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Abstract

Background: Loss of function (LoF) variants in GRIN2B lead to neurodevelopmental delay, which is expected to be
mediated by alterations in the excitation-inhibition (E/I) balance resulting from reduced activity of the N-Methyl-
D-Aspartate receptor. To test this hypothesis, we use quantitative electroencephalogram to provide insights into
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network-level estimates of the excitation-inhibition ratio. Methods: a single-center, case-control pilot study was
conducted. Eyes-open rest EEG recordings were obtained from children with GRIN2B LoF variants (n = 5, aged
3-12.7; 2 females) who participated in an L-Serine intervention trial and compared to age- and gender-matched
typically developing children (TDC) (n = 35, aged 4.3-12.8; 15 females). High-frequency resolution analyses
(1-45 Hz) of spectral power and long-range temporal correlations measured by detrended fluctuation analyses
(DFA) were performed. The functional E/I ratio (fE/I) was also computed. We used source modeling to identify the
brain regions showing aberrant activity in GRIN2B neurodevelopmental disorder (NDD) brain dynamics. Statistical
differences were tested by applying bootstrapping analyses. Results: The patients harboring pathogenic GRIN2B
LoF variants showed elevated absolute and relative power compared to the control group in the 1-4 Hz range
across all brain regions. The GRIN2B group had elevated DFA values almost across all frequencies and brain
regions, whereas the fE/I marker was lower at frequencies from 4-13 Hz compared to the TDC group (P < 0.05).
Conclusions: our findings indicate that quantitative EEG is strongly affected in GRIN2B and might be a valuable tool
for measuring E/I imbalances and evaluating changes resulting from pharmacological interventions.

Keywords: GRIN2B-NDD, EEG, child, excitation, inhibition, spectral power

INTRODUCTION

Glutamate Receptor Ionotropic N-Methyl-D-Aspartate or GRIN-related disorder encompasses a spectrum
of neurodevelopmental disorders. Within this family of disorders, about 400 individuals carry pathogenic
GRIN variants (https://www.grin-database.de/); GRIN2B neurodevelopmental disorder (GRIN2B-NDD) is a
rare genetic encephalopathy. About 120 of these individuals entail mutations in GRIN2B. Although GRIN
prevalence is underestimated and patients underdiagnosed, the diagnostic frequency of GRIN2B-NDD
ranges between 0.19-0.22 in a patient group with NDD and epilepsy'..

GRIN2B-NDD is caused by mutations in the GRIN2B gene encoding for the GluN2B subunit of the
N-methyl-D-aspartate receptor NMDAR)". Interestingly, both gain and loss of receptor activity in patients
carrying GRIN2B can result in a developmental disorder phenotype characterized by elements of intellectual
developmental disability, hypotonia, communication impairment, movement disorders, autism spectrum

1,4]

disorder, seizures, sleep disorders, and gastrointestinal disturbances'

Pathophysiology

The vast majority of excitatory synapses in the brain use glutamate, the main excitatory amino acid
neurotransmitter, for neuronal communication. Glutamate functionally separates transmembrane receptors
into two categories of receptors, namely the metabotropic and ionotropic glutamate receptors.

GRIN-NDD is related to ionotropic glutamate receptors and has seven GRIN genes, four of which show
pathogenic variants: GRIN1, GRIN2A, GRIN2B and GRIN2D, all encoding for NMDAR subunits"”. GRIN2B
disturbances due to the impaired ionotropic glutamate NMDAR might markedly affect critical steps of
neuronal, synaptic, and brain circuitry development'. More specifically, this variant with impaired
glutamate expression causes abnormal synaptogenesis with an imbalance between excitatory and inhibitory
currents - key factors in brain development, learning, memory, and other higher cognitive functions.
GRIN2B-NDD seems to converge on a disturbed balance between excitatory and inhibitory (E/I) activities

7-10]

in neuronal networks in the brain, which occurs in early postnatal stages!

The newly developed functional E/I ratio (fE/I) is a promising marker for studying mechanistic disruptions
in the micro-level regulation of E/I balance. This includes molecular, cellular, and local circuit disturbances
and how these disruptions affect or trigger shifts in spontaneous brain activity and subsequent brain
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function. With respect to the latter, the functional E/I balance is seen as a proxy for the weighted “network”
average of neural inputs and outputs, which determines elements of brain states"'.

This measure is grounded in the concept of criticality, which states that networks tend to function most
efficiently when organized between order and disorder. Computational modeling has shown that the
network-level E/I balance in the brain subserves criticality, thereby preserving information processing**.
This criticality-based measure of fE/I enables inferences about different phases: the sub-critical phase, where
the network operates in a low-activity phase, indicative of increased inhibition that impairs information
transfer; the super-critical phase, characterized by excessive excitation, which can be associated with
conditions such as epilepsy; and the balanced phase, where the E/I state is poised between these two
extremes. Through this balance, neuronal oscillations emerge as spontaneous brain activity that effectively
propagates, synchronizes, and integrates neural activity to form efficient neuronal networks"*'*. The fE/I
complements other measures sensitive to changes in E/I and critical brain dynamics, such as the spectral
EEG power and the detrended fluctuation analysis (DFA) of long-range temporal correlations (LRTC)".
The E/I balance is considered the main mechanism regulating the strength of LRTC subserving amplitude
fluctuations in neuronal oscillations. The DFA computes long-range correlations in the temporal structure
of signals. This approach provides insights into the balance between network stability and flexibility, which
is necessary for complex information processing. The clinical relevance of E/I imbalances, as explored
through changes in fE/I, DFA, and spectral power, is supported by various NDD studies. In patients with
autism spectrum disorder (ASD), E/I imbalances were indexed by large fE/I variability and increased DFA
values compared to healthy controls, with the fE/I marker even applicable in distinguishing EEG
abnormalities among patients"'. Additionally, these markers were responsive to pharmacological
interventions"'”. In the monogenetic disorder of tuberous sclerosis complex (TSC), characterized by brain
tubers, intellectual disability, ASD-related behavior and epilepsy, patients showed notably lower fE/I than
controls, indicating a low-critical or inhibition-dominated network"". In the syntaxin-binding protein 1
(STXBP1) syndrome, a rare genetic NDD characterized by a spectrum of severe developmental delay,
intellectual disability, and early onset epilepsy, low fE/I values were accompanied with higher DFA values
but also slowing of activity as expressed by increased low-frequency power. These findings were interpreted
as inhibition-dominated network dynamics"*.

Since LoF mutations in GRIN2B result in NMDAR dysfunction with E/I imbalances, leading to the clinical
phenotype observed in previous NDD, it is essential to understand these E/I changes. Here, we apply
quantitative EEG (qEEG) such as fE/I, DFA, and spectral power in a cohort of underaged GRIN2B-NDD
patients, comparing them to age- and gender-matched typically developing controls (TDC). The aim is to
investigate whether impaired NMDAR signaling related to GRIN2B shifts E/I balance at the network level,
as indicated by qEEG markers. We hypothesize that gEEG biomarkers will show alterations in patients with
LoF mutations, revealing impairments indicative of neurodevelopmental delay, such as E/I imbalances with
lower fE/I values, higher DFA values, and increased low-frequency power, suggesting a slowing of activities.

METHODS

Participants

This study was a single-center, case-control study performed at the Emma Center for Personalized
Medicine (ECPM), Amsterdam UMC, the Netherlands. We included pediatric patients with a GRIN2B LoF
variant who participated in a placebo-controlled, randomized n-of-1 trial assessing the effect of L-serine
(2022.0271-NL80290.018.22)"**", with one patient participating in an open-label format which included a
baseline EEG measurement. In this study, the effects of L-Serine are beyond the scope of the paper and will
be reported elsewhere. Patients were eligible when they were between 36 weeks of gestational age and 18
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years and had a pathogenic LoF GRIN2B mutation. Exclusion criteria were ingestion of L-serine within 30
days prior to enrollment and treatment with another investigational product within 30 days prior to
enrollment. In addition, 35 children served as an age- and gender-matched typically developing group.
Written informed consent was obtained from the legal guardians of all participants, as the participants were
not capable of providing consent themselves prior to prospectively performed measurements. The study
was approved by the Ethics Review Committee and conducted in accordance with the provisions of the
Declaration of Helsinki and good clinical practice.

EEG acquisition

EEG recordings were acquired during the resting state with eyes open, lasting between 230-600 s for the
patients and 300 s for TDC. High-density 128-channel HydroCel Geodesic with the NetAmps400 amplifier
(Magstim-Electrical Geodesics Inc.) was used. The sampling rate was 1,000 Hz, with the reference electrode
placed at Cz, positioned between CPz and Pz. Electrode impedances were kept below 100 KQ.

EEG preprocessing

EEG preprocessing was done with the Neurophysiological Biomarker Toolbox (NBT) based on MNE-
Python"". Raw continuous EEG recordings were down-sampled to 250 Hz and subsequently notch- (50 Hz)
and bandpass-filtered for 1-45 Hz using a Finite Impulse Response filter with a Hamming window. Bad
electrodes with excessive noise or flat signals were automatically detected by using the Random Sample
Consensus algorithm as implemented in MNE. EEG signals from the identified bad electrodes were
interpolated with a spherical spline using all electrodes. To remove transient and large amplitude artifacts,
the artifact subspace reconstruction algorithm implemented in MNE was applied, which detected and

rejected artifacts automatically, followed by the user's visual screening™

. Signals were re-referenced to the
average of all electrodes. Eye movements/blinks, heartbeat and muscle-related artifacts were visually
inspected and projected from the EEG signals using independent component analysis (Infomax) algorithm.
On average, five independent components (min-max: 1-8) were removed, and 10 bad electrodes were
identified and interpolated per session (min-max = 5-17). After cleaning, the signal duration was between

30-290 s.

Quantitative EEG measures

Spectral power

To investigate the absolute and relative power, patients with a GRIN2B LoF variant were compared to
gender- and age-matched controls (TDC), and the spectral power was computed for each individual cortical
patch. Instead of the traditional canonical five frequency bands (delta, theta, alpha, beta, and gamma), high-
frequency resolution analyses were performed. Eleven narrow frequency bins from 1-45 Hz (1.0-4.0;
4.0-5.09; 5.09-6.49; 6.49-8.26; 8.26-10.51; 10.51-13.39; 13.39-17.05; 17.05-21.71; 21.71-27.64; 27.64-35.19;
35.19-44.81 Hz) were investigated to reveal distinct spectral patterns in more detail, providing insights into
rare NDD with limited prior knowledge about affected oscillations"”. Spectral power was estimated using
Welch's method with a Hamming window (50% overlapping windows), a length of
FFT = sampling rate * 10. Spectral power values were scaled and converted to decibels (dB). Absolute power
for each frequency range was computed by summing the power spectral density values within the range and
multiplying by the spectral power frequency bin width. Relative power was obtained by normalizing the
absolute power within each frequency range by the total power.

Detrended fluctuation analysis

DFA research has shown that the temporal structure of ongoing oscillations follows a power-law
distribution, also defined as scale-free oscillations, which characterizes long-range temporal correlations
(LRTC). The DFA exponent reflects the slope, or the temporal structure based on the mean variability in a



Ramautar et al. Rare Dis Orphan Drugs J. 2025;4:1 | https://dx.doi.org/10.20517/rdodj.2024.27 Page 5 of 17

signal over several different time scales, also known as the mean fluctuation function. This function
estimates the power-law decay or LRTC within the signal. DFA is performed on the amplitude envelope of
the bandpass filtered signal (see for technical details"**'), whereas the exponent is defined as the least-
squares linear fit of mean fluctuation over timescale on a log-log scale. A DFA exponent of 0.5 indicates no
autocorrelations, while values between 0.5-1 indicate positive autocorrelations, reflecting the presence of
LRTC.

fE/N

To investigate the EEG-derived E/I ratio of GRIN2B patients compared to TDC, the fE/I algorithm from the
critical oscillations (CROS) model of ongoing neuronal activity was derived. This computational model
asserts strong associations between E/I ratio on a structural level, amplitude, and DFA component of the
amplitude modulation or LRTC of oscillations. The fE/I can be estimated from the covariance of the
amplitude envelope and the normalized fluctuation function which correlates strongly with the DFA
exponent. Stable estimates of fE/I can be obtained from a few seconds of preprocessed EEG signals"". In this
study, the computation of fE/I was performed in the signal of each cortical patch in the above-mentioned 11
frequency ranges. FE/I < 1 indicates inhibition-dominated networks, fE/I > 1 reflects excitation-dominated
networks, while fE/I = 1 indicates a balanced E/I network (see for technical details:*).

Source space reconstruction

Electrode-level EEG time series were source-modelled using the L2 minimum norm estimation
implemented by MNE-Python to obtain cortical surface current estimates. To construct the boundary
element head model, the FreeSurfer average brain template was implemented for the forward operator for
the source modeling®*. The time series of the source vertices was further collapsed into 68 cortical patches
on the Desikan Killiany Atlas®”. Next, the EEG features (absolute and relative power, DFA, and fE/I) were
computed for each cortical patch and averaged across cortical brain regions retrieved from patches
subserving frontal, temporal, parietal, cingulate and insular regions (See for all details”).

Statistical tests

Statistical analyses of the QEEG biomarkers on source space were performed for each cortical patch and
each frequency bin. Because of the non-normal distribution of the data due to the small sample size, and to
circumvent results due to chance, age, or sex, we performed bootstrapping analyses for the frequency
spectrum at the source space level. Each patient was tested against their age- and gender-matched controls.
Paired comparisons at the source level were performed separately within the bootstrapping analyses for
these values. Resampling with replacement for each patient-control group at the source level was utilized to
estimate the statistical power of the observed paired mean difference between patients and controls.
Resampling was performed 1,000 times, and in each iteration, the paired mean difference was computed to
create the distribution of sampling mean differences for each level. The P-value was calculated as the
proportion of resampled absolute paired mean differences that were greater than the observed absolute
paired mean difference, and the significance level was set at P < 0.05. We used the false discovery rate (FDR)
correction (g = 0.05) for multiple comparisons across each level, so for the frequency bins and brain regions.
The resampling procedure was implemented in a custom-made Python script.

RESULTS

EEG recordings of five GRIN2B patients (aged 3.0 to 12.7 years, 2 females) were compared to a TDC group
of 35 children (aged 4.3 to 12.7 years, 15 females). The GRIN2B patient group consisted of different
pathogenic de novo mutations, which all resulted in missense mutations and deletions impairing NMDA
receptor activity [Table 1]. The patient phenotype is characterized by mild to severe developmental delay,
communication deficits, and motor impairments with varying degrees of severity. None of the carriers
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GRIN2B Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Sex Male Female Female Male Male

Age when EEG recorded (years) 3.00 477 6.11 8.25 12.72

Genotypic spectrum

GRIN2B variants 12013.2.13.1 c.1583 C>T €.2459 G>C €.2496 C>G c.2087 G>T

Protein level p.(Pro528Leu) p.(Gly820Ala) p.(Ser832Arg) p.(Arg696Leu)

Variant type Missense Missense Missense Missense Missense

Origin de novo de novo de novo de novo de novo

Functional analysis LoF LoF LoF LoF LoF

Phenotype

Epilepsy No No No No No

Severity of ID Mild Moderate Severe Moderate Mild

Co-occurring neurodevelopmental ~ None None None ASD ADHD

disorders

Speech and language Delayed, 1-2 word  Delayed, 1-2 word Non-verbal Delayed, 2-3word  Delayed, delay of
sentences sentences sentences 2-3years

Motor Delayed Hypotonia, Not able to walk, No No

development/musculoskeletal hypermobility Hypotonia

Sleeping problems No No Yes Yes No

Gastrointestinal problems No Yes Yes Yes No

Demographics TDC group Control1 Control2 Control3 Control4 Control5

N 3 7 8 9 8

Sex Male Female Female Male Male

Age range (years) 4.8-5.1 4.6-5.5 57-6.7 7.5-93 11.2-14.8

1Q range 98-108 98-125 78-121 103-134 95-126

P-value of age with patient 0.07 (t=3.71) 0370 (t=0.969) 0.845(W =5) 0.982 (t=0.02) 0.985 (t = 0.020)

Note: t-tests were performed for all patients and matched controls at all ages. When not normally distributed, a Wilcoxon test was performed
(control group 3). ID: Intellectual delay.

showed a history of seizures or epilepsy [Table 1]. The neurotypical group consisted of 35 children and were
age- and gender-matched to the individual patients for the bootstrap analyses (The distribution of matched
neurotypical participants was as follows: patient 1 (n = 3), patient 2 (n = 7), patient 3 (n = 8), patient 4 (n =
9), and patient 5 (n = 8) [Table 1].

Absolute power

We evaluated whether LoF GRIN2B patients show changes in the spectral power of the EEG. To this end,
absolute power was compared between GRIN2B and matched TDC between 1-45 Hz. At the source level,
increased absolute power was found for the patient group (P < 0.05) with a whole brain distribution in the
lower oscillations of 1.0-4.0 Hz, (P < 0.05) [Figure 1A, Figure 2A and B]. In this group, increased absolute
power in the left parietal, left and right temporal lobe, and right frontal lobe was found in the remaining
frequencies except for 17.05-21.71 Hz [Figure 2A and B]. For reasons of brevity, the individual values
averaged across significant regions are plotted per frequency bin; Figure 2C shows increased values for the
GRIN2B group (P < 0.05).

Relative power

Source estimation analyses revealed increased relative power in the lowest oscillations (1-4 Hz) across all
regions, apart from the occipital areas [Figure 1B, Figure 3A and B] (P < 0.05). The opposite pattern was
found from 4.0-27.64 Hz: lower relative power was found for the patient group compared to the TDC. Areas



Ramautar et al. Rare Dis Orphan Drugs J. 2025;4:1 | https://dx.doi.org/10.20517/rdodj.2024.27 Page 7 of 17

—— EO_GRIN2B —— EO_TDC « p<0.05

— A B
[an]
S, -200 0.6
— —

s 2

3 -400 s 0.4

: — 0.2
v —600 0]
o]
< o

Frequency [Hz] Frequency [Hz]

Figure 1. Overview of the qEEG biomarkers of eyes open (EO) resting state in the range of 1-45 Hz in source space. GRIN2B group is
plotted in orange while the TDC group is plotted in black. The averaged values with the standard error of the mean are plotted of (A)
absolute power in dB, (B) relative power in proportion, (C) DFA and (D) fEIl. Bootstrapping analyses were corrected with FDR of 0.05.
Significant results are indicated by the red dots. Power effects are mostly found for the lowest to middle oscillations (1-8.3 Hz), In
(A and B) while DFA and fEl values between groups showed effects across all bins in (C and D).

spanning the entire brain (4.0-6.49 Hz) and areas spanning the frontal and parietal lobes (6.49-17.05 and
21.71-27.64 Hz) showed higher relative power in the TDC group compared to the patient group (P < 0.05)
[Figure 3A-C].

DFA

To investigate whether the LoF GRIN2B mutations affect the temporal structure of EEG signals, the
quantification of long-range temporal correlations measured by DFA was computed. The DFA showed
increased values across almost all bins [Figure 1C]. The scalp topographies indicated brain-wide increased
temporal correlations (P < 0.05) [Figure 1C, Figure 4A-C].

fEI

To test if LoF GRIN2B mutations lead to network-level changes in E/I balance, the fE/I was studied. The fE/I
showed lower values across all frequencies (P < 0.05) [Figure 1D]. Higher values were found for the patients
in the left insula 4.0-5.09 Hz (P < 0.05), while higher values for the TDC group were found in areas spanning
the frontal to occipital areas from 1.0-13.39 Hz (P < 0.05) [Figure 5A-C]. The individual spectrums and
results in electrode space are presented in the Supplementary Materials.
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Figure 2. Absolute power in source space in the range of 1-45 Hz. (A) shows absolute power in regions on source level per 11 bins. Power
was averaged across 68 patches of the Desikan Atlas and plotted for 6 regions. Red color shows significant regions for the GRIN2B
patients while blue indicates significant regions for the TDC group. Grey areas show no significant results. Bootstrapping analyses were
FDR corrected with 0.05. (B) shows an overview of region names. (C) shows the individual values of significant regions in source space
per bin. Orange boxplots represent the GRIN2B patients, while black boxplots represent the TDC group with A indicating the average
group difference with the P value of the significant regions. Absolute power in the lowest bin 1-4 Hz whole brain activities most
pronounced in the GRIN2B patients. In subsequent bins the left parietal lobe and right temporal lobe show most effects for the GRIN2B
group, followed by the left temporal lobe and right frontal lobe.

DISCUSSION

In this case-control EEG study, we tested, for the very first time, the hypothesis that ionotropic glutamate
NMDAR dysregulation in GRIN2B disorder affects gEEG measures associated with network-level activity
retrieved from resting-state, eyes-open EEG recordings. In five patients with de novo LoF, widespread
resting-state EEG abnormalities were found in absolute and relative spectral power, DFA, and fE/I after
accounting for age and gender. These findings indicate slowing of activities confirmed by increased absolute
and relative power in low frequencies and inhibition-dominated brain dynamics implied by decreased fE/I



Ramautar et al. Rare Dis Orphan Drugs J. 2025;4:1 | https://dx.doi.org/10.20517/rdodj.2024.27 Page 9 of 17

A RelativePower (EO_GRIN2B - EO_TDC)

1.0-4.0 Hz 8% 4.0-5.09 Hz 8% 5.09-6.49Hz A% 6.49-826Hz A% 8.26-10.51 Hz &%

0.22 0.03 0.03 0.03
0.15 0.02 0.02 0.02
0.07 0.01 0.01 0.01
0.00 0.00 0.00 0.00
-0.07 -0.01 -0.01 -0.01
-0.15 -0.02 -0.02 -0.02
-0.22 -0.03 +0.03 -0.03

10.51-1339Hz a% 13.39-17.05Hz &% 17.05-21.71 Hz &% 21.71-27.64 Hz &% 27.64-35.19Hz 4%

&bl &bl &4l 48] &9

35.19-44.81Hz &%

0.01
0.01

0.00 Right cingulate

0.00 Left cingulate

z-g‘l’ Left frontal lobe Right frontal lobe
-0.01

Left insula Right insula
Right parietal lobe

Left temporal
lob
B ove Right cingulate

Right temporal lobe

ipil . Right occipital lobe
] /:.e;t parietal Right temporal
Left temporal lol obe lobe
C 1.0-4.0Hz 4.0 - 5.09 Hz 5.09 - 6.49 Hz 6.49 - 8.26 Hz 8.26 - 10.51 Hz
5 (4=0.16,p=0) 5 -0.. 5 0.1 (8=-0.02,p=0.002) 5 (4=-0.02,p=0.001)
z 08 z 01 E 3 2 01
o) o © 0.08 °
a S 0.08 a a
v 06 [] [] []
> > > >
=) =) 0.06 S 0.06 =]
© A0 = © M L 0.05 -
T 0.4 o] o] g O @
& & 0.04 & 0.04 . Ceed &
EO_TDC EO_GRIN2B EO_TDC EO_GRIN2B EO_TDC EO_GRIN2B EO_TDC EO_GRIN2B
10.51 - 13.39 Hz 13.39-17.05 Hz 17.05 - 21.71 Hz 21.71 - 27.64 Hz 27.64 - 35.19 Hz
,_ (4=-0.02,p=0.019) , 0.08 (8=-0.01,p=0.01) . (4=-0.02,p=0.01)
g 0.1 ° g g 0.06
z 3 0.06 z
% % % 0.04
3 0.05 3 0.04 3
i) o i
g o Foo =5 g 002 ]
EO_TDC EO_GRIN2B EO_TDC EO_GRIN2B EO_TDC EO_GRIN2B

35.19 - 44.81 Hz

Figure 3. Relative power in source space in the range of 1-45 Hz. (A) shows relative power as proportion in regions on source level per 11
bins. Power was averaged across 68 patches of the Desikan Atlas and plotted for 6 regions. Red color shows significant regions for the
GRIB patients while blue indicates significant regions for the TDC group. Grey areas show no significant results. Bootstrapping analyses
were FDR corrected with 0.05. (B) shows an overview of region names. (C) shows the individual values of significant regions in source
space per bin. Orange boxplots represent the GRIN2B patients, while black boxplots represent the TDC group with A indicating the
average group difference with the P value of the significant regions. Relative power in the lowest bin 1-4 Hz shows whole brain activities
most pronounced in the GRIN2B patients while the opposite was found for subsequent bins: Higher power were found for the TDC group
for 4.0-27.64 Hz. Whole brain activities were shown from 4.0-6.49 Hz followed by left and right frontal and parietal lobes, left temporal
and occipital lobe.

ratio and increased DFA values. Our results suggest potential evidence that brain-wide excessive slow
frequency oscillations with an inhibition-dominated brain state reflect a core aspect of GRIN2B
pathophysiology and may serve a clinical utility.

QEEG suggests a shift to slower power dynamics in GRIN2-NDD disorder

Increased low-frequency (1-4 Hz) activity is found for the GRIN2B patients. This frequency, also known as
delta activity, has been involved with basic processes such as sleep, homeostasis, and autonomic regulation,
as well as motivation and cognition. Delta frequencies are generated in the thalamocortical system,
involving both cortical and subcortical areas, and play a key role in functionally linking different brain
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Figure 4. Long range temporal correlations as expressed by DFA in source space in the range of 1-45 Hz. (A) shows DFA values in
regions on source level per 11 bins. DFA was averaged across 68 patches of the Desikan Atlas and plotted for 6 regions. Red color
shows significant regions for the GRIN2B patients while blue indicates significant regions for the TDC group. Grey areas show no
significant results. Bootstrapping analyses were FDR corrected with 0.05. (B) shows an overview of region names. (C) shows the
individual values of significant regions in source space per bin. Orange boxplots represent the GRIN2B patients, while black boxplots
represent the TDC group with A indicting the average group difference with the P value of the significant regions. Whole brain activities
for the DFA were most pronounced throughout the brain for the GRIN2B patients, across all bins.

regions'™”. Delta activity also plays an important role in the development of healthy children, with decreased
delta power as they age. This is due to maturational changes, including synaptic pruning, grey matter
reductions, and the maturation of the GABA (gamma-aminobutyric acid) system"**". Interestingly, the
excess of spontaneous oscillation in the delta frequency range has been observed in developmental disorders
such as Angelman syndrome®, autism spectrum disorder”, and STXBP1 syndrome"”, showing similar
atypical widespread results and clinical features. However, prominent delta power has also been observed in
states of diminished consciousness, such as slow-wave sleep, anesthesia, generalized epilepsy, and disorders
of consciousness, including coma and the vegetative state. These states are characterized by the significant
involvement of GABA in inhibitory neuronal activity”". Clinical reports on Rett syndrome, Lennox-Gastaut
syndrome, hepatic encephalopathy, mitochondrial diseases, and schizophrenia have also suggested similar
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Figure 5. Functional E/I in source space in the range of 1-45 Hz. (A) shows fEl values in regions on source level per 11 bins. FEI was
averaged across 68 patches of the Desikan Atlas and plotted for 6 regions. Red color shows significant regions for the GRIN2B patients
while blue indicates significant regions for the TDC group. Grey areas show no significant results. Bootstrapping analyses were FDR
corrected with 0.05. (B) shows an overview of region names. (C) shows the individual values of significant regions in source space per
bin. Orange boxplots represent the GRIN2B patients, while black boxplots represent the TDC group with A indicating the average group
difference with the P value of the significant regions. Higher values were found for the TDC group almost across all regions from
1.0-13.39 Hz. While the GRIN2B group only showed higher values for the left insula in bin 4.0-5.09 Hz.

excessive slowing during wake states, which seems to contradict the established correlation between
diminished consciousness and increased delta power". Interestingly, the work on schizophrenia has shown
that NMDAR antagonists increase delta oscillations®**”. This suggests that increased delta oscillations,
essential in schizophrenia symptoms, show a switch in affected regions from a wake to a sleeplike state with
its typical cognitive deficits®. Our findings with the GRIN2B patients suggest that impaired NMDAR
signaling due to the GluN2B variant involved in glutamate expression might similarly affect oscillations,
leading to increased delta power. As low-frequency oscillations are involved in long-distance neural
communication, the increase in delta suggests less efficient long-range connections between neurons,
increased inefficient integrated local networks, and reduced grey matter integrity across brain regions. In
addition, when linking neurons to behavior, oscillations form behavior-dependent oscillating networks by
mediating spatial and temporal synchrony across frequencies, which play a role in perception, memory,
emotions, thoughts, and actions®*\. This implies that different frequency oscillations are related to different
processes, indicating that EEG power suppression in most frequencies can provide a possible link with
clinical phenotypes such as intellectual disability, developmental delay, communication impairment, autism
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spectrum disorder, and sleep disorders. This elucidates the role of delta power to a small extent and suggests
the observed increase in delta power in NMDAR dysregulation in GRIN2B-NDD patients, but future studies
are needed to address the mechanistic relationship in delta oscillations.

Power effects were also observed for the high-frequency oscillations. Absolute power in the range of
21.7-44.8 Hz showed increased values for the patients compared to the matched TDC. The observed power
differences correspond to the canonical frequency bands as beta/gamma power. Beta oscillations are linked
to attentional activation and sensory-motor integration needed for top-down executive control processes
involved in goal-directed behavior®*!. In addition, gamma-related power and its synchronization are
implicated in fundamental processes in cognition, such as associative learning and declarative memory
formation*”), as well as sensory awareness'*”. The increased beta and gamma power, known for its fast
coordination of computations specific to cognitive processes, might implicate increased information
processing to compensate for the cognitive impairment arising from the increased delta power in GRIN2B
patients. Although high-frequency oscillations such as beta/gamma have also been related to seizure-like
activity, the patients did not report findings of epilepsy.

Taken together, the delta effects in GRIN2B results show the increased global background slowing, closely
tracking cognitive decline in neurodevelopmental delay. At the same time, cognitive processes are regulated
by the compensatory effects of high-frequency oscillations.

Brain-wide higher DFA values were found in children with GRIN2B across almost the entire frequency
spectrum. The DFA is used to quantify the long-range temporal correlations of the brain oscillations when
showing a positive correlation (between 0.5-1). It is thought that the DFA exponent provides insights into
information transfer in neuronal networks"***”. The DFA exponent provides a statistical index of dynamical
oscillations and indicates the persistence of autocorrelations on different time scales. Weak autocorrelation
is reflected by DFA exponent values around 0.5, assuming uncorrelated and random walk-like processes,
while strong autocorrelation is reflected by a DFA exponent closer to 1. Reduced DFA exponents have been
observed in Alzheimer's disease*, schizophrenia”, and depression™, while higher values were found in
NDD such as ASD""**) and STXBP1"*.. GRIN2B patients show alterations in the temporal structure of brain
oscillations throughout the brain in line with previous findings in ASD and STXBP1, suggesting a more
structured temporal profile of fluctuations in oscillations across all frequencies and brain regions. This
suggests that impaired NMDAR signaling may play an important role in neuronal differentiation,
presumably leading to a global effect on the temporal structure of EEG oscillations yet leading to different
clinical features.

Lastly, fE/I was used to index changes in the E/I balance at the network level. The fE/I quantifies the
covariance between the amplitude envelope and DFA of EEG oscillations'"". The fE/I values are lower in
GRIN2B patients compared to age- and gender-matched controls across frequencies and the cortex. A
previous fE/I study involving healthy children showed that fE/I values were computed only for the alpha
band (8-12 Hz) of approximately 1 for healthy controls and lower values for ASD patients"". This, however,
consisted of spontaneous activity observed during the resting state of eyes closed, a different brain state that
cannot be equated with eyes-open recordings which typically show fE/I values of = 0.80""*”. In the present
study, patients were tested in a resting state with their eyes open, showing decreased fE/I values in
oscillations across a broad range of frequencies. This broadband decrease aligns with the DFA values
showing similar inhibitory-related broadband results. Furthermore, these results are consistent with the fE/I
values of children with STXBP1 syndrome, which show similar effects across the cortex and indicate a shift
toward stronger inhibition in GRIN2B. Interestingly, the GRIN2B patients showed higher fE/I values in the
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left insula within the 4.0-5.09 Hz bin, which falls within the classical theta band (4-8 Hz) and plays a crucial
role in neurocognitive development. Resting-state studies in children have reported negative correlations
between theta power and cognitive abilities'®, presumably indicating more impairments observed in
GRIN2B-NDD with the increased theta fE/I. The insula is known to be an important switching hub for
sensory input between various networks, including the default mode, salience, and executive networks"’.
Moreover, atypical insula activation has increasingly been linked to autism spectrum disorder"**".
Therefore, it can be speculated that the insula-related fE/I increase in GRIN2B may have similar

dysfunctional consequences to those observed in autism spectrum disorder.

LoF variants of the NMDAR cause abnormal neuronal differentiation, synaptogenesis, synaptic plasticity,
and an imbalance between excitatory and inhibitory signaling at the micro and macro levels. Although
genetic alterations can result in changes in the E/I across circuitries, less is known about the underlying
mechanisms of these cortico-cortical circuits and projections leading to E/I imbalances. While cortical
networks require a finely tuned coordination of excitatory and inhibitory inputs for efficient information
processing, contributing to better cognitive performance, widespread imbalances might be compensated
with higher-frequency oscillations for information processing restoration. Future studies should investigate
the exact mechanistic link between the distinct levels of neural organization and should include additional
neurodevelopmental disorders to test whether the findings are GRIN2B-NDD-specific, or a more general
feature of disorders characterized by similar manifestations. Overall, network-level qEEG features indicate
that GRIN2B-NDD patients with de novo LoF variants display inhibition-related dynamics compared to age-
and gender-matched healthy controls. Changes along the frequency spectrum as well as widespread cortical
regions were observed for almost all gEEG features, which may be associated with clinical manifestations of
the patients.

Methodological considerations

Testing hypotheses regarding the neuronal underpinnings of rare NDD is challenging. One difficulty lies in
the small sample sizes, which are relatively smaller compared to those in studies of more common disorders.
Additionally, testing children with developmental and behavioral disabilities is particularly difficult, as
adherence to instructions can be problematic in severely affected patients, resulting in suboptimal data
recording and poor data quality with excessive artifacts in EEG signals. Although the data can be
preprocessed semi-automatically, visual inspection by the researcher is a crucial and necessary step.
Preprocessed clean signals in this study varied between 30-290 s as parts of patient data were too noisy and
needed to be removed. Despite the data loss, quantification of the EEG biomarkers data was acceptable for
five patients [Supplementary Figure 1]. Spectral power can be reliably estimated from recordings with a data
length of > 20 s"***), whereas the minimal signal length for reliable estimation of DFA and fE/I is around
100 s, For one patient who was most severely affected, 30 s of clean signal was obtained. Despite this
length of data, it was decided not to discard these data as the values of the EEG markers were not
considered outliers (see the individual patients’ data in boxplots). As most of the patients were affected,
insights into neuronal network-level variables can still be clinically useful and indicated a homogeneous
pattern of the de novo variants in the GRIN2B-NDD patients on qEEG. Despite the usefulness of the gEEG
biomarkers, the data should be considered with caution due to the small samples. Conventional statistical
analyses proved to be unsuitable for detecting sensitive group-level effects. As most assumptions for
normality were not met, bootstrapping analyses were used as an alternative. This statistical analysis is
reliable for non-normal distributions and small sample sizes but is not an optimal solution. The advantage
of not making assumptions regardless of the data distribution is helpful in small sample sizes, but it should
be considered that not all distributions will give accurate confidence intervals for variable estimates,
potentially leading to spurious results. Indeed, there is no official minimum for bootstrapping sample sizes
for estimating standard errors, but values of less than 5 should be considered with great caution. The
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bootstrapping results based on the patient and the age- and gender-matched controls showed increased
sensitivity, which could not be achieved with conventional statistical analyses. To avoid the limitations of
case series studies, which typically present descriptive data on the etiology and findings of patients with rare
neurodevelopmental disorders, we decided to apply bootstrapping to get more insights into the variability of
these rare patients carrying missense LoF de novo mutations.

Limitations

One limitation of this study is that the control group was matched only for age and gender. Future studies
should consider adding control groups with intellectual disabilities to more accurately compare a child's
chronological age with their developmental age. This would allow for a better study of EEG markers, as well
as the cognitive, social, physical, and emotional domains.

A second limitation is the absence of associations between the clinical data and the EEG markers. The EEG
recordings reported in this manuscript are part of a study designed to evaluate the effectiveness of L-Serine
for GRIN2B-NDD using an N-of-1 trial design. A series of randomized, double-blind, placebo-controlled
single-patient trials were therefore conducted. During this period, the researchers were blinded to the
allocation and had no access to clinical data and behavioral scales.

A third limitation concerns the source space reconstruction used to calculate the EEG markers. Despite the
efforts to match age and gender, the developmental changes occurring in the brain require realistic age-
specific head models for accurate source reconstruction. Incorporating the realistic anatomy of children's
heads into EEG source analysis improves both accuracy and reliability"*". Ideally, individual realistic head
models can be derived from the subject's MRI, but obtaining MRI data from infants, children, and especially
children with NDD is challenging. Our EEG source analysis pipeline did not include age-specific template
models that represent the child-typical anatomy. Ideally, we would like to have age-specific realistic head
model templates to analyze EEG data while considering the typical anatomical head features. Unfortunately,
our analyses relied on adult averaged template models incorporated in MNE, which did not yield accurate
source reconstruction. Future studies should focus on creating more realistic head models.

CONCLUSION AND FUTURE DIRECTIONS

This is the first study to present gEEG markers in a case series of patients with GRIN2B de novo LoF
variants, guided by bootstrapping statistics. This can bridge the gap between preclinical studies on
molecular and cellular pathogenic mechanisms as well as clinical manifestations. The quantitative EEG
markers provide insights into pathophysiological changes in brain dynamics, which are valuable in
developing personalized mechanism treatments.
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