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Abstract
Baseline Levels of Neuroinflammation in the Grin2a Knockout Mouse
By Nima Shariatzadeh

Epilepsy is a common neurological disease characterized by recurrent seizures.
Genetic loss-of-function variants of GRIN2A are causative for epilepsy. GRIN2A
encodes the GIuN2A subunit of the NMDA receptor, a major glutamatergic excitatory
receptor in the brain. A growing body of work has implicated neuroinflammation in the
disease course of epilepsy, and deletion of the GIuN2A subunit has been associated
with neuroinflammation. In humans, anti-inflammatory agents are beneficial in GRIN2A-
associated epilepsy; these patients experience normalized EEGs, improved language,
and improved sleep architecture when administered anti-inflammatory therapies.
However, no work to date has measured the effect of this receptor on baseline, non-
epileptic neuroinflammation levels. Microglia and astrocytes are brain-derived glial cells
that undergo morphological transformation during neuroinflammation. Using Grin2a
knockout (KO) mice lacking the GIUN2A subunit, neuroinflammation was measured via
immunohistochemical staining of microglia and astrocytes using anti- IBA1 and GFAP
antibodies, respectively, in both adolescent and adult mice. A slight, 1.36-fold increase
in fluorescent area covered by GFAP staining was found in the CA1 radiatum of
adolescent mice lacking the GIuN2A subunit. No difference between genotypes was
observed in GFAP staining in adults, nor was a difference found between genotypes for
adolescent and adult IBA1 staining. These findings indicate that during development,
there is a transient increase in astrocyte reactivity in Grin2a KO mice that resolves by

adulthood.
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Introduction
Epilepsy

Epilepsy is one of the most common neurological disorders, and it is estimated
that 30% of patients are refractory to current treatments (Duncan JS et al., 2006).
Clinically, epilepsy is defined as a neurological disorder whereby a patient experiences
two or more unprovoked seizures, more than 24 hours apart (Fisher RS et al., 2014).
During a seizure, patients may experience changes in motor function, feelings,
behavior, or consciousness (Blumenfeld H, 2012; Li Z et al., 2002; Masia SL and
Devinsky O, 2000). The seizures are initiated by unregulated, highly synchronous
hyperexcitability that begins in one region of the brain and can then spread to other
regions (Babb TL et al., 1987). Many anti-glutamatergic agents are used in the
treatment of certain seizures, and glutamate receptors such as NMDA receptors play a
role in the changes in plasticity and neuronal cell loss that follow these seizures (Kapur,
2018).
Glutamate and Glutamate Receptors

Glutamate is the primary excitatory neurotransmitter in the adult mammalian
central nervous system (CNS). This amino acid neurotransmitter binds to two different
types of receptors: metabotropic and ionotropic receptors (Platt SR, 2007). All eight
subtypes of metabotropic glutamate receptors are G-protein-coupled receptors
(GPCRs) that participate in intracellular signaling. There are three known sub-families of
ionotropic receptors that bind glutamate; kainate, AMPA, and NMDA receptors (Kew JN
and Kemp JA, 2005). Kainate receptors can be both pre and post-synaptic and

modulate both excitatory and inhibitory firing (Lerma J, 2003). The a-amino-3-hydroxy-
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5-methyl-4-isoxazolepropionic acid receptor (AMPAR) is a heterogenous post-synaptic
excitatory receptor that mediates nearly all fast excitatory neurotransmission in the
CNS. The receptors play a role in synapse formation, stabilization, and plasticity. These
receptors colocalize to NMDA in the post-synaptic density. (Henley JM and Wilkinson
KA, 2016). Finally, the N-methyl-D-Aspartate receptor (NMDAR) is the third kind of
ionotropic glutamate receptor. It is a tetrameric (GIuN) receptor, consisting of two
obligate N1 subunits and some combination of N2 (A-D) or N3 (A-B) subunits., The
presence of different subunits confers different properties to the NMDA receptor
(Paoletti P et al., 2013). These receptors are blocked by magnesium and when this
occurs only a sufficiently strong decrease in the polarization of the neuron can remove
the magnesium block of the receptor and allow calcium or sodium ions to flow through
it. The NMDA receptor binds 2 ligands (glutamate and glycine) that act as co-agonists
(Xin WK et al., 2005; Zhu S et al., 2016).
NMDA Receptor Subunit Expression in the Brain

The NMDA receptor is primarily known for its function in learning and memory via
its role in synaptic plasticity (Luscher C and Malenka RC, 2012). NMDA receptors are
found in virtually every region of the brain (Hansen KB et al., 2017); these receptors are
most dense in the hippocampus, cerebral cortex, and striatum in mice (Cotman C and
Monaghan D, 1989). NMDA receptors containing the 2A subunit (GIuN2A) have a
higher open channel probability, faster deactivation rate, and lower GIuN1/GIuN2
agonist potency (Wyllie DJ et al., 2013). At birth, the presence of GIuN2A containing
NMDARs is low. However, as the brain develops, GluN2B-subunit containing NMDARs

slowly decrease in number, concomitantly with an increase in GluN2A-subunit
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containing NMDARSs (Liu XB et al., 2004). A visual representation of this spatio-temporal
expression of GIuUN2A and GIuN2B in a rodent is shown in Figure 1. In mice, this 2B to
2A “switch” occurs during the first 2-5 weeks of life (McKay S et al., 2018). By
adulthood, GluN2A-containing NMDARs are primarily found in the hippocampus and
cortex. Similarly, GIuN2B is primarily found in the hippocampus by adulthood, however
GIuN2B expression is lower in the cortex. This switch is thought to underpin the differing
memory abilities of adolescent versus adult mice and rats, given the different kinetics

each subunit provides its containing NMDA receptor (Ge M et al., 2019).
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Figure 1: Spatio-temporal distribution of N1, N2A, and N2B-containing NMDARs in the
post-natal rat brain. Obtained using x-ray film radiography. Scale bar represents 3.4
mm. cb: cerebellum; cx: cortex; hi: hippocampus; s: septum; st: striatum; t: thalamus.
Reused with permission from Monyer et al. (1994).
GRIN2A Variants

In humans, the genetic sequence of the NMDA receptor is highly conserved;
variants of all subunits are exceedingly rare. Remarkably, of the known pathogenic
NMDA subunit variants, 47% (411/873) are associated with mutations in the GIuUN2A

subunit. Figure 2 shows the distribution of various diseases by pathogenic variant for

each subunit.
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EPI ID ASD ADHD MD SCZ/BP Total

25 35 4 0 20 3 85
99 185 33 2 10 5 252

GRIN2B
1 4 8 0 0 7 19

GRIN2C
12 12 5 0 0 8 26

GRIN2D
0 1 5 0 0 4 13

GRIN3A

0 0 2 0 4 2 8
GRIN3B

Figure 2: Table of disease category for known pathogenic variants for each NMDA
subunit. EPI: epilepsy; ID: intellectual disability; ASD: autism spectrum disorder; ADHD:
attention-deficit hyperactivity disorder; SCZ: schizophrenia. Adapted from Yuan et al.
(2015) and XiangWei et al. (2018). Data compiled from the literature and ClinVar, then
cross-checked with gnomAD.

The GIuN2A subunit is encoded by the GRIN2A gene in humans. Variants of this
subunit are rare and can lead to severe disorders. Mutations in the GRIN2A gene have
been linked to a wide variety of neurological and psychological disorders including
autism, intellectual disability, aphasia, schizophrenia, and epilepsy. Figure 3 shows the
distribution of gain-of-function and loss-of-function mutations found in three different

GRIN2A-associated disorders. The data demonstrate that loss-of-function mutations are

more common than gain-of-function mutations in GRIN2A-associated conditions.
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Overall, 71% (75/106) of pathogenic known GRINZ2A variants are loss-of-function (from
Supplementary Table S1).

Variants Associated with Epilepsy

BN GOF
3 LOF
Total=55
Variants Associated with Intellectual Disability Variants Associated with Developmental Delay
. GOF BN GOF
=3 LoF 3 LoF
Total=17 Total=7

Figure 3: Frequency of distinct gain-of-function (GOF) and loss-of-function (LOF) known
GRINZ2A variant-associated disorders in humans. Composed from data contained in
Supplementary Table S1, which contains information from the literature, the Center for
Functional Evaluation of Rare Variants (CFERV), ClinVar, and is then cross-checked
with gnomAD.
GRIN2A-Associated Epilepsy

Notably, of the known GRINZ2A variants associated with some form of epilepsy,
44 out of 55 (80%) are loss-of-function mutations (from Supplementary Table S1). It
would be expected that the loss of a subunit of an excitatory receptor would not be
associated with a disease that is primarily characterized by excessive excitatory firing.

GRINZ2A-associated epilepsy tends to have an age of onset around 3-6 years of age in

humans (Myers KA and Scheffer IE, 1993). It is known that the 2A/2B switch also
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occurs in humans. However, the timeline of this subunit switch is far less certain than
that of rodents (Bar-Shira O et al., 2015). Figure 4 provides a post-mortem analysis of

human subunit composition in the hippocampus.
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A 9 YAI3 Young adulthood 20Y<Age<40Y

" R A 7 = MA14 Middle adulthood 40Y<Age<60Y
i % SET 3 2 <Dt <§t LAIS Late adulthood 60 Y<Age

Figure 4: Post-mortem (A): RNA-sequencing; on y-axis, RPKM is reads per
kilobase per million (B): microarray of GIuN2A and GIuN2B in human hippocampus. (C):
Abbreviations for each stage of life indicated on x-axes. Adapted from Bar-Shira et al.
(PLoS Computational Biology, 2015) under the terms of the Creative Commons
Attribution License.

With the limited data available, it appears as though the onset of GRIN2A-related
epilepsies may occur around the time when a change in subunit composition is

expected to occur in humans. Loss-of-function (LOF) GRIN2A mutations are also
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associated with other disorders such as learning disabilities, intellectual disabilities, and

developmental delay, as is shown in Figure 5.

Pathogenic GRIN2A LOF Variants by Disease

Bl EPI
B LD
B D
1 DD

Total=73

Figure 5: Frequency of various disorders for pathogenic loss-of-function GRIN2A
variants. EPI: epilepsy; LD: language disability; ID: intellectual disability; DD:
developmental delay. Composed from data contained in Supplementary Table S1 which
contains information from the literature, the Center for Functional Evaluation of Rare
Variants (CFERYV), ClinVar, and is cross-checked with gnomAD.
Neuroinflammation in Epilepsy

Although primarily a disease of hyperexcitability, there is a neuroinflammatory
response associated with status epilepticus (SE) and seizures. Status epilepticus is
defined as a seizure lasting more than 5 minutes continuously, or as two or more
seizures within 5 minutes where there is incomplete recovery of consciousness between
seizures (Trinka E et al., 2015). The neuroinflammation that follows SE worsens
epileptogenesis (the process by which a brain is converted from normal to epileptic).

The subsequent neuroinflammation further enhances neuronal cell loss,

hyperexcitability, and the changes in synaptic plasticity that follows SE (Rana A and
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Musto AE, 2018). Though the mechanisms of this neuroinflammation are not yet fully
elucidated, they appear to involve damaged neurons signaling to nearby astrocytes and
microglia (de Lanerolle NC et al., 2010; Hiragi T et al., 2018). The astrocytes and
microglia then release cytokines and chemokines that weaken the blood-brain barrier
and permit peripheral monocytes and lymphocytes to enter the brain (Keaney J and
Campbell M, 2015). It is unclear whether the actions of microglia subsequent to status
epilepticus, such as their role in neurogenesis and synaptic pruning, leads to a net
neuroprotective or neurodegenerative effect (Andoh M et al., 2019). Notably, treatment
with cyclooxygenase-2 inhibitors, prostaglandin receptor antagonists, and cytokine
receptor antagonists appear to decrease inflammation and prevent the breakdown of
the blood-brain barrier that when administered after SE in some mouse models
(Vezzani A et al., 2015). These anti-inflammatory actions can lead to a neuroprotective
effect in these models; this neuroprotective effect of anti-inflammatory agents is due in
part to prevention of neuronal cell loss and hyperexcitability (Dey A et al., 2016). Finally,
epidemiological data show that inhibition of cyclooxygenase may prevent epilepsy; use
of NSAIDs over long periods in rheumatoid arthritis patients is associated with a lower

incidence of epilepsy in that population (Chang KH et al., 2015).

GluN2A and Neuroinflammation

Changes to the GIuN2A subunit can have complex, wide-ranging consequences.
Previous studies have established a clear involvement of the GluN2A-containing NMDA
receptor in the process of neuroinflammation. Mice lacking the GIuN2A subunit (Grin2a

KO mice) are resistant to tonic inflammatory pain (Hizue M et al., 2005). Grin2a KO



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168
169

170

171

172

173

174

175

176

10

mice have also been shown to suffer from redox dysregulation in adolescence that can
lead to neuroinflammatory consequences in adulthood. Oxidative insults in adolescent
Grin2a KO mice can lead to persistent microglial activation in adulthood (Cardis R et al.,
2018). Furthermore, unpublished data from our lab in collaboration with others find that
Grin2a KO mice are far more susceptible to febrile seizures. Conversely, Grin2a KO
mice also have a largely attenuated neuroinflammatory response to lipopolysaccharide
(LPS) injections, and do not suffer from any depression as a result of LPS, unlike wild-
type controls (Francija E et al., 2019). Additionally, the processes of microglia from
Grin2a KO mice are unable to converge on damaged neurons in some brain regions
(Eyo UB et al., 2018). Therefore, in Grin2a knockout mice, there appears to be a
general resistance to neuroinflammation combined with instances where there is greater
susceptibility to unregulated neuroinflammation. Before examining the mechanism,
however, the basic premise of this theory must be tested. In order to establish this
“theory of inflammatory instability,” baseline levels of neuroinflammation must first be

determined in mice lacking the GIuN2A subunit.

Interestingly, there are multiple documented cases of human patients with GRIN2A-
associated epilepsy responding well to immunotherapies such as intravenous
immunoglobulin (IVIG) and corticosteroids. These patients display normal brain activity
via electroencephalogram (EEG) recordings, improved language, and improved sleep
architecture in response to these immunotherapies (Hausman-Kedem M et al., 2020). A
GRINZ2A-associated epilepsy patient’'s EEG response to this type of therapy is shown in
Figure 6. Corticosteroids are a well-known anti-inflammatory treatment used in a wide

variety of inflammatory conditions. These medications work by directly affecting the
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transcription of a number of different pro-inflammatory genes (Barnes PJ, 2006). The
mechanism of action for IVIG is less well-understood but appears to involve changes in
cytokine levels as well as a decrease in certain pro-inflammatory autoantibodies (Billiau

AD et al., 2007).
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184  Figure 6: EEG recording of a GRIN2A loss-of-function mutation patient before (A) and
185  after (B) intravenous immunoglobulin treatment, an anti-inflammatory therapy. Reused
186  from Hasuman-Keddem et al. (Epilepsy Research, 2020) with permission.
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Microglia and Astrocytes in Neuroinflammation

Microglia are the resident immune system of the central nervous system (CNS)
(van Rossum D and Hanisch UK, 2004). These cells survey the CNS for pathogens and
unnecessary neurons and synapses. In their surveilling role, microglia assume the
“rested” state with a stationary cell body and thin processes. When microglia encounter
pathogens and brain tissue damage, their morphology can rapidly change into the
“active” state with a more ameboid shape as the processes contract closer to the cell
body and are thicker. Microglia can also respond in this way to various factors that can
be released by nearby neurons, such as cytokines, necrosis factors, and potassium.
The microglia can then engulf the offending matter via phagocytosis (Perry VH et al.,
2010) or initiate a neuroinflammatory cascade (Harry GJ and Kraft AD, 2008). Part of
this cascade is the infiltration of peripheral immune cells as mentioned earlier. In this
process, the genes expressed by the microglia, as well as the degree to which they are
expressed, changes markedly (Holtman IR et al., 2015). Thus, microglial activation is
crucial to neuroinflammation.

Astrocytes are also a type of glial cell present in the brain. These star-shaped
cells perform a wide variety of functions. They are mostly known for their function in
regulating the extracellular environment directly around neurons. Astrocyte processes
are present at virtually every synapse; at the synapse, astrocytes maintain pH, ion
gradients, and neurotransmitter concentrations of the area immediately surrounding the
neurons. These actions are necessary for neurons to function correctly. Additionally,
GABA, glycine, and glutamate are taken up by astrocytes to be recycled after neuronal

firing. Other functions of astrocytes include regulating blood flow to the CNS via
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attachment and direct signaling to cells of the blood-brain barrier (Abbott NJ et al.,
2006). Astrocytes also appear to play a role in synaptic plasticity via direct release of
neurotransmitters, as well as the release of growth factors that influence the neurons of
the synapse. Astrocytes may also be involved in synaptic pruning by tagging synapses
for destruction (Sofroniew MV and Vinters HV, 2010). Finally, astrocytes play an integral
role in controlling brain damage by migrating to damaged parts of the brain and act to fill
in gaps left by dead neurons. In doing so, they provide structural support for the brain

and are integral to the scarring process (Stichel CC and Muller HW, 1998).

During the neuroinflammatory process microglia and astrocytes undergo
morphological changes called gliosis; in this state, both cell types release
proinflammatory cytokines and reactive oxygen species to propagate inflammatory
signaling and induce neuronal death. Cytokines released from both microglia and
astrocytes can signal cells of both types, leading to reciprocal activation between cell
types (Matejuk A and Ransohoff RM, 2020). During gliosis, the expression of many
genes change dramatically in both these cell types (Pekny M and Pekna M, 2016).
Activation of microglia and astrocytes has been implicated in the neuroinflammation that
is associated with a wide variety of neurological diseases, including epilepsy (Kwon HS
and Koh SH, 2020). In microglia one such gene is AIF1 (Allograft Inflammatory Factor
1), which codes for ionized calcium-binding adapter molecule 1 (IBA1). IBA1 is a
calcium-binding protein which is part of a signaling cascade leading to membrane
ruffling and phagocytosis in cells that express it. In the CNS under normal conditions,

the only cells that express this protein are microglia (Ohsawa K et al., 2000). Measuring
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baseline expression of this protein is thus an indicator of the degree of microglial
activation in the CNS. In astrocytes, the GFAP gene encodes the Glial Fibrillary Acidic
Protein (GFAP). This protein is an intermediate filament and contributes to the structure
of the astrocyte. Notably, this protein is more highly expressed in reactive astrocytes;
when astrocytes become activated, the expression of this protein helps move the cell
processes away from the soma and into the characteristic star-like shape of a reactive
astrocyte. Given that only astrocytes express GFAP in the areas of the CNS that lack
neural stem cells, staining for GFAP can therefore demonstrate the degree of astrocyte
reactivity in the CNS (Eng LF et al., 2000; Mamber C et al., 2012). By determining the
activation state of microglia and astrocytes, an overall measure of the level of
neuroinflammation at baseline can be obtained. Interestingly, NMDA receptors are
found in astrocytes and microglia. In astrocytes, modification of NMDARs appears to
change astrocyte homeostasis (Skowronska K et al., 2019). Activation of microglial

NMDA receptors leads to their proliferation and activation (Raghunatha P et al., 2020).

Rationale

Though previous studies have examined neuroinflammation in the Grin2a KO
mouse model under various conditions, none have reported baseline neuroinflammation
levels. Given the combination of resistance to LPS-induced neuroinflammation,
combined with instances of enhanced neuroinflammatory susceptibility such as a
greater incidence of febrile seizures and persistent microglial activation after oxidative
damage, establishing any difference in baseline neuroinflammation is thus important for

understanding the effects of Grin2a knockout on neuroinflammation after injury and
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during disease (Cardis R, Cabungcal JH, Dwir D, Do KQ and Steullet P, 2018; Francija
E, Petrovic Z, Brkic Z, Mitic M, Radulovic J and Adzic M, 2019). Though there are
multiple markers for neuroinflammation, the one commonality of this biological process
in many diseases that create neuroinflammation is the activation of microglia and
astrocytes. Therefore, by using immunohistochemistry, the fluorescence of microglia
expressing IBA1 and astrocytes expressing GFAP will be measured. By determining the
area of fluorescence for these proteins in wild-type and Grin2a KO mice, basal levels of

neuroinflammation (i.e. neuroinflammation without any prior insult) can be determined

Hypothesis

The proposed “theory of inflammatory instability” to describe the Grin2a KO mice is
composed of two parts: a lower basal level of neuroinflammation and an exaggerated
response to certain insults. Therefore, at baseline, it is hypothesized that Grin2a KO
mice will display lower GFAP and IBA1 fluorescence area compared to wild-type

controls.

Materials and Methods

Mice

All mice were bred and procedures conducted at Emory University, which is fully
accredited by the Association for Assessment and Accreditation of Laboratory Care. All
procedures were Institutional Animal Care and Use Committee approved and performed
in accordance with state and federal Animal Welfare Acts and Public Health Service

policies. Grin2a knockout mice (Sakimura K et al., 1995) were back-crossed onto a
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C57BL6/J background for over 20 generations. These mice contain a sequence

upstream of the Grin2a gene that disrupts transcription of the gene. Grin2a transcript
and GIuNZ2A protein is not detected in Grin2a KO mice (Sakimura K et al., 1995). Wild
type and knockout mice were bred in-house and stored on the same rack to minimize
assay differences due to stress level. All mice were kept in a maximum of 5 per cage,

on a 12-hour light/dark cycle. Food and water were provided ad libitum.

Tissue harvesting

Adolescent postnatal day (P) 20-25 and adult P 80-120 mice were sacrificed using deep
isoflurane anesthesia. Lack of consciousness was confirmed using loss of righting reflex
and absence of response after toe pinch. Mice were then perfused first with 1X PBS
followed by 4% paraformaldehyde (PFA). After harvesting, brains were placed in 4%
PFA overnight. Brains were then placed in 30% sucrose (w/v) until they sank then 50-
um thick coronal sections were obtained using a cryostat (Leica). Coronal sections were
obtained through the entire hippocampus, from dorsal to ventral, with each replicate
consisting of 5-6 sections spaced roughly 250 um apart. Sections were then stored in

1X PBS at 4°C until used.

IBA1 and GFAP Staining

The staining procedure for IBA1 and GFAP was adapted from (McLeod F et al., 2017).
A blocking buffer was made consisting of 1X PBS supplemented with 15% normal goat
serum (NGS, Abcam ab7481), 1% bovine serum albumin (BSA, Jackson Immuno) and

0.5% Triton-X 100. Sections were first incubated in blocking buffer for 3.5 hours at room
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306 temperature, before being transferred to blocking buffer containing either GFAP

307  (1:3000, Abcam ab7260) or IBA1 (1:1500, Abcam ab178846) and left to incubate

308 overnight at 4°C. Next, sections were washed three times in 1X PBS buffer before being
309 placed in blocking buffer containing AlexaFluor 488®- (1:500, Abcam ab150077) for 3
310  hours at room temperature. After three more washes in 1X PBS, sections were

311  incubated for 20 minutes with DAPI solution (2 uM). Sections were mounted and

312 coverslipped using #1.5 coverslips with hard-setting Prolong Gold® Antifade

313  (ThermoFisher) as the mounting medium.

314

315 Imaging and Analysis

316 Images were obtained using a Nikon ECLIPSE Ti2 line-scanning confocal microscope
317  with a Nikon A1R HD 25 camera. Z-stacks were taken by positioning the focal plane to
318 the top of the section and imaging a range of 3.6 ym with a step size of 0.4 ym; in the
319 IBA1 images obtained from sections taken from adolescent mice, the stack settings
320  were slightly different. In these slices, the focal plane was moved to the middle of the
321 sections and images taken with a step size of 1.1 ym and a range of 11 um. Images
322 were taken of the cornu ammonis 1 (CA1) at 20X objective magnification using

323 NYQUIST zoom. A single z-stack was taken in CA1 of the hippocampus of each

324  section, with 4-6 sections per mouse. The side of the hippocampus imaged alternated
325 left and right between sections. Analysis was performed using Imaged version

326 2.1.0/1.53c (National Institutes of Health). In order to perform the analysis, z-stacks
327  were z-projected with maximum intensity to create a single image out of the stack

328 images; the fractional area of fluorescence was determined by creating a binary
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intensity threshold and fractionating the image into area of pixels above the threshold
divided by total image area. The average of this fractional area from the 4-6 sections
per mouse was plotted as each data point. A visual representation of the z-projection

and intensity thresholding is shown in Figure 7.

Projection

Threshold

Figure 7: Representation of image stack projecting and thresholding. (A): Z-projection of
9 individual component sample GFAP images of z-stack (B): Binary intensity
thresholding of sample z-projected IBA1 image.
Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0.0 (GraphPad

Software) and Excel version 16.47 (Microsoft). The data were first tested for outliers

using the Grubbs’ test. Then, the variances between data sets were tested for similarity
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using an F-test, with a=.05 (two-tailed). Finally, data sets were tested for normality
using both the Shapiro-Wilk test, as well as the Kolmogorov-Smirnov test. Data sets

were then compared to each other using a two-tailed t-test.

Results

Given the high prevalence of temporal lobe epilepsy in humans (including GRIN2A-
associated epilepsy patients) (Gao K et al., 2017), the high density of NMDA receptors
(including GIuN2A) in the hippocampus (Petralia RS et al., 1994), as well as the wealth
of literature demonstrating hippocampal gliosis and neuronal cell loss that occurs in
temporal lobe epilepsy (Al Sufiani F and Ang LC, 2012), we chose to investigate
neuroinflammation in the hippocampus using immunohistochemistry. Images were
taken at the CA1 radiatum area of the hippocampus, oriented with the pyramidale layer
at the top of each image. The radiatum consists of CA1 apical dendrites that receive

axonal input from the CA3 pyramidal cells (Harris KM and Weinberg RJ, 2012).



Signal Area (Normalized to WT) 2

olescent GFAP Signal Area

g
°©
]

sy
(5
1

-
o
1

e
o
1

e
o

2] DAPI

@ DAPI

361
362
363
364
365
366
367
368
369
370

WT  2AKO
Genotype

20 pm AT

Figure 8: Adolescent Grin2a KO mice have a greater average area of GFAP
fluorescence compared to wild-type controls. (A): Adolescent (P20-25) GFAP signal
area by genotype, normalized to the wild-type average. Each data point represents one
mouse, which is composed of 4-6 sections. Data points are composed of three males
and three females per genotype. Asterisk indicates statistical significance after
performing two-tailed t-test (p=.0146). Bars represent the mean, and error bars
represent standard error of the mean (SEM). (B): Representative DAPI/GFAP/Merge
image in CA1 radiatum of WT mouse (C): Representative DAPI/GFAP/Merge image in
CA1 radiatum of Grin2a KO mouse. Scale bars represent 20um.
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Interestingly, the GFAP signal area in adolescents was higher in Grin2a KO mice
versus wild-type controls as show In Figure 8. The 1.36-fold increase in signal area was

found to be statistically significant after performing a two-tailed t-test (p=.0146).
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375  Figure 9: No change in average GFAP fluorescence area between adult wild-type
376  and Grin2a KO mice. (A): Adult (P80-120) GFAP signal area by genotype, normalized
377 to the wild-type average. Each data point represents one mouse, which is composed of
378  4-6 sections. Data points are composed of three males and three females per genotype.
379  The difference between genotypes was not statistically significant (p=.1632, two-tailed).
380 Bars represent the mean, and error bars represent standard error of the mean (SEM).
381 (B): Representative DAPI/GFAP/Merge image in CA1 radiatum of WT mouse (C):
382  Representative DAPI/GFAP/Merge image in CA1 radiatum of Grin2a KO mouse. Scale
383  bars represent 20pum.
384
385
386 In adults, no significant difference was found between WT and Grin2a KO GFAP
387  staining according to Figure 9 (p=.1632, two-tailed). This data set had a far higher
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388 variability than the adolescent GFAP data set. The representative image of the Grin2a
389 KO mouse (Figure 9 panel C), though similar in area to the WT mouse (Figure 9 panel

390 B), appears to have more fluorescence of primary processes.
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392 Figure 10: No change in average IBA1 fluorescence area between adolescent wild-
393  type and Grin2a KO mice. (A): Adolescent (P20-25) IBA1 signal area by genotype,
394 normalized to the wild-type average. Each data point represents one mouse, which is
395 composed of 4-6 sections. Data points are composed of three males and three females
396 per genotype. The difference between genotypes was not statistically significant

397  (p=.5331, two-tailed). Bars represent the mean, and error bars represent standard error
398 of the mean (SEM). (B): Representative DAPI/IBA1/Merge image in CA1 radiatum of
399  WT mouse (C): Representative DAPI/IBA1/Merge image in CA1 radiatum of Grin2a KO
400 mouse. Scale bars represent 20pm.
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411  bars represent 20um.
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In both adolescents and adults, there was no significant difference in IBA1

415  fluorescence area (adolescent: p=.5331; adult: p=.5494, two-tailed).
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Figures 8-11 show plots where each mouse represents a single data point.

427  Presenting the data in this way best addresses the question at hand, yet also masks

428 individual section variability within each mouse. Therefore, each individual section of
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each mouse was plotted for adolescent and adult GFAP/IBA1 stains (Figure 12) in order
to demonstrate the degree of similarity of fluorescence signal area between each
section of each mouse. Each color represents one mouse. Overall, the figure shows
that most sections of each mouse were roughly comparable to each other in terms of
signal area. Some mice did have noticeable variability in fluorescent area between
sections, however. Most data points appear fairly close to other points of the same

color, thus indicating that variability was not extreme.
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Figure 13: No differences in fluorescent areas by sex. Each data point represents
one mouse, composed of 4-6 sections. Columns are divided by sex and represent
pooled WT and Grin2a KO mice for each sex (3 of each genotype). (A): Adolescent
GFAP (p=.6436) (B): Adult GFAP (p=.4857) (C): Adolescent IBA1 (p=.7188) (D): Adult
IBA1 (p=.3344). Error bars represent standard error of the mean (SEM).

Finally, though the mice were selected so as to balance the sexes (3 mice per
sex per condition), Figure 13 shows signal percent area by sex. Male and female WT
and Grin2a KO mice were pooled together by sex in order to determine if there was a
sex difference; Figure 13 clearly shows that there is no significant difference between

males and females.
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Overall, in both adult and adolescent mice, no significant difference could be
observed between WT and Grin2a KO mice except for adolescent GFAP area.
However, this difference is small, and caution must be taken when interpreting these
results. At baseline, neuroinflammation differs only slightly between adolescent WT and

Grin2a KO mice, and only when measured via GFAP.

Discussion

Result and Primary Conclusion

Provided that the methodological limitations are considered, the present data
require that the “theory of inflammatory instability” be modified to account for these
results. It was previously hypothesized that Grin2a KO mice would have lower
neuroinflammation at baseline, with an exaggerated reaction to insult. However, the
data here reject the former component of this theory. Instead, Grin2a KO mice have a
slightly increased baseline level neuroinflammation when measured via GFAP, and only
in adolescence. Therefore, all that can be concluded from the data is that in
adolescence, the area covered by astrocytes in the CA1 radiatum is somewhat higher in

Grin2a KO mice.

Relation to Previous Works
Previous work has shown that there is delayed perineuronal net development in
Grin2a KO mice, as a result of disruption to antioxidant systems such as glutathione

(Cardis R, Cabungcal JH, Dwir D, Do KQ and Steullet P, 2018). Such redox dysfunction
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may also lead to transient differences in astrocyte reactivity that resolve by adulthood.
Or it may be that the differences in astrocyte reactivity during development contributes
to this delay in perineuronal net development. Interestingly, previous research into
temporal lobe epilepsy (which is common in GRIN2A-associated epilepsy patients)
(Carvill GL et al., 2013) consistently finds reactive astrogliosis in the hippocampus (Das
Aetal.,, 2012; Loewen JL et al., 2016; Lu J et al., 2019). The results of the current work
thus provide a possible explanation for the development of GRIN2A-associated
epilepsies. It appears as though at baseline, there is greater astrocyte reactivity.
Previous research has demonstrated that reactive astrogliosis can itself create
spontaneous recurrent seizures in the absence of any other induction of neuronal
hyperexcitability (Robel S et al., 2015). Therefore, the significance of these findings is
that it may provide a mechanism to explain both the cause of GRIN2A-associated
epilepsies, as well as the fact that they often occur in adolescence and can sometimes

resolve by adulthood (Gao K, et al., 2017; Li X et al., 2020).

Methodological Considerations and Alternative Explanations

The present histological data suggest that there is little difference in the baseline
level of neuroinflammation between Grin2a KO and WT mice. The methodological
rationale for staining microglia and astrocytes together via IBA1 and GFAP was to
provide a general overview of the neuroinflammatory environment without the risk of
getting lost in a single pathway (Kang JB et al., 2019; Norden DM et al., 2016). Given
the well-established role of these two cell types in neuroinflammation caused by a wide

variety of conditions (Franklin H et al., 2020), a macro-level view of the inflammatory
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environment of the brain could be observed by measuring the area of these cells.
Though GFAP and IBA1 immunostaining are common ways to detect these cell types,
they too have limitations. GFAP is mainly expressed only in reactive astrocytes and is
only noticeably expressed in primary processes in hippocampal astrocytes (Kamphuis
W et al., 2012). Thus, there are entire astrocytes and large astrocyte regions that will
not stain positive for GFAP. This is notable, since GIuN2A-mediated changes to
astrocyte number may only affect a certain sub-population of astrocytes or create
changes to thin processes while leaving primary processes intact. If it so happens that
the affected astrocytes or astrocyte areas are those that do not stain positive to GFAP,
then current methods will fail to detect a greater change in astrocyte number and/or size
that is truly present. Notably, undetectable thin processes are the components of the
astrocyte that interact with synapses. This is important given that the effect of astrocytes
on neuronal firing occurs in large part due to astrocytic regulation of neuronal synapses
(Papouin T et al., 2017). However, it should also be noted that astrocytes in the mouse
hippocampus do appear to stain for GFAP particularly well (Zhang Z et al., 2019).

For IBA1 staining of microglia, the greatest drawback is the question of
selectivity. IBA1 is expressed in microglia under normal conditions. If there is an
infiltration of peripheral monocytes into the brain, however, this will no longer be the
case as these cells also stain positive for IBA1 (Gonzalez Ibanez F et al., 2019).
Therefore, IBA1 is a reliable marker for microglia so long as the blood-brain barrier is
intact, a condition which may not be true with Grin2a KO mice. It must be noted that
there currently exists no evidence for this, however. Fortunately, IBA1 stains the entire

cell and can even be used for morphological analysis (Tremblay ME et al., 2010) and
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thus this stain does not share the same area/cell type limitations as GFAP. When
assessing the data, these limitations of GFAP and IBA1 staining must be considered.

The present methods used assumed that changes in baseline neuroinflammation
would be observable by changes in the area of GFAP and IBA1 expressing cells in the
CA1 radiatum of mice. Therein lies another limitation of this method: regions other than
the CA1 radiatum may be affected by the knockout. Additionally, the effects of knockout
on neuroinflammation may be downstream from microglia and astrocytes. These two
cell types are simply part of a larger neuroinflammatory cascade. There is evidence for
the existence of NMDA receptors on peripheral immune cells, though the subunit
composition is unknown (Boldyrev AA et al., 2012). Perhaps microglia and astrocytes
are unaffected by the knockout under normal conditions, but the peripheral monocytes
they recruit into the brain after an insult are modified in some way so as to provoke a
runaway neuroinflammatory reaction. Another explanation is the possibility that at
baseline, microglia and astrocytes undergo no change as a result of the Grin2a
knockout. However, under very specific conditions of a particular insult, loss of the
GIuNZ2A subunit leads to a change in how these cell types react and ultimately the
course of neuroinflammation in the brain.

Beyond the question of proteins and staining, the method of imaging is also an
important factor to consider. The present data consist mostly of 3um stacks of the brain
slices. When single image analysis was performed, the variability of the data was
extremely high. This would be expected, given that a z-stack effectively increases the
number of technical replicates that compose each data point. Thus, variability due to

random error would be expected to be lower and therefore the area of fluorescence
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would approach their true values. The variability of the data may thus be lower if z-
stacks were taken that encompass the entire slice. If there is a small difference at
baseline, it may be masked in the variability of the imaging method.

Caution must be taken when attempting to translate the results of this experiment
to that of human GRINZ2A patients. Grin2a KO mice express no GluNZ2A protein, unlike
most human patients who instead express a protein with lower glutamate/glycine
potency. Truncation mutations are rare in humans, though there are some documented

cases (see Supplementary Table S1).

Future Directions

The idea that changes in neuroinflammation in these models are downstream of
microglia and astrocytes is supported by some preliminary evidence and should be
explored further. Notably, in a pilot experiment performed in our lab, Grin2a KO mice
had a greatly diminished peripheral immune response to lipopolysaccharide (LPS)
injections compared to WT controls. Interestingly, however, stains of GFAP and IBA1
showed no discernable difference in fluorescence area between the two genotype
conditions. This is quite remarkable when compared to the previously mentioned study
wherein Grin2a knockout attenuated the neuroinflammatory response to LPS. Notably,
in the aforementioned Grin2a KO LPS study (Francija E et al., 2019), neuroinflammation
was measured by performing a Western Blot of IL-6, a pro-inflammatory cytokine. If it is
indeed the case that there is no difference in IL-6 between genotypes after LPS, and
that there is no difference in IBA1 and GFAP staining in genotypes mice after LPS, then

it logically follows that the changes in neuroinflammation must be apparent via a
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mechanism other than astrocyte expression of GFAP and microglial expression of IBA1.
One potential mechanism is the production of reactive oxygen species, and the role that
they have in redox regulation. Synaptic GIuN2A is associated with the transcription of
various redox regulating systems, such as the glutathione system (Baxter PS et al.,
2015). This fact provides a next step in the path to test the theory of inflammatory
instability; it may indeed be that the generation of reactive oxygen species (ROS), which
is mostly downstream from the activation of microglia and astrocytes (given that these
cells are the source of ROSs) in the cascade of neuroinflammation, is altered either at
baseline or after insult with LPS (Sheng WS et al., 2013). Future work should therefore
analyze the consequences of the activation of glial cells, such as generation of
cytokines or ROSs, erosion of the blood-brain barrier, infiltration of peripheral immune
cells, or epileptogenesis caused by neuroinflammation.

Other methods could also be used to account for the possibility that there are
changes in baseline neuroinflammation that are not shown by immunohistochemistry.
Alternatively, quantitative RT-PCR is a quick way to determine the relative expression of
genes. However, success with this method depends on selecting genes of interest and
brain regions to investigate. Changes in the mouse model may not lead to changes in
levels of all cytokines or lead to neuroinflammation in all brain regions. Thus, which
RNA to probe for must be carefully selected. Additionally, as the number of cytokines
probed increases, the family-wise error rate must be accounted for. Future work could
look at the expression of multiple pro- and anti-inflammatory cytokines such as
interleukin-18, interleukin-6, tumor necrosis factor-a, C-C motif ligand 2, C-X-C motif

chemokine ligand 10, interleukin-10, and interleukin-4. Additionally, Western Blots can
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be used to detect the expression of proteins that are involved in redox regulation in the
brain, such as glutathione, or a different part of the neuroinflammatory cascade such as
mitogen-activated protein kinase (MAPK). This pathway is activated in response to
nearly all cytokines and is well-understood in the context of inflammation (Kaminska B
et al., 2009). Finally, other qualities of microglia and astrocytes could be analyzed. For
example, proliferation of these cell types can be measured. Bromodeoxyuridine (BrdU)
can be administered to animals where it is preferentially taken up by rapidly dividing
cells and then visualized using anti-BrdU antibodies. By colocalizing this stain with
either GFAP or IBA1, rapidly dividing astrocytes or microglia can be detected,
respectively (Susarla BT et al., 2014). Another example is colocalizing these stains with
Ki-67, a cellular marker for proliferating cells (Scholzen T and Gerdes J, 2000). Finally,
counting cell bodies or morphology can give another measure of these glial cells. This is
possible with IBA1 for microglia, however a different stain would need to be used in
astrocytes to ensure staining of thin processes. One such stain for astrocytes is
aldehyde dehydrogenase 1 family member L1 (AldhL1) (Preston AN et al., 2019).

The interesting mix of previous work that suggests both a general resistance to
neuroinflammation combined with instances of unregulated inflammation suggest that
Grin2a KO mice contain some sort of pathway-dependent neuroinflammatory
susceptibility. The main focus of future work should be to better characterize the
conditions of this susceptibility. The unpublished data using LPS and heat to induce
febrile seizures, as well as the ability of a dopamine reuptake inhibitor to induce lasting
redox dysregulation, strongly suggest that this mouse model contains a difference in

neuroinflammation compared to WT controls. However, other research suggesting
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resistance to neuroinflammation when administered LPS makes it clear that any
difference in neuroinflammation is likely pathway-dependent. Though this present
research attempted to look at more general markers of neuroinflammation, the
subtleties of the Grin2a knockout mouse model may demand a closer look at a specific

aspect of neuroinflammation, or at neuroinflammation after a specific insult.
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Supplementary Table S1
gnom
Protein Doma AD
Gene Change in cDNA change RefSeq Alleles | Class Phenotype
GRIN2A p. Tyr 1387* CTD CSWSS (proband
NM_00083
GRIN2A p.Ala243Val ATD c.728C>T 3.4 0 unk RE; ID
S1- NM_00083
GRIN2A p.Pro552Arg M1 €.1655C>G 3.3 0 DM EPI; ID; no speec
NM_00083
GRIN2A p.Ala635Thr M3 c.1903G>A 3.4 0
NM_00083
GRIN2A p.Val639lle M3 c.1915G>A 3.4 0
NM_00083
GRIN2A p.Leu642Met | M3 c.1924C>A 3.4 0
DM
NM_00083 (germinal
GRIN2A p.Ala643Asp M3 c.1928C>A 3.3 0 mosaicism) | DD; ID; Dystonia;
NM_00083
GRIN2A p.Ser644Gly M3 c.1930A>G 3.3 0
NM_00083
GRIN2A p.Thr646Ala M3 c.1936A>G 3.4 0 DM EE
NM_00083 ID; EPI; feeding it
GRIN2A p.Leu649Val M3 €.1945C>G 3.4 0 DM dysmorphism
NM_00083
GRIN2A p.Phe652Val M3 c.1954T>G 3.4 0 DM CSWSS; ASD
NM_00083
GRIN2A p.lle654Thr M3 c.1961T>C 3.4 0
NM_00083
GRIN2A p.Lys669Asn S2 c.2007G>T 3.3 0 DM RE; CSWSS
NM_00083
GRIN2A p.Arg681GIn S2 c.2042G>A 3.4 0
NM_00083
GRIN2A p.Arg695GIin S2 c.2084G>A 3.4 0
NM_00083
GRIN2A p.Pro699Ser S2 €.2095C>T 3.3 0 DM BECTS
S2- NM_00083
GRIN2A p.Lys804Thr M4 c.2411A>C 3.4 0
S2- NM_00083
GRIN2A p.Ser809Arg M4 c.2427C>A 3.4 0
S2- NM_00083
GRIN2A p.Leu812Met | M4 c.2434C>A 3.3 0 DM Epileptic enceph
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NM_00083
GRIN2A p.Met817Val M4 c.2449A>G 3.3 DM DD; EPI; ID
NM_00083
GRIN2A p.Ala818Glu M4 €.2453C>A 3.4
NM_00083
GRIN2A p.Lys1005Arg | CTD c.3014A>G 3.3
NM_00083
GRIN2A p.Tyr676Asn S2 c.2026T>A 3.4
NM_00083
GRIN2A p.Pro678Leu S2 c.2033C>T 3.4
NM_00083
GRIN2A p.Gly744Val S2 €.2231G>T 3.4
NM_00083
GRIN2A p.Gly768Asp S2 c.2303G>A 3.4
NM_00083
GRIN2A p.Ala818Val M4 €.2453C>T 3.4
NM_00083
GRIN2A p.Ala827Thr M4 c.2479G>A 3.4
NM_00083
GRIN2A p.Argl402Pro | CTD c.4205G>C 3.4
dup chrl6: 10
075 000-10 225
GRIN2A - 000 (hg19) Het
GRIN2A p.Val452Met S2 c.1354G>A DM SCZ; intractable <
p.Ala1276Gly
GRIN2A (3) CTD c.3827C>G CSWSS (2); BECT:
M3-
GRIN2A p.GIn655Lys S2 0 -
NM_00083
GRIN2A p.MetlThr ATD c.2T>C 3.3 trans; unk | LKS; LD; seizures:
NM_00083
GRIN2A p.Pro31Thr ATD c.91C>A 3.3 EPI
NM_00083
GRIN2A p.Phel83lle ATD Cc.547T>A 3.4 trans BECTS; DD (fathe
NM_00083
GRIN2A p.lle184Ser ATD c.551T>G 3.4 DM; trans | CSWSS (mother
NM_00083
GRIN2A p.His223Tyr ATD c.667C>T 3.4
NM_00083
GRIN2A p.Cys231Arg ATD €.691T>C 3.4
NM_00083
GRIN2A p.Cys231Tyr ATD C.692G>A 3.4 trans LKS; CTS; ID (mot
NM_00083
GRIN2A p.Gly247Ser ATD €.739G>A 3.4
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NM_00083
GRIN2A p.Leud11GIn S1 c.1232T>A 3.4
NM_00083
GRIN2A p.Cys436Arg S1 c.1306T>C 3.3 DM ABPE
NM_00083
GRIN2A p.Glud48Lys S1 c.1342G>A 3.4
NM_00083
GRIN2A p.lled61Asn S1 c.1382T>A 3.4
NM_00083
GRIN2A p.Gly483Arg S1 c.1447G>A 3.3 trans; unk | CSWSS+dysphasi
NM_00083
GRIN2A p.Gly498Ser S1 c.1492G>A 3.4
NM_00083
GRIN2A p.Val500Gly S1 c.1499T>G 3.4
NM_00083
GRIN2A p.Val506Ala S1 c.15177>C 3.3 trans focal seizures
NM_00083
GRIN2A p.Arg518His S1 c.1553G>A 3.3 trans; unk | CSWSS; RE; verb:
NM_00083
GRIN2A p.Pro527Arg S1 c.1580C>G 3.4
p.Val529Trpfs NM_00083
GRIN2A X22 S1 €.1585delG 3.3 trans ID; RE; MD; LD
NM_00083
GRIN2A p.Thr531Met | S1 c.1592C>T 3.4 trans; unk | EPI (aphasia); LD
S1- NM_00083
GRIN2A p.Ser545Leu M1 €.1634C>T 3.3 trans LD
S1- NM_00083
GRIN2A p.Ala548Thr M1 c.1642G>A 3.3 DM LKS
NM_00083
GRIN2A p.Ser556Ala M1 c.1666T>G 3.4
NM_00083
GRIN2A p.Ser556Phe M1 c.1667C>T 3.4
NM_00083
GRIN2A p.Thr684Ala S2 c.2050A>G 3.4
NM_00083
GRIN2A p.Val685Gly S2 €.2054T>G 3.3 DM severe intractabl
NM_00083
GRIN2A p.l1e694Thr S2 €.2081T>C 3.3 DM LKS; EPI
NM_00083
GRIN2A p.Met705Val S2 c.2113A>G 3.3 trans BECTS (mother, s
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NM_00083

GRIN2A p.Val713Gly S2 €.2138T>G 3.4
NM_00083

GRIN2A p.Glu714Lys S2 €.2140G>A 3.3 unk CSWSS
NM_00083

GRIN2A p.Ala727Thr S2 €.2179G>A 3.3 unk RE; BECTS
NM_00083

GRIN2A p.Asp731Asn | S2 c.2191G>A 3.3 trans; DM RE; verbal dyspre
NM_00083

GRIN2A p.Ala733Thr S2 €.2197G>A 3.4
NM_00083

GRIN2A p.Val734Leu S2 €.2200G>C 3.3 trans BECTS (mother u
NM_00083

GRIN2A p.Gly760Val S2 €.2279G>T 3.3
NM_00083

GRIN2A p.Lys772Glu S2 c.2314A>G 3.3 unk ABPE; ID; reading
NM_00083

GRIN2A p.Asp776Tyr S2 €.2326G>T 3.4

S2- NM_00083

GRIN2A p.Glu803Lys M4 €.2407G>A 3.4
NM_00083

GRIN2A p.lle876Ala CTD €.2626-7AT>GC 3.3
NM_00083

GRIN2A p.Tyr943Ter CTD €.2829C>G 3.3 trans CSWS
NM_00083

GRIN2A p.Asn1274Ser | CTD c.3821A>G 3.4
NM_00083 CSWSS; RE; ADHI

GRIN2A p.Pro79Arg ATD €.236C>G 3.4 trans unaffected)
NM_00083

GRIN2A p.Arg370Trp ATD c.1108C>T 3.3 unk BECTS
NM_00083

GRIN2A p.Lys457Glu S1 c.1369A>G 3.4
NM_00083

GRIN2A p.Arg504Trp S1 c.1510C>T 3.3 trans DD; CSWSS; FS
NM_00083

GRIN2A p.Arg518Cys S1 €.1552C>T 3.3 trans CSWSS; RE; dysp!
NM_00083

GRIN2A p.Phe682Ser S2 €.2045T>C 3.4
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NM_00083
GRIN2A p.Thr690Met S2 c.2069C>T 3.3 DM EPI
NM_00083
GRIN2A p.Met701Val S2 c.2101A>G 3.4
NM_00083
GRIN2A p.Ala716Thr S2 c.2146G>A 3.4 trans; DM RE; ID; verbal dy:s
NM_00083
GRIN2A p.Glu743Asp S2 c.2229A>C 3.4
NM_00083
GRIN2A p.lle775Met S2 c.2325C>G 3.4
NM_00083
GRIN2A p.Asp776Asn S2 €.2326G>A 3.4
NM_00083
GRIN2A p.Gly784Ala S2 c.2351G>C 3.4
S2- NM_00083
GRIN2A p.GIn811Pro M4 c.2432A>C 3.4
NM_00083
GRIN2A p.Met828Thr M4 c.2483T>C 3.4
NM_00083
GRIN2A p.Pro857Ala CTD €.2569C>G 3.4
GRIN2A p.Asp615Lys M2 Infantile spasms;
GRIN2A p.Val734Leu S2 trans RE
GRIN2A p.Trp198* ATD ABPE
Moderate ID + C
learning difficulti
GRIN2A p.GIn218* ATD trans learning difficulti
CSWSS (proband
GRIN2A p.Leu334* ATD trans (brother), partial
GRIN2A p.Tyr943* CTD trans CSWSS (proband
del chr16: 9 850
000-9 900 000
GRIN2A - (hg19) ABPE
del chr16: 9 825
000-10 075 000
GRIN2A - (hg19)
del chr16: 10 250
000-10 275 000
GRIN2A - (hg19) RE
del chrl6: 7 964
000-10 607 500
GRIN2A - (hg19) Pseudo-Lennox S
del chr16: 8 992
p.Lys592fs 500-9 992 500
GRIN2A (predicted) M2 (hg19) RE + Moderate IL




del chrl6: 9 365
500-11 273 700
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GRIN2A - (hg19) Myoclonic seizur
del chrl16: 9 809
522-9 856 618
GRIN2A CTD (hg19) RE + Mild ID
del chrl6: 9 908
477-9934 830
GRIN2A S2 (hg19) (2) trans LKS (proband); LI
del chrl6: 10 227
121-10 354 862
GRIN2A - (hg19) trans CSWSS + VD (thre
16p13.2 Focal seizures + [
GRIN2A - microdeletion trans unaffected)
16p13.2p13.13
GRIN2A - microduplication DM Epilepsy + ID + D
GRIN2A p.Arg504Trp S1 c.1510C>T trans CSWSS (proband
RE + Verbal dysp
dyxprax (cousin);
GRIN2A p.Ala716Thr S2 c.2146G>A trans coordination
NM_00083
GRIN2A p.lle904Phe CTD c.2710A>T 3.4 trans RE; Febrile seizur
NM_00083
GRIN2A p.Asp933Asn CTD c.2797G>A 3.4 trans LKS
S2-
GRIN2A p.lle814Thr M4 c. 24417>C RE; benign epileg
GRIN2A p.Asn976Ser CTD €.2927A>G ABPE; CSWS
M1- Severe EE (paren
GRIN2A p.Arg586Lys M2 c.1757G>A trans ID
DM; trans
(father not
GRIN2A °IVS7 S2 €.2007+1G>A affected) CSWSS; LD
p.Phe528Glyfs Continuous Spike
GRIN2A *22 S1 c.1586delT het. likely trans | severe LD
GRIN2A p.Trp606* M2 c.1818G>A het. unknown ABPE; LD
S2-
GRIN2A p.Glu803* M4 €.2407G>T het. DM LKS
duplication exon
GRIN2A n.a - 4 &5 het. unknown Epileptic enceph:
S1-
GRIN2A p.? M1 c.1652-1G > A DM EAS
GRIN2A p. Gly668Ala S2 €.G2063>C DM specific language
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p.Pro31SerfsX NM_00083
GRIN2A 107 ATD €.90delTins(T)2 3.3 trans BECTS (mother a
NM_00083
GRIN2A p.Trp55Ter ATD c.165G>A 3.4
NM_00083
GRIN2A p.Arg94Gly ATD €.280C>G 3.4
NM_00083
GRIN2A p.1le95Thr ATD €.284C>T 3.4
NM_00083
GRIN2A p.Alal36Ser ATD c.406G>T 3.4
NM_00083
GRIN2A p.Lys138Thr ATD c.413>A>C 3.4
NM_00083
GRIN2A p.Thri43lle ATD c.482C>T 3.3 DM ASD
NM_00083
GRIN2A p.Thri43lle ATD c.482C>T 3.3
NM_00083
GRIN2A p.Leul59Pro ATD c.476T>C 3.3
NM_00083
GRIN2A p.GIn163Ter ATD c.487C>T 3.4 pathogenic (not
NM_00083
GRIN2A p.Thr189Asn ATD €.566C>A 3.4 ASD
NM_00083
GRIN2A p.Trpl98Ter ATD €.594G>A 3.3 unk ABPE
NM_00083
GRIN2A p.Leu206Pro ATD €.617T>C 3.4
NM_00083
GRIN2A p.GIn218Ter ATD c.652C>T 3.3 DM; trans | ID; EPl in infancy
NM_00083
GRIN2A p.lle313Thr ATD €.938T>C 3.4
NM_00083
GRIN2A p.Leu334Ter ATD c.1001T>A 3.3 trans CSWS
c.1007+1G>A; NM_00083 REy+verbal dyspr
GRIN2A ATD ¢.1007+1G>T 3.3 unk; trans | affected)
NM_00083
GRIN2A p.Val339Phe ATD c.1015G>T 3.4
NM_00083
GRIN2A p.Val375fs ATD c.1123-2A>G 3.3 trans EPI; LD; CSWSS; |
ATD- NM_00083
GRIN2A p.Trp390Cys S1 c.1170G>T 3.4
NM_00083
GRIN2A p.Leud25Val S1 c.1273C>G 3.4
NM_00083
GRIN2A p.Phe439Leu | S1 c.1317C>G 3.4
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NM_00083
GRIN2A p.Cys455Tyr S1 c.1364G>A 3.3
NM_00083
GRIN2A p.Ser511leu S1 c.1532C>T 3.4
NM_00083
GRIN2A p.Arg518Leu S1 c.1553G>T 3.3
NM_00083
GRIN2A p.Gly532Val S1 ¢.1595G>T 3.4
S1- €.1637_1639delT | NM_00083
GRIN2A p.Ser547del M1 CcT 3.3 ID; EPI; MD; LD; (
S1- NM_00083
GRIN2A p.Ala548Pro M1 c.1642G>C 3.3
S1- NM_00083
GRIN2A p.Glu551Lys M1 c.1651G>A 3.4
S1- NM_00083
GRIN2A p.Ser554Thr M1 c.1661G>C 3.3
NM_00083
GRIN2A p.Trp558Ser M1 c.1673G>C 3.4
NM_00083
GRIN2A p.Met561del M1 €.1681-83delATG | 3.4
p.Phe562Leuf NM_00083
GRIN2A sX2 M1 ? 3.4
p.Met564llefs NM_00083
GRIN2A X8 M1 ? 3.4
NM_00083
GRIN2A p.Phe576Ser M1 c.1728T>A 3.4
NM_00083
GRIN2A p.Phe599Leu | M2 3.4
NM_00083
GRIN2A p.Leu611GIn M2 c.1832T>A 3.4
NM_00083
GRIN2A p.Asn614Ser M2 c.1841A>G 3.4 DM focal epilepsy; LL
NM_00083
GRIN2A p.Asn615Ser M2 c.1844A>G 3.4
NM_00083
GRIN2A p.Asn615Lys M2 c.1845C>A 3.4 DM EPI; DD; EOEE(?);
NM_00083
GRIN2A p.Ser632Phe M3 €.1895C>T 3.4
NM_00083
GRIN2A p.Trp634Ter M3 c.1901G>A 3.4
NM_00083
GRIN2A p.Ala638Val M3 c.1913C>T 3.4
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NM_00083
GRIN2A p.Thr646Arg M3 €.1937C>G 3.4
NM_00083
GRIN2A p.Asn648Ser M3 c.1943A>G 3.4
€.1946_1947delin | NM_00083
GRIN2A p.Asn649Pro M3 sCT 3.4
NM_00083
GRIN2A p.Met653lle M3 €.1959G>A 3.4
NM_00083
GRIN2A p.Met653Val M3 3.3 DM
NM_00083
GRIN2A p.GIn661Ter S2 c.1981C>T 3.4
NM_00083
GRIN2A p.Arg681Ter S2 c.2041C>T 3.3 trans LKS
NM_00083
GRIN2A p.Met701lle S2 €.2103G>C 3.4
NM_00083
GRIN2A p.Ala702Thr S2 cDNA change 3.4
NM_00083
GRIN2A p.Ala716Asp S2 c.2147C>A 3.4 trans RE+verbal dysprz
NM_00083
GRIN2A p.Phe728Leu | S2 €.2184C>G 3.4
NM_00083
GRIN2A p.Asp731His S2 €.2191G>C 3.4
NM_00083
GRIN2A p.Thr749lle S2 ? 3.4 DM
NM_00083
GRIN2A p.Gly753Ala S2 €.2258G>C 3.4
NM_00083
GRIN2A p.Gly760Ser S2 €.2278G>A 3.3
NM_00083
GRIN2A p.lle763Thr S2 €.2288T>C 3.4
€.2334_2338delC | NM_00083
GRIN2A p.Leu779fsX5 | S2 TTGC 3.4 trans ABPE; ADHD CSW
NM_00083
GRIN2A p.Met817Thr | M4 €.2450T>C 3.3 DM ID; EPI
NM_00083
GRIN2A p.Met817Arg | M4 €.2450T>G 3.3
NM_00083
GRIN2A p.Ala818Thr M4 €.2452G>A 3.3
NM_00083
GRIN2A p.Val820Gly M4 €.2459T>G 3.4
p.Leu830ProX NM_00083
GRIN2A 2 M4 €.2488dupC 3.4
NM_00083
GRIN2A p.His839GIn CTD €.2517C>A 3.4
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NM_00083
GRIN2A p.Phe849Cys | CTD €.2546T>G 3.4
NM_00083
GRIN2A p.Thr850Met | CTD €.2549C>T 3.4
NM_00083
GRIN2A p.Val852Leu CTD €.2554G>T 3.4
NM_00083
GRIN2A p.Gly858Ala CTD €.2573G>C 3.3
NM_00083
GRIN2A p.Val935Phe CTD €.2803G>T 3.4
NM_00083
GRIN2A p.GIn950Ter CTD €.2848C>T 3.3
p.GIn964Lysfs NM_00083
GRIN2A X38 CTD €.2890delC 3.4 unk EPI; LD
NM_00083
GRIN2A p.Ala968Thr CTD €.2902G>A 3.3 SCZ
NM_00083
GRIN2A p.Vall000Met | CTD €.2998G>A 3.4 trans ASD
NM_00083
GRIN2A p.Tyrl051Asn | CTD c.3151T>A 3.4
NM_00083
GRIN2A p.Thrl082lle CTD €.3245C>T 3.3
NM_00083
GRIN2A p.Argl088Thr | CTD €.3263G>C 3.4
NM_00083
GRIN2A p.Aspl115Val | CTD C.3344A>T 3.4
p.Phel234fsX NM_00083
GRIN2A 51 CTD c.3701delT 3.4
NM_00083
GRIN2A p.Argl241GIn | CTD €.3722G>A 3.3
NM_00083
GRIN2A p.Asp1251Asn | CTD c.3751G>A 3.4 DM; trans | RE; absense epile
NM_00083
GRIN2A p.Asp1385Tyr | CTD c.4153G>T 3.3
NM_00083
GRIN2A p.Tyrl387Ter | CTD c.4161C>A 3.4 DM CSWSS; begning
p.Asn1397GIn c.4189 4193 NM_00083
GRIN2A X23 CTD delAATGA 3.3 DM EPI; ID
NM_00083
GRIN2A p.Metl133Val | ATD c.397A>G 3.4
NM_00083
GRIN2A p.Ser311Tyr ATD c.932C>A 3.4
NM_00083
GRIN2A p.11e422Thr S1 €.1265T>C 3.4
NM_00083
GRIN2A p.Arg431Ser S1 €.1293G>C 3.4
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NM_00083

GRIN2A p.Asnd32Ser | S1 ¢.1295A>G 3.4
NM_00083

GRIN2A p.Lys438Asn | S1 ¢.1314G>C 3.4
NM_00083

GRIN2A p.Phe43glle | S1 c.1315T>A 3.4
NM_00083

GRIN2A p.Asnd44Ser | S1 c.1331A>G 3.4
NM_00083

GRIN2A p.Asnd47lle | S1 C.1340A5T 3.4
NM_00083

GRIN2A p.Phe459Lleu | S1 c.1377C>G 3.4
NM_00083

GRIN2A p.Asp462Glu | S1 c.1386T>A 3.4
NM_00083

GRIN2A p.lled63Ser s1 c.1388T>G 3.4
NM_00083

GRIN2A p.Thr470Asn | S1 ¢.1409C>A 3.4
NM_00083

GRIN2A p.Vald71Met | S1 .1411G>A 3.4
NM_00083

GRIN2A p.Tyr478His | S1 €.1432T>C 3.4
NM_00083

GRIN2A p.Thr481lle s1 c.1442C>T 3.3
NM_00083

GRIN2A p.Asnd91Asp | S1 .1471A>G 3.4
NM_00083

GRIN2A p.Gly498Ala | S1 ¢.1493G>C 3.4
NM_00083

GRIN2A p.Glus20val | S1 C.1559A>T 3.4
NM_00083

GRIN2A p.Val521Met | S1 ¢.1561G>A 3.4
NM_00083

GRIN2A p.Val559Met | M1 ¢.1675G>A 3.4
NM_00083

GRIN2A p.Met564Val | M1 c.1690A>G 3.4
NM_00083

GRIN2A p.val568Leu | M1 ¢.1702G>C 3.3
NM_00083

GRIN2A p.Phe576Leu | M1 c.1728T>A 3.4
M1- NM_00083

GRIN2A p.Gly583Arg | M2 .1747G>A 3.4
M1- NM_00083

GRIN2A p.Ala589Gly | M2 ¢.1766C>G 3.4
M1- NM_00083

GRIN2A p.Gly591Arg | M2 c.1771G>A 3.4
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M1- NM_00083

GRIN2A p.Pro594Leu M2 c.1781C>T 3.4
M1- NM_00083

GRIN2A p.Gly596Arg M2 c.1786G>A 3.4
NM_00083

GRIN2A p.lle601Thr M2 ¢.1802T>C 3.4
NM_00083

GRIN2A p.Leu607Val M2 €.1819C>G 3.4
NM_00083

GRIN2A p.Met630Val M3 c.1888A>G 3.4
NM_00083

GRIN2A p.GIn671His S2 €.2013G>C 3.3
NM_00083

GRIN2A p.Pro673Thr S2 c.2017C>A 3.4
NM_00083

GRIN2A p.His674GIn S2 €.2022T7>G 3.4
NM_00083

GRIN2A p.Thr706lle S2 c.2117C>T 3.4
NM_00083

GRIN2A p.Ser719Arg S2 €.2157C>G 3.4
NM_00083

GRIN2A p.Asp742Glu S2 €.2226T>G 3.4
NM_00083

GRIN2A p.lle755Val S2 €.2263A>G 3.4
NM_00083

GRIN2A p.Phe756Tyr S2 €.2267T>A 3.4
NM_00083

GRIN2A p.Arg773Lys S2 c.2318G>A 3.4
NM_00083

GRIN2A p.Val783Ala S2 €.2348T>C 3.4
NM_00083

GRIN2A p.Met788lle S2 €.2364G>A 3.4
NM_00083

GRIN2A p.lle836Leu M4 €.2506A>C 3.4
NM_00083

GRIN2A p.Gly851Arg CTD €.2551G>C 3.4
NM_00083

GRIN2A p.Cys853Arg CTD €.2557T>C 3.4
NM_00083

GRIN2A p.Arg865Thr CTD €.2594G>C 3.4
NM_00083

GRIN2A p.Ser869Arg CTD €.2607C>A 3.4
NM_00083

GRIN2A p.Met894lle CTD €.2682G>A 3.4
NM_00083

GRIN2A p.Thro65lle CTD €.2894C>T 3.4
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NM_00083
GRIN2A p.Aspl1249Asn | CTD c.3745G>A 3.3
NM_00083
GRIN2A p.Trp1271Ter | CTD c.3813G>A 3.4 unk not provided
NM_00083
GRIN2A p.Ser1341Arg | CTD c.4023C>G 3.4
GRIN2A p.Ala290Val ATD c. 869C>T RE
GRIN2A p.Gly295Ser ATD RE
GRIN2A p.Arg370Trp ATD RE
GRIN2A p.Arg681* S2 trans LKS (proband); ILC
€.2008-
32_¢.2008-
GRIN2A - 31dupCT Het
GRIN2A - Exon4 &5
t(16;17) FS + GTCS + Seve
GRIN2A - (p13;911) trans difficulties (fathe
GRIN2A - c.414+7C>T trans IS
GRIN2A p.lle876Thr CTD €.2627T>C temp lobe epilep
temp lobe epilep
GRIN2A p.Val967Leu CTD €.2899G>C temp spikes
GRIN2A p.Thr1064Ala | CTD c.3190A>G SCZ; EPI; begning
GRIN2A p.Asnl1076Lys | CTD €.3228C>G benign epi w cen
GRIN2A p.lle1379Val CTD c.4135A>G Juvenile Absence




Phenotypes:
ADHD, attention
deficit
hyperactivity
disorder; AGL,
Angelman-like
phenotype; ASD,
autism spectrum
disorder; BP,
bipolar disorder;
DD,
developmental
delay; EPI,
epilepsy,
seizures; HPT,
hypotonia; ID,
intellectual
disability
(includes non-
verbal); IS,
infantile spasms;
LD, language
disorders (delay,
dyspaxia,
apraxia,
aphasia); LGS,
Lennox-Gastaut
Syndrome; LKS,
Landau-Kleffner
syndrome; MC,
microcephaly;
MD, movement
disorder; Rett,
Rett-like
syndrome; SCZ,
schizophrenia;
WS, West
Syndrome. Dom
ains: ATD,
amino terminal
domain; CTD,
carboxyl
terminal
domain; S1, S2,
agonist binding
domain; M1-
M4, membrane
domains; DM,
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de novo; trans,
transmitted.
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Functional

Data represent
fold changes in
receptor activity
by gene variant.
For example, -
2.3isa 2.3 fold
decrease in
variant receptor
activity
compared to
wild-type (no
mutation)
control. A"0"
means no
change from
wild-type;
indicates variant
receptor current
too small,
unable to
measure
endpoint
activity; Glu,
Glutamate; Gly,
Glycine; Mg2+,
magnesium;
Zn2+, zinc
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