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H I G H L I G H T S

• Autoantibodies from patients with NMDA-R1 encephalitis show two distinct immunoreactivity patterns in rat hippocampus.

• Antibodies from “pattern group 1” display the familiar pattern of NMDA-R1 subunits.

• Antibodies from “pattern group 2” show an inverse pattern leaving cells and dendrites in CA1 and CA3 regions empty.

• Electron microscopy discloses that group 2 in contrast to group 1 autoantibodies target presynaptic NMDA receptors.
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A B S T R A C T

Anti-NMDA receptor encephalitis was first described about thirteen years ago and has become one of the most
important differential diagnoses for new-onset psychosis. The disease is mediated by autoantibodies against the
subunit 1 of the N-methyl-D-aspartate receptor (NMDA-R1) in patients presenting with variable clinical symp-
toms. Patients often profit from immunmodulatory therapy, independent of their individual symptoms.

In this study CSF samples as well as monoclonal antibodies derived from patients diagnosed with NMDA-R1
encephalitis were applied to rat hippocampus and visualized by immunocytochemistry. This reveals at least two
distinct patterns of immunoreactivity. Antibodies from “pattern group 1” display the familiar pattern of NMDA-
R1 distribution in the hippocampus reported in experiments with rabbit anti-NMDA-R1 antibodies. Neurons and
primary dendrites in the CA1 and CA3 region show strongly stained cell bodies, in line with the predominant
postsynaptic localization of the NMDA receptor in the brain. However, autoantibodies from “pattern group 2”
show an inverse pattern, with no staining of the cell bodies and primary dendrites in CA1 and CA3 regions.
Electron microscopic experiments disclose that autoantibodies of “pattern group 1 patients” bind to postsynaptic
NMDA receptors, while those of “pattern group 2 patients” target presynaptic NMDA receptors. We describe one
NMDA-receptor antibody giving staining comparable to rabbit anti-NMDA-R1 antibodies, raised against the C-

https://doi.org/10.1016/j.brainres.2020.147033
Received 15 April 2020; Received in revised form 23 July 2020; Accepted 24 July 2020

Abbreviations: ABC, avidin biotin-peroxidase complex; CA1, cornu ammonis 1 subregion of the hippocampus proper; CA3, cornu ammonis 3 subregion of the
hippocampus proper; cDNA, complementary DNA; DAB, di-amino-benzidine; DG, dentate gyrus subregion of the hippocampus proper; CSF, cerebrospinal fluid;
GluN1, common substitute for NMDA-R1; GluN2, common substitute for NMDA-R2; GluN3, common substitute for NMDA-R3; HEK293, human embryonic kidney
cells; IF, immunnofluorescence; IP, immunnoperoxidase; NGS, normal goat serum; NMDA-R, N-methyl-D-aspartate receptor; NMDA-R1, subunit 1 of the N-methyl-D-
aspartate receptor; NMDA-R1-1a, splice variant 1a of the subunit 1 of the N-methyl-D-aspartate receptor; PBS, phosphate buffered saline; PBS-A, phosphate buffered
saline containing 2% bovine serum albumine; RT, room temperature; SO, stratum oriens of the hippocampus proper; SR, stratum radiatum of the hippocampus proper

⁎ Corresponding authors.
E-mail addresses: harald.pruess@charite.de (H. Prüss), ruediger.veh@charite.de (R.W. Veh).

Brain Research 1747 (2020) 147033

Available online 28 July 2020
0006-8993/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00068993
https://www.elsevier.com/locate/brainres
https://doi.org/10.1016/j.brainres.2020.147033
https://doi.org/10.1016/j.brainres.2020.147033
mailto:harald.pruess@charite.de
mailto:ruediger.veh@charite.de
https://doi.org/10.1016/j.brainres.2020.147033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brainres.2020.147033&domain=pdf


terminus. In the highly heterogenous disease anti-NMDA-receptor 1 encephalitis we found evidence for at least
two different subtypes. It will be very interesting to determine whether there also are two distinct clinical
phenotypes.

1. Introduction

Anti-NMDA receptor encephalitis was first described about thirteen
years ago (Dalmau et al., 2007) and has become one of the most im-
portant differential diagnoses for new-onset psychosis. The disease is
mediated by autoantibodies against one of the ionotropic glutamate
receptors (Dalmau et al., 2007), the N-methyl-D-aspartate receptor 1
(NMDA-R1). Patients present with variable clinical symptoms, psy-
chiatric symptoms, memory disturbances, seizures, dyskinesias, auto-
nomic instability, or hypoventilation. The final diagnosis usually is
based on laboratory medicine, where CSF antibodies are shown to bind
to human embryonic kidney cells transfected with the NMDA-R1 (Peery
et al., 2012) or to unfixed cryostat or paraformaldehyde-fixed paraffin
sections of the rat hippocampus in a NMDA-R1-like mode as visualized
by immunofluorescence (Dalmau et al., 2008). Patients often profit
from immunomodulatory therapy (Titulaer et al., 2013, Panzer and
Lynch 2013).

The NMDA-R exists as multiple subtypes with differing molecular
compositions (Paoletti et al., 2013). It is always composed of two types
of proteins, GluN1 (NMDA-R1, NR1) and GluN2 or GluN3 (NMDA-R2/
3, NR2/3) subunits, which form a tetrameric channel molecule. Early
attempts to identify the relevant target of the autoantibodies revealed a
small region within the amino terminal domain of the GluN1 subunit
(Gleichman et al., 2012) and indicated that autoantibodies of all pa-
tients with NMDA encephalitis always recognize this single epitope.

The pathomechanisms of autoimmune disorders, however, are
poorly understood. In general it is assumed that dying or dead cells
release components into the extracellular space, where these molecules
may provoke an immune response. NMDA-Rs are present in many
neuronal cell types and in various molecular forms. Consequently, it
expected that CSF-derived autoantibodies against any other epitopes of
the NMDA-R1 subunit, against other subunits of NMDA-R, or against
auxiliary brain proteins could contribute to the pathophysiology of
patients diagnosed with anti-NMDA-R encephalitis.

Accordingly, in the present investigation we applied CSF samples
and monoclonal antibodies from patients diagnosed with anti-NMDA-R
encephalitis to coronal sections across the rat hippocampus and vi-
sualized them using immunocytochemistry. The aim was to learn,
whether the CSF samples of different patients always produce a staining
pattern identical to the standard found in of anti NMDA-R encephalitis
(Dalmau et al., 2008). This is to be expected, if all patient CSFs interact
with the same target protein.

2. Results

In neuropsychiatry, the autoantibodies in CSF samples of patients
with anti-NMDA receptor encephalitis are usually detected by im-
munofluorescence (IF) in cell-based assays using HEK cells transfected
with N-methyl-D-aspartate receptor 1 (NMDA-R1) cDNA. In uncertain
cases, the characteristic immunostaining pattern of rat hippocampal
sections is adopted for confirmation (Dalmau et al., 2008; van
Coevorden-Hameete et al., 2016; de Witte et al., 2007). This, however,
may result in false negative results, when the immunocytochemical
protocol does not provide sufficient sensitivity, to detect the low levels
of immunoglobulins in CSF samples.

2.1. Unequivocal visualization of tissue bound autoantibodies requires
powerful staining techniques

Immunoglobulin concentrations in the CSF usually are very low

(0.04 mg/ml) as compared to serum (10 mg/ml). Consequently, only
low dilutions of the corresponding CSF samples allow successful
staining by IF (Fig. 1A, 1B). Immunoperoxidase (IP) techniques such as
the ABC procedure (Hsu and Soban, 1982) are sensitive and have been
used successfully for the visualization of autoantibodies in the sera of
patients with Guillain-Barré syndrome (Görtzen et al., 2004; Rink et al.,
2017).

The striking difference in sensitivities between IF- and IP-techniques
is most evident by direct comparison. The CSF of a patient with NMDA-
R1 autoimmune encephalitis when analyzed with the IF-procedure at a
ten-fold dilution produces a section, which largely remains black
(Fig. 1A). Production of the characteristic NMDA-R1-staining in the
CA1 area of the hippocampus (Fig. 1B) is only evident at a two-fold
dilution of the CSF. However, using the IP-technique, hippocampal
staining is very strong at a ten-fold dilution, especially in the CA1 area
(Fig. 1D). Even Cthe A3 region and dentate gyrus show distinct im-
munoreactivities (Fig. 1D), which are completely blank with immuno-
fluorescence (not shown). IP-staining at high magnification (area la-
beled with two asterisks in Fig. 1D) clearly shows the apical dendrites of
CA1 pyramidal neurons (Fig. 1F). These dendrites remain faintly
visible, even at much higher dilutions (50-fold; Fig. 1E). The control
section is completely blank (Fig. 1C). Consequently, the IP-technique
was used for subsequent experiments.

2.2. Patients with NMDA-R encephalitis display different CSF-staining
patterns in the rat hippocampus

The most important two areas necessary for analysis of the detailed
distribution of NMDA-R1-subunits in the hippocampus are the CA1
region (Fig. 2A, 2B) and the upper blade of the dentate gyrus (DG;
Fig. 2A, C). The CA1 region contains a prominent layer of pyramidal
cell bodies with large dendrites extending downward to the stratum
radiatum (SR) together with axons, leaving the hippocampus upward
via the stratum oriens (SO) as depicted in Cajal’s schemes (Fig. 2A,B;
Ramón y Cajal, 1995). In this area the strongest NMDA-R1 im-
munoreactivity as visualized with two rabbit anti-NMDA-R1 sera is
found along the primary dendrites of the CA1 neurons in the SR
(Fig. 2D, E; insets). Note that SO staining is only weak. In the DG
NMDA-R1 immunoreactivity is largely restricted to the granule cell
bodies (Fig. 2D, E; compare with Fig. 2C). Astrocytes remained un-
stained in all our sections, in spite of the fact that they are known to
express functional NMDA receptors (Lalo et al., 2006).

Surprisingly, the different CSF samples from patients with re-
cognized anti-NMDA-R autoimmune encephalitis yielded at least two
distinct patterns when applied to rat hippocampal sections. The CSF
samples of one patient group (pattern group 1) produce staining pat-
terns (Fig. 2F, H) very similar to those obtained with recognized rabbit
anti-NMDA-R1 immunoglobulins (compare Fig. 2D and E with F and
H). Comparable to the commercial rabbit antibodies these CSF samples
label pyramidal cell bodies and primary dendrites in the CA1 region
and granule cell bodies in the DG most prominently. Staining of the SO
in CA1 and the lower molecular layer in the upper blade of the DG only
is weak (Fig. 2F, H). In striking contrast, the CSF samples of other pa-
tients (pattern group 2) stain SO of the CA1 region much stronger
(Fig. 2G) or with similar intensity (Fig. 2I) as compared to the SR. In the
DG immunoreactivity is most prominent in the lower molecular layer of
the DG (Fig. 2G, I), corresponding to the dense parvalbumin-positive
basket cell plexus localized there (Paxinos et al., 1999). This pattern is
quite different from the recognized anti-NMDA-R1 pattern as described
above.
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2.3. High magnification discloses additional differences between the pattern
group 1 and pattern group 2 of patients with anti-NMDAR1-encephalitis

A more detailed analysis of immunostained sections reveals further
differences (Fig. 3A, B). Higher magnification of the hippocampal CA1
region in group 1 patients shows that CSF samples react with the cell
bodies of the pyramidal neurons and with the main dendrites for a long
considerable distance (Fig. 3A, C), corresponding to the distribution of
NMDA-R1 subunits visualized with recognized antibodies (compare to
Fig. 2D, E; insets). When the CA1 area is treated with CSF samples from
pattern group 2 patients, the cell bodies of pyramidal neurons remain
unstained (Fig. 3B, D) and even the main dendrites can be recognized as
empty elongated spaces between a strongly reactive neuropil (Fig. 3D
inset, arrows). A similar difference is apparent when comparing the
CA3 area (Fig. 3E, F), where group 2 CSF samples do not stain the
stratum lucidum. In the upper blade of the DG cell bodies of granule
cells as well as those of interneurons beneath strong staining of the
pattern group 1 CSF samples is found (Fig. 3E). In contrast, CSF samples
of pattern group 2 patients do not react with granule cell bodies.
However, strong immunoreactivity is found in the neuropil of the lower

molecular layer, very similar to the pattern obtained with the other two
CSF samples from the same group (Fig. 2G and I). Such striking dif-
ferences are very interesting, when especially considering that all these
patients were diagnosed as suffering from anti-NMDA receptor auto-
immune encephalitis (see discussion).

2.4. Blocking experiments confirm that CSF samples of pattern group 2
patients do interact with the NR1 subunit of NMDA receptors

The striking differences in the staining patterns between CSF sam-
ples or monoclonals of pattern group 1 and pattern group 2 patients
suggest that competition experiments would be appropriate.
Consequently, two types of blocking experiments were designed
(Table 3). In the first set, the monoclonal antibody (003-102) of a
pattern group 2 patient was used to stain hippocampal sections (see
Table 3, experiment 1a) yielding the characteristic pattern for this
group with a strongly stained SO in the CA1 field and empty cell bodies
in the CA1 pyramidal cell layer and the DG granule cell layer as ex-
pected (Fig. 4B, C, D). The adjacent section (Table 3, experiment 1b)
was treated with the rabbit anti-NMDA-R1 antibody prior to the pattern

Fig. 1. The ABC immunoperoxidase tech-
nique provides a much higher sensitivity as
compared to immunofluorescence. CSF of a
patient (J-18/40, Table 1) with presumed
anti-NMDA receptor encephalitis was ap-
plied to coronal sections across the cortex
and hippocampus of a rat. Visualization of
tissue-bound autoantibodies using immuno-
fluorescence is barely feasible under normal
conditions (A; hippocampal CA1 region; CSF
J-18/40 at 10-fold dilution). High CSF con-
centrations are required to obtain successful
staining (B; CA1 region; CSF J-18/40 at 2-
fold dilution). However, when the ABC im-
munoperoxidase procedure is used, low CSF
concentrations readily result in strong
staining of the hippocampal CA1 area (D,
white asterisks; CSF J- 18/40 at 10-fold di-
lution). Even the CA3 and the dentate gyrus
display distinct immunoreactivities (D),
which are completely absent in immuno-
fluorescence (not shown). At high magnifi-
cation immunoperoxidase staining of the
CA1 area labeled by two asterisks in D
clearly shows the apical dendrites of pyr-
amidal neurons (F; CSF J-18/40 at 10-fold
dilution). These are faintly visible even at
much higher dilution (E; CSF J-18/40 at 50-
fold dilution). The control section is com-
pletely blank (C). Bar in (F) indicates
600 μm in (C) and (D), and 38 μm in (A),
(B), (E), and (F).
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group 2 CSF and visualized with anti-human secondary antibody. This
yielded a relatively intact reaction with the human CSF (Fig. 4E, G;
Table 3). This experiment indicates that the pattern group 2 CSF in-
teracts with a NMDA-R1 epitope distinct from the rabbit one.

In the second set of experiments, the rabbit anti-NMDA-R1 receptor
antibody was used (Table 3, experiment 2a) to stain hippocampal sec-
tions, yielding the characteristic distribution of NMDA-R1 staining in
the hippocampus (Fig. 2D, E). However, when the adjacent section was

pretreated with the monoclonal antibody of a pattern group 2 patient
before the rabbit anti-NMDA-R1 antibody (Table 3, experiment 2b),
visualization with the anti-rabbit secondary antibody was completely
abolished (Fig. 4E, G; Table 3). This supports the idea that the mono-
clonal antibody (003-102) of the pattern group 2 patient indeed inter-
acts with the NMDA-R1 subunit at an epitope, which is identical or at
least closely located to the one recognized by the rabbit antibody.

Fig. 2. Patients with NMDA-encephalitis
display two different CSF-staining patterns
in the rat hippocampus. A more detailed
analysis of the distribution pattern of the
NMDA-R1 subunit requires a basic knowl-
edge of the hippocampal area. The sche-
matic representation (A) of the hippo-
campus in the rat (Paxinos and Watson,
1998) displays the major subareas of the
hippocampus proper, the CA1-, the CA2-,
and the CA3-region and the dentate gyrus
(DG). Typical neuronal profiles of CA1 pyr-
amidal neurons (B) and DG granule neurons
(C) were drawn by Cajal based on his Golgi-
stained material (Cajal, 1995). The use of
two different rabbit antibodies against the
subunit 1 of the NMDA receptor (D, R- 04/
13; E, AB 1516; see Table 1) results in a very
similar staining pattern (compare D and E).
Immunoreactivities are most intense in the
CA1 area, where the apical dendrites (run-
ning downwards in B) in the stratum ra-
diatum (SR) are prominent (D, inset; E,
inset), while the stratum oriens (SO; B) and
the DG (C; ML - molecular layer, MF - mossy
fibers) display less intensity. A similar pat-
tern is observed after immunostaining with
the monoclonals of “pattern group 1 pa-
tients” (representative examples: F, 007-
168; H, 008-218) with anti- NMDA receptor
encephalitis. In “pattern group 2” patients
(representative examples: G, 003-102; I, G-
16/04), the pattern is quite different, pre-
senting as the same disorder based on la-
boratory and clinical criteria. Here the im-
munoreactivity in the stratum oriens of the
CA1 region and the inner molecular layer of
the DG are most prominent (G, I), while CA1
and DG cell bodies are negative. Bar in-
dicates 600 μm in (D) to (I).
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2.5. Targets of pattern group 1 and group 2 monoclonals or CSF samples
display different ultrastructural localizations in the hippocampus of the rat

The striking differences in the light microscopic immunostaining
patterns between pattern group 1 and pattern group 2 are due to dis-
tinct subcellular targets as demonstrated by electron microscopy. For
optimal visualization, flat embedded cryostat sections were mounted
upright on a perspex support. Subsequent semithin sections

demonstrate the complete thickness of the cryostat tissue, disclosing
immunostained synapses as black dots. This procedure provides an
optimal orientation of synapses in adjacent ultrathin sections (Fig. 5A to
C).

As expected, rabbit antibodies against the NR1 subunit of the NMDA
receptor produce strong labeling of postsynaptic structures in the CA1
region of the rat hippocampus (Fig. 5A, asterisks), The group 1 CSF
sample staining pattern is not as strong as above, but the postsynaptic

Fig. 3. Two groups of patients with NMDA-
encephalitis display strikingly different hip-
pocampal CSF-staining patterns especially at
high magnification. Three hippocampal
areas, the CA1 region, the CA3 region and
the upper blade of the DA (surveys in A, B;
areas boxed in A), are selected for detailed
analysis at higher magnification. In the CA1
region, CSF samples and monoclonals of
“group 1 patients” (see: 008-218) react with
the cell bodies of pyramidal neurons and
with the main dendrites throughout most of
the stratum radiatum (B). This corresponds
well with the distribution of NMDA-R1 re-
ceptor subunits as visualized with re-
cognized rabbit antibodies (compare to
Fig. 2D, E; insets). In contrast, CSF samples
and a CSF-derived monoclonal antibody (G-
16/04) from “group 2 patients” display
pyramidal neurons with empty cell bodies
(D). Note that even the main dendrites can
be recognized as tubes between the strongly
reactive neuropil (D, arrows in inset). In the
CA3 region the situation is quite similar (E,
F). In the DG pattern group 1 CSF samples
(G) react with the cell bodies of granule cells
as well as with those of interneurons below
(G, arrows). Note that the DG granule cell
layer is at the same level in (G) and (H). CSF
samples and CSF-derived monoclonal anti-
body of “group 2 patients” do not react with
granule cell bodies (H). Instead, strong im-
munoreactivity is found in the neuropil of
the lower molecular layer (H). Bar in (H)
indicates 300 μm in (A) and (B) and 100 μm
in (C) to (H).
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localization of the immunoractivity (Fig. 5B, asterisk) is evident. In
contrast, treatment with pattern group 2 monoclonals leads to reaction
in the presynaptic compartment (Fig. 5C, asterisk), while the post-
synaptic area, as identified by the dark postsynaptic density (Fig. 5C,
arrow), remains empty.

3. Discussion

About one decade ago antibody-mediated neurological disorders
were considered to be rare events. This concept was prominently

revised when it was recognized that a number of patients, presenting
with prominent neuropsychiatric symptoms like amnesia, seizures,
frequent dyskinesias, autonomic dysfunction, and decreased level of
consciousness, had serum/cerebrospinal fluid antibodies that reacted
principally with the neuropil of hippocampus, apparently with the
NMDA-R1 subunit of the NMDA receptor (Dalmau et al., 2007; Dalmau
et al., 2008). A recent epidemiological study (Dubey et al., 2018) em-
phasized a threefold increase in the incidence of autoimmune en-
cephalitides during the last ten years, most likely attributable to the
increased identification of autoantibody-positive cases.

Fig. 4. CSFs and CSF-derived monoclonal
antibodies of “pattern group 1 patients” do
interact with the NMDA-R1 subunit of
NMDA receptors. For gross orientation CA1
and DG subareas (stratum oriens, SO;
stratum radiatum, SR; DG molecular layer,
ML) are indicated in a coronal section across
the hippocampus after staining with cresyl
violet (A). Staining of an adjacent section
with a CSF-derived monoclonal antibody of
a group 2 patient (003 102) without any
pretreatment (Table 3, experiment 1a) re-
sulted in the typical group 2 staining pat-
tern, with a dark SO, negative pyramidal
and granule cell bodies and a strongly po-
sitive DG lower molecular layer (B, details
in C and D; compare to Table 2). Pre-
incubation of an adjacent section with a
rabbit anti-NMDA-R1 antibody (Table 3,
experiment 1b) does not alter the result (not
shown). This fact indicates that the rabbit
anti-NMDA-R1 antibody does not interact
with the same epitope as the monoclonal
does. Turning over the sequence and using
the CSF-derived monoclonal antibody of a
group 2 patient (003 102) first without
pretreatment (Table 3, experiment 2a), the
typical group 2 staining pattern is obtained
(E, G). When, however, the adjacent section
was pretreated with the rabbit anti-NMDA-
R1 antibody before the pattern group 2
monoclonal (Table 3, experiment 2b), im-
munoreactivity with the anti-rabbit sec-
ondary antibody was abolished completely
(F, H; see Table 3). This indicates that the
CSF of the group 2 patients indeed interacts
with the NMDA-R1 subunit, binding to an
epitope which also is recognized by the
rabbit antibody. Bar in (H) indicates 320 μm
in (A) and (B) and 80 μm in (C) to (H).
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However, the extraordinary diversity of symptoms in patients with
recognized anti-NMDA-R1 encephalitis raises the question, whether all
the neurological problems of these patients are due to the autoimmune
response to the NR1 subunit, ore more precisely, against the same splice
variant of the NMDA receptor. One group of patients with anti-NMDA-R
encephalitis has CSF antibodies directed against a single define epitope
of the NMDA-R1 subunit (Gleichman et al., 2012). However, other
antibodies may be present in patients suffering from the disease (Kreye
et al., 2016).

3.1. Technical considerations

Currently, anti-NMDA-R encephalitis is diagnosed using clinical

criteria (Graus et al., 2016) together with the detection of anti-NMDA-
R1 antibodies in CSF samples of these patients. Such antibodies may be
detected by NMDA-R1-cDNA transfected HEK-cells or in uncertain cases
with hippocampal sections of animals, mostly rodent brains. For this
purpose, immunofluorescence procedures are typically used on cryostat
sections mounted on glass slides after sectioning.

This procedure links two disadvantages. First, immunostaining of
mounted sections is about 10-fold less sensitive when compared to the
staining of freely floating sections (unpublished observations). Second,
immunofluorescence per-se is not a very sensitive technique. This fact
becomes most evident when comparing Fig. 1B and F. Using immuno-
fluorescence for staining at 10-fold dilution of the CSF the cytoplasm of
CA1 cell bodies is NMDA-R1-positive, but dendrites are not stained. In
contrast, the same CSF at the same dilution, after the im-
munoperoxidase procedure (ABC-technique) demonstrates NMDA-R1-
positive dendrites in addition to the cell bodies the (Fig. 1F). Further-
more, the immunoperoxidase procedure allows analysis of CSF-im-
munostained tissue sections at the electron microscopic level. This of-
fers the possibility to confirm, whether immunoreactive deposits are
found in pre- or postsynaptic localizations (see Fig. 5). Due to our ef-
forts to support animal welfare, instead of perfusing additional rats, our
brains had been cryoportected and frozen for quite a number of years.
Unfortunately, this approach compromises to some degree the quality
of electron microscopic images.

3.2. CSF-derived and monoclonal antibodies from patients in pattern group
2 patients do not correspond to the familiar localization of NMDA receptor 1
in the rat brain hippocampus

The staining pattern of the NMDA receptor in the rat hippocampus
is typically characterized by CA1 neurons with a strongly positive cy-
toplasm (Table 1) standing out as bright line (immunofluerescence) or
as dark line (immunoperoxidase visualization) already in survey mi-
crographs (Fig. 2D, E). NMDA-R1-like immunoreactivity extends into
the main dendrites, which may be discerned as descending threats
throughout the stratum radiatum (Fig. 2D, E).

The most surprising difference between the staining patterns of CSFs
from pattern group 1 and pattern group 2 patients is the fact that only
pattern group 1 CSFs reproduce the familiar distribution of the NMDA
receptor 1 in the hippocampus (Petralia et al., 1994; Johnson and Jiang,
1996). Even more surprising is the fact that almost all published figures,
which supposedly demonstrate NMDA receptors (Dalmau et al., 2007,
Fig. 3A; Dalmau et al., 2008, Fig. 1A; Peery et al., 2012, Fig. 1; Dalmau,
2016, Fig. 1A; Kreye et al., 2016, Fig. 1A, 2L; McCracken et al., 2017,
Fig. 2d; Dalmau & Graus, 2018, Fig. 1c; Hara et al., 2018, Fig. 2G, H),
do not correspond to the widely accepted localization of the NMDA-R1
protein in the rat hippocampus (Petralia et al., 1994; Johnson and
Jiang, 1996; present report Fig. 2D, E). In all the cited figures cell
bodies of the CA1 neurons remain unstained, featuring as dark line in
immunofluorescence visualization Table 2.

3.3. The familiar pattern of NMDA-R1 localization in the rat hippocampus
may be due to the C-terminal specificity of available antibodies

Attempts to understand the morphological localization of the
NMDA-R1 in the mammalian brain depend largely on two approaches:
(1) visualizing the mRNA message by in-situhybridization or/and (2)
visualizing the protein product by immunocytochemistry. The differ-
entiation between the NMDA-R1-a and NMDA-R1-b splice variants
(absence or presence of the N-cassette; see Table 4) seems less sig-
nificant important, when regarding the NMDA-R1 message (Laurie
et al., 1995). In contrast, the combination of the preterminal and C-
terminal sequences strongly affects the localization of the corre-
sponding NMDA-R1 in the hippocampus. Apparently, NMDA-R1s with
C2-type terminal sequences (see Table 4) are strongly expressed (see
Fig. 4; Laurie et al., 1995), while those with C2′-type terminals are

Fig. 5. Ultrastructural localization of the immunoreactivities obtained with
“pattern group 1 or group 2” CSF samples and CSF-derived monoclonal anti-
bodies. For primary detection of NMDA-R1 receptors, pattern group 1 or pat-
tern group 2 immunoreactivites at the light microscopic level cryostat sections
were flat embedded in araldite and mounted in upright position on a perspex
support (see methods). Black dots representing immunopositive subcellular
areas are localized on overmagnified semithin sections (not shown).
Characteristic vessels or tissue defects were used to relocalize the positions of
adjacent ultrathin sections. Synaptic NMDA-R1 receptor immunoreactivity as
visualized with rabbit antibodies was always restricted to the postsynaptic area
(A, asterisks) as identified by the postsynaptic density (A, white arrow). This
was also the case in pattern group 1 CSF immunoreactivity (B asterisk). In
contrast, pattern group 2 CSF immunoreactivity was localized presynaptically
(C, white asterisks) and the postsynaptic area (C, black asterisk) identified by
the prominent postsynaptic density (C, arrow) remained unstained. Bar in (C)
indicates 400 nm in (A), (B), and (C).
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absent (GluR3a/b) or expressed only weakly (GluR4a/b) in the CA1
region and the DG Table 3.

Immunocytochemical visualization of the NMDA-R1 is prone to
failure, when available antibodies do not recognize all variants of the
protein. The NMDA-R1 subunit of the NMDA receptor, however, is
expressed in form of eight splice variants (Paoletti et al., 2013). There is
one preterminal peptide (C1) and two distinct types of C-terminal
peptides (C2 and C2′, see Table 4). Unfortunately, all available rabbit
anti-NMDA-R1 antibodies (see Table 1) have been raised against C2-
containing terminal peptides of the NMDA-R1 protein. No antibodies
against C2́-ending NMDA-R1s are available Table 4.

Consequently, the familiar pattern of the NMDA-R1 distribution in
the hippocampus, which displays strongly stained somata and primary
dendrites of CA1 and CA3 neurons (Petralia et al., 1994; Hollmann
et al., 1993; this report Figs. 2 and 3) reflects the regional distribution
of NMDA-R1 splice variants with the common core and C2-type term-
inals. The direct consequence of this conclusion is the fact that any
antibody directed against the NMDA-R1 protein (excluding the N-
casette and the C2′ terminal peptide) will produce the same staining
pattern.

The converse conclusion indicates that antibodies such as the 003-
102 monoclonal antibody or those contained in the G-16/04 CSF, which
do not stain somata and principal dendrites of CA1 and CA3 neurons,
are blocked from interaction by conformations, which shield C-terminal
sequences, or must be specific for C2́-containing splice variants. The
latter idea appears likely when such variants such as the GluN1-3 or the
GluN1-4 subtype are absent in the hippocampus. Accordingly, the ne-
gative staining pattern of CA1 and CA3 neurons is readily explained.

Indeed, the GluN1-3 splice variant is not expressed in the hippo-
campus (Laurie et al., 1995), while the Glu1-4 variant is present. In the
latter case, unstained cell bodies may be explained if the GluN1-4
protein is produced in CA1 and CA3 neuronal somata, but effectively
transported to axons or axon terminals, leaving the cell body. The ex-
istence of presynaptic NMDA-Rs has been controversial for decades, but
is now generally accepted (Banerjee et al., 2016). This idea of a pre-
synaptic localization of GluN1-4 type NMDA-R1s is further supported
by the fact that our electron microscopical experiments disclose that
only one single anti-NMDA-R1 antibody stains presynaptic terminals.
This is the G-16/4 CSF, which apparently recognizes the C2́-terminal

splice variant. Additional investigations are needed to ascertain the
potential presynaptic localization of the GluN1-4 splice variant of the
NMDA-R1 subunit.

3.4. Conclusion

CSF-derived autoantibodies from patients with diagnosed anti-
NMDA-autoimmune encephalitis, when analyzed with rat brain sec-
tions, show at least two distinct patterns of immunoreactivity.
Antibodies from pattern group 1 patients display the familiar pattern of
NMDA-R1 distribution in the hippocampus with strongly stained cell
bodies and primary dendrites in the CA1 and CA3 region, in line with
the predominant postsynaptic localization of the NMDA receptor in the
brain. Autoantibodies from pattern group 2 patients, however, show an
inverse pattern, leaving cell bodies and primary dendrites in CA1 and
CA3 regions largely empty. The present data indicate that auto-
antibodies of pattern group 1 patients interact with postsynaptical
NMDA receptors, while those of pattern group 2 patients preferentially
target presynaptic NMDA receptors. Consequently, it will be very in-
teresting to determine, whether pattern group 1 and 2 patients display
distinct clinical phenotypes. Ongoing studies will answer this question.

4. Experimental procedure

4.1. Chemicals

Chemicals were obtained from Sigma-Aldrich GmbH, Taufkirchen,
Germany, if not indicated otherwise. Sources of primary antibodies are
described below. Biotin labeled secondary antibodies and the Elite ABC
complex were from Vector (Vector Laboratories, Burlingame, CA, USA).

4.2. Study approval

All animal experiments were approved by the Regional Berlin
Animals Ethics Committee and conducted in strict accordance with the
European Communities Council directive regarding care and use of
animals for experimental procedures. Adult male Wistar rats, weighing
250–300 g were obtained from our institutional breeder (Department
for Experimental Medicine (FEM), Charité University Medicine Berlin).

Table 1
Types and Sources of Antibodies.

Code/CatNr Group Host Type Conjugate Antigen Epitope Provider

AB 1516 (*) 1 rabbit polyclonal – GluNR1 C-terminal C2 Chemicon 2007
R-04/13 1 rabbit polyclonal – GluNR1 C-terminal C2 Gregor Laube
not available ? rabbit polyclonal – GluNR1 C-terminal C2́ none
003–102 2 human monoclonal – GluNR1 contains N368 Harald Prüss
008–218 1 human monoclonal – GluNR1 contains N368 Harald Prüss
007–168 1 human monoclonal – GluNR1 contains N368 Harald Prüss
G-15/05 2 human CSF – GluNR1 unknown Harald Prüss
G-15/11 1 human CSF – GluNR1 unknown Neurology Jena
G-16/04 2 human CSF – GluNR1 unknown Harald Prüss
J-18/40 1 human CSF – unknown unknown Neurol. Oberhausen
BA-3000 – goat polyclonal biotin human IgG – Vector laboratorial
BA-1000 – goat polyclonal biotin rabbit IgG – Vector laboratories
A-11008 – goat polyclonal alexa 488 rabbit IgG – Invitrogen
A-11013 – goat polyclonal alexa 488 human IgG – Invitrogen

(*) The AB 1516 antibody from Chemicon was excellent, but is no longer available. Unfortunately Chemicon, which belongs to Merck-Millipore, have replaced the
previous sample by a rabbit monoclonal antibody (AB 9864). This antibody was ineffectual (it worked only very weakly in our hands) and Merck-Millipore was not
prepared to refund our costs.
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Animals were housed in group-cages under controlled temperature (22
°C) and illumination (12 h cycle) with water and food ad libitum. All
clinical investigations were conducted according to Declaration of
Helsinki principles. Written informed consent was received from par-
ticipants at the Charité or the university Jena, Departments of
Neurology, or their representatives prior to inclusion in the study and
analyses were approved by the Charité University Hospital Institutional
Review Board.

4.3. Brain tissue blocks

Rats were deeply anaesthetized and fixed via transcardial perfusion
with a solution consisting of 4% paraformaldehyde, 0.05% glutar-
aldehyde, and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4
(Somogyi and Takagi, 1982). Brains were removed, cryoprotected in
0.4 M sucrose for about 4 h and in 0.8 M sucrose overnight, cut into
blocks at preselected rostrocaudal levels, shock-frozen in hexane at
−70 °C, and stored at −80 °C until use as described previously
(Wagner et al., 2016).

4.4. Antibodies and cerebrospinal fluids

Two different rabbit anti-NMDA-R1 receptor antibodies were used.
The reference antibody, raised against the synthetic C-terminal peptide
(LQNQKDTVLPRRAIEREEGQLQLCSRHRES), was used for the original
localization of the NMDA-R1 (Petralia et al., 1994). This antibody was
commercially obtained from Chemicon (AB1516; for details see
Table 1) and is known to recognize four of the eight splice variants of
the NMDA-R1 protein (Petralia et al., 1994). A second anti-NMDA-R1
antibody was raised in our laboratory (Laube et al., unpublished)
against the same C-terminal peptide. Cerebrospinal fluid samples of six
patients with anti-NMDA-R encephalitis (G-15/05, G- 15/11, G-16/04,
G-16/11, J-18/40; see Table 1) and three human monoclonal anti-
NMDAR1 antibodies from three patients (003-102, 007-168, 008-218,
see Table 1) were selected as representative samples. Monoclonal an-
tibodies were generated by cloning of full-length immunoglobulin G

variable heavy and light chain genes from single antibody-secreting
cells. All human CSF-samples and antibodies showed the characteristic
binding to NMDA-R1- expressing human embryonic kidney (HEK293)
cells and to murine brain sections (Kreye et al., 2016; Ly et al., 2018).

4.5. Immunocytochemistry

For immunofluorescence analysis, cryostat sections were mounted
on gelatin-coated slides and pretreated with the permeabilizing solution
(see next paragraph). Sections on slides were incubated overnight with
primary antibody or CSF, washed in PBS, and pretreated with PBSA
(0.2% bovine serum albumin in PBS). After 2 h treatment with a
fluorescently labeled secondary antibody (1:1000) section were wa-
shed, coverslipped with fluoromount, and analysed in a fluorescence
microscope. For immunoperoxidase immunocytochemistry, freely
floating coronal brain cryostat sections (25 mm) were subjected to
immunocytochemistry as described earlier (Wagner et al., 2016). In
short, sections were rinsed in phosphate buffered saline (PBS) and
treated for 15 min with 1% sodium borohydride in PBS to remove re-
sidual aldehyde groups from the fixative. Sections were pretreated for
30 min in a blocking and permeabilizing solution (10% normal goat
serum in 0.3% Triton X-100 and 0.05% phenylhydrazine in PBS at room
temperature (RT). Anti-NMDA-R1 antibodies and CSFs (Table 1) were
applied for 36 h at appropriate dilutions in PBS containing 10% NGS,
0.3% Triton X-100, 0.1% sodium azide, and 0.01% thimerosal at 4° C.
Sections were thoroughly rinsed in PBS, pretreated for 1 h with PBS-A,
and exposed for another 24 h at RT to the secondary antibody, diluted
1:5,000 in PBS-A containing 0.1% Triton X- 100. After repeated
washings in PBS and preincubation for one hour in PBS-A, the Elite
avidin–biotin-peroxidase-complex (1:200 dilution in PBS-A) was at-
tached to biotinylated secondary antibodies for another 12 h at RT.
After additional rinses in PBS, preincubation for 15 min in a solution of
0.5 mg/ml diaminobenzidine, 3 mg/ml ammonium nickel sulfate, and
10 mM imidazole in 50 mM Tris buffer, pH 7.6, the visualization of the
antigen–antibody complexes was started by the addition of 0.0015%
hydrogen peroxide and stopped after 15 min at RT by repeated wash-
ings with PBS. Sections were mounted onto gelatine-coated slides, air-
dried not longer than 30 min, dehydrated through a graded series of
ethanol, transferred into xylene, and coverslipped with entellan.

4.6. Immunocytochemistry with electron microscopic analysis

Immunocytochemistry with freely floating sections was performed
as described above with the exception that only the preincubation step
before the primary antibody solutions contained 0.1% Triton X-100.
After visualization of the antigen–antibody-ABC complexes with DAB/
nickel and hydrogen peroxide as described above, sections were post-
fixed in 1% osmium tetroxide for 30 min, dehydrated, and flat em-
bedded in araldite. Semithin sections and interposed ultrathin sections
were cut with a Leica Ultracut microtome. Semithin sections were
stained with 1% toluidine blue, pH 9.3, and photographed with a Leica
DMRB photomicroscope. Ultrathin sections were contrasted with uranyl
acetate followed by lead citrate (Reynolds, 1963) and examined using a
Zeiss EM900 electron microscope.

4.7. Nissl stain

Sections are mounted from PBS on gelatin-coated glass slides and
dried for 30 min at RT. Subsequently they were left in 70% ethanol
overnight, rinsed in bidistilled water, and stained with cresyl violet
(0.2% cresyl violet acetate in 20 mM acetate buffer, pH 4.0) for 30 min
at RT (Geisler et al., 2002). After rinsing in bidistilled water, sections
were dehydrated fast through a graded series of ethanol, transferred
into xylene, and coverslipped with Entellan.

Table 2
Autoantibodies in the CSFs of group 1 or group 2 patients yield different im-
munostaining patterns in the rat hippocampus.

group 1 group 2

CA1 region
stratum oriens (SO) weak strong
pyramidal cells strong negative
pyramidal main dendrites strong negative
dentate gyrus (DG)
lower molecular layer negative strong
granula cell layer strong negative

Table 3
Blocking experiments. For blocking experiments freely floating cryostat sections
first were incubated for 24 h in the selected primary antibody (AB) to poten-
tially block its epitope. After washing the sections were then incubated with the
second primary AB and the subsequent detection reagents. If the epitope of the
second primary AB is the same as that of the first primary AB, which is blocked
in this case, no signal is obtained (experiment 2b).

First primary AB Second primary AB 2. antibody Signal system Result

experiment 1a
– 003–102 anti-human IgG ABC +++
experiment 1b
R-04/13 003–102 anti-human IgG ABC +++
experiment 2a
– R-04/13 anti-rabbit IgG ABC +++
experiment 2b
003–102 R-04/13 anti-rabbit IgG ABC Ø
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