing staining. The sections 

were washed, counterstained with hematoxylin, dehydrated in ethanol, cleared in 

Citrasolv (Fisher) and mounted with Permount (Sigma). 

Biotinylation of surface proteins and analysis by Western blot  

Five coverslips of dissociated hippocampal neurons were treated with patient or 

control CSF (1:25) for 24 hours and prepared for protein extraction as previously 

described (Hughes et al., 2010).  Briefly, neurons were washed in PBS, incubated with 

1mg/ml sulfo-NHS-biotin (Thermo Fisher Scientific) for 30 min at 4oC, lysed in RIPA 

buffer (150 mM NaCl, 1 mM EDTA, 100 mM Tris-HCl, 1% Triton X-100, 1% sodium 

deoxycholate, 0.1% SDS, pH 7.4, supplemented with 1:500 protease inhibitor mixture III 

(Calbiochem) for 1 h at 4°C, and centrifuged at 4000g for 20 minutes.  An aliquot of the 

supernatant was assayed for total protein. The biotinylated fraction of proteins in the 

remaining supernatant was adsorbed onto avidin-linked agarose beads (Immobilized 

Monomeric Avidin; Thermo Fisher Scientific) overnight at 4°C, beads precipitated, and 

the supernatant was saved to assay proteins in the intracellular fraction.  Protein bound 

to beads was eluted to assay proteins in the surface fraction. Protein samples were 

denatured and reduced by boiling in Laemmli buffer, separated on a 4-15% gradient 

SDS-PAGE gel and transferred to nitrocellulose membranes. The surface, intracellular 

and total fractions were probed with primary antibodies. Membranes were 
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incubated with alkaline phosphatase (AP)-conjugated goat secondary antibodies 

(1:3000, Cell Signaling), and signals were visualized using Western-Star 

chemiluminescent detection system (Applied Biosystems). 

Heterologous cell transfections and cDNA constructs 

GABAB1a and GABAB2 cDNAs were the gift of Dr. Steve Moss (Calver et al., 

2000).  mCD8 cDNA was a generous gift from Dr. Steve Scherer. All deletion constructs 

were generated with the Quickchange kit following a modification of the manufacturer’s 

protocol.  

HEK293 cells (ATCC) were grown on Poly-D-lysine coated coverslips in 24 well 

plates in DMEM supplemented with 5% fetal bovine serum, 5% horse serum, glutamine 

and penicillin/streptomycin cocktail. At log phase of growth (60-80% confluency), the 

media was exchanged for 400 µL of serum-free media (OptiMEM, Invitrogen). For each 

well, transfection was carried out with a total of 1 µg of plasmid DNA premixed and 

preincubated with 3 µL of Lipofectamine LTX (Invitrogen) in 100 µL of OptiMEM. Twenty 

four hours after transfection, HEK 293 cells were fixed in 4% paraformaldehyde for 10 

minutes, fixed in 5% goat normal serum for one hour and either used immediately for 

immunocytochemistry or frozen at -80oC for later use.  

Electrophysiological assays 

Whole cell current clamp and voltage clamp measurements were recorded from div 

17-21 neurons that had been treated with patient or control CSF for the duration 

specified. Extracellular solution was perfused at 1 ml/min and was composed of (in mM): 

140 NaCl, 3 KCl, 2.5 CaCl2, 0.6 MgCl2, 30 glucose, 10 HEPES, pH titrated to 7.4 with 

10N NaOH. Patch pipette electrodes were prepared from borosilicate glass with 

resistance within 4-8 MΩ. The composition of intracellular solution was (in mM): 140 

Kgluconate, 2 MgCl2, 10 HEPES, 11 EGTA, 7 glucose, 2 ATP, 0.3 GTP, pH 
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7.3.  The pharmacological agents used were racemic baclofen (1 mM in water, pH 7.4 

with NaOH, Tocris) and CGP7930 (10 mM in DMSO, Tocris) at the indicated 

concentrations. Before a gigaOhm seal was formed on neurons, voltage offset was 

compensated. Membrane resistance, series resistance, and membrane capacitance 

were determined from current transients elicited by a 5 mV depolarizing step from a 

holding potential of -80 mV before switching to current clamp mode with a command 

current of 0 mA.  Membrane potential was amplified and low pass filtered with a 5 KHz 

cutoff Bessel filter before being sampled and digitized at 10 KHz. Firing rate was 

determined offline using StimFit (Schlögl et al., 2013). Action potential recordings were 

acquired in current clamp mode.  Action potentials were detected by counting threshold 

crossing of the first time derivative of the membrane potential trace.  

Statistical Analysis 

Data that passed tests for normality by the D’Agostino and Pearson test were 

analyzed with parametric tests, specifically t test for one factor with two levels, one-way 

ANOVA for multi-level experiments and two-way ANOVA for two factor experiments. 

Post-hoc testing for group differences in parametric tests was one using the Dunn test. 

In experiments where the sample statistic had a theoretical maximum or a minimum and 

deviated from normality were tested using non-parametric Kruskal-Wallis test with the 

Holm-Sidak post-hoc test for group differences. 

Analysis of antagonism by patient CSF was done using Gaddum/Schild EC50 shift 

analysis by parametric nonlinear fitting in GraphPad Prism. The firing rate in the 

presence of GABAB ligands was converted to efficacy in percent. Firing rate that was 

identical to baseline was set as 0% efficacy while a firing rate of 0Hz i.e. maximal 

inhibition in the presence of drug was set as 100% efficacy. pA2, B and Schild slope 

were shared parameters between CSF concentration or duration of CSF 
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incubation but, the Hill slope parameter was unconstrained.  
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Results 

Patient CSF contains antibodies that bind to GABAB1 receptors  

CSF samples from 10 patients with GABAB antibodies whose clinical characteristics 

were described previously (Lancaster et al., 2010; Höftberger et al., 2013) were used in 

these studies.  We determined that all patients whose CSF was used in this study had 

anti-GABAB immunoglobulins by immunostaining unfixed, unpermeabilized cultured rat 

hippocampal neurons.  Confocal microscopy confirmed that 10/10 patient CSF samples 

labeled clusters on the surface of cell bodies and processes (N = 3 replicates, 2-3 

coverslips each, 4 neurons/coverslip).  Whether these clusters contained GABAB1 

receptors was determined by analyzing images from neurons that were subsequently 

fixed, permeabalized and labeled with a commercial antibody to an intracellular GABAB1 

receptor epitope.  Nearly all (85  7%; N = 1 replicate, 3-8 coverslips each, 4 

neurons/coverslip) human IgG-bound surface clusters were also labeled with the 

GABAB1 antibody (Fig. 1B) overlapped with a subset of clusters (41  15%) recognized 

by a commercial antibody to an intracellular epitope on GABAB1 receptor (Fig. 1B).  This 

confirms that the immunoglobulins in patient CSF recognize the GABAB1 receptor 

subunit (Lancaster et al., 2010). 

To verify that patient CSF autoantibodies bind directly to GABAB1 receptors and not 

to other proteins that colocalize with GABAB1, HEK293 cells were transfected with cDNA 

constructs encoding GABAB1a and GABAB2 receptors and immunostained with patient 

CSF and/or commercial GABAB1 receptor antibodies.  Cells that expressed GABAB1 

were identified after immunostaining with commercial GABAB1 antibodies (N = 2-10 

replicates, 2-5 coverslips each).  All cells that expressed GABAB1 also bound human IgG 

from the CSF of the 10 patients used (Fig. 1C).  

While CSF from patients contains antibodies to GABAB1 
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receptors, it is possible that some of the neuronal reactivity with CSF could be explained 

by antibodies to other neuronal proteins. To evaluate this possibility, we immunostained 

sagittal brain sections from Gabbr1-null mice and wild-type littermates with CSF from 

patients and controls (Fig. 1D). All three patient CSFs tested, but not three control CSFs, 

strongly stained hippocampus, thalamus and striatum in wild-type brain sections in a 

pattern similar to their staining of wild-type rat brains (Lancaster et al., 2010). In contrast, 

neither patient CSF nor control CSF stained Gabbr1-null brain sections (Fig. 1D).  These 

results suggest that the patient CSFs tested contain antibodies only to GABAB1 receptor 

subunit. 

Taken together, these results confirm that patients with anti-GABAB1 receptor 

encephalitis have immunoglobulins in their CSF that bind to GABAB1 receptors and that 

this binding accounts for the reactivity of their CSF with brain tissues. 

Patient antibodies bind to GABAB1a receptor Sushi domains 

Antibodies in patient CSF bind to an extracellular region of the GABAB1 receptor 

subunit, as evidenced by surface staining of unfixed, unpermeabilized neurons (Fig. 1; 

Lancaster et al., 2010).  GABAB1 is comprised of a large N-terminal extracellular domain 

(NTD) that is linked to the seven transmembrane domain typical for the GPCR 

superfamily.  The only extracellular epitopes of GABAB1 are the NTD and the linkers 

between transmembrane helices 2-3, 4-5, and 6-7.  To determine the minimal GABAB1 

epitope required for patient antibody binding, cDNAs encoding GABAB1 receptors with 

different deletions (Fig. 2A) were expressed in HEK cells, followed by immunostaining 

with patient CSF. 

When the NTD was deleted, 10/10 patient CSFs tested (N = 4 replicates, 6-10 

coverslips, 100-200 cells) no longer bound to HEK293 cells expressing GABAB1�NTD 
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(Fig. 2B). These results demonstrate that the NTD is necessary for autoantibody binding. 

The NTD in GABAB1a has two subdomains, the ligand-binding Venus Flytrap 

Domain (VFT) and the alternatively spliced doublet of Sushi domains (SD) at the amino-

terminus (Fig. 2A). All (7/7) patient CSFs tested bound to HEK cells transfected with the 

construct lacking the VFT domain (VFT) (Fig. 2C; N = 3 replicates, 3 coverslips, 100-

200 cells).  This result shows that the VFT is not the immunodominant domain of 

GABAB1.  

Since the majority of the residues in the NTD make up the VFT, we next assessed 

the smaller SDs and short inter-domain loops as potential immunodominant domains. 

When SDs were deleted from GABAB1a, 3/3 patient CSFs tested no longer bound to 

transfected HEK cells (Fig. 2D; N = 2 replicates, 1 coverslip, 100 cells). This result 

indicates that the SDs is necessary for autoantibody binding.  

It is possible that deleting GABAB1 domains interfered with the correct folding of the 

remaining tertiary structure. Even if a misfolded protein remnant contained the epitope, it 

might fail to bind antibodies. To further confirm that the immunodominant epitope is 

within the SD, and the loss of autoantibody staining in the ∆SD construct was not due to 

a misfolded or otherwise blocked epitope on the remaining protein, the SD was fused to 

a membrane carrier derived from mouse CD8 receptors (NTD::CD8). HEK cells 

transfected with the NTD::CD8 fusion construct bound human autoantibodies from 3/3 

patient CSFs (Fig 2E; N = 2 replicates, 2 coverslips; 100 cells).  

Taken together, these data show that the alternatively spliced SDs in GABAB1a are 

necessary and sufficient for antibody binding.  

Patient CSF antibodies do not reduce surface receptor cluster density 

Previous work has shown that divalent antibodies in CSF from patients with anti-
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NMDAR or anti-AMPAR encephalitis induces surface receptor loss, due to receptor 

crosslinking and internalization into recycling endosomes and lysosomes (Lai et al., 

2009; Hughes et al., 2010; Moscato et. al., 2014; Peng et al., 2015).  To determine 

whether GABAB1 autoantibodies similarly crosslinked and internalized surface GABAB 

receptors, cultured neurons were treated with patient CSF for 24 hours followed by 

immunostaining and image analysis obtained by confocal microscopy.  

As previously reported (Hughes et al., 2010; Moscato et al., 2014), a decrease in 

surface NMDA receptor clusters was observed after 24 h treatment with patient 

compared to control CSF (Fig. 3A-B, right patient CSF 9.6  1.4 clusters/20 m; control 

CSF 5.5  1.4 clusters/20 m; significantly different, p < 0.05; N = 2 patient and 2 control 

CSFs, 3 coverslips/patient, 4 neurons/coverslip).  To assess antibody bound clusters 

that were internalized, neurons were treated with patient CSF for 24 hours, fixed, 

permeabilized and incubated with a secondary antibody to human IgG conjugated to 

Alexa 594.  A concomitant increase in internalized receptor clusters was observed after 

24 h treatment with anti-NMDA receptor encephalitis patient compared to control CSF, 

as previously reported (Hughes et al., 2010; Moscato et al., 2014) (Fig. 3C, right; anti-

NMDA receptor encephalitis patient CSF 4.0  0.2 clusters/20 m; control CSF 0.1  0.2 

clusters/20 m; significantly different, p < 0.001). Surprisingly, no change in the density 

of surface GABAB receptor clusters was observed after 24 h treatment with patient 

compared to control CSF. Treatment with 5 patient and 5 control CSFs followed by 

analyses of receptor cluster density as well as area and intensity were used to confirm 

the lack of receptor internalization by patient GABAB1 antibodies (N = 3 experiments, 8-

15 coverslips/CSF, 4 neurons/coverslip).  Treatment of cultured hippocampal neurons 

for 24 h with patient or control CSF resulted in no change in cluster density (patient CSF 
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12.3  1.22 clusters/20 m; control CSF14.1 1.11 clusters/20 m; not significantly 

different, p = 0.29), area (patient CSF 0.17  0.008 m2; control CSF 0.18  0.008 m2, 

not significantly different, p = 0.50) or intensity (patient CSF 80.1  6.7; control CSF 78.1 

 5.3 arbitrary values; not significant, p = 0.81) (Fig. 3D-F).  Taken together, these data 

indicate that total surface GABAB1 receptors are unchanged by patient antibodies after 

24 h of treatment. No change in internalized receptor clusters was observed after 24 h 

treatment with patient compared to control CSF (Fig. 3C, left; patient CSF 0.1  0.1 

clusters/20 m; control CSF 0.1  0.1 clusters/20 m; not significantly different, p = 

0.20).    

To determine whether longer antibody exposure led to loss of surface GABAB1 

receptor clusters and/or other structural changes, neurons were treated for 1, 2, 3 and 7 

days with patient and control CSF followed by immunostaining with patient CSF to detect 

surface GABAB receptors, a commercial antibody to an intracellular GABAB receptor 

epitope to detect both intracellular and surface GABAB receptors, and Bassoon 

antibodies to stain presynaptic terminals.  No change in surface GABAB receptor clusters 

was observed after 1 to 7 days of treatment (Fig. 3D; 1 day patient 16.2  4.0 clusters/20 

m, control 15.6  4.0, p = 0.99; 2 days patient 13.7  4.9 clusters/20 m, control 13.9  

5.0, p = 0.99; 3 days patient 11.5  3.7 clusters/20 m, control 19.0  3.6, p = 0.17; 7 

days patient 14.7  5.8 clusters/20 m, control 11.6  6.0, p = 0.97; not significantly 

different, 2-way ANOVA, CSF treatment F(1,37) = 0.17, p = 0.67 followed by Holm-Sidak 

multiple comparisons).  In addition, no reduction was observed in GABAB1 receptor 

clusters recognized by the commercial GABAB antibody (Fig. 3E; 2-way ANOVA, CSF 

treatment F(1,37) = 1.46, p = 0.233).  Treatment with patient or control CSF for 1 to 7 

days did not result in a change in presynaptic terminal density visualized by staining for 



 

70 

Bassoon (Fig. 3F; 2-way ANOVA, CSF treatment F(1,39) = 0.02, p = 0.88).  

We used an alternate method to measure the quantity of surface GABAB receptors. 

Surface biotinylation followed by Western blot analysis of GABAB1 showed no difference 

between surface GABAB1 protein after either 24 h or 72 h treatment in patient or control 

CSF (Fig. 3G).  Similarly, no difference was observed in total GABAB receptor protein, 

surface GABAA or GluR1 receptor protein after 24 or 72 h treatment with patient or 

control CSF.  

Taken together, these data show that, contrary to autoantibodies from anti-NMDA 

receptor, anti-AMPA receptor or anti-GABAA receptor encephalitis patients, GABAB1 

autoantibodies do not change surface GABAB receptor cluster density or protein level, 

total receptor protein expression, internalized clusters, other synaptically localized 

receptors (GABAA, GluR1 receptors) or presynaptic terminals. 

Patient antibodies block GABAB receptor activation 

We next investigated whether patient GABAB receptor antibodies have functional 

effects on GABAB receptor mediated signaling.  We used the inhibition of action potential 

firing rate by a GABAB agonist as a functional readout of GABAB activation in cultured 

hippocampal neurons.  Cultured hippocampal neurons form networks in vitro 

characterized by spontaneous action potential firing ranging from 0.5 to 5 Hz.  Baclofen, 

a GABAB receptor specific agonist (Bowery, 1993) that inhibits action potential firing  

was used as a positive control.  Treatment with 1-100 M baclofen for 0.5-5 min 

eliminates action potential firing (Misgeld et al., 1995), likely due to inhibition of 

presynaptic terminals via GABAB1a-containing receptors (Howe et al., 1987; Harrison, 

1990; Scanziani et al., 1992). 

Consistent with previous work, whole cell recording in current clamp mode with no 
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current injection showed that cultured hippocampal neurons fired in the range of 1-10 Hz 

(mean 3.53 ± 0.91 Hz, N = 15 coverslips, 2 neurons/coverslip).  After treatment with 100 

M baclofen, the action potential firing rate was dramatically reduced to at most 0.05 Hz 

(Fig. 4A-B; mean 0.031 +/- 0.008 Hz, N = 20 coverslips, 1 neuron/coverslip).  However, 

cultured hippocampal neurons do not have a high baseline GABAB tone, because a high 

concentration (1 M) of a potent GABAB antagonist CGP55845 (Kd = 30 nM; Brugger et 

al., 1993) did not change the firing rate (data not shown).  Consistent with this, baseline 

firing rate is similar in neurons treated with either patient or control CSF (control CSF 

3.54 ± 0.92 Hz, N = 2 CSFs, ,  9 coverslips, 1 neuron/coverslip; patient CSF 2.85  0.41 

Hz, N = 3 CSFs, 15 coverslips, 1 neuron/coverslip (Fig. 4B; not significantly different, 

t(22) = 0.68, p = 0.45). 

We analyzed the block of GABAB activation by 100 µM baclofen mediated by CSF 

from several controls and patients. Baclofen (100 M) significantly reduced the firing rate 

of neurons pretreated for 24 hours with control CSF but was less efficacious in inhibiting 

the firing rate in neurons pretreated with anti-GABAB receptor encephalitis patient CSF 

(Fig. 4B). The efficacy of baclofen can be operationally defined as the relative reduction 

in the five minute average of firing rate during perfusion with baclofen relative to 

perfusion with artificial CSF. A 100 µM of baclofen was nearly maximally efficacious in 

inhibiting neurons treated with CSF from five different control patients similar to neurons 

that were not pretreated with CSF (efficacy ranges from 94.2% to 99.5%, p>0.99 for 

control CSF treated neurons compared to no treatment, N=5-8 coverslips, Dunn's 

multiple comparison post Kruskal-Wallis; Fig 4C). In contrast, neurons pretreated with 

CSF from patients 1, 2, and 3 were minimally silenced by 100 M baclofen: -1.8  5.4% 

(N = 16 coverslips, p<0.001), 10.3  6.9% (N = 5 coverslips, p=0.005), and 26.6  7.7% 
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(N = 10 coverslips, p = 0.001), respectively (mean percent of baseline  SEM, p-values 

from Dunn's multiple comparison post Kruskal-Wallis non-parametric two factor analysis; 

Fig. 4C).  These data indicate the patient GABABR1 autoantibodies are antagonists of 

GABAB receptors. 

Patient GABABR1 antibodies do not inactivate GABAB2 mediated signaling 

The above data show that patient CSF abrogates GABAB function in neurons in 

vitro without reducing the number of surface GABAB receptors.  We examined the 

possibility that patient antibodies disrupt GABAB activation by rendering them non-

functional or inactivated by using a GABAB2 agonist, CGP7930, which binds to the 

heptahelical domain of GABAB2, directly activating it, which in turn activates G-protein 

signaling even in the absence of any agonist binding to GABAB1 (Binet et al., 2004; Chen 

et al., 2005).  

Neurons were pretreated with the most potent patient CSF (patient 1), then treated 

with 2, 10, or 100 µM baclofen, and then with 100 µM CGP7930. Compared to control 

CSF treated neurons, 2, 10, or 100 uM baclofen was less efficacious in patient CSF 

treated neurons by 99  21% (p < 0.001, N = 3 coverslips), 69   17% (p = 0.001, N = 5 

coverslips) , and 55  17% (p = 0.006, N = 9 coverslips), respectively (1 neuron/coverslip 

in each condition; Holm-Sidak multiple comparisons post two-way ANOVA). Despite the 

antagonistic effect on baclofen efficacy by GABAB1 autoantibodies in patient CSF, the 

GABAB2 agonist CGP7930 (100 µM) was equally efficacious in both control CSF or 

patient CSF treated neurons (Fig. 5A and 5B; control CSF: 99.5  0.2%, patient CSF: 

99.1  0.3%; N = 4 coverslips, p = 0.98). These results indicate that patient GABAB 

autoantibodies prevent GABAB1 activation by agonists, but do not affect the ability of 

GABAB2 or downstream second messenger molecules to respond to GABAB receptor 
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mediated G protein activation. 

Patient antibodies are competitive antagonists of GABAB receptors 

To dissect the mechanism by which GABABR1 autoantibodies block GABAB 

receptor functions, we decreased the duration of exposure to autoantibodies before 

adding various doses of baclofen. In as little as 30 minutes of treatment with patient 

CSF, the efficacy of 3 M baclofen was reduced to 34  18% but the efficacy of 10 M 

(84  3%) or 100 M (99%) baclofen remained largely unchanged.  This represents a 

rightward  shift in logEC50 of baclofen-mediated neuron silencing from -6.4  0.6 in the 

absence of patient CSF to -5.3  0.02 after 30 minutes of treatment with patient CSF. By 

2.5 hours, the block of GABAB activation by patient CSF is nearly maximal with a further 

shift in logEC50 to -2.1  0.5 (Fig. 6A).  Statistical analysis confirms that the interaction of 

time x drug concentration has a significant effect on the baclofen block (F(8,96) = 6.2, 

p<0.0001).  These data suggest that the block of GABAB receptors by autoantibodies in 

patient CSF is rapid compared to the 24 hours it takes for the surface density of NMDA 

receptors to reach half-maximal level after cross-linking and internalization in anti-NMDA 

receptor encephalitis (Moscato et al., 2014). 

We evaluated the possibility that autoantibodies irreversibly bind to GABAB 

receptors and render them non-functional using a patient CSF of lower titer and thus 

potency (patient 4).  The GABAB autoantibodies in patient 4 CSF inhibit baclofen-

mediated silencing in a dose dependent manner (Fig. 6B; CSF concentration x baclofen 

concentration F(4,194) = 29.5, p<0.0001, N = 3 experiments 3 coverslips, 1 

neuron/coverslip for each condition).  After treatment with a 1:100 dilution of patient 4 

CSF, the efficacy of 3 M, 10 M and 100 M  of baclofen was nearly maximal (94  3%, 

92  3% and 96  2%, respectively). This corresponds to a logEC50 of approximately -6.6 
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 0.4. However, after treatment with a 1:20 or 1:5 dilution of patient 4 CSF, baclofen 

efficacy was greatly reduced in a CSF concentration dependent manner (1:20 CSF, 

logEC50 =  -4.7  0.07 and 1:5 CSF, logEC50 = -3.9  0.1).  Thus, increasing the 

baclofen concentration can overcome GABAB receptor block by patient GABAB 

autoantibodies, and an increasing titer of the patient CSF treatment result in a dextral 

shift in the dose-response curve of baclofen efficacy (Fig. 6B).  These data suggest that 

patient GABABR autoantibodies may be competitive antagonists of GABAB receptors. 
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Discussion 

Our work confirms that autoantibodies from anti-GABAB receptor encephalitis 

patients bind to GABAB1 receptors (Lancaster et al., 2010), and extends it several ways.  

We show that the Sushi domain present in the presynaptically localized GABAB1a isoform 

is necessary and sufficient to bind patient anti-GABAB receptor antibodies, suggesting 

that the effects of GABAB receptor antibodies occur presynaptically.  We demonstrate 

that GABAB receptor autoantibodies do not change surface GABAB receptor localization, 

in contrast to NMDA receptor autoantibodies from anti-NMDA receptor encephalitis 

patients.  GABAB receptor autoantibodies block GABAB receptor activation by baclofen, 

suggesting that the clinical manifestations of GABAB receptor autoantibodies result from 

diminished GABAB receptor function, a mechanism which, to our knowledge, has never 

been observed in any other autoimmune disease. Patient GABAB receptor 

autoantibodies do not inactivate GABAB receptors, however, because the patient 

antibody mediated baclofen block was circumvented by directly activating the GABAB2 

subunit with a selective partial allosteric agonist, CGP7930. We conclude that patient 

GABAB1 receptor autoantibodies are selective allosteric antagonists of presynaptic 

GABAB1a,2  receptors.  This work raises the clinically important hypothesis: GABABR2 

agonists may treat the intractable seizures that are the primary cause of morbidity and 

mortality in patients with anti-GABAB receptor encephalitis. 

The Sushi domain of GABAB1a is necessary and sufficient to bind autoantibodies 

from all anti-GABAB encephalitis patients we tested.  The immunodominant domain 

recognized by anti-GABAB receptor antibodies is distinct from what has been identified in 

anti-NMDAR or anti-AMPAR encephalitides.  In all anti-GABAB encephalitis patients 

tested here, autoantibodies bound to a 150 amino acid N-terminal portion of the receptor 

consisting of two Sushi domains, which are present in the 
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presynaptically localized GABAB1a subunit of GABAB receptors but not the GABAB1b 

subunit.  Autoantibodies from patients with anti-NMDA receptor or anti-AMPA receptor 

encephalitis bind to the auxiliary amino-terminal domain that is homologous to bacterial 

periplasmic amino acid binding proteins (PBPs, Gleichman et al., 2012, 2014; O’Hara et 

al., 1993).  

Similar to ionotropic glutamate receptors, Class III GPCRs, of which GABAB 

receptor is one, contain a domain homologous to bacterial periplasmic amino acid 

binding proteins, the Venus Flytrap domain, that binds ligand (Acher and Bertrand, 

2005).  Our results show that the VFT domain of GABAB1 does not bind patient 

autoantibodies. That the immunodominant domain in patients with anti-GABAB 

encephalitis is structurally distinct from that recognized by antibodies from patients with 

anti-NMDA or anti-AMPA receptor encephalitis may account for the strikingly different 

effects of these patients’ antibodies on surface receptor localization. 

In anti-NMDA, anti-AMPA and anti-GABAA receptor encephalitides, patient 

autoantibodies decrease cognate receptors at synapses and in cell membranes, 

whereas GABAB receptor autoantibodies did not change surface GABAB receptor 

localization. The target antigens in the encephalitides associated with NMDA, AMPA or 

GABAA receptors are generally present in two copies in an oligomeric configuration, e.g., 

two subunits of GluN1, GluA1, GluA2 or GABAAβ3 in heterooligomeric receptors. Thus 

two autoantibody binding sites are present on each ionotropic receptor, perhaps 

facilitating their clustering or aggregation by divalent autoantibodies. NMDA receptor 

internalization caused by antibodies from anti-NMDA receptor encephalitis patients is 

dependent on the divalency of patient IgGs (Hughes et al., 2010; Moscato et al., 2014).  

In contrast, GABAB receptors are most often present in neurons as heterodimers; 

autoantibodies thus bind to one epitope for every assembled receptor 
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on the cell surface.  This difference may explain why treatment with GABAB1 

autoantibodies does not result in GABAB receptor internalization. 

Identification of the immunodominant domain may also shed light on the 

pathophysiologic mechanism mediated by GABAB receptor autoantibodies. The GABAB1a 

subunit containing GABAB(1a,2) heterodimeric receptor is preferentially trafficked to 

pyramidal neuron axons (Vigot et al., 2006; Laviv et al., 2011; Degro et al., 2015). When 

activated, this receptor inhibits glutamate release from glutamatergic terminals 

(Biermann et al., 2010).  Either of the two Sushi domains present in GABAB1a is sufficient 

to traffic the subunit to the axonal domain (Vigot et al., 2006; Hannan et al., 2012).  

While patient autoantibodies are functional GABAB receptor antagonists, it is possible 

that autoantibodies also affect receptor trafficking and presynaptic localization by 

blocking the two Sushi domains. 

Taken together, autoantibody binding to Sushi domains, failure of autoantibodies to 

decrease surface GABAB receptors and autoantibody-mediated block of baclofen-

mediated inhibition of neuronal excitability is consistent with GABAB1 autoantibodies 

being allosteric antagonists of GABAB receptors. It is possible that antibody bound 

GABAB receptors are inactivated and cannot signal through G proteins. This seems 

unlikely, because even in saturating doses of baclofen, GABAB2 could be activated by a 

partial allosteric agonist in cells treated with patient autoantibodies. Our data can’t 

exclude the possibility that patient autoantibodies disrupt heterodimerization of ligand 

binding GABAB1 and the G-protein activating GABAB2 subunits.  However, this possibility 

seems unlikely because receptors remain activatable by saturating doses of baclofen, a 

GABAB1 agonist.  The regions of GABAB1and GABAB2 that are necessary for 

dimerization are the C-terminal coiled-coil domain and the upper lobe of the VFTs. 

Moreover, interaction between the VFTs of GABAB1 and GABAB2 increase 
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the affinity of GABAB1 for agonists and antagonists 10-100 fold (Pin et al., 2004). It is 

possible that the steric bulk of an IgG bound to the Sushi domains in GABAB1a subunit 

affects the interaction of the GABAB1 and GABAB2 VFTs, reducing the affinity of GABAB 

receptors to baclofen.  This is supported by our observation that the block of baclofen-

mediated inhibition of neuronal excitability by patient autoantibodies is surmountable by 

increasing the baclofen concentration. Together, our data suggest that patient GABAB 

autoantibodies are surmountable allosteric antagonists of GABAB receptors. 

In anti-GABAB receptor encephalitis patients, autoantibodies may contribute to 

seizures by interfering with GABA-mediated inhibition of neuronal firing. Development of 

CNS penetrant GABAB2 heptahelical domain agonists that rescue autoantibody 

antagonism in vitro may provide a viable therapeutic intervention to control the 

intractable seizures that are often the cause of death in anti-GABAB receptor 

encephalitis patients. 
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Figure 1. Cerebrospinal fluid (CSF) from patients contains antibodies that bind to 

GABAB1 receptors.  

(A) Immunostaining of mouse saggital brain sections with patient CSF shows binding in 

hippocampus, thalamus, striatum and cerebellum (brown); sections counterstained with 

hematoxylin (purple). Scale bar = 1mm. 

 (B) Immunostaining of unfixed and unpermeabilized 14 div hippocampal neurons with 

patient CSF (green), followed by permeabalization and staining with commercial 

antibodies to an intracellular GABAB1 epitope (red). Boxed area in neuron on left shown 

at higher magnification to right (scale bars = 5 um).  

(C) Immunostaining of fixed, permeabalized HEK293T cells expressing GABAB1a and 

GABAB2 with patient CSF (green) and commercial GABAB1 antibody (red). Scale bar = 

20 um.  

(D) Immunohistochemical staining of mid saggital brain sections from GABAB1 knockout 

mice (left) or wild type littermates (right) with patient CSF. In wildtype mice, patient CSF 

prominently stains hiccpocampus (hc), thalamus (th) and the striatum (str), while in 

knockout mice, patient CSF does not stain any brain structure above background. Scale 

bar = 500um. 
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Figure 2.  Sushi domains in GABAB1a are the dominant epitope for autoantibodies in 

patient CSF.  

(A) left: Diagram of the tertiary structure of GABAB receptor comprised of GABAB1 and 

GABAB2. right: Domain structure of GABAB1 comprised of Sushi domains (blue), ligand 

binding Venus Flytrap domain (pink) and seven transmembrane domain (black). The 

myc epitope in  the transfected construct and the epitope recognized by a commercial 

GABAB1 antibody are represented by a red and a blue asterisk, respectively.  

(B-E) HEK293T cells expressing wildtype (A) or deletion (B-D) GABAB1a and GABAB2 

immunostained with patient CSF (green, left column), N-terminal myc antibody (red, 

middle left column) or C-terminal intracellular GABAB1 antibody (blue, middle right 

column).  Cells expressing each deletion construct were immunostained for the N-

terminal myc and C-terminal GABAB1 epitope. (B)  Immunostaining is present in cells 

expressing full length GABAB1. (C)  Immunostaining is absent in cells expressing NTD 

deleted GABAB1.  C:  Immunostaining is present in cells expressing VFT deleted 

GABAB1, although staining appears qualitatively reduced compared to cells expressing 

full length receptors. (D)  Immunostaining is absent in cells expressing GABAB1 lacking 

both Sushi domains.  (E) HEK293T cells expressing fusion proteins of GABAB1a and a 

mouse CD8 receptor fragment.  

(F)  The GABAB1a N-terminal domain alone is sufficient to bind patient GABAB1 

antibodies (left). The VFT alone does not bind patient GABAB1 antibodies (middle; 

image was gamma shifted so background staining is apparent).  The Sushi domains 

(SD) alone are sufficient to bind to human autoantibodies (right). These data 

demonstrate that the Sushi domains are necessary and sufficient to bind patient 

GABAB1 antibodies.  Scale bars = 20 um.  
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Figure 3. Patient GABAB1 antibodies from patients with anti-GABAB receptor 

encephalitis do not reduce surface receptor clusters. 

(A)  Unfixed, unpermeabalized hippocampal neurons treated with patient or control CSF 

for 24 hours followed by immunostaining with patient CSF and anti-human Alexa 488 

conjugated secondary antibody (green).  Internalized patient IgG was visualized after 

fixation, permeabilization and immunostaining with anti-human Alexa 594 conjugated 

secondary antibody (red).  Left:  After 24 h treatment, the density of surface clusters is 

the same in patient and control CSF treated neurons, and no internalized clusters are 

detected (N = 3 patient CSF, 4-6 coverslips/patient, 4 cells/coverslip).  Right:  In 

contrast, after 24 h treatment with CSF from anti-NMDAR encephalitis patients, a 

significant reduction in surface clusters and a significant increase in internalized clusters 

are detected, as previously reported (Hughes et al., 2010; Moscato et al., 2014; N = 2 

patient CSF, 4-6 coverslips/patient, 4-5 cells/coverslip). Scale bar = 5 um. 

(B)  Quantification of immunostaining shows that after 24 h treatment, the density of 

surface GABAB1 clusters are not significantly different in patient or control CSF treated 

neurons (Student’s t test, p = 0.85), while 24 h treatment with CSF from anti-NMDA 

receptor encephalitis results in a significant reduction in surface clusters compared to 

control CSF treated neurons (Student’s t test p < 0.05).   

(C) Quantification of immunostaining shows that after 24 h treatment, few if any 

internalized GABAB1 clusters are detected in patient or control CSF (Student’s t test, p = 

0.21), while the density of internalized clusters is significantly higher in cells treated with 

CSF from anti-NMDA receptor encephalitis patients compared to controls (Student’s t 

test, p < 0.05).  

(D-F)  Duration of patient CSF treatment for up to 7 days does not affect surface 
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GABAB1 receptor cluster or presynaptic terminal density.  Quantification of surface 

GABAB1 (D), total GABAB1 (E) and presynaptic Bassoon (F) cluster density in neurons 

treated for 1, 2, 3 and 7 days with anti-GABAB1 patient or control CSF (N = 5 patient 

CSF and control samples, 8-15 coverslips/patient, 4 neurons/coverslip). 

(H)  Surface biotinylation and Western blot of surface and total protein fractions isolated 

from patient or control CSF treated neurons. Surface GABAB 1 receptor protein level is 

not different in patient or control treated neurons after 24 or 72 hrs (N = 1 patient 

sample, same samples used for 24 and 72 h treatment; 5 coverslips/patient). GABAA 

protein band controls for quantity of protein in surface fraction of protein lysates. No 

change in surface AMPA receptor protein (GluR1) or total GluR1 was observed.  MAP2 

protein band controls for the quantity of protein in the total lysate. (Right) There is no 

difference in total GABAB1 protein levels in patient or control treated neurons after 24 or 

72 hrs (N = 1 patient sample, same samples used for 24 and 72 h treatment; 5 

coverslips/patient). 
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Figure 4.  Patient GABAB1 antibodies block GABAB receptor activation. 

(A) Whole cell current clamp traces before, in presence of 100 um baclofen (solid bar) 

and after washout.  Top:  Cells treated with control CSF show block of action potential 

firing by baclofen.  Bottom:  Cells treated with patient CSF for 24 hours show no block of 

action potential firing by baclofen.  Scale bar = 60 s, 25 mV.  

(B) Quantification of firing rate in one minute bins, normalized to the mean firing rate 

between t=-3 min to t=0 min.  Solid bar indicates infusion of 100 uM baclofen for 10 

mins, beginning at t=0 min.  Data between t = 5-10 min was excluded to illustrate 

baclofen wash-on and off.  After the onset of baclofen infusion, neurons stop firing action 

potentials within 1-2 min in control CSF treated neurons (open circles).  Firing rate is not 

altered in patient CSF treated neurons (closed circles).  Repeated measures ANOVA; 

treatment X time F (13, 65) = 11.82 ; p < 0.05. 

(C) Efficacy of 100 uM baclofen in neurons treated for 24 hours with 1:100 of CSF from 

patients or controls. Efficacy is defined as the relative reduction in the five minute 

average of firing rate of neurons during perfusion with baclofen relative to perfusion with 

artificial CSF. Numerically, it is [1 – (average firing rate in region b/ average firing rate in 

region a)] where regions a and b are labelled in Fig 4A. In 100 uM baclofen, baclofen is 

maximally efficacious in control CSF treated neurons (gray circles, N = 6 control CSF, 5-

20 coverslips/sample, 1 neuron/coverslip).  Efficacy of 100 uM baclofen is reduced after 

treatment with patient CSF (N = 3 patient CSF, 5-15 coverslips/sample, 1 

neuron/coverslip; significantly different from control CSF, Dunn's multiple comparison 

post Kruskal-Wallis non-parametric two factor analysis of variation, p = 0.001). 
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Figure 5. Patient GABABR1 antibodies do not inactivate GABAB2 mediated signaling 

(A) Whole cell current clamp trace during perfusion with the indicated concentrations of 

either the GABAB1 binding agonist, baclofen or the GABAB2 binding agonist, CGP 7930 

from a cultured hippocampal neuron treated for 24 hours with 1:100 of CSF from patient 

1. Scale bar = 60 s, 25 mV.  

(B) Efficacy of baclofen or CGP7930 at inhibiting firing in cultured neurons treated with 

1:100 of CSF from patient 1. Despite being able to reduce the efficacy of baclofen even 

at a concentration of baclofen at 100uM, treatment with patient CSF (black circles) is 

unable to reduce the ability of CGP9730 at 100uM to silence neurons identically whether 

they are treated with patient or control CSF (p = 0.40; Holm-Sidak multiplicity correction) 
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Figure 6. GABAB1 autoantibodies are allosteric antagonists of GABAB receptors. 

(A) Time course of onset of GABAB1 autoantibody mediated block of GABAB1 

activation. Neurons were recorded after indicated duration of treatment with CSF from 

case 1 in the presence of 3uM (light gray circles), 10uM (dark gray circles) or 100uM 

(black circles) of baclofen. With increasing duration of exposure to GABAB1 

autoantibodies, neurons required increasingly higher doses of baclofen to circumvent the 

block on GABAB1 activation by antibodies. By 2.5 hours or treatment, even 100 uM of 

baclofen was insufficient to overcome the antibody block of GABAB activation (ANOVA 

Treatment duration X baclofen concentration F(8, 96) = 6.271; p<0.05) . 

(B) Dose response of increasing concentration of GABAB1 autoantibodies. A lower titer 

CSF (case 4) was used, which when used for treating neurons at 1:100 does not block 

GABAB activation by baclofen. But after treatment with higher concentrations of CSF, 

neurons are inhibited by baclofen only at 100uM (ANOVA, CSF concentration X baclofen 

concentration F(4, 194) = 29.49; p<0.05) 



 

92 

References 

Acher FC, Bertrand H-O (2005) Amino acid recognition by Venus flytrap domains is 

encoded in an 8-residue motif. Biopolymers 80:357–366. 

Bergsman JB, Krueger SR, Fitzsimonds RM (2006) Automated criteria-based selection 

and analysis of fluorescent synaptic puncta. J Neurosci Methods 152:32–39. 

Biermann B, Ivankova-Susankova K, Bradaia A, Abdel Aziz S, Besseyrias V, 

Kapfhammer JP, Missler M, Gassmann M, Bettler B (2010) The Sushi domains of 

GABAB receptors function as axonal targeting signals. J Neurosci 30:1385–1394. 

Binet V, Brajon C, Le Corre L, Acher F, Pin JP, Prézeau L (2004) The heptahelical 

domain of GABAB2 is activated directly by CGP7930, a positive allosteric modulator 

of the GABAB receptor. J Biol Chem 279:29085–29091. 

Bowery NG (1993) GABAB receptor pharmacology. Annu Rev Pharmacol Toxicol 

33:109–147. 

Brown JT, Gill CH, Farmer CE, Lanneau C, Randall AD, Pangalos MN, Collingridge GL, 

Davies CH (2003) Mechanisms contributing to the exacerbated epileptiform activity 

in hippocampal slices of {GABAB}1 receptor subunit knockout mice. Epilepsy Res 

57:121–136. 

Brugger F, Wicki U, Olpe HR, Froestl W, Mickel S (1993) The action of new potent 

GABAB receptor antagonists in the hemisected spinal cord preparation of the rat. 

Eur J Pharmacol 235:153–155. 



 

93 

Calver AR, Medhurst AD, Robbins MJ, Charles KJ, Evans ML, Harrison DC, Stammers 

M, Hughes SA, Hervieu G, Couve A, Moss SJ, Middlemiss DN, Pangalos MN 

(2000) The expression of GABA(B1) and GABA(B2) receptor subunits in the CNS 

differs from that in peripheral tissues. Neuroscience 100:155–170. 

Chen Y, Phillips K, Minton G, Sher E (2005) GABA(B) receptor modulators potentiate 

baclofen-induced depression of dopamine neuron activity in the rat ventral 

tegmental area. Br J Pharmacol 144:926–932. 

Dalmau J, Gleichman AJ, Hughes EG, Rossi JE, Peng X, Lai M, Dessain SK, Rosenfeld 

MR, Balice-Gordon R, Lynch DR (2008) Anti-NMDA-receptor encephalitis: case 

series and analysis of the effects of antibodies. Lancet Neurol 7:1091–1098. 

Degro CE, Kulik A, Booker SA, Vida I (2015) Compartmental distribution of GABAB 

receptor-mediated currents along the somatodendritic axis of hippocampal principal 

cells. Front Synaptic Neurosci 7:6. 

Dogan Onugoren M et al. (2014) Limbic encephalitis due to GABAB and AMPA receptor 

antibodies: a case series. J Neurol Neurosurg Psychiatry:jnnp – 2014–308814. 

Finke C, Kopp UA, Pruss H, Dalmau J, Wandinger K-P, Ploner CJ (2012) Cognitive 

deficits following anti-NMDA receptor encephalitis. J Neurol Neurosurg Psychiatry 

83:195–198. 

Gable MS, Gavali S, Radner A, Tilley DH, Lee B, Dyner L, Collins A, Dengel A, Dalmau 

J, Glaser CA (2009) Anti-NMDA receptor encephalitis: report of ten cases and 

comparison with viral encephalitis. Eur J Clin Microbiol Infect Dis 28:1421–1429. 



 

94 

Gleichman AJ, Panzer JA, Baumann BH, Dalmau J, Lynch DR (2014) Antigenic and 

mechanistic characterization of anti-AMPA receptor encephalitis. Ann Clin Transl 

Neurol 1:180–189. 

Gleichman AJ, Spruce LA, Dalmau J, Seeholzer SH, Lynch DR (2012) Anti-NMDA 

receptor encephalitis antibody binding is dependent on amino acid identity of a 

small region within the GluN1 amino terminal domain. J Neurosci 32:11082–11094. 

Gresa-Arribas N, Titulaer MJ, Torrents A, Aguilar E, McCracken L, Leypoldt F, 

Gleichman AJ, Balice-Gordon R, Rosenfeld MR, Lynch D, Graus F, Dalmau J 

(2014) Antibody titres at diagnosis and during follow-up of anti-NMDA receptor 

encephalitis: a retrospective study. Lancet Neurol 13:167–177. 

Hannan S, Wilkins ME, Smart TG (2012) Sushi domains confer distinct trafficking 

profiles on GABAB receptors. Proc Natl Acad Sci U S A 109:12171–12176. 

Harrison NL (1990) On the presynaptic action of baclofen at inhibitory synapses between 

cultured rat hippocampal neurones. J Physiol 422:433–446. 

Höftberger R, Titulaer MJ, Sabater L, Dome B, Rózsás A, Hegedus B, Hoda MA, Laszlo 

V, Ankersmit HJ, Harms L, Boyero S, de Felipe A, Saiz A, Dalmau J, Graus F 

(2013) Encephalitis and GABAB receptor antibodies: novel findings in a new case 

series of 20 patients. Neurology 81:1500–1506. 

Howe JR, Sutor B, Zieglgänsberger W (1987) Baclofen reduces post-synaptic potentials 

of rat cortical neurones by an action other than its hyperpolarizing action. J Physiol 

384:539–569. 



 

95 

Hughes EG, Peng X, Gleichman AJ, Lai M, Zhou L, Tsou R, Parsons TD, Lynch DR, 

Dalmau J, Balice-Gordon RJ (2010) Cellular and synaptic mechanisms of anti-

NMDA receptor encephalitis. J Neurosci 30:5866–5875. 

Iadisernia E, Battaglia FM, Vanadia E, Trapolino E, Vincent A, Biancheri R (2012) Anti-

N-methyl-D-aspartate-receptor encephalitis: cognitive profile in two children. Eur J 

Paediatr Neurol 16:79–82. 

Kaupmann K, Huggel K, Heid J, Flor PJ, Bischoff S, Mickel SJ, McMaster G, Angst C, 

Bittiger H, Froestl W, Bettler B (1997) Expression cloning of GABA(B) receptors 

uncovers similarity to metabotropic glutamate receptors. Nature 386:239–246. 

Lai M, Hughes EG, Peng X, Zhou L, Gleichman AJ, Shu H, Matà S, Kremens D, Vitaliani 

R, Geschwind MD, Bataller L, Kalb RG, Davis R, Graus F, Lynch DR, Balice-

Gordon R, Dalmau J (2009) AMPA receptor antibodies in limbic encephalitis alter 

synaptic receptor location. Ann Neurol 65:424–434. 

Lancaster E, Lai M, Peng X, Hughes E, Constantinescu R, Raizer J, Friedman D, Skeen 

MB, Grisold W, Kimura A, Ohta K, Iizuka T, Guzman M, Graus F, Moss SJ, Balice-

Gordon R, Dalmau J (2010) Antibodies to the GABAB receptor in limbic encephalitis 

with seizures: case series and characterisation of the antigen. Lancet Neurol 9:67–

76. 

Laviv T, Vertkin I, Berdichevsky Y, Fogel H, Riven I, Bettler B, Slesinger PA, Slutsky I 

(2011) Compartmentalization of the GABAB receptor signaling complex is required 

for presynaptic inhibition at hippocampal synapses. J Neurosci 31:12523–12532. 

Leypoldt F, Armangue T, Dalmau J (2014) Autoimmune encephalopathies. 



 

96 

Ann N Y Acad Sci:1–21. 

Lüscher C, Jan LY, Stoffel M, Malenka RC, Nicoll R a. (1997) G protein-coupled inwardly 

rectifying K+ channels (GIRKs) mediate postsynaptic but not presynaptic 

transmitter actions in hippocampal neurons. Neuron 19:687–695. 

Misgeld U, Bijak M, Jarolimek W (1995) A physiological role for GABAB receptors and 

the effects of baclofen in the mammalian central nervous system. Prog Neurobiol 

46:423–462. 

Moscato EH, Jain A, Peng X, Hughes EG, Dalmau J, Balice-Gordon RJ (2010) 

Mechanisms underlying autoimmune synaptic encephalitis leading to disorders of 

memory, behavior and cognition: insights from molecular, cellular and synaptic 

studies. Eur J Neurosci 32:298–309. 

Moscato EH, Peng X, Jain A, Parsons TD, Dalmau J, Balice-Gordon RJ (2014) Acute 

mechanisms underlying antibody effects in anti-N-methyl-D-aspartate receptor 

encephalitis. Ann Neurol 76:108–119. 

O’Hara PJ, Sheppard PO, Thógersen H, Venezia D, Haldeman BA, McGrane V, 

Houamed KM, Thomsen C, Gilbert TL, Mulvihill ER (1993) The ligand-binding 

domain in metabotropic glutamate receptors is related to bacterial periplasmic 

binding proteins. Neuron 11:41–52. 

Peng X, Hughes EG, Moscato EH, Parsons TD, Dalmau J, Balice-Gordon RJ (2014) 

Cellular plasticity induced by anti-AMPA receptor encephalitis antibodies. Ann 

Neurol. 



 

97 

Petit-Pedrol M, Armangue T, Peng X, Bataller L, Cellucci T, Davis R, McCracken L, 

Martinez-Hernandez E, Mason WP, Kruer MC, Ritacco DG, Grisold W, Meaney BF, 

Alcalá C, Sillevis-Smitt P, Titulaer MJ, Balice-Gordon R, Graus F, Dalmau J (2014) 

Encephalitis with refractory seizures, status epilepticus, and antibodies to the 

GABAA receptor: a case series, characterisation of the antigen, and analysis of the 

effects of antibodies. Lancet Neurol 13:276–286. 

Pin J-P, Kniazeff J, Binet V, Liu J, Maurel D, Galvez T, Duthey B, Havlickova M, Blahos 

J, Prézeau L, Rondard P (2004) Activation mechanism of the heterodimeric 

GABA(B) receptor. Biochem Pharmacol 68:1565–1572. 

Planagumà J, Leypoldt F, Mannara F, Gutiérrez-Cuesta J, Martín-García E, Aguilar E, 

Titulaer MJ, Petit-Pedrol M, Jain A, Balice-Gordon R, Lakadamyali M, Graus F, 

Maldonado R, Dalmau J (2014) Human N-methyl D-aspartate receptor antibodies 

alter memory and behaviour in mice. Brain:awu310 – . 

Prosser HM et al. (2001) Epileptogenesis and enhanced prepulse inhibition in 

GABA(B1)-deficient mice. Mol Cell Neurosci 17:1059–1070. 

Robbins MJ, Calver AR, Filippov AK, Hirst WD, Russell RB, Wood MD, Nasir S, Couve 

A, Brown DA, Moss SJ, Pangalos MN (2001) GABA(B2) is essential for g-protein 

coupling of the GABA(B) receptor heterodimer. J Neurosci 21:8043–8052. 

Sansing LH, Tüzün E, Ko MW, Baccon J, Lynch DR, Dalmau J (2007) A patient with 

encephalitis associated with NMDA receptor antibodies. Nat Clin Pract Neurol 

3:291–296. 

Scanziani M, Capogna M, Gähwiler BH, Thompson SM (1992) Presynaptic 



 

98 

inhibition of miniature excitatory synaptic currents by baclofen and adenosine in the 

hippocampus. Neuron 9:919–927. 

Schlögl A, Jonas P, Schmidt-Hieber C, Guzman SJ (2013) Stimfit: A Fast Visualization 

and Analysis Environment for Cellular Neurophysiology. Biomed Eng / Biomed 

Tech 58:24–25. 

Schwenk J, Metz M, Zolles G, Turecek R, Fritzius T, Bildl W, Tarusawa E, Kulik A, 

Unger A, Ivankova K, Seddik R, Tiao JY, Rajalu M, Trojanova J, Rohde V, 

Gassmann M, Schulte U, Fakler B, Bettler B (2010) Native GABA(B) receptors are 

heteromultimers with a family of auxiliary subunits. Nature 465:231–235. 

Vigot R, Barbieri S, Bräuner-Osborne H, Turecek R, Shigemoto R, Zhang Y-PP, Luján 

R, Jacobson LH, Biermann B, Fritschy J-MM, Vacher C-MM, Müller M, Sansig G, 

Guetg N, Cryan JF, Kaupmann K, Gassmann M, Oertner TG, Bettler B (2006) 

Differential Compartmentalization and Distinct Functions of GABAB Receptor 

Variants. Neuron 50:589–601. 

Vitaliani R, Mason W, Ances B, Zwerdling T, Jiang Z, Dalmau J (2005) Paraneoplastic 

encephalitis, psychiatric symptoms, and hypoventilation in ovarian teratoma. Ann 

Neurol 58:594–604. 

 



 

99 

CHAPTER 3. Passive transfer model of anti-NMDA receptor 
encephalitis 

Adapted from:  Jesús Planagumà et al. Brain 2015;138:94-109 
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Abstract 

Anti-N-methyl D-aspartate receptor (NMDAR) encephalitis is a severe 

neuropsychiatric disorder that associates with prominent memory and behavioral 

deficits. Patients’ antibodies react with the N-terminal domain of the GluN1 (previously 

known as NR1) subunit of NMDAR causing in cultured neurons a selective and 

reversible internalization of cell-surface receptors. These effects and the frequent 

response to immunotherapy have suggested an antibody-mediated pathogenesis, but to 

date there is no animal model showing that patients’ antibodies cause memory and 

behavioral deficits. To develop such a model, C57BL6/J mice underwent placement of 

ventricular catheters connected to osmotic pumps that delivered a continuous infusion of 

patients’ or control cerebrospinal fluid (flow rate 0.25 µl/h, 14 days). During and after the 

infusion period standardized tests were applied, including tasks to assess memory 

(novel object recognition in open field and V-maze paradigms), anhedonic behaviors 

(sucrose preference test), depressive-like behaviors (tail suspension, forced swimming 

tests), anxiety (black and white, elevated plus maze tests), aggressiveness (resident-

intruder test), and locomotor activity (horizontal and vertical). Animals sacrificed at Days 

5, 13, 18, 26 and 46 were examined for brain-bound antibodies and the antibody effects 

on total and synaptic NMDAR clusters and protein concentration using confocal 

microscopy and immunoblot analysis. These experiments showed that animals infused 

with patients’ cerebrospinal fluid, but not control cerebrospinal fluid, developed 

progressive memory deficits, and anhedonic and depressive-like behaviors, without 

affecting other behavioral or locomotor tasks. Memory deficits gradually worsened until 

Day 18 (4 days after the infusion stopped) and all symptoms resolved over the next 

week. Accompanying brain tissue studies showed progressive increase of brain-bound 

human antibodies, predominantly in the hippocampus (maximal on Days 13–18), that 
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after acid extraction and characterization with GluN1-expressing human embryonic 

kidney cells were confirmed to be against the NMDAR. Confocal microscopy and 

immunoblot analysis of the hippocampus showed progressive decrease of the density of 

total and synaptic NMDAR clusters and total NMDAR protein concentration (maximal on 

Day 18), without affecting the post-synaptic density protein 95 (PSD95) and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. These effects occurred in 

parallel with memory and other behavioral deficits and gradually improved after Day 18, 

with reversibility of symptoms accompanied by a decrease of brain-bound antibodies 

and restoration of NMDAR levels. Overall, these findings establish a link between 

memory and behavioral deficits and antibody-mediated reduction of NMDAR, provide the 

biological basis by which removal of antibodies and antibody-producing cells improve 

neurological function, and offer a model for testing experimental therapies in this and 

similar disorders. 

Introduction 

Memory, learning, and behaviour depend on the proper function of the excitatory 

glutamate N-methyl D-aspartate receptor (NMDAR) and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) and underlying mechanisms of synaptic 

plasticity (Lau and Zukin, 2007; Shepherd and Huganir, 2007). The critical role of 

NMDAR in these functions has been shown in animal models in which the NMDAR are 

altered genetically (Mohn et al., 1999; Belforte et al., 2010) or pharmacologically 

(Jentsch and Roth, 1999; Mouri et al., 2007). In humans this evidence comes from more 

indirect observations such as studies investigating the effects of phencyclidine or 

ketamine (non-competitive antagonists of NMDAR that cause psychosis) (Weiner et al., 

2000; Gunduz-Bruce, 2009), and brain tissue studies of patients with schizophrenia or 
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Alzheimer’s disease in which several molecular pathways that modulate glutamate 

receptor trafficking or function are affected (Snyder et al., 2005; Hahn et al., 2006). In 

2007 we identified a novel disorder (anti-NMDAR encephalitis) that occurs with highly 

specific antibodies against extracellular epitopes located at the amino terminal domain of 

the GluN1 subunit of NMDAR (Dalmau et al., 2007; Gleichman et al., 2012). The 

resulting syndrome resembles the spectrum of symptoms that occurs in genetic or 

pharmacologic models of NMDAR hypofunction, including memory loss and 

neuropsychiatric alterations ranging from psychosis to coma (Dalmau et al., 2008; Irani 

et al., 2010; Viaccoz et al., 2014). Regardless of the type of presentation, most patients 

develop severe problems forming new memories and amnesia of the disease. 

Symptoms are usually accompanied by systemic and intrathecal synthesis of antibodies, 

the latter likely produced by plasma cells contained in brain inflammatory infiltrates 

(Dalmau et al., 2008; Martinez-Hernandez et al., 2011). These long-lived plasma cells 

and persistent antibody synthesis may explain the lengthy symptoms of most patients 

(average hospitalization �3 months) (Dalmau et al., 2008). Yet, despite the severity and 

duration of the disease, 80% of the patients have substantial recovery after 

immunotherapy (accompanied by removal of an underlying tumor, usually an ovarian 

teratoma, when appropriate), or sometimes spontaneously (Iizuka et al., 2008; Titulaer 

et al., 2013). 

Investigations on the potential pathogenic role of patients’ antibodies using cultured 

neurons showed that the antibodies caused crosslinking and selective internalization of 

NMDARs that correlated with the antibody titers, and these effects were reversible after 

removing the antibodies (Hughes et al., 2010; Mikasova et al., 2012). In contrast, 

patients’ antibodies did not alter the localization or expression of other synaptic proteins, 

number of synapses, dendritic spines, dendritic complexity, or cell 
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survival (Hughes et al., 2010). In parallel experiments, the density of NMDAR was also 

significantly reduced in the hippocampus of rats infused with patients’ antibodies, a 

finding comparable to that observed in the hippocampus of autopsied patients (Hughes 

et al., 2010). Overall, these studies suggested an antibody-mediated pathogenesis, but 

the demonstration that patients’ antibodies caused symptoms remained pending. 

Modelling symptoms and showing that these correlate with antibody-mediated reduction 

of NMDAR would prove the pathogenicity of patients’ antibodies, support the use of 

treatments directed toward decreasing the levels of antibodies or antibody-producing 

cells, and help to investigate experimental therapies in this and similar disorders. We 

report here such a model using continuous 14-day cerebroventricular infusion of 

patients’ CSF in mice. The aims were to determine (i) if patients’ antibodies altered 

memory and behaviour; (ii) whether mice symptoms correlated with brain antibody-

binding and reduction of NMDAR; and (iii) whether the clinical and molecular alterations 

recovered after stopping the antibody infusion. 

Materials and methods 

Animals 

Male C57BL6/J mice (Charles River), 8–10 weeks old (25–30 g) were housed in 

cages of five until 1 week before surgery when they were housed individually. The room 

was maintained at a controlled temperature (21 ± 1°C) and humidity (55 ± 10%) with 

illumination at 12-h cycles; food and water were available ad libitum. All experiments 

were performed during the light phase, and animals were habituated to the experimental 

room for 1 week before starting the tests. All procedures were conducted in accordance 

with standard ethical guidelines (European Communities Directive 86/609/EU) and 

approved by the local ethical committees: Comitè Ètic d’Experimentació Animal, Institut 



 

104 

Municipal d’Assistència Sanitària (Universitat Pompeu Fabra), and Institutional Animal 

Care and Use Committee (University of Pennsylvania). 

Patients’ CSF samples 

CSF from 25 patients with high titre NMDAR antibodies (all >1:320) were pooled 

and used for cerebroventricular infusion. CSF from 25 subjects without NMDAR 

antibodies (11 with normal pressure hydrocephalus and 14 with non-inflammatory CNS 

disorders) were similarly pooled and used as controls. Before loading the osmotic pumps 

(discussed below), the pooled CSF samples from patients and controls were dialyzed 

(Slide-A-Lyzer 7K, Thermo) against sterile phosphate-buffered saline (PBS) overnight at 

4°C, and the concentration of total IgG normalized to the CSF physiologic concentration 

of 2 mg/dl. All mice received the same pooled CSF either from patients or controls. 

Studies were approved by the institutional review board of Hospital Clínic and Institut 

d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), Universitat de Barcelona. 

Surgery, placement of ventricular catheters and osmotic pumps 

Cerebroventricular infusion of CSF was performed using osmotic pumps (model 

1002, Alzet) with the following characteristics: volume 100 µl, flow rate 0.25 µl/h, and 

duration 14 days. Twenty-four hours before surgery, two osmotic pumps per animal were 

each loaded with 100 µl of patient or control CSF. The pumps were then connected to a 

0.28 mm IM (internal diameter) polyethylene tube (C314CT, PlasticsOne) and left 

overnight in sterile PBS at 37°C. The next day, mice were deeply anaesthetized by 

intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) 

along with subcutaneous administration of the analgesic meloxicam (1 mg/kg). Mice 

were then placed in a stereotaxic frame, and a bilateral catheter (PlasticsOne, model 

3280PD-2.0/SP) was inserted into the ventricles (0.02 mm anterior and 1.00 mm lateral 

from bregma, depth 0.22 mm) and secured with dental cement. Each arm 
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of the catheter was connected to one osmotic pump, which was subcutaneously 

implanted on the back of the mice. Appropriate ventricular placement of the catheters 

was assessed in randomly selected mice injecting methylene blue through the catheters 

(Fig. 1A–C). 

 

Cognitive tasks 

All behavioral tasks were performed by researchers blinded to experimental 

conditions using standardized tests reported by us (Maldonado et al., 1970; Filliol et al., 

2000; Berrendero et al., 2005; Bura et al., 2007, 2010, 2013; Aso et al., 2008; 

Puighermanal et al., 2009; Burokas et al., 2012; Llorente-Berzal et al., 2013) and others 

(Porsolt et al., 1977; Crawley and Goodwin, 1980; Handley and Mithani, 1984; Steru et 

al., 1985; Konig et al., 1996; Caille et al., 1999; Strekalova et al., 2006; Taglialatela et 

al., 2009; Ennaceur, 2010) and following the schedule summarized in Fig. 1D. The tasks 

were aimed to assess memory (novel object recognition in open field and V-maze), 

anhedonic behaviours (sucrose preference test), depressive-like behaviours (tail 

suspension, and forced swimming tests), anxiety (black and white and elevated plus 

maze tests), aggressiveness (resident-intruder test) and locomotor activity (horizontal 

and vertical activity assessment). A brief description of each task is provided in the 

Supplementary material. 

 

Brain tissue processing 

To determine the effects of patients’ antibodies on mouse brain, animals were 

sacrificed at the indicated time points (Fig. 1D, Days 5, 13, 18, 26 and 46) with CO2. 

Brains were harvested, sagittally split, and transferred to ice-cold PBS. Half of the brain 
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was fixed by immersion in 4% paraformaldehyde (PFA) for 1 h at 4°C, cryoprotected with 

40% sucrose for 48 h at 4°C, embedded with freezing media, and snap-frozen with 

isopentane chilled with liquid nitrogen. The other half-brain was used for dissection of 

hippocampus and cerebellum for IgG and protein extraction (see below). 

Immunohistochemistry and quantitative peroxidase staining 

For determination of antibodies bound to brain tissue using immunoperoxidase 

staining, 7-µm thick tissue sections were sequentially incubated with 0.25% H2O2 for 10 

min at 4°C, 5% goat serum for 15 min at room temperature, biotinylated goat anti-human 

IgG (1:2000, Vector labs) overnight at 4°C, and the reactivity developed using avidin-

biotin-peroxidase and diaminobenzidine. Sections were mildly counterstained with 

haematoxylin, and results photographed under a Leica DMD108 microscope. Images 

were prepared creating a mask for diaminobenzidine color, converting the mask to 

greyscale intensities, and inverting the pixels using Adobe Photoshop CS6 package. 

Hippocampal, frontal cortex, striatum and cerebellar regions were manually outlined; 

intensity and area were quantified in two serial sections using the public domain Fiji 

ImageJ software (http://fiji.sc/Fiji). Values were divided by area and normalized to the 

group with the highest mean (defined as 100%, patients’ CSF treated animals sacrificed 

at Day 18). 

Immunofluorescence and confocal microscopy with brain tissue 

For determination of antibodies bound to brain tissue using immunofluorescence, 5 

µm-thick tissue sections were blocked with 5% goat serum and 1% bovine serum 

albumin for 60 min at room temperature, and incubated overnight at 4°C with Alexa 

Fluor® 488 goat anti-human IgG (A11013, diluted 1:1000, Molecular Probes/ Life 

Technologies). Slides were then mounted with ProLong® Gold (P36930, Molecular 

Probes) and results scanned under a LSM710 Zeiss confocal microscope. 
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Sections from all animals were analyzed in parallel. Quantification of fluorescent 

intensity in areas of CA1, CA3 and dentate gyrus was done using Fiji ImageJ software. 

Background was subtracted and intensity divided by area. Mean intensity of IgG 

immunostaining in animals treated with patients’ CSF and sacrificed at Day 18 was 

defined as 100%. 

To determine the effects of patients’ antibodies on total and synaptic NMDAR 

clusters and PSD95, non-permeabilized 5-µm thick sections were blocked with 5% goat 

serum and 1% bovine serum albumin as above, incubated with human CSF antibodies 

for 2 h at room temperature, washed with PBS, permeabilized with Triton™ X-100 0.3% 

for 10 min at room temperature, and incubated with rabbit polyclonal antibody against 

PSD95 (diluted 1:250, Clone 18258 Abcam) overnight at 4°C. Next day, the slides were 

washed and incubated with the corresponding secondary antibodies, Alexa Fluor® 594 

goat anti-human IgG and Alexa Fluor® 488 goat anti-rabbit IgG (A-11014, A-11008, both 

diluted 1:1000, Molecular Probes) for 1 h at room temperature. Slides were mounted as 

above and results scanned with a confocal microscope (Zeiss LSM710) with EC-Plan 

NEOFLUAR CS ×100/1.3 NA oil objective. Standardized z-stacks including 50 optical 

images were acquired from five different, equally spaced areas of CA1, CA3 and dentate 

gyrus of hippocampus using sequential scanning, 1024 × 1024 lateral resolution, and 

Nyquist optimized z-sampling frequency. Images were deconvolved with 20 iterations 

using theoretical point spread functions and maximum likelihood estimation algorithms of 

Huygens Essential software (Scientific Volume Imaging). For cluster density analysis a 

spot detection algorithm from Imaris suite 7.6.4 (Bitplane) was used based on automatic 

segmentation of the images to spots (Banovic et al., 2010). Density of clusters was 

expressed as spots/µm3. Three-dimensional colocalization of clusters (e.g. NMDAR and 

PSD95) was done using a spot co- localization algorithm implemented in 
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Imaris suite 7.6.4. Synaptic localization was defined as co-localization of NMDAR or 

AMPAR with post-synaptic PSD95. Synaptic cluster density was expressed as 

colocalized spots/µm3. For each animal, five identical image stacks in each hippocampal 

area (CA1, CA2 and dentate gyrus) were acquired and the mean densities calculated for 

total and synaptic NMDAR and AMPAR. Densities were normalized to the mean density 

of control CSF treated animals (100%). For the AMPAR the antibody used was guinea 

pig GluA1 antibody (1:100, clone AGP-009, Alomone), and as secondary antibody Alexa 

Fluor® 594 goat anti-guinea pig IgG (A11076, 1:1000, Molecular Probes). 

The presence of apoptosis, cellular infiltrates, and complement was assessed in 

the hippocampal region (CA3) in mice sacrificed on Day 18 and corresponding controls. 

Apoptosis was determined by standard terminal deoxynucleotidyl transferase mediated 

biotinylated UTP nick end labelling (TUNEL) using the TACS 2TdT-Fluor in situ 

apoptosis detection kit (Trevigen), and immunolabelling of cleaved caspase 3 (1:200, 

#9661 Cell Signalling, Technologies) using a goat anti-rabbit Alexa Fluor® 488 as 

secondary antibody (1:1000 Molecular Probes). The presence of complement was 

assessed using rabbit anti-mouse C5b-9 (1:500, Abcam) and Alexa Fluor® 488 goat 

anti-rabbit IgG (1:500, #A11008, Molecular Probes). Immunolabelling for T and B 

lymphocytes was done using rabbit anti-mouse CD3 (1:1000, #ab16669 Abcam) 

followed by secondary antibody goat anti-rabbit Alexa Fluor® 488 (1:1000, Molecular 

Probes), and rat anti-CD45R (1/10000, #ab64100) followed by goat anti-rat Alexa Fluor® 

594 (1/1000, #A-11007 Molecular Probes). Results were scanned with a confocal 

microscope Zeiss LSM710. 

Extraction of human IgG bound to mice brain 

Under a dissection microscope (Zeiss stereomicroscope, Stemi 2000), the 

hippocampus and cerebellum were isolated, weighed, snap-frozen, and 
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stored at −80°C. Tissue (10 mg) was homogenized in 0.5 ml ice-cold PBS with protease 

inhibitors (Sigma-Aldrich) and centrifuged at 16 000g for 5 min. All steps were performed 

at 4°C. Washing was repeated four times to remove unbound IgG. The last wash was 

done in 100 µl and the supernatant saved as pre-extraction fraction. To extract the 

specifically bound antibodies, the pellet was solubilized for 5 min in acid (86 µl 0.1 M Na-

citrate buffer pH 2.7), centrifuged at 16 000g for 5 min, and the supernatant neutralized 

with 14 µl 1.5 M Tris pH 8.8, and used to determine the presence of NMDAR (GluN1) 

antibodies (see below). 

Immunofluorescence with HEK293 cells expressing GluN1 

The presence of GluN1 antibodies in IgG extracts from brain was determined using 

a HEK293 cell-based assay expressing GluN1, as reported (Dalmau et al., 2008). After 

fixation with 4% paraformaldehyde and permeabilization with 0.3% Triton™ X-100, cells 

were blocked with 1% bovine serum albumin for 90 min, and incubated with undiluted 

acid-extracted IgG or pre-extraction fraction from brain of infused mice, at 4°C overnight. 

The next day, cells were washed and incubated with a mouse monoclonal antibody 

against a non-competing GluN1 epitope located at amino acid 660-811 (1:20 000; clone 

MAB363, Millipore) for 1 h at room temperature, followed by the corresponding Alexa 

Fluor® secondary antibodies (A11013, A11032, both diluted 1:1000, Molecular Probes) 

for 1 h at room temperature. The titre of positive samples was calculated by serial 

dilutions until the reactivity was no longer visible. Results were photographed under a 

fluorescence microscope using Zeiss Axiovision software. 

Immunoblot analyses 

Total protein from hippocampus and cerebellum was obtained by dissecting these 

regions from 20-µm thick paraformaldehyde-fixed sagittal mouse brain sections on glass 

slides at 4°C under a Zeiss stereomicroscope (Stemi 2000). Two 
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consecutive sections of isolated hippocampus or cerebellum were then transferred to an 

Eppendorf tube in PBS supplemented with protease inhibitors. Loading buffer (RotiLoad) 

was added, the solubilized tissue boiled for 5 min, and the proteins separated in a 10% 

SDS gel electrophoresis with semi-dry blotting on PVDF membranes. Membranes were 

blocked in 5% non-fat skimmed milk and incubated overnight at 4°C with the following 

polyclonal rabbit antibodies: GluN1 (1:1000, Sigma-Aldrich), GluR2/3 (1:1000, Abcam), 

and PSD95 (1:1000, Synaptic Systems), or a monoclonal mouse anti-β-actin (1:20 000, 

Sigma-Aldrich). Membranes were incubated with secondary antibodies for 1 h at room 

temperature (anti-rabbit IgG HRP 1:1000, anti-mouse IgG HRP 1:10 000) and analysed 

by enhanced chemiluminescence (all Amersham GE Healthcare) on a LAS4000 (GE 

Healthcare). All studies were done in duplicate. Analysed films were in the linear range 

of exposure, digitally scanned, and signals quantified using Fiji ImageJ software. The 

signal intensity of each antigen was normalized to that of actin in the same lane. The 

mean intensity of signal in control CSF treated animals was defined as 100% and all 

other intensities expressed in per cent relative to this value. 

Statistics 

Behavioural tests were analysed using repeated measures two-way ANOVA for 

tests with multiple time points (novel object recognition, sucrose preference test, 

resident-intruder test, locomotor activity), independent sample t-tests for tests with single 

time points (forced swimming test, black and white test, elevated plus maze test) or by 

Mann Whitney-U for skewed distributions (tail suspension test). Non-normally distributed 

parameters were log-transformed (black and white test, elevated plus maze test). 

Significance of NMDAR antibody titre in acid-extracted IgG fractions was calculated 

using the Kruskal-Wallis test and Dunn’s post hoc test compared to titres at Day 46. 

Human IgG intensity, confocal cluster density and immunoblot data (GluN1, 
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PSD95) from different time points or regions were analysed using two-way ANOVA with 

Sidak-Holm post hoc testing to calculate multiplicity-adjusted P-values. Confocal cluster 

density in the different hippocampal subregions (CA1, CA3, dentate gyrus) were not 

significantly different and were analysed pooled. All experiments were assessed visually 

for outliers (e.g. one animal with very different results from the other animals at the same 

time point), but none were identified, so measurements were pooled per time point and 

treatment (patient or control CSF). For confocal AMPAR cluster density measured at 

single time points, independent sample t-tests were used. A P-value of <0.05 was 

considered significant in post hoc testing after correction for multiple testing (Sidak-

Holm). In the two-way ANOVA the cut-off for interaction between two factors was set at 

0.10; if the P-value for interaction was <0.10, the effects of treatment were considered 

for the separate time points (post hoc analysis). All tests were done using GraphPad 

Prism (Version 6). 

Results 

One-hundred and eleven mice were included in the studies, 56 for cognitive and 

behavioural tests, and 55 for assessment of antibody binding to brain and the effects on 

total and synaptic NMDAR (Fig. 1). 

Cerebroventricular infusion of patients’ CSF alters memory and behaviour in mice 

The most robust effect during the 14-day infusion of patients’ CSF was on the novel 

object recognition test in both the open field and V-maze paradigms (Fig. 2A and B). 

Compared with animals infused with control CSF, those infused with patients’ CSF 

showed a progressive decrease of the object recognition index, indicative of a memory 

deficit (Bura et al., 2007; Puighermanal et al., 2009; Taglialatela et al., 2009). The 

memory deficit became significant on Day 10 and was maximal on Day 18 (4 days after 
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the infusion of CSF had stopped). On Day 25, the object recognition index had 

normalized and was similar to that of animals treated with control CSF (Fig. 2A and B). 

For all time-points, the total time spent exploring both objects (internal control) was 

similar in animals infused with control or patients’ CSF (Supplementary Table 1). 

The preference to drink sweetened water (sucrose preference test) was used as a 

measure of anhedonic behaviour. Mice infused with patients’ CSF and tested during the 

infusion period (Day 10) had less preference for sucrose compared with mice infused 

with control CSF (Fig. 2C). In contrast, the same mice tested 10 days after the infusion 

of CSF had stopped (Day 24) showed a preference for sucrose similar to that of the 

control mice. The total consumption of water with and without sucrose was similar in 

both groups (internal control, Supplementary Table 1). In addition, two tests of 

depressive-like behaviour were performed. The tail suspension test, performed on Day 

12, showed that animals infused with patients’ CSF had longer periods of immobility 

compared with those infused with control CSF (Fig. 2D). In contrast, 6 days after the 

infusion of CSF had stopped (Day 20), no differences were noted with the forced 

swimming test (examining immobility in inescapable situations; Fig. 2E and 

Supplementary Table 1). Overall, these findings suggest that the infusion of NMDAR 

antibodies was associated with anhedonic and depressive-like behaviours. 

In contrast to the prominent memory deficit, along with anhedonia and depressive 

behaviour, no significant differences were noted in tests of anxiety (black and white test, 

elevated plus maze test), aggression (resident-intruder test) and locomotor activity (Fig. 

3A–D). 

Patients’ antibodies bind to NMDAR in mouse brain 

Animals infused with patients’ CSF, but not control CSF, had progressively 
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increasing human IgG immunostaining (representing IgG bound to brain) that correlated 

with the duration of the infusion. The distribution of IgG immunostaining predominated in 

regions with high density of NMDAR, mainly the hippocampus (Fig. 4A), resembling that 

obtained with brain sections directly incubated with patients’ CSF or a monoclonal 

antibody against GluN1 (Dalmau et al., 2008). Upon quantification of immunostaining, 

the maximal antibody binding was identified in mice sacrificed on Day 18, which had 

received 14 days of CSF infusion, compared with mice sacrificed on Days 5 or 13 (Fig. 

4B and C). In animals sacrificed on Days 26 and 46 the presence of IgG immunostaining 

progressively decreased. In frontal cortex the dynamics of IgG binding were similar to 

those of the hippocampus (Supplementary Fig. 1), but the amount of IgG was 

substantially less; in other brain regions such as the cerebellum and striatum, the IgG 

immunostaining was sparse and not significantly different between animals infused with 

patients’ CSF or control CSF (data not shown). 

Studies with immunofluorescence and confocal microscopy showed that in animals 

infused with patients’ CSF the presence of hippocampal IgG was visible as a punctate 

immunolabelling on the surface of neurons and neuronal processes in contrast to mice 

infused with control CSF where minor amounts of IgG reactivity without preference for 

neuronal structures were noted (Fig. 4D–G). In addition, the amount of human IgG 

bound to all selected regions of hippocampus was significantly higher than in the control 

group (Fig. 4H). 

 

To determine if the IgG immunostaining represented brain-bound NMDAR 

antibodies, IgG was extracted from several brain regions and examined for reactivity 

with HEK cells expressing GluN1. These studies showed that the IgG extracted from 
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hippocampus of mice infused with patients’ CSF reacted specifically with GluN1 (Fig. 

5A). The NMDAR antibody concentration in the extracts correlated with the duration of 

infusion of CSF; it increased until Day 13, reached the maximal concentration on Days 

13–18, and decreased afterwards (Fig. 5A and C). NMDAR antibodies were also 

detected in IgG extracts from other brain regions (frontal cortex, cerebellum) but at lower 

concentration to that obtained from hippocampus (Fig. 5D). Demonstration that the 

extracted antibodies were specifically bound to the NMDAR was provided by the lack of 

GluN1 reactivity in the pre-extraction fractions (Fig. 5B and E). Parallel studies with 

tissue from animals infused with control CSF did not show NMDAR antibodies 

(Supplementary Fig. 2). 

Effects of patients’ antibodies on NMDAR 

To determine the effects of patients’ antibodies on NMDAR, we focused on the 

hippocampus, which was the region with maximal concentration of NMDAR-bound 

antibodies. Compared with animals infused with control CSF, those infused with patients' 

CSF had on Days 13 and 18 a significant decrease of the density of total and synaptic 

hippocampal NMDAR clusters followed by a gradual recovery after Day 18 (pooled 

analysis of CA1, CA3 and dentate gyrus; Fig. 6A–D). No significant differences in 

between hippocampal subregions (CA1, CA3, dentate gyrus) were observed (not 

shown). In contrast, patients’ antibodies did not alter the density of PSD95 or AMPAR 

clusters (Fig. 6E and F). 

Immunoblot analysis of total protein extracted from hippocampus showed that on 

Days 13 and 18, mice infused with patients’ CSF had a significant decrease of total 

NMDAR protein concentration compared with mice infused with control CSF (Fig. 7A 

and B). The magnitude of this effect was greater in animals with higher concentration of 

IgG bound to hippocampus (Fig. 7C). Parallel studies examining the effect 
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on the protein concentrations of PSD95 (Fig. 7A and E) and AMPAR (Fig. 7D) 

demonstrated no significant differences between mice infused with patients’ CSF or 

control CSF. 

In cerebellum, no significant effects on the cluster density or total protein 

concentration of NMDAR, PSD95 and AMPAR were noted in animals infused with 

patients’ CSF compared to those infused with control CSF (data not shown). 

Immunohistochemical studies for neuronal apoptosis, infiltrates of T or B cells, and 

deposits of complement in hippocampus of animals infused with patients’ or control CSF, 

examined on Day 18, showed no abnormalities (Fig. 8). 

Discussion 

We report that passive transfer of NMDAR antibodies by continuous ventricular 

infusion of CSF from patients with anti-NMDAR encephalitis causes memory and 

behavioural deficits in mice, and that the effects are likely mediated by the binding of 

antibodies to NMDAR resulting in a specific decrease of the density of these receptors. 

Data from earlier reports showing that despite the severity and duration of symptoms, 

most patients with anti-NMDAR encephalitis respond to immunotherapy (Gresa-Arribas 

et al., 2014), and findings at the cellular level demonstrating that patients’ antibodies 

cause a titre-dependent decrease of synaptic NMDAR receptors fulfilled most of the 

Witebsky’s criteria for an antibody-mediated disease (Rose and Bona, 1993), but the 

transfer of symptoms to animals was pending. In the current study, four sets of 

experiments satisfy this postulate: (i) the development of symptoms in animals infused 

with patients’ CSF, but not control CSF; (ii) the demonstration that the infused antibodies 

reacted predominantly with brain regions with high density of NMDAR (e.g. 

hippocampus) and specifically recognized these receptors; (iii) the 
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identification of a selective decrease of the density of total and synaptic NMDAR clusters 

and total NMDAR protein concentration without affecting PSD95, and that these effects 

correlated with the concentration of brain-bound antibodies; and (iv) the correlation 

noted between the intensity of the abovementioned findings and time-course of patients’ 

antibody infusion, as well as between the reversibility of symptoms and restoration of 

NMDAR levels after stopping the infusion of CSF antibodies. 

Approximately 75% of patients with anti-NMDAR encephalitis present with mood 

and psychiatric alterations ranging from manic or depressive behaviour to psychosis, 

often followed by stereotyped movements, seizures, or decreased level of 

consciousness (Kayser et al., 2013; Titulaer et al., 2013). Regardless of the 

presentation, most patients develop severe problems forming new memories and have 

amnesia of the disease. Close examination during the phase of recovery shows, in some 

patients, impairment in the visual recognition of objects or faces (e.g. physicians, nurses) 

(Frechette et al., 2011). Owing to the wide range of symptoms of the disease and lack of 

previous studies examining the distribution of brain tissue NMDAR-antibody binding 

when these antibodies are infused intraventricularly, we used standardized memory and 

behavioural tests. The most notable effects were observed in the tests of memory (novel 

object recognition) using different groups of animals in two different paradigms (open 

field and V-maze). While the first depends predominantly on normal hippocampal 

function, the second is dependent of perirhinal-hippocampal structures (Winters et al., 

2004). Compared with animals infused with control CSF, those infused with patients’ 

CSF developed progressive memory deficits, which were maximal on Days 13–18 when 

the highest concentration of brain-bound NMDAR antibodies and lowest density of 

NMDAR occurred. Other paradigms affected were related to depressive-like behaviours 

(tail suspension test) and anhedonic behaviours (sucrose preference test). 
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We did not find significant abnormalities in the tests of aggression and anxiety, which are 

often present in the human disease, or in locomotor activity (an expected finding given 

that paralysis rarely occurs in patients). 

The high levels of brain-bound NMDAR antibodies between Days 13–18 suggests 

that after stopping the infusion of patients’ CSF on Day 14, the NMDAR antibodies 

continued being distributed from mice cerebroventricular system to parenchyma. This 

distribution occurred slowly; for example, 5 days after starting the infusion of patients’ 

CSF the amount of NMDAR antibodies that had reached the hippocampus was very 

limited compared to that seen on Days 13–18 (shown in Fig. 4B). Moreover, previous 

studies using cultured neurons treated with patients’ CSF showed that once the 

antibodies bound to the NMDARs, the reduction of receptors was microscopically visible 

in 2 h but it took 12 h to result in the lowest receptor density. Subsequently, there was a 

steady state of low NMDAR density for as long as the neurons were exposed to patients’ 

antibodies (Moscato et al., 2014). Together, these findings explain the progressive 

worsening of symptoms along with continued antibody binding and decrease of NMDAR 

for at least 4 days after the ventricular infusion stops and the subsequent recovery 

starts. 

Although the hippocampus was the region with the highest concentration of brain-

bound NMDAR antibodies, these antibodies were also extracted from cerebral cortex or 

cerebellum though at much lower levels. The higher concentration of antibodies and 

predominant decrease of NMDAR in the hippocampus are consistent with the 

predominant binding of human antibodies to this brain region when sections of rodent 

brain are directly incubated with patients’ antibodies (Dalmau et al., 2007; Moscato et al., 

2014). Additionally, because of the close spatial relationship to the ventricles, the 

intraventricular infusion of human CSF antibodies might have contributed 
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to the preferential binding to the hippocampus. 

The correlation between the concentration of brain-bound antibodies and selective 

reduction of NMDAR cluster density and protein concentration was similar to that 

reported using in vitro studies with cultured rat hippocampal neurons (Hughes et al., 

2010; Moscato et al., 2014). Moreover, autopsies of patients with anti-NMDAR 

encephalitis showed that the hippocampal regions with highest concentration of brain-

bound antibodies were also the areas with lower expression of NMDAR (Dalmau et al., 

2007). In the current model, patients’ antibodies did not alter AMPAR cluster density or 

protein concentration; these findings are in line with those reported with cultured neurons 

where the clusters of AMPAR and AMPAR-mediated currents were not directly affected 

(Hughes et al., 2010). These experiments, however, did not explore whether paradigms 

that normally induce long-term potentiation, and therefore increase the number of 

synaptic AMPAR, were altered by patients’ antibodies. Mikasova et al. (2012) showed 

that neurons exposed to patients’ NMDAR antibodies failed to show an increase in cell 

surface AMPAR after induction of chemical long-term potentiation. Another study 

examining the acute metabolic effects of patients’ antibodies after injection into rat brain 

showed impairment of NMDA and AMPA-mediated synaptic function (Manto et al., 

2010). In the present model, we did not perform electrophysiological studies on acute 

slices of brain (a goal of future studies); however, there is reported evidence that 

patients’ NMDAR antibodies suppress induction of long-term potentiation when directly 

applied to mouse hippocampal slices (Zhang et al., 2012). Work with cultured neurons 

indicates that the decrease of synaptic NMDAR currents is likely a result of the antibody-

mediated low receptor levels, as no direct antibody blockade was detected (Moscato et 

al., 2014). 

Our study has limitations related to the type of disease and symptoms 
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to model. For example, different from other models of antibody-mediated CNS disorders 

where the antibodies result in characteristic symptoms (e.g. amphiphysin antibodies and 

visible muscle spasms) (Sommer et al., 2005) or focal deficits with visible tissue changes 

(e.g. AQP4 antibodies and neuromyelitis optica) (Hinson et al., 2012; Bradl and 

Lassmann, 2014), anti-NMDAR encephalitis results in a broader spectrum of symptoms 

where memory and behavioural deficits occur early, and the structural alterations are not 

visible unless the NMDAR clusters or protein concentration are measured. It is not 

surprising that in the current model the full spectrum of symptoms, such as seizures, 

dyskinesias or coma, did not occur. Studies with NMDAR antagonists have shown that 

the progression of symptoms (from behavioural and memory deficits to 

unresponsiveness with catatonic features and coma) correlated with the intensity of the 

decrease of receptor function (Javitt and Zukin, 1991). Therefore, it is likely that 

prolonged infusion or higher concentration of patients’ antibodies would cause additional 

symptoms. This is supported by the current model, in which the time course of symptom 

development, brain-bound antibody concentration, and decrease of synaptic NMDAR 

correlated well with each other. Future experiments using prolonged infusion or higher 

concentration of patients’ antibodies may also result in symptoms beyond hippocampal-

parahippocampal regions. Compared with the hippocampus, other brain regions 

normally have lower density of NMDAR, and appeared to be less accessible to the 

ventricularly infused antibodies. Direct injection of antibodies into those brain regions 

can be considered, but we previously tried bilateral hippocampal infusion using the same 

osmotic pump approach, resulting in more limited antibody diffusion and no symptoms 

(data not published). Moreover, the phenotype of the current model is likely influenced 

by the strain of mice. In this study we used C57BL6/J mice because we were interested 

in the effects on memory and behaviour, but this strain is one of the 
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most resistant to develop seizures (Ferraro et al., 2002). 

The antibody-induced depletion of synaptic NMDAR along with the similarities 

between the human disease and the phenotypes induced by NMDAR antagonists 

(phencyclidine, ketamine or MK801) have suggested points of convergence with one of 

the most influential theories of schizophrenia, the NMDA-hypofunction model (Olney and 

Farber, 1995; Kehrer et al., 2008). The presence of positive (hallucinations, delusions, 

hyperactivity) and negative (decreased motivation, flat affect, deficit of memory and 

learning) symptoms is, however, not identical among the drug-induced phenotypes and 

also varies among animal species (Javitt and Zukin, 1991). It has been suggested that 

NMDAR-bearing parvalbumin-positive GABAergic interneurons are disproportionally 

more sensitive to NMDAR antagonists than other neurons (Li et al., 2002). Interestingly, 

a genetic model of partial ablation of the GluN1 subunit of NMDAR in corticolimbic 

GABAergic interneurons resulted in symptoms partially resembling our GluN1 

immunological model of receptor depletion, including memory deficits and anhedonic 

behaviours (Belforte et al., 2010). Differences related to the underlying mechanisms 

(pharmacologic blockade, genetic or immunologic NMDAR depletion) and regions where 

the NMDAR function is depleted (general, corticolimbic, or hippocampal-

parahippocampal) likely influence the clinical phenotypes. 

Overall, the current findings provide robust evidence that antibodies from patients 

with anti-NMDAR encephalitis alter memory and behaviour through reduction of cell-

surface and synaptic NMDAR, and therefore support the use of treatments directed at 

decreasing the levels of antibodies or antibody-producing cells. This approach can now 

be adapted to (i) model other aspects of the disease by changing the duration and 

dosing of antibody infusion, or strain of mice; (ii) investigate other disorders of memory 

and behaviour that occur in association with antibodies against 
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other cell surface or synaptic proteins, such as AMPAR or GABA(B)R (Lai et al., 2009; 

Lancaster et al., 2010); and (iii) determine whether compounds such as Ephrin-B2 ligand 

that has been shown to prevent the destabilizing NMDAR crosslinking effects of patients’ 

antibodies improve or alter the course of the disease (Mikasova et al., 2012). 
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Figure 1. Experimental design and placement of ventricular catheters.  

(A) Representative coronal mouse brain section with catheter placement. Scale bar 

= 2 mm. (B and C) Coronal and sagittal mouse brain sections demonstrating 

cerebroventricular diffusion of methylene blue after ventricular infusion. Scale bars = 2 

mm. (D) Schedule of cognitive testing and animal sacrifice. At Day 0, catheters and 

osmotic pumps were placed and bilateral ventricular infusion of patients’ or control CSF 

started. Infusion lasted for 14 days. Memory [novel object recognition (NOR)], anhedonia 

[sucrose preference test (ANH)], depressive-like behaviour [tail suspension test (TST) 

and forced swimming test (FST)], anxiety [black and white test (BW) and elevated plus 

maze test (EPM)], aggressiveness [resident intruder test (RI)] and locomotor activity 

(LOC) were assessed blinded to treatment at the indicated days. The novel object 

recognition was assessed in open field and V-maze paradigms in two different cohorts of 

mice. Animals were habituated for 1 to 4 days before surgery (baseline) to novel object 

recognition, anhedonia, and locomotor activity. Red arrowheads indicate the days of 

sacrifice for studies of effects of antibodies in brain. 
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Figure 2. Infusion of CSF from patients with NMDAR antibodies causes deficits in 
memory, anhedonia and depressive-like behaviour.  

(A and B) Novel object recognition index in open field (A) or V-maze paradigms (B) in 

animals treated with patients’ CSF (grey circles) or control CSF (white circles). A high 

index indicates better object recognition memory. (C) Preference for sucrose-containing 

water in animals infused with patients' CSF (grey) or control CSF (white). Lower 

percentages indicate anhedonia. (D and E) Total time of immobility in tail-suspension 

test during the infusion period (D, Day 12) and in forced swimming test after the infusion 

period (E, Day 20). Data are presented as mean ± SEM (median ± IQR in D). Number of 

animals: patients’ CSF n = 18 (open field novel object recognition n = 8), control CSF n = 

20 (open field novel object recognition n = 10). Significance of treatment effect was 

assessed by two-way ANOVA (A–C) with an α-error of 0.05 and post hoc testing with 

Sidak-Holm adjustment (asterisks), unpaired t-test (E) or Mann-Whitney U test (D). *P < 

0.05, ***P < 0.001. See Supplementary Table 1 for detailed statistics. 
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Figure 3. Infusion of CSF from patients with NMDAR antibodies does not alter the tests 
of anxiety, aggression and locomotor activity.  

(A and B) Number of entries into bright/open compartments during a 5 min period in a 

standard black and white (A, Day 6) or elevated plus maze test (B, Day 14) in animals 

treated with patients’ CSF (filled circles) or control CSF (open circles). (C) Number of 

aggressive events over a 4-min period in a resident intruder paradigm in both treatment 

groups. (D) Horizontal (solid lines) and vertical (dashed lines) movement count over a 10 

min period in both treatment groups. Data are presented as mean ± SEM. Number of 

animals: patients’ CSF n = 18, control CSF n = 20. Statistical assessment as indicated in 

Fig. 2 and Supplementary Table 1. 
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Figure 4. Animals infused with patient’s CSF have a progressive increase of human IgG 
bound to hippocampus.  

(A and B) Immunostaining of human IgG in sagittal brain sections (A) and 

hippocampus (B) of representative animals infused with patients’ CSF (left) and control 

CSF (right), sacrificed at the indicated experimental days. In animals infused with 

patients’ CSF there is a gradual increase of IgG immunostaining until Day 18, followed 

by decrease of immunostaining. Scale bars: A = 2 mm; B = 200 µm. (C) Quantification of 

intensity of human IgG immunolabelling in hippocampus of mice infused with patients’ 

CSF (dark grey columns) and control CSF (light grey columns) sacrificed at the indicated 

time points. (D–H) Confocal microscopy analysis of IgG bound to the hippocampus on 

Day 18. (D) Sagittal section of the hippocampus with areas examined at higher 

magnification in E (arrow in CA1), F (arrow heads in CA3) and G (asterisks in dentate 

gyrus). Note the fine punctate IgG immunolabelling surrounding neuronal bodies in mice 

infused with patients’ CSF; this immunolabelling is similar to that reported in brain 

sections directly incubated with patients’ antibodies, as in Dalmau et al. (2008). Scale 

bars: D = 200 µm; E–G = 10 µm. (H) Quantification of the intensity of human IgG 

immunofluorescence in the indicated areas in animals infused with patients’ CSF (dark 

grey columns) or control CSF (light grey columns). For all quantifications, mean intensity 

of IgG immunostaining in the group with the highest value (animals treated with patients’ 

CSF and sacrificed at Day 18) was defined as 100%. All data are presented as mean ± 

SEM. For each time point five animals infused with patients’ CSF and five with control 

CSF were examined. Significance of treatment effect was assessed by two-way ANOVA 

with an α-error of 0.05 (*) and post hoc testing with Sidak-Holm adjustment ($). ***, $$$P 

< 0.001; $P < 0.05. See Supplementary Table 2 for detailed statistics. 
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Figure 5. The human IgG extracted from brain of mice infused with patients’ CSF is 
specific for NMDARs.  

(A and B) HEK293 cells expressing the GluN1 subunit of the NMDAR 

immunolabelled with acid-extracted IgG fractions (top row in A) or pre-extraction 

fractions (top row in B) from hippocampus of mice infused with patients’ CSF and 

sacrificed on the indicated days. The maximal reactivity with GluN1-expressing cells was 

noted in acid-extracted IgG fractions from Days 13 and 18 (A); none of the pre-extraction 

fractions showed GluN1 reactivity (B) indicating that the reactivity of acid-extracted 

fractions corresponds to IgG antibodies that were bound to brain NMDAR receptors. The 

second row in A and B shows the reactivity with a monoclonal GluN1 antibody, and the 

third row the colocalization of immunolabelling. Scale bars = 10 µm. (C) Quantification of 

NMDAR antibody titre in IgG-extracted fractions from hippocampus of animals treated 

with patients’ CSF (n = 5 mice per each time point, except four mice for Day 5). Solid line 

= median. Significance was tested by Kruskal-Wallis with an α-error of 0.05 (asterisks) 

and post hoc testing with Dunn’s test ($). **, $$P < 0.01, ***, $$$P < 0.001. See 

Supplementary Table 2 for detailed statistics. (D and E) HEK293 cells expressing the 

GluN1 subunit of the NMDAR immunolabelled with acid-extracted IgG fractions (D) and 

pre-extraction fractions (E) from hippocampus (Hippo), cerebral cortex (Ctx) and 

cerebellum (Cb) of mice infused with patients’ CSF (Day 18). The acid-extracted IgG 

fraction from hippocampus showed higher level of NMDAR antibodies than those 

extracted from cerebral cortex (Ctx) and cerebellum (Cb). Scale bars = 10 µm. n.s = not 

significant. 
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Figure 6. Patients’ NMDAR antibodies selectively reduce the density of total and 
synaptic NMDAR clusters in hippocampus of mice.  

(A) Hippocampus of mice infused for 14 days (Day 18) with patients’ CSF (upper 

row) or control CSF (lower row) immunolabelled for PSD95 and NMDAR. Images were 

merged (merge) and post-processed to demonstrate co-localizing clusters (co-

localization). Squares in ‘co-localization’ indicate the analysed areas in CA1, CA3 and 

dentate gyrus. Scale bar = 200 µm. (B) Three-dimensional projection and analysis of the 

density of total clusters of PSD95 and NMDAR, and synaptic clusters of NMDAR 

(defined as NMDAR clusters colocalizing with PSD95) in a representative CA3 region 

(square in A ‘co-localization’). Merged images (merge, PSD95 green, NMDAR red) were 

post-processed and used to calculate the density of clusters (density = spots/µm3). 

Scale bar = 2 µm. (C–F) Quantification of the density of total (C) and synaptic (D) 

NMDAR clusters, PSD95 clusters (E), and total/synaptic AMPAR and PSD95 clusters 

(Day 18 only, F) in a pooled analysis of hippocampal subregions (CA1, CA3, dentate 

gyrus) in animals treated with patients’ CSF (dark grey) or control CSF (light grey) on the 

indicated days. Mean density of clusters in control CSF treated animals was defined as 

100%. Data are presented as mean ± SEM. For each time point five animals infused 

with patients’ CSF and five with control CSF were examined. Significance of treatment 

effect was assessed by two-way ANOVA with an α-error of 0.05 (asterisks) and post hoc 

testing with Sidak-Holm adjustment ($) (C–E) or unpaired t-test (F). *, $P < 0.05; **, $$P 

< 0.01; ***, $$$P < 0.001. See Supplementary Table 2 for detailed statistics. 
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Figure 7. Patients’ NMDAR antibodies selectively reduce the protein concentration of 
NMDAR in hippocampus of mice.  

(A) Representative immunoblots of proteins extracted from hippocampus of animals 

infused with patients’ CSF (P) or control CSF (C) sacrificed at the indicated time points 

and probed for expression of GluN1 (NMDAR), PSD95 and β-actin (loading control). 

Note that there is less visible GluN1 expression on Days 13 and 18. (B, D and E) 

Quantification of total NMDAR (B), AMPAR (D) or PSD95 (E) protein in animals treated 

with patients’ CSF (filled columns) or control CSF (open columns) sacrificed at the 

indicated time points (AMPAR Day 18 only, D). Results were normalized to β-actin 

(loading control). Mean band density of animals treated with control CSF was defined as 

100%. Data are presented as mean ± SEM. For each time point six animals infused with 

patients’ CSF and six with control CSF were examined (for Days 26 and 46, only five 

animals treated with patient’s CSF were available). Significance of treatment effect was 

assessed by two-way ANOVA with an α-error of 0.05 (asterisks) and post hoc testing 

with Sidak-Holm adjustment ($). $$P < 0.01; ***P < 0.001. See Supplementary Table 2 

for detailed statistics. (C) Correlation between concentration of human IgG bound to 

hippocampus (x-axis, highest hippocampal IgG intensity was defined as 100%) and 

hippocampal NMDAR protein concentration in mice sacrificed on Day 18 (R2 = 0.69, P = 

0.003). Filled circles: mice infused with patients’ CSF (n = 5), open circles: mice infused 

with control CSF (n = 5). 
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Figure 8. Absence of neuronal apoptosis, deposits of complement, and lymphocytic 
infiltrates in the hippocampus of mice infused with patients’ CSF.  

(A and B) TUNEL and cleaved caspase 3 immunolabelling of a representative area 

of CA3 (area with maximal IgG binding and lower NMDAR concentration) of an animal 

infused with patients’ CSF, showing lack of apoptotic cells. A section of the same region 

in an animal with transient middle cerebral artery occlusion (stroke model) shows 

apoptotic cells in the penumbra (left). (C) Same CA3 region as in (A) 
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immunostained for C5b-9 showing lack of deposit of complement. A section of the same 

region in the indicated stroke model shows presence of complement in the penumbra 

(left). (D and E) Same CA3 region as in (A) immunostained for T (CD3) and B (CD45R) 

lymphocytes showing absence of inflammatory infiltrates. A section of spleen was used 

as control tissue showing the presence of CD3 (green) and CD45R (red) cells. Scale bar 

= 10 µm. Total number of animals examined: patients’ CSF n = 5; control CSF n = 5. 

Scale bars = 20 µm. 
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Abstract 

Objective:  To report 3 patients who developed anti–N-methyl-D-aspartate receptor 

encephalitis during pregnancy. 

Design:  Case reports. 

Setting: University hospitals. 

Patients:  Three young women developed at 14, 8, and 17 weeks of gestation acute 

change of behavior, prominent psychiatric symptoms, progressive decrease of 

consciousness, seizures, dyskinesias, and autonomic dysfunction. 

Main Outcome Measures: Clinical, radiological, and immunological findings. 

Results: The 3 patients had cerebrospinal fluid pleocytosis, normal magnetic 

resonance imaging, and electroencephalogram showing slow activity. All had higher 

antibody titers in cerebrospinal fluid than in serum and 2 had ovarian teratomas that 

were removed. The pregnancy was terminated in 1 patient with recurrent bilateral 

teratomas. All patients had substantial neurological recoveries, and the 2 newborns were 

normal. Results of extensive antibody testing in 1 of the babies were negative. 

Conclusion:  The current study shows that anti-NMDAR encephalitis during 

pregnancy can have a good outcome for the mother and newborn. 

Introduction 

Anti–N-methyl-D-aspartate receptor (NMDAR) encephalitis is a synaptic 

autoimmune disorder that is likely mediated by antibodies against the NR1 subunit of the 

receptor (Dalmau et al., 2008). Despite the severity of the disorder, most patients have 

substantial recoveries. Because the disease frequently affects women of childbearing 

age and the antibody subtypes (IgG1, IgG3) can cross the placenta, there is 
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concern about the effects of the disorder during pregnancy (Tüzün et al., 2009). We 

report 3 patients who developed the disorder during pregnancy. 

Report of cases 

Clinical features from the patients are described in this section and summarized in 

the Table. Antibodies to NMDAR were detected as reported elsewhere (Dalmau et al., 

2008) and the titers were determined by serial dilution (starting at 1:10). The baby of 

patient 1 had antibody studies in the umbilical cord, serum, cerebrospinal fluid (CSF), 

and amniotic fluid. 

Case 1 

A 19-year-old woman presented at 14 weeks of gestation with 2 weeks of 

headache and malaise followed by bizarre behavior and paranoid delusions resulting in 

hospitalization. Over the course of a week, her mental status worsened until she was 

minimally responsive. She had a generalized seizure that was treated with fosphenytoin 

and lorazepam, and she was intubated for airway protection. A bedside 

electroencephalogram (EEG) revealed generalized slowing but no epileptic activity. On 

examination, she was minimally responsive to noxious stimuli, had generalized 

hyperreflexia, and moved all limbs spontaneously. Results of magnetic resonance 

imaging (MRI) and CSF studies are described in the Table. Treatment with acyclovir was 

started for presumptive viral encephalitis. 

On the third day in the intensive care unit, she developed repetitive pursing of the 

lips and furrowing of her brow without EEG correlates. These movements became more 

frequent and the dyskinesias spread to her limbs. By day 8, she developed diaphoresis, 

tachycardia, mydriasis, and hypertension. These symptoms were difficult to control 
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despite treatment with fentanyl, lorazepam, propofol, bromocriptine, and β-blockers. 

On day 5, a tracheostomy was performed. Treatment with intravenous 

immunoglobulin did not result in improvement. On day 23, an MRI of the abdomen and 

pelvis revealed a 2.5 × 3-cm left ovarian simple cyst. On day 43, NMDAR antibodies 

were identified in CSF. A second course of intravenous immunoglobulin treatment along 

with 1 g of methylprednisolone was given daily for 5 days. On day 50, a left 

oophorectomy was performed, revealing an immature teratoma. On day 52, 

plasmapheresis was initiated, with a total of 7 treatments over 2 weeks. On day 72, she 

became more alert, responded to voice, and tracked objects. Throughout the 

hospitalization, the fetus was monitored weekly by Doppler ultrasonography, showing 

normal heart tones. Obstetric ultrasonography performed at weeks 20 and 26 revealed 

normal fetal anatomy and appropriate growth for gestational age. 

The patient remained in the intensive care unit because of persistence of 

sympathetic storms. By day 107, she was following simple commands and the sedation 

was slowly weaned. On day 127, she began mouthing words. A cesarean section and 

concomitant surgical staging was performed on day 166 (at 37 weeks of gestation, 

following amniocentesis confirming fetal lung maturity). The infant weighted 6 lb 3 oz and 

Apgar scores were 3 at 1 minute and 6 at 5 minutes. All pathological specimens (left 

adnexa, pelvic lymph nodes, and peritoneal samples) were negative for tumor. Over the 

next 3 days, the patient was weaned from the ventilator and she made steady gains in 

physical therapy. By day 184, she was able to ambulate with a walker and her speech 

was fluent, but she was only oriented to self. Her progress was hampered by impulsivity, 

short-term memory loss, and physical deconditioning. Two months after discharge, she 

was functioning independently at home, although she was persistently impulsive and 
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complained of somnolence. The infant has met all developmental milestones to date. 

Case 2 

A 20-year-old woman developed change of behavior during the eighth week of 

pregnancy. She became argumentative, refused to talk and eat, and developed 

stereotyped behaviors, such as walking endlessly around a room or filling and emptying 

a glass with water. Two days before hospital admission, semirhythmic movements 

including blinking, licking, and tongue protrusion were noted. One day before admission, 

she developed hyperthermia, decreased level of consciousness, and a seizure. She had 

a history of bilateral ovarian teratomas that were removed when she was 16 years of 

age. 

At admission, she had neck stiffness, without fever, and showed repetitive orofacial 

movements. She was poorly responsive to verbal and painful stimuli and had 

generalized hyperreflexia. Ancillary test results are described in the Table. Intravenous 

acyclovir and methylprednisolone administration were started. On day 3, cardiac pauses 

up to 5 seconds were noted (Figure, A). Over the next few days, she developed 

hypersalivation and generalized tonic convulsions. On day 13, status epilepticus and 

respiratory depression led to intubation and mechanical ventilation. On day 15, a pelvic 

computed tomographic scan revealed bilateral ovarian tumors (Figure, B, arrows); 2 

days later, a left salpingo-oophorectomy and removal of both tumors was performed, 

and the pregnancy was terminated. Pathological studies confirmed bilateral mature 

teratomas. 

From days 23 to 27, she received intravenous immunoglobulin and sedation with 

midazolam was discontinued. She gradually started tracking objects and following 

commands but continued having partial seizures that were treated with carbamazepine 
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and gabapentin. On days 32 to 36, intravenous immunoglobulin administration was 

repeated, and by day 43, she was able to breathe spontaneously. By day 52, she was 

able to drink; the last seizure was observed on day 53. On day 64, she was eating 

regularly, and a few days later, she was able to walk. Her Mini-Mental State Examination 

score was 27 of 30 on day 85 and she was discharged home with minimal deficits on 

day 87. 

Case 3 

A 19-year-old pregnant woman presented at 17 weeks of gestation with acute-

onset behavioral change, including increasing nervousness, irritability, and anxiety. She 

stopped walking and communicating but would say the same word repetitively and was 

transferred to a psychiatric facility. Her bizarre behavior continued; for example, she was 

frequently hitting the walls, taking cold baths, and accusing the physicians of “being 

murderers.” She had fluctuating periods of decreased level of consciousness and 

agitation. She had a partial tonic seizure involving the left arm without EEG correlate; 

this showed generalized high-amplitude slow activity (2 Hz). Because of progressive 

deterioration and the presumptive diagnosis of viral encephalitis, she was transferred 1 

week later to a neurology unit. On physical examination, her temperature was 37.1°C, 

and she had no neck stiffness. She developed hyperhidrosis and repetitive semirhythmic 

oral movements, like automatisms. Brain computed tomography and MRI were normal. 

The CSF showed lymphocytic pleocytosis (white blood cell count, 11/μL) with normal 

protein and glucose concentrations. Results of extensive viral studies and autoimmune 

and paraneoplastic markers were negative. Anti-NMDAR antibodies were identified in 

her serum and CSF. A second EEG showed no changes compared with the previous 

study. Magnetic resonance imaging of the abdomen and pelvis and abdominal 

ultrasonography were normal. 
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From day 19, the patient was treated with intravenous methylprednisolone (500 

mg/d for 5 days) without clinical improvement, and a similar course of 

methylprednisolone treatment was started on day 35. After this second treatment, the 

orofacial dyskinesias subsided, but she continued with a decreased level of 

consciousness. On day 54, she had a generalized tonic-clonic seizure and treatment 

with phenobarbital was started. One month later, her level of consciousness started to 

progressively improve. Throughout the hospitalization, she did not develop 

hypoventilation. The fetus was monitored regularly by Doppler ultrasonography, showing 

normal heart tones. At 37 weeks of pregnancy, she spontaneously delivered a healthy 

2892-g baby with Apgar scores of 8 at 1 minute and 9 at 5 minutes. Her Mini-Mental 

State Examination score was 24 of 30, and she was discharged 3 weeks later. At the 

last follow-up, she was fully functional and had returned to work. The child remains 

healthy with no obvious adverse effects. 

Detection of NMDAR antibodies 

All 3 patients had higher NMDAR antibody titers in CSF than serum (Table). No 

antibodies were identified in the amniotic fluid, umbilical cord blood, serum, or CSF from 

the baby of patient 1. The baby of the other patient was not examined for antibodies. 

Comment 

To our knowledge, these are the first reported patients with anti-NMDAR 

encephalitis diagnosed during pregnancy. The 3 patients had substantial neurological 

recoveries, although in 1 case the pregnancy was terminated because of the severity of 

neurological symptoms, presence of recurrent bilateral teratomas, and early stage of 

pregnancy. The newborns of the other 2 patients were healthy and their physical and 

cognitive milestones are being closely followed up. Concern for the 
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fetus and newborns is warranted in this disorder as studies indicate that NR1 antibodies 

from patients decrease NMDAR clusters in vitro and in animal models (Dalmau et al., 

2008; Hughes et al., 2010). Moreover, the antibodies are IgG1 and IgG3, which are the 

subtypes involved in autoimmune newborn illnesses, such as congenital lupus (Hoftman 

et al., 2008). 

The good outcome of the 2 neonates of our study is likely due to several factors, 

including the variable effects of autoimmune disorders on the fetus. For example, 

despite experimental models showing that Ro/SSA antibodies cause congenital heart 

block, only 2% to 5% of neonates from patients with these antibodies have congenital 

heart block (Brucato et al., 2002). Two additional factors relate to the levels of serum 

maternal antibodies and the timing of transplacental transfer of IgG. IgG1 and IgG3 

cross the placenta by binding to an Fc neonatal receptor present in syncytiotrophoblasts 

(Roopenian and Akilesh, 2007). This mechanism of placental transfer develops around 

weeks 14 to 16, resulting initially in very low levels of fetal blood IgG that gradually 

increase until the time of delivery. Additionally, the fetal blood-brain barrier becomes 

functional by the end of the second trimester. Our patients developed symptoms 

between 8 and 17 weeks of pregnancy when the IgG placental transfer is absent or 

limited, and assuming the immune response was triggered systemically, the levels of 

serum NMDAR antibodies decreased rapidly. In fact, 2 patients had negative serum but 

positive CSF antibody titers (both tested at initial dilution 1:10) by the time they were 

diagnosed with anti-NMDAR encephalitis, explaining the absence of NMDAR antibodies 

in the baby who was tested. 

With a sharp increase in the number of cases with anti-NMDAR encephalitis, more 

patients will be identified during pregnancy. This study suggests that these patients and 

the newborns can do well. The concern should be the search (and 
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removal) of a teratoma along with supportive care of the mother and fetus. Treatment 

with corticosteroids, intravenous immunoglobulin, and plasmapheresis was well tolerated 

but the effects could not be assessed because of the close temporal association with 

tumor removal in 2 patients. The third patient only received corticosteroids, with 

questionable improvement of the dyskinesias. The recovery seemed to accelerate after 

giving birth; this and the predominance of the disorder in young women bring into 

consideration a possible role of hormonal factors that needs further study. 
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Figures 

Figure 1. Cardiac pauses and bilateral teratomas in patient 2.  

A, Cardiac pauses up to 5 seconds were noted on day 3 of hospital admission. B, A 

pelvic computed tomographic scan revealed bilateral recurrent teratomas (arrows).  
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CHAPTER 5. Conclusion 

Each of the clinical syndromes under the umbrella of autoimmune encephalitis is an 

opportunity to not only understand the mechanism by which the human body fails to 

distinguish self from non-self but also how autoantibodies cause neuropsychiatric 

disease.  The basic science and translational work on the unique aspects on each of the 

autoimmune encephalitides underscores that despite a failure in immunotolerance, 

cellular and humoral factors can disrupt their target antigen in distinct ways.  

Although the molecular and cellular effects of the antibodies are being rapidly 

resolved, the effects of the antibody-mediated disruption of synaptic proteins on network 

and circuit properties are still largely unknown. Extrapolating from the clinical effects of 

the pathogenic antibodies and from the known functions of the antigenic synaptic 

components, one can expect that in patients, circuit abnormalities such as altered 

excitation-inhibition balance, aberrant homeostatic synaptic scaling, loss of synaptic 

plasticity, reentrant feedback loops result in neuropsychiatric manifestations such as 

psychotic behavior, impaired memory formation, seizures or movement disorders. 

Studies in animal models and patients will provide insights into the circuit alterations 

caused by antibodies that result in aberrant behavior. 

A major gap in understanding of CNS autoimmune diseases exists in identification 

of mechanisms at the interface between the nervous and the immune systems. The 

current literature strongly supports the model that autoreactive T and B cells extravasate 

into the parenchymal and perivascular spaces in the CNS where they may survey the 

inflammatory state of the neuronal tissues that in turn affects the maturation of these 

lymphocytes. Our understanding of humoral inflammation and cell-
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mediated factors and their effects on neurons and glia is burgeoning, but is currently in 

its infancy.   

The mechanism by which GABAB autoantibodies result in disease is just beginning 

to be understood. Until this work, all autoimmune encephalitides described were 

associated with autoantibodies that reduced the levels of cognate receptors. I have 

shown that GABAB receptor autoantibodies directly block GABAB receptor activation by 

baclofen, suggesting that the clinical manifestations of GABAB receptor autoantibodies 

result from diminished GABAB receptor function. Patient GABAB receptor autoantibodies 

do not inactivate GABAB receptors, however, because the patient antibody mediated 

baclofen block was circumvented by directly activating the GABAB2 subunit with a 

selective partial allosteric agonist, CGP7930. This provides hope that newly developed 

brain penetrant GABAB2 agonists may be used to treat the intractable seizures that are 

the primary cause of morbidity and mortality in anti-GABAB receptor encephalitis 

patients. 

The Sushi domains present in the presynaptically localized GABAB(1a,2) receptors is 

the immunodominant domain recognized by GABAB receptor. How the binding to this 

domain blocks the activation of GABAB1 receptors by agonists is unclear. Currently, it is 

thought that the function of sushi domains is to target GABAB1a to the axonal domain of 

neurons. While patient autoantibodies are GABAB receptor antagonists, it is possible that 

autoantibodies also affect receptor trafficking and presynaptic localization by blocking 

the two Sushi domains. This can be tested by probing whether patient antibodies can 

result in a loss of polarity of the distribution a sushi domain containing peptide in cell 

culture. Our work raises the possibility that sushi domains may have functions other than 

polar trafficking that are important for the activation of GABAB1a receptors. Specifically, it 

would be valuable to demonstrate that GABAB autoantibodies block 
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GABAB1a containing receptors but not GABAB1b containing receptors. If this is true, the 

patient GABAB autoantibodies would be a valuable research tool to dissect the distinct 

contributions of GABAB1a and GABAB1b in GABA mediated neurotransmission, and be a 

model for therapeutic strategies that target GABAB1a mediated signaling but not GABAB1b 

mediated signaling.     

The development of the in vivo model of anti-NMDA receptor encephalits enables 

several lines of investigation, with relevance to both clinical management of this disease 

and our understanding of the role of NMDA receptors in circuits, cognition and behavior. 

A potential blocking peptide that disrupts the ability of the pathogenic antibody to bind to 

NMDA receptors can be studied. Also, the hypothesis that the Ephrin receptor 

interaction is necessary for the pathogenic effect of NMDA receptor autoantibodies can 

be tested.  

Infusion into the cerebral ventricles delivers the pathogenic antibody to nearly every 

brain structure, and it is unclear what circuits are compromised by the autoantibody to 

cause a decline in spatial object memory. Focused intraparenchymal infusion of patient 

CSF with concomitant electrophysiological recording will enable us to pinpoint the 

defects in circuit function and plasticity that underlies the currently observed spatial 

memory deficit.  

Understanding the mechanisms of recovery after widespread loss of NMDA 

receptors is of utmost clinical importance. Interestingly, clearance of anti-neuronal 

antibodies is not a good predictor of amelioration of symptoms. Long after antibodies are 

undetectable in serum or CSF, patients remain functionally compromised. It can take up 

to two years for a full return to work and normal routine and sometimes even years after 

treatment people are left with cognitive deficiencies. In culture, receptor levels return to 
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baseline 3-4 days after antibody removal and in the animal model, immunoglobulin 

clearance and recovery of NMDARs is complete within twelve days of cessation of 

antibody infusion. In patients’ brains, which may have been exposed to autoantibodies 

for months, the loss of NMDA-mediated glutamatergic transmission may have resulted in 

a cascade of changes, both within and between neurotransmitter systems. As antibody 

titers fall, even though receptor density returns to normal, the brain may require 

additional time to reset to its pre-disease baseline. The animal model can be used to 

probe changes in other neurotransmitter systems and kinetics of these changes that 

may hopefully shed light on the downstream effects of a global reduction in NMDA 

receptor functioning.  

These diseases offer human models of brain-immune interactions in which the 

target antigens have critical roles in neuronal synaptic transmission and plasticity.  

Patient antibodies have proven to be potent tools with no commercial equivalent that 

enable the roles of target proteins to be addressed at the synaptic, cellular, circuit and 

behavioral levels.  Studies of mechanisms underlying recovery of function as well as 

lingering effects on behavior as antibody titers are reduced will also be important.  

Ongoing work may lead to targeted therapeutic strategies for autoimmune encephalitis, 

and will also provide an unprecedented window into the in vivo role of key synaptic 

components essential for neuronal communication, circuit function and behavior. 


