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ABSTRACT 

Patients with Systemic lupus erythematosus (SLE) experience various peripheral and central 

nervous system manifestations including spatial memory impairment. A subset of auto-

antibodies (DNRAbs) cross-react with the GluN2A and GluN2B subunits of the NMDA receptor 

(NMDAR). We find that these DNRAbs act as positive allosteric modulators on NMDARs with 

GluN2A-containing NMDARs, even those containing a single GluN2A subunit, exhibiting a 

much greater sensitivity to DNRAbs than those with exclusively GluN2B. Accordingly, 

GluN2A-specific antagonists provide greater protection from DNRAb-mediated neuronal cell 

death than GluN2B antagonists. Using transgenic mice to perturb expression of either GluN2A 

or GluN2B in vivo, we find that DNRAb-mediated disruption of spatial memory characterized by 

early neuronal cell death and subsequent microglia-dependent pathologies requires GluN2A-

containing NMDARs. Our results indicate that GluN2A-specific antagonists or negative 

allosteric modulators are strong candidates to treat SLE patients with nervous system 

dysfunction. 
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INTRODUCTION 

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by the presence of 

autoantibodies directed against multiple self-antigens, including DNA1. These autoantibodies 

affect multiple organ systems such that SLE patients experience arthritis, renal disease, anemia, 

rashes, and neuropsychiatric symptoms including memory disorders and spatial memory 

impairment2, 3, 4. The prevalence of diffuse nervous system disorders is reported from 20-90% 

depending on the particular functional assessment5, 6, 7. These cognitive defects in both clinical 

and pre-clinical conditions are often associated with DNRAb, anti-double stranded DNA 

(dsDNA) antibodies with cross-reactivity to NMDA receptors (NMDAR)8, 9, 10, 11, 12, 13, 14.  

 The role of DNRAbs in contributing to neuropsychiatric symptoms in SLE have largely 

been studied in mice models that endogenously synthesize DNRAbs and in mice exposed to 

patient-derived DNRAbs8, 10, 11. Patient-derived DNRAbs are IgG1 antibodies cloned from 

patient B cells that display reactivity to dsDNA and NMDARs15, 16. Specific regions of the brain 

in mice are targeted based on the experimental method used to trigger blood brain barrier 

permeability – lipopolysaccharide (LPS) causes DNRAbs to deposit in the hippocampus while 

epinephrine causes DNRAbs to deposit in the amygdala11, 17. Non-invasive imaging of SLE 

patients have revealed hippocampal atrophy and parahippocampal microstructural defects, 

conferring an advantage to using LPS in disease models4, 18.  

LPS-treated mice immunogenized to generate DNRAbs and patient-derived DNRAbs 

display a gamut of pathologies in the hippocampus: aberrant excitatory signaling, apoptosis, 

dendritic pruning, and microglial activation10, 11, 19. These mice also display expanded place 

fields in the hippocampus and defects in spatial memory2, 19. These studies are essential to 

defining the pathology of the neuropsychiatric component of SLE, but do not define the specific 
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NMDARs that mediate these effects. This information is critical to potentially develop therapies 

to treat and prevent neuropsychiatric symptoms associated with DNRAbs. 

 NMDARs are ionotropic glutamate receptors that are central to excitatory synaptic 

transmission in the brain. NMDARs are heterotetramers composed of two obligate GluN1 

subunits and typically two GluN2 subunits of the same or different subtype (GluN2A, B, C or 

D)20, 21. DNRAbs bind to both GluN2A and GluN2B subunits, with the epitope including a 

pentapeptide consensus sequence, DWEYS10, 11.  This antigenic target for DNRAbs is in the 

extracellularly located amino-terminal domain (ATD) of GluN2, an allosteric hub for modulating 

NMDAR function21, 22. NMDARs containing GluN2A or GluN2B have distinct physiological, 

pharmacological, and signaling properties22. Nevertheless, the contribution of the different 

GluN2 subunits to the SLE-associated neuropathologies is unclear. Knockout studies in mice 

have suggested GluN2A to be the primary target for DNRAb-mediated adult and fetal neuronal 

cell death23, though the evidence was limited. Specific inhibitors of GluN2B also reduced 

DNRAb-mediated cell death, suggesting a significant contribution of GluN2B to the DNRAb-

mediated phenotype10. All these results are ambiguous because of uncertainty of concentrations 

and technical limitations. 

Here, we use a combination of heterologous expression systems and animal models to show 

subunit-specific susceptibility to DNRAb-mediated pathological effects. For heterologous 

expression, we tested a DNRAb (G11 and its B1 isotype control) derived from a human patient  

(see Materials and Methods) in concentrations relevant to patient CSF levels10. We find that 

DNRAbs act as positive allosteric modulators (PAMs) at both GluN2A- and GluN2B-containing 

NMDARs, but that GluN2A-containing receptors have a much higher intrinsic sensitivity to 

DNRAb-mediated potentiation than GluN2B-containing NMDARs. Using a heterologous 
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expression system to express tri-heteromeric GluN1/GluN2A/GluN2B, we find that a single 

GluN2A subunit confers high sensitivity to DNRAbs. We find that mice with a forebrain 

deletion of the GluN2B subunit display the full spectrum of DNRAb-mediated pathology, 

including acute loss of hippocampal CA1 neurons, dendritic abnormalities in surviving neurons, 

microglia activation, defective place cell fields, and impaired spatial memory.  Conversely, 

GluN2A knockout mice are protected from the effects of DNRAbs. Thus, our work identifies the 

GluN2A subunit as the central mediator of NMDAR-associated nervous system pathology in 

SLE, supporting the use of GluN2A-specific negative allosteric modulators to treat SLE patients 

with brain dysfunction.  
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RESULTS 

GluN2A-containing NMDARs are significantly more sensitive to DNRAbs than GluN2B-

containing receptors. 

DNRAbs bind to both GluN2A and GluN2B subunits2, 10. To begin to address how these subunits 

contribute to DNRAb-induced phenotypes, we characterized the effect of a SLE patient-derived 

monoclonal DNRAb, G11, on heterologously expressed NMDARs composed of human 

NMDAR subunits, either hGluN1a/hGluN2A (hN1/hN2A) or hGluN1a/hGluN2B (hN1/hN2B). 

In parallel with antibody titers found in SLE patient CSF samples10, we test the DNRAbs at 

concentrations from 1-100 g/ml.  For macroscopic or whole cell currents, exposure of 

hN1/hN2A NMDARs to 10 g/ml of G11 (green traces) strongly potentiated glutamate-gated 

current amplitudes compared to baseline (Figure 1A). In contrast, a similar exposure to N2B-

containing receptors had no effect on current amplitudes (Figure 1B). A matched concentration 

of an isotype control antibody, B1 (gray traces), had no effect on current amplitudes for either 

N2A- or N2B-containing receptors.  

 For N2A-containing receptors, current amplitudes showed significant potentiation even at 1 

g/ml compared to its matched control (Figure 1C).  In contrast, only at 100 g/ml, did N2B-

containing receptors show significant potentiation relative to its control (Figure 1D). Overall, 

these results suggest that, in terms of receptor gating, N2A-containing receptors are about 100-

fold more sensitive to DNRAbs than N2B-containing receptors.   

 DNRAbs might potentiate NMDAR activity by acting as an agonist at the glutamate ligand-

binding domain. To test this idea, we measured leak currents in the absence of glutamate in 

parallel to peak current amplitudes (Supplemental Table 1), but found that changes in leak  
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Figure 1. Differential sensitivity of N2A- and N2B-containing NMDARs to DNRAbs.  
(A & B) Moderate pathophysiological levels of DNRAbs (10 g/mL) potentiate glutamate-

activated currents in N2A-containing, but not in N2B-containing NMDARs. Upper panels, 
Whole-cell currents from HEK293 cells expressing human NMDAR subunits, either 
hGluN1/hGluN2A (A) or hGluN1/hGluN2B (B). Currents were elicited by a 2.5 s 
application of glutamate (1 mM) in the continuous presence of glycine (0.1 mM) (holding 
potential, -70 mV). Lower panels, control antibody B1 (IgG1, gray circles) or human-
derived DNRAb G11 (green circles) were added 75 s after a baseline recording of 5 sweeps 
and were included in the bath throughout the remaining period. Current amplitudes for 
individual recordings were normalized to its baseline. Values are mean ± SEM (hN2A+B1, 
n = 6; hN2A+G11, n = 6; hN2B+B1, n = 5; hN2B+G11, n = 5). Example traces in upper 
panels show the +G11 recordings for the initial sweep during baseline (no antibody present) 
or for the last sweep during steady-state (in antibody).   

(C & D) Peak current amplitudes in N2A-containing NMDAR are more strongly potentiated 
than those in N2B-containing receptors. Bar graphs (mean ± SEM with dots indicating 
individual values) (from left to right for hN1/hN2A, n = 6, 6, 6, 6, 5, 5; and for hN1/hN2B, n 
= 5, 5, 6, 5) showing normalized steady-state peak current amplitudes either for control 
antibody (B1) or DNRAbs (G11). Significance of DNRAb values are measured relative to 
their respective control (*p < 0.05 or **p < 0.01, t-test).  nt, not tested. 
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(E & F) Example single channel recordings of hGluN1/hGluN2A (E) and hGluN1/hGluN2B (F) 
with B1 (left traces) or G11 (right traces) antibodies at 10 g/ml. Recordings were made in 
the on-cell configuration (holding potential, +100 mV). Downward deflections are inward 
currents. Low resolution top traces show 12 s of recording (filtered at 1 kHz); more high 
resolution bottom traces (selection in black box) show 230 ms (filtered at 3 kHz).  

(G) Equilibrium open probability (Eq. Popen) (mean ± SEM) for N2A- or N2B-containing 
NMDARs (from left to right for hN1/nN2A, n = 6, 7, 8, 8; for hN1/hN2B, n = 6, 6, 6, 10). 
Antibody was either B1 (gray) or G11 (green) (*p < 0.05, t-test).  

(H) DNRAbs enhance forward rates of activation. Frequency of single channel openings (mean ± 
SEM) with antibody either B1 (gray) or G11 (green) (*p < 0.05, t-test). Test DNRAbs was 
100 g/ml. 

 

current over time were not different in the presence of DNRAbs and their matched control. 

Hence, DNRAbs by themselves do not act as NMDAR agonists.  

DNRAbs act as positive allosteric modulators (PAMs) 

To further verify these actions of DNRAbs, we measured single channel activity of N2A- or 

N2B-containing NMDARs exposed either to control antibody B1 or to G11 (Figures 1E-1H). 

These recording were made in the on-cell configuration in the continual presence of glutamate 

and glycine (as well as 0.05 mM EDTA)24. The equilibrium open probability (eq. Popen), an index 

of the ease of ion channel opening, with control antibody for wild type hN1/hN2A (0.40 ± 0.07, 

n = 6)(mean ± SEM, n = number of patches) and hN1/hN2B (0.18 ± 0.04, n = 6) is comparable 

to previously published values25. At 10 g/ml of G11, hN1/hN2A single channel activity was 

significantly potentiated (Figure 1E) relative to the matched control (Figure 1G). For hN1/hN2B, 

we again saw no significant effect of G11 on receptor gating at 10 g/ml (Figures 1F & 1G). At 

100 g/ml (Figure 1G), the weak potentiation was not significant reflecting in part the variability 

of single channel recordings of N2B-containing receptors. These results further indicate that 

N2A-containing receptors are more sensitive to DNRAbs than N2B-containing receptors. 
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To define how DNRAbs potentiate activity, we characterized single channel details. Mean 

open (MOT) time were not significantly altered for either N2A- or N2B-containing receptors, 

whereas mean closed time (MCT) was significantly reduced for N2A-containing receptors at the 

highest concentration tested (Supplemental Table 2).  Further, the frequency of opening was 

significantly enhanced for N2A-containing receptors (Figure 1H). Thus, DNRAbs act by 

enhancing forward rates to the open state rather than by stabilizing the open channel.    

 

A single copy of GluN2A confers high DNRAb sensitivity to NMDARs 

At native synapses, NMDARs are typically composed of GluN1 in combination with different 

GluN2 subunits, often one GluN2A and one GluN2B subunit, so-called triheteromeric 

receptors26, 27. We therefore tested whole-cell currents from triheteromeric receptors, where the 

receptor contains a single copy of GluN2A (Figure 2A). To generate triheteromeric receptors, we 

used NMDAR constructs having coiled-coiled domains that permit only specific subunit 

combinations to reach the plasma membrane28. At 10 g/ml of DNRAb, diheteromeric N2A-

containing receptors containing the coiled-coiled domains showed significant potentiation. 

Diheteromeric N2B-containing receptors again showed no potentiation.  In contrast, 

triheteromeric receptors containing a single copy of GluN2A showed significant potentiation. 

Thus, a single copy of GluN2A confers high sensitivity to DNRAbs.   

 

DNRAbs modify receptor function via the DWEYS motif 

DNRAb interact and presumably alter NMDAR function through the DWEYS motif in the 

amino-terminal domain.  To directly test this idea, we introduced a charge reversal in the middle 

of the GluN2A DWEYS motif (DWDYS), mutating the negatively charged aspartate (D) at  
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Figure 2. A single copy of GluN2A confers high sensitivity to NPSLE DNRAbs.  
(A) Bar graphs (mean ± SEM) (from left to right, n = 6, 6, 8, 8, 6, 6) showing normalized whole-

cell peak current amplitudes for diheteromeric NMDARs (N1/N2A-N2A or N1/N2B-N2B) 
or triheteromeric receptors (N1/N2A-N2B) at 10 µg/mL of B1 or G11 antibody (**p < 0.01, 
Mann-Whitney U test). 

(B) A single charge reversal in the GluN2A DWEYS motif (DWDYS) (D285K) disrupts G11 
binding. Representative images from immunocytochemistry of HEK293T cells not 
transfected (no DNA) or transfected with GluN1/GluN2A or with GluN1/GluN2A(D285K). 
Cells were stained with either B1 or G11 (10 g/mL) (green, Alexa-488) under non-
permeabilizing conditions with DAPI (blue) counterstain. Scale (white bar): 40 µm.  

(C) Quantification of mean fluorescence intensity in (B) (mean ± SEM) (n = 5, all conditions) 
(**p < 0.01, one-way ANOVA with post-hoc Tukey’s test).  
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(D) Single charge reversal prevents DNRAb (10 g/mL) potentiation of whole cell currents 
(mean ± SEM, n = 5, all conditions). 

(E) Left, Current records of triheteromeric (N1/N2A-N2A(D285K)) or diheteromeric 
(N1/N2A(D285K)-N2A(D285K)) NMDARs. Currents displayed as in Figure 1A. Right, Bar 
graphs (mean ± SEM) (from left to right, n = 5, 6, 5, 7, 5, 6) showing normalized current 
amplitude for diheteromeric NMDARs (N1/N2A-N2A or N1/N2A(D285K)-N2A(D285K)) 
or triheteromeric receptors (N1/N2A-N2A(D285K)) at 10 µg/mL of B1 or G11 (*p < 0.05, 
Mann-Whitney U test).  

(F) GluN2A specific antagonists are neuro-protective at moderate pathophysiological levels of 
DNRAbs. Immunocytochemistry of primary hippocampal neuronal cultures (DIV14) 
incubated either in control antibody (B1+vehicle) or in DNRAb (G11) at 10 µg/mL. G11 
was incubated either alone (+vehicle), with GluN2A antagonists TCN-201 (not shown) or 
MPX-004, or with ifenprodil, a GluN2B negative allosteric modulator at 3 µM. Upper 
panels, representative images of hippocampal neurons stained with antibodies against 
neuronal-specific β-tubulin, Tubb3 (green, Alexa-488), and activated caspase-3 (red, Alexa-
647), with DAPI (blue) counterstain. Lower panel, only activated caspase-3 channel is 
shown. Scale (white bar): 40 µm.  

(G) Quantification of immunocytochemistry results shown in (F). Proportion of DAPI and 
activated-caspase-3-positive cells divided by total DAPI cells (mean ± SEM) (from left to 
right, n = 11, 11, 7, 7, 9, 6) per treatment condition (*p < 0.05, **p < 0.01, ***p < 0.001, 
one-way ANOVA with post-hoc Tukey’s test).  

 

position 285 (DWDYS) to the positively charged lysine (K) (D285K). We avoided sites possibly 

involved in coordinating Zn2+ to mitigate confounding effects from Zn2+ modulation29, 30. 

N2A(D285K) has no apparent effect on current properties (Supplemental Table 3). The G11 

antibody shows robust binding to NMDARs (Figure 2B, middle images). This binding is 

significantly attenuated in receptors containing D285K (Figures 2B, right images, & 2C). We did 

not find significant differences in the intrinsic binding of GluN2A or GluN2B-specific epitopes 

to G11 (Supplemental Figure 1), suggesting that the difference in sensitivity primarily reflects 

gating. Receptors containing D285K are no longer significantly potentiated by DNRAbs (Figure 

2D), indicating that binding of DNRAbs to the DWEYS motif mediates the positive allosteric 

effect. 

We also tested whether a single (triheteromeric receptor) or two (diheteromeric receptors) 

copies of the charge reversal are required to disrupt function. Consistent with the results for 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 3, 2019. ; https://doi.org/10.1101/791715doi: bioRxiv preprint 

https://doi.org/10.1101/791715


GluN2A/GluN2B triheteromeric receptors, a single copy of wild type GluN2A confers full 

sensitivity to DNRAbs (Figure 2E). Thus, in terms of stoichiometry, binding of a single 

DNRAbs to the DWEYS motif on GluN2A can generate the full positive allosteric effect.  

 

GluN2A antagonists are neuroprotective against DNRAbs 

Our results indicate that N2A-containing receptors are significantly more sensitive to DNRAbs 

than N2B-containing receptors. To see if attenuating N2A-activity is neuroprotective, we 

incubated primary hippocampal cultures either in control antibody (B1) (Figure 2F, left images) 

or in G11 (10 g/mL) in the absence or presence of N2A antagonists (TCN-201 or MPX-004), 

which are specific at the concentrations used here28, 31, or a N2B-specific negative allosteric 

modulator (ifenprodil) and assayed the number of DAPI positive cells associated with activated 

caspase-3 activity (Figure 2G). In the presence of DNRAb alone, apoptotic cell death was 

extensive, consistent with previous results3, 8, 32.  This cell death was significantly attenuated in 

the presence of MPX-004.  In contrast, ifenoprodil was less able to protect against cell death 

(Figures 2F & 2G). Thus, specific N2A-antagonists are neuroprotective against DNRAb-

mediated cell death. 

 

Assaying the contribution of GluN2A and GluN2B NMDAR subunits to DNRAb-induced 

phenotype in vivo  

To address how the different NMDAR subunits contribute to the DNRAb-induced phenotypes in 

vivo, we used transgenic mouse models, either with the GluN2A subunit knocked out (grin2A-/- 

mice, termed ‘N2A KO’ henceforth) or with a conditional knockout of the GluN2B subunit 

(grin2Bfl/fl; CaMKIICre mice, termed ‘N2B cKO’) (Figure 3A). We used the conditional KO due  
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Figure 3. DNRAbs induced neuronal loss and dendritic pruning in CA1 pyramidal neurons 
persist in mice lacking GluN2B, but not in those lacking GluN2A.  
(A) Schematic of NMDAR composition expected in hippocampal pyramidal neurons in the 

various genetic backgrounds. N2B cKO and N2A KO mice were immunized with either 
MAP-core (DNRAb-) or MAP-DWEYS (DNRAb+), and subsequent to LPS treatment, were 
sacrificed and their hippocampi assayed for cell death (1 week post LPS) or cellular 
morphology (8 weeks post LPS) (Supplemental Figure 2). 

(B) Micrographs of hippocampal CA1 neurons from DNRAb+ or DNRAb- N2B cKO or N2A 
KO mice. Scale bar, 20 µm. 

(C) Quantification of CA1 neurons (mean ± SEM, n=3). Each dot represents a CA1 pyramidal 
neuron counted using a standard unbiased stereological protocol (8 runs of systematic 
random sampling in 3 animals for each group). (*p<0.05, Mann-Whitney U test). 
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(D & E) DNRAb+ N2B cKO mice show significantly reduced dendritic complexity. Left, 
Tracings of Golgi-stained CA1 pyramidal neurons from N2B cKO (D) or N2A KO (E) 
mice. Right, Sholl analysis, which measures dendritic complexity, for N2B cKO (D) or N2A 
KO (E) mice (** p < 0.01, Kolmogorov-Smirnov test). Values at concentric rings are shown 
as mean ± SEM. For each group, 8 runs of systematic random sampling was done from three 
(3) animals. 

(F & G) Representative images of microglia from N2B cKO (A) or N2A KO (B) mice. 
Microglia are labeled with antibody to Iba1 (red, Alexa 594) and to CD68 (green, Alexa 
488)]. Scale (white bar): 20 µm. Right panels, quantification of CD68+ score (see 
Supplemental Methods) (*** p <0.001, Kruskal-Wallis ANOVA test).  

(H & I) Microglia in DNRAb+ N2B cKO mice show significant diminution of complexity and 
process length. Left panels, Sholl analysis of process complexity of microglia from N2B 
cKO (H) or N2A KO (I) mice (***p< 0.001 , Kolmogorov-Smirnov test).  Right panels, 
cumulative probability curves of microglia process length from N2B cKO (H) or N2A KO 
(I) (***p< 0.001, Kolmogorov-Smirnov test).  Three (3) animal were used per group; 
number of quantified microglia: N2B cKO, DNRAb- (n = 33), DNRAb+ (n = 34); N2A KO, 
DNRAb- (n = 39), DNRAb+ (n = 40).   

 

to the embryonic lethality of a full GluN2B knockout33, 34, 35. KO mice were immunized with a 

decapeptide containing the pentapeptide, DWEYS, a mimetope of dsDNA and homologous to a 

sequence within the GluN2A and GluN2B extracellular domains, multimerized on a polylysine 

backbone (MAP-DWEYS) (Supplemental Figure 2). Immunization of wild type mice with MAP-

DWEYS induces production of DNRAbs (DNRAb+ mice)2, 11, 36. As a control, mice were also 

immunized with the polylysine backbone alone (DNRAb– mice). Two weeks following two 

booster immunizations, mice were given LPS to allow transient access of antibodies to the 

hippocampus (Supplemental Figure 2)11, 19.  

Wild type mice, when immunized with MAP-DWEYS , show two stages of DNRAb-

induced pathology (Supplemental Figure 2)2, 11, 19. An acute phase, assayed one week after LPS 

treatment, that is characterized by extensive cell death of hippocampal pyramidal neurons11; and 

a chronic phase, assayed eight weeks post-LPS treatment, characterized by the loss of dendritic 

complexity in pyramidal neurons, microglia activation, and disruption of place cell function 

(Supplemental Figure 2). DNRAb+ mice also display reduced spatial memory, presumably 
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mimicking the phenotype in SLE patients2, 11. Because LPS only transiently permeabilizes the 

blood brain barrier2, the acute phase is associated with the presence of DNRAbs, whereas the 

chronic phase is independent of the direct presence of DNRAbs2, 19. 

 

Mice lacking GluN2B show DNRAb-mediated pathology while mice lacking GluN2A are 

protected 

Initially, we assayed the effect of DNRAbs on the acute phase of the pathology, namely the 

induction of pyramidal neuron cell death measured one week after LPS treatment11, 19. For all in 

vivo experiments, we compare the effect in DNRAb+ mice to that in DNRAb- mice in the same 

genetic background. DNRAb+ mice in the N2B cKO background, which still retain GluN2A, 

also displayed a significant loss of hippocampal neurons (Figures 3B & 3C). In contrast, N2A 

KO mice showed no significant loss of neurons. Hence, the loss of pyramidal neurons during the 

acute phase is dependent on GluN2A.  

Next, we characterized the chronic phase of pathology by assaying pyramidal neuron 

morphology eight weeks after LPS administration (Figures 3D-3I). Compared to its control, 

GluN2B cKO mice exposed to DNRAbs exhibited a significant loss of dendritic complexity, as 

assayed by Sholl analysis (Figures 3D). In contrast, in GluN2A KO mice, DNRAbs have no 

significant effect on dendritic complexity (Figure 3E). Thus, as with acute enhanced cell death, 

the chronic phase of SLE pathology associated with reduced dendritic complexity is also 

dependent on GluN2A.   

 

DNRAb-induced activation of microglia does not occur when GluN2A is absent 
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The reduced dendritic complexity occurring during the chronic phase of DNRAb-induced 

pathology is dependent on microglia activation19. We therefore characterized microglia in 

DNRAb+ and DNRAb- mice in the various genetic backgrounds (Figures 3F-3I).   

For the N2B cKO background, and in comparison to its control, DNRAb+ mice showed 

enhanced expression of CD68 (Figure 3F, right panel) and diminution of process complexity 

(Figure 3H, left panel), and process length (Figure 3H, right panel) over concentric Sholl 

diameters. These results are consistent with microglia activation and parallel what is observed in 

wild type mice19. In contrast, for the N2A KO background (Figures 3G & 3I), DNRAb+ mice, in 

comparison to its control, did not show significant CD68 expression (Figure 3G, right panel) or 

reduced complexity (Figure 3I), suggesting a lack or reduced microglia activation. Thus, 

DNRAb-induced microglia activation, which is critical in dendritic morphology changes, either 

directly requires GluN2A and/or is dependent on acute GluN2A-induced cell death.  

 

GluN2A is required for DNRAb-induced changes in spatial memory 

During the chronic phase of DNRAb-induced pathology, wild type mice exposed to DNRAb 

show impaired spatial memory and disrupted place cell properties in the CA1 region of the 

hippocampus (Supplemental Figure 2)2, 11, 19. We therefore asked whether DNRAb+ N2A KO 

and N2B cKO mice, 8 weeks after LPS exposure, behaved abnormally in an object-place 

memory (OPM) task, which tests spatial memory (Figure 4A)37, 38. N2B cKO mice transiently 

exposed to DNRAbs performed significantly worse than its DNRAb- control in the OPM task 

(Figure 4B). This parallels to what is observed in wild type mice (Supplemental Figure 2). In 

contrast, no difference in performance was detected between DNRAb+ and DNRAb– N2A KO  
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Figure 4. Behaviors disrupted by DNRAbs persist in mice lacking GluN2B, but not in those 
lacking GluN2A.  
(A) Schematic of the object place memory (OPM) task. 
(B) DNRAb+ N2B cKO mice show significantly reduced exploratory behavior, relative to its 

control, of the moved (novel) object over the stable object (Supplemental Figure 2). Mice 
were tested 8 weeks after LPS treatment. Values shown are mean ± SEM (n = 10, 20, 13, 11, 
from left to right, number of tested mice per group; *p < 0.05, Mann-Whitney U test).   

(C & D) DNRAb disrupts place field size in mice lacking GluN2B, but not in those lacking 
GluN2A. Left, Histograms for place field sizes of all place cells recorded in DNRAb- (gray) 
or DNRAb+ (green) mice either N2B cKO (C) or N2A KO (D) backgrounds. Inset, 
Heatmaps of representative place fields.  Right, Box plots (25th & 75th percentiles with the 
whiskers, 10 and 90 percentile), comparing place field size in N2B cKO (C) or N2A KO (D) 
mice (*** p < 0.001, Mann-Whitney U test). Each dot represents a single place field: for 
N2B cKO (C), DNRAb- (n = 26) and DNRAb+ (n = 56); for N2A KO (D), DNRAb- (n = 
43) and DNRAb+ (n = 55). 
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mice. Thus, GluN2A, either directly or indirectly, is required for DNRAb-induced disruptions in 

spatial memory. 

NMDAR-dependent spatial memory and learning is linked to hippocampal place field size39, 

40 . In wild type mice exposed to DNRAbs, place field size is aberrantly enlarged, paralleling the 

reduced spatial memory in SLE patients and other neurodegenerative models2, 19, 41. To assess 

neuronal functional integrity, we measured place field size in freely-moving mice by implanting 

tetrodes into the dorsal CA1 region (Figures 4C-4D). As in wild type, DNRAb+ N2B cKO mice 

exhibited significantly larger place field sizes compared to DNRAb– N2B cKO mice (Figure 

4C), indicating that in the absence of GluN2B, the DNRAb-induced disruption of place field size 

persists. In contrast, DNRAb+ and DNRAb– N2A KO mice displayed no significant differences 

in place field size (Figure 4D). Thus, the cognitive deficits associated with DNRAbs are 

intimately linked to GluN2A, but appear largely independent of GluN2B. 
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DISCUSSION 

Our experiments demonstrate that the GluN2A NMDAR subunit is required for various 

neuropathologies associated with lupus auto-antibodies. We find that DNRAbs act as positive 

allosteric modulators (PAM) on NMDARs with the GluN2A subunit showing a much higher 

sensitivity than the GluN2B subunit (Figure 1). DNRAb exposure manifests in two distinct 

phases: First, synaptic disturbances and cell death with acute exposure, and second, a loss of 

dendritic complexity resulting from microglia activation that occurs even after antibody is no 

longer detected10, 19. Presumably, the higher sensitivity of GluN2A to DNRAbs facilitates cell 

death during acute exposure. The chronic phase, including the cognitive and memory defects 

similar to what is seen in SLE patients2, 42, are also dependent on GluN2A but it is unknown 

whether it is a residual consequence of excitotoxicity encountered during the acute phase or a 

lasting change to NMDARs that predispose neurons to microglial-dependent pruning.  

G11, the human DNRAb we tested, acts as a PAM on NMDARs via the DWEYS-motif 

(Figures 2B-2D). DNRAbs are present in about 30-40% of SLE patients, with these DNRAbs 

being identified by binding to peptides containing the DWEYS-motif9, 10, 14, 43, 44. Hence, we 

assume that the PAM action is a common feature of all DNRAbs. Consistent with this idea, 

polyclonal antibodies from the CSF of SLE patient with neuropsychiatric symptoms that bind the 

DWEYS-motif induce NMDAR hyperfunction12, 32. Nevertheless, it is possible that there are 

clonal variations in the magnitude of the PAM action as well as possible additional functional 

effects of DNRAbs, necessitating the study of more SLE patient DNRAbs. The concentration of 

DNRABs in the nervous system presumably varies during the pathophysiological course of SLE. 

At low concentrations, DNRAbs would affect exclusively GluN2A-containing receptors, while at 

high concentrations, DNRAbs would also affect GluN2B diheteromeric receptors (Figure 1). 
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Previous work has shown that the GluN2B-specific inhibitor, ifenprodil, can be 

neuroprotective10. However, this most likely reflects that tri-heteromeric 

GluN1/GluN2A/GluN2B NMDARs, which constitute a major portion of hippocampal 

synapses26, 27, are inhibited by ifenprodil28. Indeed, we find that a single copy of wild type 

GluN2A confers high sensitivity to DNRAbs (Figure 2A), a result consistent with GluN2A 

dominance in allosteric modulation45, 46.  

 The DWEYS-motif is located in the amino-terminal domain (ATD) clamshell hinge region 

(Figures 2B-2D). GluN2A-selective PAMs and negative allosteric modulators (NAMs) have 

been developed to target NMDAR hypo- or hyperfunction in disease47, 48. While most GluN2A-

selective PAMs and NAMs target the ligand-binding domain (LBD), the ATD interacts with the 

LBD to mediate its allosteric action49, 50, 51, 52. In GluN2A/GluN2B NMDARs, the GluN2A ATD 

interacts more extensively with the LBD than the GluN2B ATD45, 46, which may underlie the 

higher sensitivity of GluN2A to DNRAbs. Furthermore, the DWEYS motif is proximal to 

binding sites for other ATD allosteric modulators. Indeed, the sensitivity to Zn2+, a NAM, may 

be modulated by SLE antibodies32. Nevertheless, the mechanism of action of DNRAbs to 

produce positive allosteric modulation and the differences in sensitivity between GluN2A and 

GluN2B remain unknown, but are critical to define for potential therapeutic interventions. 

GluN2A contributes to both the acute and chronic phases of SLE neuropathology. While the 

use of GluN2A NAMs may be key to treating the neuropsychiatric symptoms of SLE, any 

NMDAR inhibitor may lead to undesirable side effects20, 53, 54.  Uncovering the mechanistic 

details of DNRAb-NMDAR interactions during distinct pathophysiological phases will help us 

better develop and tailor therapeutic strategies for preventing neuropsychiatric symptoms in SLE 

patients before acute events occurs, and treating them during chronic phases of SLE.  
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METHODS 

See Supplemental Methods for details. 

Animals 

Feinstein Institute. Mice with deletion of the GluN2A subunit (Grin2a-/-) were kindly provided 

by Dr. M. Mishina (University of Tokyo).  Mice with conditional knockout of the GluN2B 

subunit (Grin2bfl/fl;Camk2a-cre) were bred in house by crossing homozygous floxed GluN2B 

mice (Grin2bfl/fl, kind gift from Prof. Dr. H. Monyer) with a Cre line driven by CaMKIIα 

promoter (Camk2a-cre mice, B6.Cg-Tg(Camk2a-Cre)T29-1Stl/J, stock no: 005359, Jackson 

labs). Both groups were further bred on an H2d+/+ background to allow antibody response to 

immunization. Immunization with MAP-core and MAP-DWEYS was previously described11.  

Stony Brook. Mice (C57BL/6) were bred in house for primary hippocampal cultures at P0-P1 

and glia/astrocyte feeder layers at P2-P4.   

 

SLE antibodies 

G11 is an IgG1 monoclonal antibody derived from a female SLE patient’s B cells with Igγ1 

heavy chain and Igκ light chain composition. B1 is an isotype IgG1 control derived from the 

same patient16. G11 was cloned from a B cell binding the DWEYS peptide and B1 from a B cell 

that did not bind the peptide or any brain antigen. The SLE patient from whom the antibodies 

were derived had serum antibodies reactive to dsDNA and the DWEYS peptide2, 4.  

 

In vitro electrophysiology 

Human embryonic kidney 293 (HEK293) cells were grown and transfected (Supplemental 

Methods: in vitro cell culture and transfection). Whole-cell55, 56 and single-channel recordings24, 
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57 were done as described (Supplemental Methods: in vitro macroscopic recordings and in vitro 

single channel recordings). 

 

Immunocytochemistry (ICC) 

HEK293T cells were used for ICC. Cells were fixed 48 hours post-transfection, washed with 

1xPBS, and then blocked with 2% bovine serum albumin (BSA) (Sigma, A9647). Incubation of 

primary antibody (20 µg/mL), either G11 or control B1, diluted in 2% BSA was done overnight 

at 4°C. 

Primary hippocampal neurons were made58 with minor modifications (see Supplemental 

Methods). Pharmacological treatment occurred at DIV14. Final concentrations of antagonists 

were 3 µM: TCN-201 (AdooQ Bioscience, A11947), MPX-004 (Alomone Labs, M280), and 

Ifenprodil (Sigma, I2892). ICC was performed 24-hours post treatment on DIV15. Coverslips 

were washed with 1xPBS, fixed, and washed again with 1xPBS and blocked/permeabilized with 

antibody blocking solution, consisting of 2% (w/v) BSA, 0.25% (v/v) Triton-X100 in 1xPBS, for 

60 min. Coverslips were then incubated in primary antibodies, rabbit anti-activated caspase-3 

(1:250, Cell Signaling, 9661), and mouse anti-β tubulin III (Tubb3) (1:400, Millipore-Sigma, 

MAB1637), both in antibody blocking solution overnight in 4°C. Coverslips were washed with 

1xPBS, and incubated in fluorescence-conjugated secondary antibodies, Goat anti-rabbit Alexa-

647 (1:1000, ThermoFisher, A21245) and Goat anti-mouse Alexa-488 (1:1000, ThermoFisher, 

A21121) for 1 hour at RT and mounted as described above. Post-processing and image analysis 

are detailed in Supplemental Methods. 

 

Immunohistochemistry 
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Mice were anesthetized as described19.  Brains were extracted, fixed, and transferred to 30% 

sucrose, blocked and sliced (40 µm).  For cresyl violet staining, sections were mounted, 

dehydrated, rehydrated and stained in cresyl violet.  Sections were dried, dehydrated, cleared 

(Histoclear II) and coverslipped (Permount, Fisher Scientific) prior to imaging on an AxiophotZ1 

microscope (Zeiss).  For immunohistochemistry, sections were washed with PBS, permeabilized, 

blocked, and stained with primary antibody overnight at 4°C.  Primary antibodies were Iba1 

(1:500, Wako Chemicals, 019-1 9741), CD68 (1:500, Bio-Rad, mca1957). On the following day, 

samples were washed with PBS and then incubated with secondary antibody, which included 

Donkey anti-rat Alexa Fluor 488 (1:400, Life Technologies, A21208), Chicken anti-rabbit Alexa 

Fluor 594 (1:300, Life Technologies, A21442).  Post-processing and image analysis are detailed 

in Supplemental Methods. 

 

Behavioral assessment and in vivo electrophysiology 

Mice (20-24 weeks) were handled for 15 min per day for 3 days before being tested behaviorally. 

The object place memory (OPM) task was performed2, 19. The apparatus consisted of a square 

(40 cm) chamber 40 cm high, with the walls painted grey. Animals were familiarized to the 

empty chamber (3 sessions of 15 min each).  For OPM testing, mice underwent the following 

sequence: empty chamber (10 min), home cage (10 min), sample phase in which the chamber 

had two objects located at the center of the NW and NE sectors (5 min), home cage (10 min), 

choice phase in which the chamber had the same objects but one of them was moved from NE to 

the center of the SE sector (5 min).  The discrimination ratio was calculated during the choice 

phase by dividing time spent exploring the moved object minus the time spent exploring the 
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static object by the time exploring the objects combined2. Data were collected and analyzed 

using EthoVision XT (Noldus Information Technologies). 

In vivo recordings of place cells in the dorsal CA1 of the hippocampus were made2, 19.  Mice 

were anesthetized and implanted with a 16 channel multi-electrode array. After recovery, single 

unit firing was recorded using Cheetah software (Neuralynx) while the animal explored a square 

chamber in a schedule of four exploration runs separated by three rest sessions. Data were 

analyzed using Spike2 (version 8, Cambridge Electronic Design), NeuroExplorer (version 5, Nex 

Technologies), and Matlab. 

 

Statistics 

Data analysis was performed using IgorPro, QuB, Excel, and ImageJ. All average values are 

presented as mean ± SEM. For statistical analysis, we used either Origin Pro (version 9, Origin 

Lab) or MiniTab 18. Normality was used to determine appropriate statistical tests. For normally 

distributed data, unpaired two-tailed Student’s t-tests (t-test) or one-way ANOVAs with post-hoc 

Tukey’s test were used as indicated. For non-normally distributed data or instances where the 

data were categorical variables or cumulative distribution functions, Mann-Whitney U tests, 

Kruskal-Wallis ANOVAs, and Kolmogorov-Smirnov tests were used as indicated.  Significance 

was typically p < 0.05.  

We did not run a statistical test to determine sample size a priori. Sample sizes resemble 

those from previous publications.   
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Supplemental Table 1. In the whole-cell mode, the G11 antibody has no notable effect on current 

properties other than changes in peak current amplitudes (relates to Figures 1A-1D). 

Values shown are mean  SEM for changes in normalized whole-cell peak current amplitudes (Norm. 

Ipeak), normalized leak current amplitudes (Norm. Ileak), and normalized extent desensitization (Norm. 

Des) for steady-state currents either in control antibody (B1) or human DNRAb (G11) (see Figures 1A 

& 1B). 

Tagged values are significantly different (*) than their respective control condition, B1 (*p < 0.05, two-

tailed Student’s t-test, unpaired).   

 

We made these measurements in 100 g/ml where both N2A- and N2B-containing receptors were 

potentiated (Figures 1C & 1D).  The lack of an effect on leak current indicates that DNRAbs do not 

themselves act as agonists.  DNRAbs also do not affect desensitization. 

 

 

 

  

Subunit Antibody Norm. Ipeak 

%  

Norm. Ileak 

% 

Norm. Des 

%  

n 

hGluN1/hGluN2A 100 g/ml 

B1 

92  3.6 173  44 
 

105  4 5 

 100 g/ml 

G11 

154*  14 194  95 73  25 

 

5 

hGluN1/hGluN2B 100 g/ml 

B1 

97  1.4 121  12 121  16 

 

6 

 100 g/ml 

G11 

125*  7.2 92.1  13 103  16 5 
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Supplemental Table 2. Effects of DNRAbs on hGluN2A- or hGluN2B-containing NMDARs 

(relates to Figures 1E-1H). 

Subunit Antibody Total events (# 

of patches) 

i 

pA 

eq. Popen 

 

MCT 

ms 

MOT 

ms 

hGluN2A 10 g/ml B1 485793 (6) -8.3  0.4 0.40  0.07 5.9  1.0 3.8  0.6 

 10 g/ml G11 546303 (7) -8.2  0.5 0.63*  0.05 3.5  0.7 6.0  0.9 

 100 g/ml B1 632383 (8) -7.1  0.2 0.40  0.07 8.9  1.9 4.9  0.7 

 100 g/ml G11 1047339 (8) -7.5  0.1 0.61*  0.03 3.7*  0.4 5.7  0.4 

       

hGluN2B 10 g/ml B1 135134 (6) -8.3  0.3 0.18  0.04 27.9  12.4 4.0  0.7 

 10 g/ml G11 445555 (6) -8.5  0.2 0.19  0.02 16.0  2.9 3.5  0.3 

 100 g/ml B1 154900 (6) -7.5  0.4 0.15  0.06 42.9  12.9 4.8  0.9 

 100 g/ml G11 332097 (10) -7.5  0.3 0.23  0.04 24.0  2.8 6.1  0.5 

Values shown are mean  SEM for single-channel current amplitude (i), equilibrium open probability 

(Po), mean closed time (MCT), and mean open time (MOT). Single channel currents were recorded in 

the on-cell mode at approximately -100 mV and analyzed in QuB (see Materials & Methods). Number 

of patches is in parenthesis to the right of total events. Eq Po is the fractional occupancy of the open 

states in the entire single-channel recording, including long lived closed states (desensitized states). All 

data were idealized and fit at a dead time of 20 s.  

Tagged values are significantly different (*) than their respective isotype control antibody (Ab) 

condition, B1 (p < 0.05, two-tailed Student’s t-test, unpaired).   

 

 

 

 

Supplemental Table 3. The D285K mutation in the GluN2A DWEYS motif has no notable effect 

on current properties (relates to Figures 2B-2D). 

Subunit Iampl 

pA 

Des 

% 

n 

hGluN1/hGluN2A -1200  550 33  12 10 

hGluN1/ hGluN2A(D285K)/hGluN2A(D285K) -970  290 19  10 7 

Values shown are mean  SEM for whole-cell peak current amplitude (Iampl) and % desensitization 

(Des).  Wild type and D285K recordings were alternated.   
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Supplemental Figure 1. Competitive ELISAs for DNRAb binding to soluble GluN2A or GluN2B 

epitopes (relates to Figures 2B-2E).  

(A & B) Optical density (OD 405) values (mean ± SEM), measured by competitive ELISAs, for 

displacement of human DNRAb (G11) from plate-bound (A) DWDYS pentapeptide (GluN2A-specific) 

or (B) EWDYG (GluN2B-specific) by molar excess concentrations of the same soluble pentapeptides (n 

= 4 for each treatment condition).  
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Supplemental Figure 2. Diagram of the experimental protocol used for the NPSLE mouse model 

(relates to Figures 3 & 4). 

At time 0, mice were innoculated either with the DWEYS decapeptide multimerized on a polylysine 

backbone (MAP-DWEYS) or with the polylysine backbone alone (MAP).  DWEYS is a mimetope of 

DNA and homologous to a sequence within the GluN2A and GluN2B amino-terminal domain. 

Immunization of wildtype mice with MAP-DWEYS induces production of DNRAbs (DNRAb+ mice) 

whereas MAP alone (control) does not1.  Two weeks later, following two booster immunizations, mice 

were given lipopolysaccharide (LPS) to allow transient access of antibodies to the hippocampus2, 3.  One 

week after the LPS treatment subsets of mice were sacrificed for histological characterization of CA1 

pyramidal cell viability (Figs. 3B & 3C)2, 4.  At this time point following LPS treatment, DNRAbs are 

still present in the hippocampus2, 5.  Two weeks post-LPS, DNRAb levels are not detectable5.  Eight 

weeks post LPS, subsets of animals were tested for hippocampal anatomy (CA1 dendritic complexity 

and microglia activation are altered in treated wild-type mice3 (Figs. 3D-3I).  Other mice were tested for 

spatial memory test and implanted with tetrodes to determine place field size (Figs 4A-4D).   

 

Use of LPS to permealize BBB. LPS by itself produces a systemic inflammatory response and 

neuroinflammatory effects leading to neuronal death and microglia activation6, 7, 8. However, for all of 

our in vivo experiments, we only make comparisons between DNRAb+ (experimental) mice and 

DNARb- (control) mice, with both of these groups being treated with LPS.  In addition, LPS 

permealization localizes DNRAbs more in the hippocampus and related structures than in other brain 

regions2, 9.  The major region of action of DNRAbs in patients is the hippocampus and related 

structures10, 11.  
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SUPPLEMENTAL METHODS 

Animals 

All protocols were IACUC approved.   

Feinstein Institute. Mice (females, C57BL/6 strain) were housed at the Center for Comparative 

Physiology at the Feinstein Institute for Medical Research.  All protocols were IACUC 

approved.  Mice with deletion of the GluN2A subunit (Grin2a-/-) were kindly provided by Dr. M. 

Mishina (University of Tokyo).  Animals with conditional knockout of the GluN2B subunit 

(Grin2bfl/fl;Camk2a-cre) were bred in house by crossing homozygous floxed GluN2B mice 

(Grin2bfl/fl, kind gift from Prof. Dr. H. Monyer) with a Cre line driven by the CaMKIIα promoter 

(Camk2a-cre mice, B6.Cg-Tg(Camk2a-Cre)T29-1Stl/J, stock no: 005359, Jackson labs). Both 

groups were further bred on an H2d+/+ background in order to allow an antibody response to 

immunization.  Immunization with MAP-core and MAP-DWEYS peptide was previously 

described 1.  The first immunization was given in Complete Freund’s Adjuvant (Becton, 

Dickinson, and Company, 263810), with two boosters at 2 and 4 weeks in Incomplete Freund’s 

Adjuvant (Becton, Dickinson, and Company, 263910).  At 2 weeks following the final 

immunization, mice received two intraperitoneal injections of LPS (6 mg/kg; Millipore-Sigma, 

L4524) 48 hours apart administered with a 500 l intraperitoneal injection of sterile saline. Mice 

received water and food ad libitum.   

Stony Brook. All animal procedures were approved by the institutional animal care and usage 

committee (IACUC) at Stony Brook University and were in concordance with the guidelines 

established by the National Institutes of Health. Mice (C57BL/6) were bred in house for primary 

cultures of hippocampal neurons at P0-P1 and glia/astrocyte feeder layers at P2-P4. Mice 

received water and food ad libitum.   

 

In vitro cell culture and transfection 

Human embryonic kidney 293 (HEK293) cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM), supplemented with 10% FBS, for 24 h before transfection. Human NMDAR-

encoding cDNA constructs (Table 1), were co-transfected into HEK293 cells along with a 

separate peGFP-Cl construct at a ratio of 4:4:1 (N1:N2:eGFP) for macroscopic recordings, and at 

a ratio for 4:1.5:1 for single channel recordings using X-tremeGene HP (Roche, 06-366). 

Triheteromeric NMDAR-expressing constructs (Table 1), all derived from rat, were a gift from 

K. Hansen and transfection with these constructs were performed as described previously 2. 

HEK293 cells were bathed in medium containing the GluN2 competitive antagonist DL-2-

amino-5-phosphopentanoic acid (APV, 100 µM, Tocris), magnesium (100 µM), and the GluN1 

competitive antagonist 6,7-dichlorokynuric acid (DCKA, 100 µM, Tocris). All experiments were 

performed 24-48 h post-transfection.  Point mutations were introduced in the various GluN2A 

subunits using site-directed mutagenesis (SDM) as previously described 3 

Table 1. Plasmid constructs used for heterologous expression of NMDARs in HEK293 cells. 

Construct Species Description 

pCI-neo-hGluN1a Human Wild-type receptor subunit 

pCI-neo-hGluN2A Human Wild-type receptor subunit 

pCI-neo-hGluN2B Human Wild-type receptor subunit 

pCI-neo-2xATG-rGluN1a-

GFP 

Rat Wild-type receptor subunit with bicistronic expression 

of eGFP (gift from K. Hansen) 

pCI-neo-rGluN2A-C1-L4 Rat Tri-heteromeric modified subunit (Hansen et al., 2014) 

pCI-neo-rGluN2A-C2-L4 Rat Tri-heteromeric modified subunit  
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pCI-neo-rGluN2B-AC1-L4 Rat Tri-heteromeric modified subunit  

pCI-neo-rGluN2B-AC2-L4 Rat Tri-heteromeric modified subunit  

In vitro macroscopic recordings 

Macroscopic currents in the whole-cell mode were recorded at room temperature (20–23°C) 

using an EPC-10 amplifier with PatchMaster software (HEKA), digitized at 10 kHz and low-pass 

filtered at 2.9 kHz (−3 dB) using an 8 pole low pass Bessel filter 4. Patch microelectrodes were 

filled with an intracellular solution (mM): 140 KCl, 10 HEPES, 1 BAPTA, 4 Mg2+-ATP, 0.3 

Na+-GTP, pH 7.3 (KOH), 297 mOsm (sucrose). Our standard extracellular solution consisted of 

(mM): 150 NaCl, 2.5 KCl, and 10 HEPES, pH 7.2 (NaOH). Pipettes had resistances of 2–6 MΩ 

when filled with the pipette solution and measured in the standard Na+ external solution. We did 

not use series resistance compensation nor did we correct for junction potentials. Currents were 

measured within 10 min of going whole cell. 

External solutions were applied using a piezo-driven double barrel application system. 

Prior to use, we incubated the application system with 2% BSA (1xPBS) for two hours at 21–

24°C to minimize non-specific antibody binding. For agonist application, one barrel contained 

the external solution +0.1 mM glycine, whereas the other barrel contained both 0.1 mM glycine 

and 1 mM glutamate. For display, NMDAR currents were digitally refiltered at 500 Hz and 

resampled at 1 kHz. 

 

In vitro single channel recordings 

Single channel currents were recorded in the on-cell configuration at 20–23°C using an 

integrating patch clamp amplifier (Axopatch 200B, Molecular Devices), analog filtered at 10 

kHz (four-pole Bessel filter), and digitized between 25 and 50 kHz (ITC-16 interfaced with 

PatchMaster, HEKA) 5.  

Patch pipettes (thick-wall, borosilicate, Sutter Instruments) were pulled and fire-polished 

achieving resistances between 10 and 20 MΩ when measured in the bath. At −100 mV, seal 

resistance ranged between 2 and 20 GΩ. For cell-attached recordings, patch pipettes were filled 

with the standard bath solution as well as 1 mM glutamate and 0.1 mM glycine. 0.05 mM EDTA 

was added to minimize gating effects of divalents. Inward currents were elicited by applying a 

pipette potential of +100 mV.  Recordings of hGluN1/hGluN2A or hGluN1/hGluN2B, either in 

the presence of absence of DNRAbs consisted of long clusters of activity separated by seconds-

long periods of inactivity, simplifying detection of several channels in the patch. For these 

recordings the relatively high equilibrium open probability (eq. Po) and duration of recordings 

(10,000 to 180,000 per recording) indicated that we were recording from single-channel 

patches.  

For 10 g/ml antibody, our standard bath (pipette) solution consisted of 150 mM NaCl, 

10 mM HEPES (pH 7.2, NaOH). For 100 g/ml antibody, our standard bath had a decreased 

concentration of NaCl to 140 mM to compensate for the osmotic force generated by the 

antibodies in solution.  

 

Immunocytochemistry 

HEK293T cells were used for immunocytochemistry (ICC). Transfections were performed in the 

same manner as described above, without GFP co-transfection. Cells were fixed with 4% 

paraformaldehyde 48 hours post-transfection, washed three times with 1xPBS, and then blocked 

with 2% bovine serum albumin (BSA) (Sigma, A9647) at room temperature. Incubation of 
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primary antibody, either IgG control B1 (20 µg/mL) or human DNRAb, G11 (20 µg/mL) diluted 

in 2% BSA was done overnight at 4°C. Following three washes with 1xPBS, labeling was 

performed with secondary goat anti-human Alexa 488-conjugated antibodies (1:1000, 

ThermoFisher,A-11013) at room temperature. Coverslips were mounted with ProLong® 

Diamond Anti-fade mountant w/DAPI (ThermoFisher, P36962), and imaged with an Olympus 

FV-1000 confocal microscope. Five fields (212 x 212 µm, 60x oil) were taken per coverslip. 

Mean corrected fluorescence of fields were determined on ImageJ with spectral deconvolution 

plugin as previously described 6, 7 and ROI background correction.  

For primary hippocampal neurons used for ICC, cultures were made according to 

methods as previously described 8 with minor modifications. Glia and astrocyte harvested from 

P2 mice 9 were seeded at 10-14 days prior to dissection. On day of dissection, glia/astrocyte 

cultures had media replaced with plating media, consisting of 10% (v/v) Fetal Bovine Serum 

(FBS) (ThermoFisher, 16140071), 0.45% (w/v) glucose, 1 mM sodium pyruvate, 2 mM 

glutamine, 100 U/mL penicillin/streptomycin in Basal Medium Eagle (ThermoFisher, 

21010046). Hippocampi from P0-P1 C57/BL6 mice pips were dissected in ice-cold dissection 

media, consisting of 0.11 mg/mL sodium pyruvate, 0.1% glucose, 10 mM HEPES in HBSS, Ca2+ 

and Mg2+-free (ThermoFisher, 14175095) followed by 0.25% (v/v) trypsin-EDTA digestion for 

20 min at 37°C. DNase I (Sigma, DN25) was added shortly after, and incubated for 5 min at RT. 

Following 2 washes with plating media, tissue was triturated with a FBS-coated pipette tip 10-12 

times. Cells in suspension were counted with a hemocytometer, with approximately 150,000 

cells added to 18 mm glass coverslips coated with poly-D-lysine in 12-well plates. Culture was 

incubated in plating medium for 2 hours at 37°C to allow for cells to adhere to coverslip. 

Coverslips were then flipped onto glia/astrocyte cultures, and cells were allowed to grow 

overnight in plating media, then switched with maintenance medium, consisting of 2% B-27 

supplement (ThermoFisher, 17504044), 2 mM glutamine, 100 U/mL penicillin/streptomycin. On 

DIV3, 5 µM of cytosine arabinoside (Sigma, C1768) was added to cultures to inhibit mitosis of 

non-neuronal cells. Thereafter, half of maintenance media was replaced every 3 days until 

pharmacological treatment at DIV14.  

 Pharmacological treatment of primary hippocampal neurons occurred at DIV14. Final 

concentrations of antagonists were 3 µM: TCN-201 (AdooQ Bioscience, A11947), MPX-004 

(Alomone Labs, M280), and Ifenprodil (Sigma, I2892). These were added along with the 

DNRAb (G11) at 10 µg/mL, in maintenance media to neurons. DMSO was used as vehicle 

control for both control (B1) and DNRAb (G11) conditions.  

  ICC was performed 24 hours post treatment on DIV15. Coverslips were washed with 

1xPBS three times and then incubated in 4% paraformaldehyde(v/v)/4% sucrose (w/v) for 15 

min. Coverslips were then washed again with 1xPBS three times and were 

blocked/permeabilized with antibody blocking solution, consisting of 2% (w/v) BSA, 0.25% 

(v/v) Triton-X100 in 1xPBS, for 60 min at RT. Coverslips were then incubated in primary 

antibodies, rabbit anti-activated caspase-3 (1:250, Cell Signaling, 9661), and mouse anti-β 

tubulin III (Tubb3) (1:400, Millipore-Sigma, MAB1637), both in antibody blocking solution 

overnight in 4°C. Coverslips were then washed with 1xPBS three times, and incubated in 

fluorescence-conjugated secondary antibodies, Goat anti-rabbitAlexa-647 (1:1000, 

ThermoFisher, A21245) and Goat anti-mouse Alexa-488(1:1000, ThermoFisher, A21121) for 1 

hour at RT. Coverslips were then mounted and imaged as described above. Number of activated 

caspase-3 neurons were averaged by 5 fields (212 x 212 µm, 60x oil) per biological replicate. 
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Quantification and image analysis were done on ImageJ by researcher blinded to treatment 

conditions.    

  

ELISA 

Peptides were coated on COSTAR plates (Corning, CLS3690) at 20 µg/ml, 25 µl/well in 0.1M 

NaHCO3 pH 8.6, at 4°C, overnight. The plate was washed once with 1x PBS containing 0.05 % 

Tween 100 (PBS-T) and blocked with 1% BSA/PBS, 50 µl/well, for 1hr at 370C. G11 antibody 

was used at 7.5 µg/ml which was on the linear range of binding curve established prior to the 

inhibition. Antibody was pre-incubated with a wide range of the inhibitory peptide in 1% 

BSA/PBS for 1 hr at RT and added to each well. The assay was performed twice with triplicates 

measurements. The well without the inhibitor peptide served as positive control. After incubation 

at 37°C for 1 hr, the plate was washed 6 times with PBS-T buffer. Goat anti-human secondary 

antibody labeled with alkaline phosphatase (IgG-AP) was added at 1:1000 dilution in 25 µl/well 

of 1% BSA/PBS followed by incubation at 37°C for 1 hr and by washing with PBS-T buffer. 

The ELISA was developed using AP substrate (Millipore-Sigma), in 50 µl/well of a buffer 

containing MgCl2 (1 mM final), Na2CO3 (25 mM final) and NaHCO3 (2.5 mM final). The 

reading was done at 405 µm using a multilabel counter from Perkin-Elmer.  

 

Immunohistochemistry 

Mice were anesthetized with 100 μl of Euthasol (Virbac) prior to perfusion with 0.9% sodium 

chloride, 0.5% sodium nitrite, and 0.1% heparin, followed by 4% paraformaldehyde (PFA) in 0.1 

M phosphate buffer (PB) as before10.  Brains were extracted, fixed in 4% PFA for 2 hours and 

transferred to 30% sucrose, blocked and sliced (40 µm). Brains were blocked in a coronal 

stainless steel template and a 4 mm slab of tissue was cut from approximately Bregma -0.94 

wewas sampled at a thickness of 40 microns over the next 1600 to 1900 microns. 

For cresyl violet staining, sections were mounted, dehydrated, rehydrated and stained in 

cresyl violet for 3 min.  Sections were dried, dehydrated, cleared (Histoclear II) and coverslipped 

(Permount, Fisher Scientific) prior to imaging on an AxiophotZ1 microscope (Zeiss).  For 

immunohistochemistry, sections were washed (0.1 M phosphate buffered saline, PBS), 

permeabilized (0.2% Triton X-100 in 1% BSA in 0.1 M PBS), blocked (1% BSA in 0.1 M PBS 

for 60 minutes), and stained with primary antibody overnight at 4°C in 1% BSA.  Primary 

antibodies were Iba1 (1:500, Wako Chemicals, 019-1 9741), CD68 (1:500, Bio-Rad, mca1957). 

On the following day, samples were washed (0.1 M PBS), incubated with secondary antibody 

(0.1 M PB for 45 min).  Secondary antibodies included Donkey anti-rat Alexa Fluor 488 (1:400, 

Life Technologies, A21208), Chicken anti-rabbit Alexa Fluor 594 (1:300, Life Technologies, 

A21442).  Sections underwent additional washes and incubation in DAPI (0.5 µg/mL in 0.1 M 

PB) and mounted with Cytoseal 60 (Thermo-Scientific) and cover-slipped. 

Tissue was imaged on an AxioImager Z1 microscope or LSM 880 confocal microscope 

using super resolution Airy scan parameters (Zeiss).  Microglia and colocalization with CD-68 

were quantified using Zen2 Blue software as previously described10, 11. Microglia were 

quantitated per 106.4 µm2 box that was placed in 6 regions of interest across the stratum 

radiatum of CA1 using identical Airy scan acquisition parameters (40x oil, Airy = 2X, Z-stack = 

10). Images of individual microglia were transferred to Neurolucida 360 (MBF Bioscience) for 

quantitation. We analyzed three tissue sections; the periodicity was one in four 40 m sections 

across the dorsal CA1 hippocampus, there were three animals in each group, and 8-12 microglia 

per animal. All raw measurements were compiled for cumulative probability distributions and 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 3, 2019. ; https://doi.org/10.1101/791715doi: bioRxiv preprint 

https://doi.org/10.1101/791715


analyzed by Kolmogorov-Smirnov non-parametric statistics. The mean results for each Sholl 

dimension from the soma were plotted for each group and displayed in a standard fashion. 

 

Behavioral assessment and in vivo electrophysiology 

Mice were handled for 15 min per day for 3 days before they were tested behaviorally. The 

object place memory (OPM) task was performed as described10, 12.  The apparatus consisted of a 

square chamber (40 cm on the side, 40 cm high), with the walls painted grey.  Animals were 

familiarized to the empty chamber (3 sessions of 15 min each).  For OPM testing, mice 

underwent the following sequence: empty chamber (10 min), home cage (10 min), sample phase 

in which the chamber had two objects located at the center of the NW and NE sectors (5 min), 

home cage (10 min), choice phase in which the chamber had the same objects but one of them 

was moved from NE to the center of the SE sector (5 min).  The discrimination ratio was 

calculated during the choice phase by dividing time spent exploring the moved object minus the 

time spent exploring the static object by the time exploring the objects combined12. Data were 

collected and analyzed using EthoVision XT (Noldus Information Technologies). 

 The analysis of place cells in the dorsal CA1 region of the hippocampus was completed 

as previously described12, 13.  A mouse was anesthetized with 0.25% isoflorane and implanted 

with a 16 channel multi-electrode array containing 4 tetrodes.  After recovery, single unit firing 

was recorded using Cheetah software (Neuralynx) while the animal explored a square chamber 

(40 cm on the side) in a schedule of four exploration runs (15 min) separated by three rest 

sessions (5 min) in the homecage.  Recordings were repeated over 2 consecutive days.  Acquired 

data were analyzed using Spike2 (version 8, Cambridge Electronic Design), NeuroExplorer 

(version 5, Nex Technologies), and Matlab. 
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