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Abstract

The dentate gyrus (DG) plays a central role in hippocampal information processing and spatial memory,
functions that rely on a tightly regulated balance between excitation and inhibition, whose disruption is
implicated in the pathophysiology of neurodevelopmental disorders.

Here, we used adult constitutive Nr2f1 heterozygous knockout mice (Nr2f1*/7) to investigate how Nr2f1
haploinsufficiency affects DG inhibitory circuit organization and function in a model of Bosch-Boonstra-
Schaaf optic atrophy syndrome (BBSOAS), a rare neurodevelopmental disorder associated with
intellectual disability and learning impairment. Nr2f1*/~ mice showed impaired short-term spatial
memory associated with increased recruitment of mature dentate granule cells and a shift in the
synaptic excitatory/inhibitory balance toward excitation in the DG. Reduced GABAergic synaptic input
was accompanied by decreased presynaptic VGAT levels and a reduced density of parvalbumin positive
interneurons. Electrophysiological analyses revealed a substantial reorganization of inhibitory signaling,
with reduced phasic inhibition coexisting with enhanced asynchronous GABA release and increased
THIP-evoked tonic currents. These findings show that Nr2f7 haploinsufficiency differentially affects
distinct modes of inhibition in the adult DG. Together, our results provide mechanistic insight into the
cellular and synaptic alterations of DG inhibitory circuits that may contribute to cognitive impairment in
BBSOAS with potential relevance to other neurodevelopmental disorders involving inhibitory circuit
dysfunction.

INTRODUCTION

Cognitive impairment is a major clinical feature of neurodevelopmental disorders (NDDs), yet the neural
circuit mechanisms linking disease-associated genes to altered cognitive function remain incompletely
understood. The hippocampus is a key brain region involved in learning and memory, spatial navigation
and emotions [1, 2], and its dysfunction has been associated with cognitive deficits across NDDs [3].
Within the hippocampus, the dentate gyrus (DG) serves as a critical gateway for information processing
and memory encoding, functions that rely on a tightly regulated balance between excitation and
inhibition. In the DG, inhibitory circuits are essential for maintaining sparse granule cell (GC) activity - a
prerequisite for efficient pattern separation [4] - while altered excitatory/inhibitory (E/I) balance has
emerged as a convergent mechanism in NDDs [5, 6]. Therefore, understanding how genetic alterations
associated with NDDs affect these finely regulated circuits is crucial for defining the mechanisms
underlying cognitive dysfunctions.

Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS; OMIM #615722 ORPHA:401777) is a rare,
autosomal dominant monogenic NDD in which cognitive impairment represents a prominent clinical
feature [7]. Since its initial description in 2014, BBSOAS has emerged as an increasingly diagnosed
disorder, with an expanding number of reported cases worldwide and an estimated prevalence of 1 in
100,000-250,000 live births [8, 9]. The disorder is caused by pathogenic variants in the Nuclear Receptor
subfamily 2, group f, member 1 gene (NR2FT), which encodes a highly evolutionarily conserved orphan
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nuclear receptor, also known as chicken ovalbumin upstream promoter-transcription factor 1 (COUP-
TF1). Reported pathogenic variants are mostly de novo and include gene deletions, translation initiation
variants, INDELs and missense variants that result in loss-of-function or dominant-negative effects [8,
10]. Clinically, BBSOAS presents a broad phenotypic spectrum, characterized by developmental delay,
intellectual disability (ID) and visual dysfunction [notably optic atrophy (OA) and cortical visual
impairment (CVI)], frequently accompanied by hypotonia, epilepsy, speech difficulties and behavioral
manifestations including autism spectrum disorder (ASD) and attention-deficit/hyperactivity disorder
(ADHD) [8, 10].

Due to the similar expression patterns and the high amino-acid sequence identity (~ 98-100%) between
human and mouse NR2F1, reflecting strong functional conservation [11, 12], mouse models represent a
valuable tool for investigating BBSOAS. Previous studies using genetically modified mice, including
Nr2f1 conditional knockout (cKO) in pallial-derived glutamatergic neurons [13-16] or in subpallial-derived
GABAergic neurons [17, 18], have established NR2F1 as a pleiotropic regulator of brain morphogenesis
and cortical development controlling progenitor specification and proliferation, neuronal migration and
differentiation in a stage- and context-dependent manner [14, 19-22]. Beyond its well-established role as
a master regulator of neocortical development, including cortical patterning and laminar fate
specification [14, 19, 23], increasing evidence highlights the involvement of NR2F1 in hippocampal
development and function. During development, NR2F1 regulates hippocampal growth along the septo-
temporal axis [15, 24] and controls the production and migration of dentate granule cells (GCs), thereby
contributing to dentate gyrus (DG) morphogenesis [22]. Notably, GC generation in the DG continues
throughout life [25, 26], and we previously demonstrated that NR2F1 regulates adult DG neural
stem/progenitor cell fate decisions [27], as well as the survival and functional integration of adult-born
neurons by shaping their mitochondrial network [28]. Despite this growing understanding of NR2F1
function in neural development, how reduced NR2F1 dosage alters mature hippocampal circuits and
contributes to cognitive dysfunction remains largely unknown. MRI analyses have reported
morphological hippocampal alterations in some BBSOAS patients [29], while recently developed mouse
models carrying patient-specific Nr2f1 variants or heterozygous deletions, consistent with the genetic
condition observed in BBSOAS, show hippocampus-related morphological, functional and behavioral
alterations [30, 31]. However, whether Nr2f1 haploinsufficiency disrupts E/I balance and inhibitory circuit
function in the adult DG, and whether these alterations are associated with cognitive impairment, has not
been established.

In this study, we investigated the impact of Nr2f7 haploinsufficiency on DG circuit function in adult mice
using the constitutive heterozygous Nr2f1*/~ mouse model, which recapitulates key features of BBSOAS
[29, 32-34]. Integrating behavioral, cellular, molecular and electrophysiological approaches, we show
that Nr2f1 haploinsufficiency is associated with impaired DG-dependent short-term spatial memory,
abnormal GC recruitment and a shift in synaptic E/I balance toward excitation. We further uncover an
unexpected reorganization of inhibitory signaling, in which reduced phasic inhibition coexists with
enhanced asynchronous GABA release and tonic inhibition, revealing a previously unrecognized form of

DG inhibitory circuit dysfunction.
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MATERIALS AND METHODS
Animals

All experiments were performed on adult (4- to 6-month-old) constitutive Nr2f1 heterozygous KO mice
(i.e. Nr2f1"¥null named Nr2f1*/), that were generated and genotyped as previously described [32]. Wild-
type [Nr2f1WYWt (WT)] littermates served as control. All mice were bred and maintained on a 129S2/SvP
genetic background. Mice were housed under standard laboratory conditions (n = 2-6 mice/standard
cage) with basic environmental enrichment under a 12 h light/dark cycle with food and water ad libitum.
Both male and female mice were used in this study.

All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals
of the European Community Council Directives (2010/63/EU and 86/609/EEC) and approved by
institutional bioethics committee (OPBA), and the Italian Ministry of Health (Authorization number
49/2023-PR, protocol E6B5E.8), the institutional ethical committee (CIEPAL Azur 28 NCE/2024 - 976)
and the Ministry for Higher Education and Research, France.

Behavioral analysis

Hippocampal-dependent spatial and short-term working memory were assessed with the Novel Object
Location (NOL) [35, 36]. Male mice (WT: n =11, Nr2f1*/~: n = 7) were habituated in the testing room 30
min before the experiment. Both training and test sessions were performed in a small opaque plexiglass
Phenotyper arena (50 cm x 33 cm x 33 cm; Noldus Information Technology). During the training session,
each mouse was placed in the arena containing two identical objects positioned in parallel and allowed
to explore for 10 minutes. After 1h inter-trial interval, the test session was performed in which one object
was relocated to the opposite side of the arena to create a novel spatial configuration. Here, the mouse
was allowed to explore the novel spatial configuration for 10 minutes. Behaviors were recorded using an
overhead infrared camera and scored with BORIS (Behavioral Observation Research Interactive
Software). Interaction time with the novel and familiar object locations was defined as the time spent
sniffing the object. Behavioral events were annotated with time stamps, and data were exported for
statistical analysis. Exploration preference was quantified using the Discrimination Index (DI), a
standardized index of investigation. DI is calculated as [(T,ovel - Tramitiar) / (Trovel + Tramitiar)], Where Trovel
and Teymiliar Fepresent the time spent exploring the novel and familiar locations, respectively. The

resulting score ranges from - 1 to + 1, when positive values indicate a higher level of investigation of the
novel location. The interaction with the new object location can also be expressed as a function of the
Recognition Index (RI): [T,ovel / (Thovel * Tramiiiar)] [37, 38]. Moreover, Ethovision XT (Noldus Information
Technology) software was used to track the locomotor activity, calculating total distance traveled and
mean velocity to ensure no confounding motor deficits were present.
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Tissue Preparation and Sectioning for Inmunofluorescence
Labelling

Adult mice were deeply anesthetized with a mixture of tiletamine and zolazepam (40-80 mg/kg Zoletil,
Italy) and xylazine (4-5 mg/kg Rompun; Bayer, Wuppertal, Germany) by intraperitoneal injection (i.p.),
and perfused transcardially with ice-cold 0.9% saline solution, followed by ice-cold 4% paraformaldehyde
(PFA, Sigma-Aldrich 441244) in 0.1 M phosphate buffer (PB), pH 7.4. Then, brains were postfixed (2h),
cryoprotected in a 30% sucrose solution (in 0.1 M PB pH 7.4) and embedded with cryo-embedding matrix
(OCT; Killik, BioOptica), frozen, and stored at -80°C until cryostat cutting (Leica Mycrosystems). Free-
floating 40 um coronal serial sections were collected in series and subsequently stored at - 20°C in
antifreeze solution (30% ethylene glycol, 30% glycerol, 10% PB: 189 mM NaH2P04, 192.5 mM NaOH; pH
7.4) until use.

Immunofluorescence

Immunofluorescence reactions were performed on free-floating 40 pm-thick coronal serial sections as
previously described [27, 28, 39]. Briefly, sections were incubated with primary antibodies (see Table 1)
diluted in blocking solution [0.01 M PBS, pH 7.4, 1% Triton X-100 and 10% normal serum of the same
species of the secondary antibody, i.e. normal donkey serum (NDS)] for 48 h at 4°C. Only for synaptic
protein markers, sections underwent an additional permeabilization and blocking step prior to primary
antibodies incubation. Specifically, slices were incubated for 1 hour in 1% Triton X-100 diluted in 0.01 M
PBS (pH 7.4) for membrane permeabilization, followed by 45 minutes of blocking in a solution
containing 1% Triton X-100 and 2% bovine serum albumin (BSA) in 0.01 M PBS (pH 7.4) at room
temperature (RT). Sections were washed in PBS and incubated for 2 h with appropriate secondary
antibodies (see Table 2) and 4,6-diamidino-2-phenylindole (DAPI; 1 ug/ml) to label nuclei in 0.01 M PBS
(pH 7.4), 0.1% Triton X-100 and NDS (1%) at RT. Sections were then washed in 0.01 M PBS (pH 7.4) and
mounted on gelatine-coated slides, air dried and coverslipped with antifade mounting medium Mowiol
(4-88 reagent; 475904, Calbiochem).
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Table 1
List of the primary antibodies

Primary Antibody Host Final Source Use
dilution
anti-CTIP2 Rat 1:1000 Abcam, ab18465 Immunofluorescence
anti-c-Fos Rabbit  1:10 000 Cell Signalling, Immunofluorescence
OF6#2250
anti-DCX Goat 1:2000 Santa Cruz, sc-8066 Immunofluorescence
anti-Gephyrin Mouse 1:1600 Synaptic Systems, Immunofluorescence
147011
anti-Parvalbumin Mouse  1:2000 Swant, PV235 Immunofluorescence
Anti-Somatostatin, Rat 1:800 Sigma Aldrich - Immunofluorescence
clone YC7 Millipore, MAB354
anti-vGAT Rabbit  1:2000 IF Synaptic Systems, Immunofluorescence &
131003 Western Blot
1:1000
WB
anti-Vinculin Mouse  1:2000 Sigma Aldrich, Western Blot
V9131
Table 2
List of the secondary antibodies
Secondary Antibody  Host Final Source Use
dilution
AlexaFluor488 Anti- Donkey  1:400 Jackson ImmunoResearch,  Immunofluorescence
Ck 703-545-155
AlexaFluor488 Anti- Donkey  1:400 Jackson ImmunoResearch,  Immunofluorescence
Ms 715-545-151
AlexaFluor594 Anti- Donkey  1:400 Jackson ImmunoResearch,  Immunofluorescence
Ms 715-585-020
AlexaFluor647 Anti- Donkey  1:600 Jackson ImmunoResearch, Immunofluorescence
Rat 712-605-153
AlexaFluor647 Anti- Donkey  1:600 Jackson ImmunoResearch, Immunofluorescence
Ms 715-605-151
Cy3 Anti-Rb Donkey  1:800 Jackson ImmunoResearch,  Immunofluorescence
711-165-152
HRP Conjugated- Goat 1:15.000 Cell Signalling, #7076 Western Blot
anti-mouse
HRP Conjugated- Goat 1:15.000 Cell Signalling, #7074 Western Blot

anti-rabbit
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Confocal Microscopy

Immunofluorescence images used for cell counting were acquired with TCS SP5 or Stellaris 5 confocal
microscopes (Leica Microsystems). Confocal z-stacked images used for cell detection and counting
analyses were captured through the thickness of the slice (40 um) at 1-um optical steps with an oil-
immersed Plan-Apochromat 40X/1.25 objective, zoom 1.0, and resolution of 8 bit, 512/512 pixels and
400 Hz scan speed (1 pixel = 0.480um) comprising both upper and lower blades of the hippocampal DG
and corresponding molecular layers. Single-stack images of synaptic markers were acquired with LSM
910 (Zeiss) equipped with an Airyscan detector and processed using the Zeiss Airyscan automatic
module, with an oil-immersed Plan-Apochromat 63X/1.4 objective, zoom 2.0, and resolution 8 bit,
1412x1412 pixels and 6 scan speed (1 pixel =0.035 ym). For synaptic puncta, images were consistently
acquired from a single optical plane located at the center of the slice thickness, and this setting was
maintained for all slices and across all markers to ensure comparability. Importantly, all the parameters
(i.e. laser power, gain, and offset) were kept constant across samples.

Microscope analysis and quantification

Cell quantification was performed on z-stacked confocal images using the ImageJ/Fiji Cell Counter
plugin (https://imagej.net/plugins/cell-counter). cFos+ cells were manually counted throughout the
entire DG granule cell layer (GCL), with DAPI staining used to trace the GCL boundaries. For each animal,
at least three dorsal hippocampal slices along the rostrocaudal axis were included in the quantification
to ensure representative sampling. Cell density was calculated by dividing the total number of counted

cells over the area of interest and expressed as cells/mm?. Slice cell density values were then averaged
to obtain a single mean density value per animal.

For synaptic markers, fractional area (vGAT and gephyrin) was quantified via a semi-automated ImageJ
workflow. Images underwent a pre-processing step that included first background subtraction (rolling
ball radius: 50) and then Gaussian blur (sigma: 0.57). Subsequently, the vGAT or gephyrin channel was
thresholded using the Default Dark algorithm (vGAT: 35-255, Gephyrin: 40—255). The resulting binary
image was then cleaned outside the ROI to get the area occupied by synaptic protein staining within the
selected ROI. Finally, we calculated the area fraction covered by vGAT and gephyrin on the selected ROI
and expressed it as a percentage.

Puncta density, size, and juxtaposition were analysed with the SynBot Fiji macro [40]
(https://github.com/Eroglu-Lab/Syn_Bot), maintaining the same pre-processing and thresholding
parameters (see above). For the assessment of juxtaposition between vGAT and gephyrin puncta, we
adopted the “pixel overlap colocalization” method rather than the circular approximation, as presynaptic
vGAT-positive synaptic structures often deviate from canonical circular shapes. This approach allowed a
more accurate estimation of the spatial overlap between inhibitory presynaptic and postsynaptic
markers.
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Hippocampal slice preparation

Acute hippocampal slices were prepared from 2- to 4-month-old Nr2f1”7~ male mice and WT littermate
controls (n: WT =11 and Nr2f1*/~=9) following deep anesthesia (as described above) and subsequent
cervical dislocation. Brains were rapidly removed and placed in ice-cold sucrose-based cutting solution
(Table 3) continuously oxygenated with 95% O, / 5% CO, (pH 7.3-7.4). Coronal hippocampal slices (300
pum) were obtained using a vibratome (Microm HM 650V, Thermo Scientific). Slices were then transferred
to recording ACSF solution (Table 3) and allowed to recover for 30—45 min at 37°C, followed by an
additional 1 h at RT before recordings.

Table 3

Composition of cutting solution, recording ACSF, and internal pipette solution used for
electrophysiological recordings.

Component (mM) Cutting Solution Recording ACSF Internal Solution

NaCl — 119 —

KCI 2.5 2.5 —

NaH,PO, 1.25 1.2 -

NaHCO, 26 26 —

MgSO, 10 1.3 —

CacCl, 0.5 2.5 -

Glucose 11 11 10

Sucrose 234 - —

CsCl — — 90

TEA-CI — — 20

EGTA - - 10

MgCl, - - 1

ATP - — 4

GTP - - 0.5

Phosphocreatine - - 15

,:(Ijllc?ggentrations are expressed in mM. “—" indicates absence of the component in the respective
ution.

Solutions and toxins for electrophysiology
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For spontaneous postsynaptic currents (sEPSC and sIPSCS) the patch electrodes were filled with the
following solution (in mM): 130 K-gluconate, 10 KCI; 0.2 EGTA, 4 Mg-ATP, 10 HEPES, 0.3 Na2-GTPR, 10
phosphocreatine di(tris), pH was adjusted to 7.2 with KOH. In order to block voltage-gated Na+ channels,
QX-314 ((N-(2,6-dimethylphenyl carbamoylmethyl) triethylammonium bromide, 10 mM; Tocris) was
added to the internal solution. During the recordings of miniature inhibitory postsynaptic currents
(mIPSCs), the external ACSF solution was supplemented with DNQX (20 uM; Sigma-Aldrich), D-AP5 (50
pM; Sigma-Aldrich), and CGP 55845 (5 uM; Tocris) to block AMPA, NMDA, and GABAg receptors,
respectively. The composition of the internal solution is shown in Table 3 (pH adjusted to 7.4 with CsOH)
[41]. TTX (300 nM; Tocris) was also added to the external solution to block spontaneous action
potentials propagation. Tonic currents were recorded in ACSF supplemented with TTX (300 nM), DNQX
(20 uM), D-AP5 (50 uM) and CGP55845 (5 pM), and subsequently induced by bath application of THIP (1
uM, Gaboxadol hydrochloride (THIP) Sigma-Aldrich) to activate 6-subunit—containing GABA, receptors.
For the recordings of evoked inhibitory postsynaptic currents (elPSCs), slices were perfused at 1.2
mL/min with ACSF supplemented with DNQX (20 pM), D-AP5 (50 pM), and CGP58845 (5 uM) to block
AMPA, NMDA, and GABAg receptors, respectively. elPSCs were recorded with the same internal solution

used for the mIPSCs. We also added QX-314 into the internal solution to block postsynaptic Na* currents
activated during elPSC recordings [41].

Patch clamp experiments

Patch electrodes (3—5 MQ) were fabricated from thick-walled borosilicate glass. Whole-cell patch-clamp
recordings were performed on DG granule neurons using a Multiclamp 700B amplifier (Molecular
Devices). Only mature neurons with R,,< 300 MQ were considered [42]. Spontaneous inhibitory (sIPSCs)
and excitatory (sEPSCs) postsynaptic currents were recorded as previously described [43]. SEPSCs were
recorded at a holding potential (Vh) of - 70 mV, corresponding to the chloride (CI-) electrochemical
equilibrium potential calculated using the Nernst equation. Conversely, sIPSCs were recorded at a
holding potential of + 10 mV, corresponding to the reversal potential of glutamatergic currents. The
overall excitatory and inhibitory synaptic drive onto GCs was quantified by analyzing the amplitude,
frequency, and cumulative charge transfer (total area) of spontaneous events recorded over a time
interval of 30 s. Finally, the excitatory/inhibitory balance (E/I) was calculated as a measure of the relative
contribution of excitatory and inhibitory synaptic inputs (Q./Q;). GABAergic mIPSCs and elPSCs were
recorded at a holding potential of - 70 mV (Vh), sampled at 10 kHz, and low-pass filtered at 5 kHz using
an eight-pole Bessel filter. Recordings with leak current > 100 pA or a series resistance > 20 MQ were
excluded. The mIPSC amplitude and frequency were analyzed using a 10 pA detection threshold. Single
GABA, receptor current amplitude and average number of postsynaptic GABA, receptors activated by a

quantum of neurotransmitter were estimated by non-stationary noise analysis of mIPSCs, as previously
described [44]. Monosynaptic elPSCs were evoked by extracellular stimulation of the medial perforant
path by placing the monopolar glass electrode in the inner molecular layer of the suprapyramidal blade
(filled with ACSF; intensity: 10—50 pA,; pulse duration: 0.1 ms) connected to an isolated pulse stimulator
(Model 2100; A-M Systems, Sequim). Monosynaptic elPSCs were evoked at 0.1 Hz, and 15-20
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consecutive responses were collected for analysis. Paired-pulse responses were obtained by recording
elPSCs elicited by two consecutive stimuli of increased interpulse intervals (from 25 to 150 ms),
delivered every 10 s and paired-pulse depression (PPD) was calculated following the equation PPD =100
x (A;-A,) / A,. The size of the synchronous readily releasable pool (RRPsyn) and the probability that any

given synaptic vesicle in the RRP,,, will be released (P, ;) were quantified using cumulative amplitude

syn
analysis [45]. RRPg,, was estimated from IPSCs evoked by a 40-pulse train at 20 Hz for 2 sec, assuming
steady-state depression reflects a balance between vesicle release and recycling [46]. A linear fit of the
steady-state phase was back-extrapolated to the y-axis to estimate the RRP,, size, and P, ., was
calculated as the ratio between the first elPSC amplitude to the RRPg,. Using a similar cumulative
analysis, the size of total readily releasable pool (RRP;;) represented by the number of synaptic vesicle
available for synchronous and asynchronous release, was estimated by calculating the cumulative
synaptic charge evoked by each stimulus during the train, after baseline offset subtraction, as previously
described [41, 47-49]. Delayed asynchronous release was quantified following a 20 Hz, 2 s stimulus
train by analyzing post-train currents over a 10 s window divided into 10 bins of 1 s duration. The charge
transfer of each bin was calculated and normalized to the charge measured in the first 25 ms of the
elPSCs recorded 10 s before the train [50].

Synaptosomes isolation and Western Blot

Synaptosomes were isolated from fresh tissue of whole hippocampi of adult Nr2f7*~ and WT mice with
the Syn-PER™ Synaptic Protein Extraction Reagent (87793, Thermo Fisher Scientific) supplemented with
1x protease inhibitor cocktail (Halt Protease Inhibitor Single-Use Cocktail 100X; 78430, Thermo Fisher
Scientific), according to the manufacturer's instructions. Briefly, fresh hippocampi were isolated and
washed twice with PBS supplemented with 0.6% glucose solution. Afterwards, pooled hippocampi were
homogenized with a 2 ml Kimble dounce tissue grinder (D8938-1SET, Sigma-Aldrich) in the Syn-PER™
reagent and centrifuged (1200 g, 10 min, 4°C); the resulting supernatant was then transferred to a new
tube and further centrifuged (15,000 g, 20 min, 4°C). Synaptosome pellets were resuspended in the same
Syn-PER™ buffer and protein concentration was determined using a Bicinchoninic Acid (BCA) Protein
Assay Kit (B9643, Sigma-Aldrich, Milan, Italy).

For Western Blot 20 ug of protein per sample was resolved on 4-20% precast polyacrylamide gel (Mini-
PROTEAN® TGX Stain-Free; 4568096, Bio-Rad Laboratories), transferred to a supported nitrocellulose
membrane (162 - 0093, Bio-Rad Laboratories) and blocked for 1 h at RT in 1x TBST (150 mM NaCl, 10
mM Tris-HCI pH 7.4, 0.1% Tween 20) containing 5% nonfat milk (1706404, Bio-Rad Laboratories). After
blocking, the membrane was incubated overnight at 4°C with the primary antibodies (see Table 1),
washed and incubated with the secondary horseradish peroxidase-linked antibodies (see Table 2). All
primary antibodies were diluted in 1x TBST containing 5% bovine serum albumin (BSA) and 0.02%
sodium azide, whereas all secondary antibodies were diluted in 1x TBST containing 5% nonfat milk. For
protein band detection, the membrane was then incubated with a chemiluminescence substrate (Clarity
Western ECL Substrate, 1705061; Clarity Max ECL Substrate, 1705062; Bio-Rad Laboratories). ECL
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signals were detected with a ChemiDoc™ Imaging System, and bands were quantified using Image Lab
version 6.1.0 build 7 software (2020, Bio-Rad Laboratories).

Statistics

Data are derived from at least three different animals/groups and are presented as mean + SD, unless
otherwise stated in the figure legends. Normal distribution was assessed with either the Shapiro-Wilk
test (alpha, 0.05; if 3 <n < 50) or D'Agostino-Pearson (if n > 50). When comparing two populations of
data, two-tailed unpaired Student's t-test was used to calculate statistical significance in cases of
Gaussian distribution, applying Welch’s correction in case of unequal variance distribution (F-test of
equality of variances). Non-parametric Mann-Whitney’ U-test was used in the case of non-Gaussian
distribution. Kolmogorov-Smirnov test was carried out to compare cumulative distributions. In case of
more than two sample groups normally distributed, one-way ANOVA followed by Tukey's test
(parametric) or Kruskal-Wallis followed by Dunn'’s test (non-parametric) was performed. For
immunofluorescence analysis of synaptic markers Nested t-test was used to ensure that statistical
comparisons reflected variability between animals rather than within-animal sampling. Outliers were
identified and excluded using Tukey's 1.5xIQR (Interquartile range) method (Fig. 1 and S1). Statistical
significance was defined as follows: *P < 0.05, **P < 0.01 and ***P < 0.001. All analyses were performed
using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA).

RESULTS
Adult Nr2f1*/~ Mice Show Impaired Short-term Spatial Memory

Given the contribution of the DG to spatial hippocampal memory processing [51, 52], we first assessed
short-term spatial memory by employing the Novel Object Location (NOL) task (Fig. 1), which relies on
the mouse innate tendency to preferentially explore novelty over familiarity [53—55]. Short-term spatial
memory was assessed by measuring how long each mouse spent exploring the objects placed in
familiar versus novel locations during the test phase (Fig. 1A, B). Wild-type (WT) mice spent significantly
more time exploring (i.e. sniffing) the object placed in the novel location, whereas Nr2f1*~ mice did not
show a preference for the displaced object (Fig. 1B). The discrimination index (DI, Fig. 1C,) showed
positive values in WT mice but not in Nr2f7*/~ animals. Similarly, the recognition index (RI), was
significantly reduced in Nr2f7*/~ mice, with mean values below 50%, indicating that mutant mice failed to
preferentially explore the object in the novel location (Fig. 1D).

Although both genotypes spent comparable time interacting with the object in the familiar location

(Fig. 1B), the overall interaction time was reduced in Nr2f1*/~ mice (Fig. S1A). Importantly this reduction
did not account for the impaired discrimination, as reflected by the decreased discrimination and
recognition indices, which normalize for total exploration time. Moreover, the data on mobility duration
(Fig. S1B) and total distance travelled during the test phase (Fig. S1C) did not differ significantly between
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genotypes, indicating preserved locomotor activity. Overall, these findings indicate impaired short-term
object location memory in Nr2f1*/~ mice

Aberrant Activation of Mature DG Granule Neurons in Nr2f1*/~ Mice

DG-dependent spatial memory relies on the sparse and selective activation of GC ensembles to encode
novel spatial information [56]. Thus, impaired NOL performance (Fig. 1) suggests that Nr2f1
haploinsufficiency may alter DG activity pattern. Aberrant activation of DG granule neurons has indeed
been shown to affect short-term spatial memory by reducing pattern separation [57, 58]. To investigate
whether DG neuronal recruitment is altered in Nr2f1*/~ mice, we employed a “Novel Environment” (NE)
paradigm, which induces sparse GC activation following short-term exploration (i.e. 30 minutes) of a
novel environment. We focused on the dorsal DG and assessed the expression of the immediate early
gene Fos (cFos), a widely used marker of activity-dependent neuronal activation [59, 60]. Following NE
exposure Nr2f1*/~ mice displayed a significant increase in cFos+ cells within the granule cell layer (GCL)
compared to WT littermates (Fig. 2A, B). Analysis by GCL blade revealed a significant increase in cFos+
cell density in the upper blade, whereas the increase observed in the lower blade did not reach statistical
significance (Fig. 2C). Overall, these findings demonstrate enhanced recruitment of granule neurons in

the dorsal DG of adult Nr2f7*/~ mice following NE exposure.

As the adult DG contains both mature GCs that have accumulated over time, and newborn immature
neurons [26, 61, 62], we next sought to determine which GC population was preferentially recruited.
Multiple immunostainings revealed that most cFos+ cells co-expressed CTIP2, consistent with a mature
neuronal identity [63, 64] (Fig. 2D,D’,D"). In contrast, no colocalization was observed with doublecortin
(DCX), a marker of immature newborn neurons [65] (Fig. 2D,D”,D™). Together, these data suggest that
Nr2f1 haploinsufficiency leads to the abnormal activation of CTIP2 + mature granule neurons within the
hippocampal DG circuit.

Reduced GABAergic inhibitory input onto DG granule neurons in Nr2f1*/~ mice

To determine whether afferent synaptic inputs onto mature GCs were altered in Nr2f1*/~ mice, we first
analyzed spontaneous action potential-dependent excitatory (SEPSCs) (Fig. 3A-C) and inhibitory
(sIPSCs) (Fig. 3D-F) postsynaptic currents in mature DG granule neurons in acute hippocampal slices

from adult WT and Nr2f7*~ mice. We observed that the mean amplitude of SEPSCs recorded from WT
GCs was not significantly different from that measured in Nr2f1*/~ GCs (Fig. 3B, B’). Similarly, no

significant difference was observed in the inter-event interval (IEl) of SEPSCs between WT and Nr2f1%/~
GCs (Fig. 3C, C’). Consistent with these findings, the total excitatory charge transfer (Qe) was
comparable between the two groups (Fig. 3G). Together, these results indicate that excitatory synaptic

inputs onto GCs are largely preserved in Nr2f1*~ mice.

In contrast, the analysis of inhibitory synaptic inputs onto GCs revealed significant alterations. The mean
sIPSCs amplitude was increased in Nr2f1*/~ GCs compared with WT controls (Fig. 3E, E’). Moreover, the

Page 13/29



IEI was also significantly increased (Fig. 3F, F’), indicating a lower frequency of inhibitory events. Overall,
the total inhibitory charge transfer (Qi) was significantly reduced in Nr2f1*/~ GCs compared with WT GCs
(Fig. 3H). To assess the balance between excitatory and inhibitory synaptic inputs, we compared the
Qe/Qi ratio between genotypes and found a significant increase in Nr2f1*/~ GCs (Fig. 3), indicating a
shift toward a relative predominance of excitatory over inhibitory synaptic drive. Collectively, these
findings suggest that in Nr2f1*/~ mice, inhibitory afferent input onto GCs is reduced, whereas excitatory
synaptic transmission remains largely unaffected.

We therefore focused on GABAergic synapses and measured miniature inhibitory postsynaptic currents
(mIPSCs) in mature DG granule neurons (Fig. 3J), to evaluate quantal inhibitory synaptic transmission
independently of network activity.

No differences between WT and Nr2f1*/~ GCs were detected when mIPSCs amplitude, single GABA,
channel current or number of postsynaptic GABA, receptors activated by single quanta of

neurotransmitter were considered (Fig. 3K, K’; Fig. S2A, B). In contrast, Nr2f1*/~ GCs exhibited
significantly longer mIPSCs IEl (Fig. 3L, L). Overall, these findings support reduced inhibitory synaptic
input onto Nr2f1*/~ GCs. The reduced frequency of mIPSCs, together with their unchanged amplitude, is
consistent with fewer functional GABAergic synapses and/or a reduced rate of GABA release at the
presynaptic site, rather than altered postsynaptic GABA, receptor function.

We next examined GABAergic terminals by quantifying the expression of the presynaptic vesicular GABA
transporter (VGAT) [66]. Western blot analysis of synaptosome protein extracts from adult hippocampi
revealed significantly reduced vGAT levels in Nr2f1*/~ mice compared to WT controls (Fig. 4A-C), which is
consistent with the increased mIPSCs IEI (Fig. 3L, L'). To examine presynaptic sites at subcellular level,
we performed immunofluorescence combined with high-resolution confocal microscopy quantifying
vGAT+ puncta in the GCL and inner molecular layer (iMCL) of the DG (Fig. 4D). This approach allows the
selective assessment of somatic (GCL) and proximal dendritic (iMCL) inhibitory inputs. Fractional area
analysis revealed a significant reduction in vVGAT immunoreactivity in both the iMCL (~23%) and the GCL
(~17% decrease) (Fig. 4D, E, H) in Nr2f1*/~ mice. We next employed the SynBot Fiji macro [40] to
segment and analyse individual vGAT+ puncta with consistent threshold parameters. We found a
significant reduction in vGAT+ puncta size, as indicated by a leftward shift in the cumulative distribution
of puncta areas, and a reduction in the mean puncta area in Nr2f7*/~ mice (Fig. 4F, I). However, vVGAT+
puncta density did not differ between genotypes (Fig. S2 C, D). Furthermore, the fraction of vVGAT+
puncta juxtaposed to gephyrin - a postsynaptic inhibitory scaffold protein [67] - remained unchanged
(Fig. 4G, J), which is consistent with preserved postsynaptic receptor function (Fig. 3K). Taken together,
these findings identify a presynaptic GABAergic deficit in the adult Nr2f1*~ DG.

To determine whether these presynaptic alterations were associated with changes in DG interneuron
composition, we quantified the parvalbumin (PV) and somatostatin (SST) immunopositive cells in the

DG, representing the two major classes of hippocampal GABAergic interneurons [68—70]. Adult Nr2f1*/
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“mice showed a significant reduction in the PV+ interneuron population (~38.3%) compared with WT
controls (Fig. 4K, L), whereas the STT+ interneuron population did not differ significantly (Fig. 4M, N).
Given the well-established role of PV+ interneurons in regulating GC spiking through lateral inhibition and
promoting sparse coding [70, 71], their reduction is likely to contribute to the impaired inhibitory control

observed in Nr2f1*/~ mice.
GABAergic terminals in Nr2f1*~ mice exhibit enhanced asynchronous neurotransmitter release

The reduced frequency of mIPSCs observed in Nr2f1*/~ GCs suggested a presynaptic impairment at
GABAergic synapses onto GCs. To further investigate presynaptic functions, we performed whole-cell
voltage-clamp recordings from GCs while applying extracellular stimulation of the medial perforant
pathway to induce monosynaptic elPSCs [42, 72]. Paired-pulse stimulation of the DG in WT and Nr2f1*/~
mice [73] (Fig. S3A, B) revealed no differences between the two genotypes in the degree of paired-pulse
depression (PPD) (Fig. S3A, B'), suggesting that basal presynaptic release probability and short-term
synaptic plasticity were preserved. However, during sustained high-frequency stimulation (20Hz for 2
sec) [41, 49] a distinct phenotype emerged (Fig. 5A). In WT neurons, the elPSCs amplitude was maximal
during the first pulse of the train and progressively decreased, reaching a steady-state level during the
final 7-8 pulses, consistent with synaptic depression (Fig. 5B). While the average elPSC amplitude,
determined by synchronous release, was comparable between WT and Nr2f1*/~ neurons, the area
underlying the train, reflecting asynchronous release, was significantly increased in Nr2f1*~ GCs

(Fig. 5A). This observation was confirmed by the similar distribution of normalized elPSCs amplitude
between the two genotypes (Fig. 5B), and the significantly increased normalized distribution of elPSCs
area in Nr2f1*/~ neurons (Fig. 5H). Moreover, analysis of the cumulative distribution of elPSCs
amplitudes demonstrated that neither the size of the synchronous readily releasable pool (RRPSyn), nor
the probability that any given synaptic vesicle in the RRP , will be released (Pyes) differed between
genotypes (Fig. 5D, E). In contrast, analysis of cumulative elPSC area during 20Hz stimulation (Fig. 5F)
revealed a significant increase of the total readily releasable pool (RRP1q7) size in Nr2f1*/~ neurons
(Fig. 5G). Since the size of the RRP,, was unchanged (Fig. 5D), the increase in RRPrqy was attributed to
an expansion of the asynchronous readily releasable pool (RRP ) size in Nr2f1*/~ neurons.
Consistently the amount of delayed asynchronous GABA release was significantly enhanced in Nr2f1%/~
neurons during the 1 s after the end of the stimulus (Fig. 5I-K). Overall, our findings suggest that the
inhibitory synapses on Nr2f1*/~ DG granule neurons are characterized by a presynaptic increase of
asynchronous (Fig. 5A, H) and delayed asynchronous release of GABA (Fig. 5I-K) sustained by the
increased size of RRP .

Enhanced tonic GABAergic inhibition in Nr2f1*/~ DG granule neurons

Given the enhanced asynchronous release observed in Nr2f1*/~ DG (Fig. 5H-K), we next asked whether
this increased inhibitory charge could reshape postsynaptic inhibitory organization at the perisomatic
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region of the GCs. We therefore examined the distribution of GABA, receptor scaffolding protein
gephyrin within the GCL. Immunofluorescence analysis revealed increased gephyrin signal across DG
layers in Nr2f1*/~ mice compared to WT controls (Fig. 4D, Fig. 6A). Quantification of the area fraction
covered by gephyrin immunoreactivity in the GCL demonstrated a significant increase (~47% increase)
in Nr2f1*~ mice (Fig. 6B). Using identical thresholding parameters previously applied to generate
gephyrin masks for occupancy analysis, we segmented individual gephyrin-positive puncta and
quantified their properties within the GCL. Cumulative distribution analysis revealed a rightward shift in
puncta area in Nr2f1*/~ mice, indicating a significant enlargement of gephyrin clusters (Fig. 6C).

We also observed a significant increase in gephyrin puncta density (~47%) in Nr2f1*~ mice (Fig. 6D),
indicating increased postsynaptic gephyrin scaffolding in GCs. Quantification of GABAergic synaptic
contacts, defined as gephyrin-positive puncta juxtaposed with the presynaptic marker vGAT (i.e. %
juxtaposed GABAergic puncta/gephyrin puncta), revealed a significant reduction in synaptic gephyrin
clusters (~10% decrease) (Fig. 6E). Conversely, the proportion of non-juxtaposed (“extrasynaptic”)
gephyrin puncta was significantly increased (~28% increase) (Fig. 6F). These findings suggest a
redistribution of gephyrin away from synaptic sites and toward extrasynaptic compartments, consistent
with an expansion of the extrasynaptic GABA, receptor pool. To functionally test this hypothesis, we
performed patch-clamp recordings on DG granule neurons and quantified the average amplitude of
GABAergic current activated by 1 uM THIP, a preferential agonist of 6-subunit-containing GABA,
receptors that mediate extrasynaptic tonic inhibition in DG granule cells. In line with the
immunofluorescence data, we observed that THIP induced significantly larger tonic current in Nr2f1*/~
mice compared to WT controls (Fig. 6G, H), indicating enhanced extrasynaptic GABAergic conductance.
Together, these results reveal a shift from synaptic to extrasynaptic GABAergic inhibition in Nr2f1*/~ DG
granule cells, leading to increased tonic inhibition.

DISCUSSION

Understanding how neurodevelopmental disorder-associated genes affect circuit function beyond
development is critical for defining the mechanisms underlying cognitive impairment. Here, we identify
the DG as a key site of circuit dysfunction in adult Nr2f71 haploinsufficient mice, with impaired short-term
spatial memory associated with abnormal recruitment of mature GCs and a shift in synaptic E/I balance
toward excitation. Importantly, our findings reveal a substantial reorganization of inhibitory signaling, in
which reduced phasic inhibition coexists with enhanced asynchronous GABA release and increased
tonic inhibition. Together, these findings provide mechanistic insight into how Nr2f7 haploinsufficiency
alters adult DG circuit function. This is particularly relevant to BBSOAS, in which intellectual disability and
learning difficulties are prominent clinical features [8, 10]. The DG plays a critical role in sparse coding
and pattern separation, processes required for memory formation, spatial navigation, novelty detection,
and fine spatial discrimination [74—76]. Thus, the alterations identified here provide a plausible circuit
substrate for cognitive dysfunction associated with NR2F1 deficiency.
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DG-dependent short-term spatial memory deficits and
altered exploratory behavior

Nr2f1 *~ mice displayed impaired performance in a DG-dependent short-term memory task. This deficit
cannot be attributed to altered locomotor activity as mobility duration and distance travelled were
unchanged. Although total object interaction time was reduced, interaction with the object in the familiar
location was comparable to WT controls, suggesting preserved task-directed behavior. Moreover, the
reduced interaction with the displaced object emerged in both the discrimination and the recognition
indices, which normalize for total exploration time, indicating a specific deficit in spatial memory
processing. However, we cannot exclude that altered motivation or exploratory drive could contribute to
the reduced exploration of the displaced object. Reduced exploratory behavior has previously been
reported in mouse models relevant to ASD [77-79], and may represent an additional behavioral feature
associated with Nr2f1 haploinsufficiency, consistent with recent observations in patient-variant BBSOAS
models [31].

DG inhibitory circuit dysfunction and aberrant granule cell
recruitment

DG-dependent spatial memory relies on the sparse and selective activation of GC ensembles, a process
critically shaped by local inhibitory circuits and essential for effective pattern separation [4]. Following
brief exposure to a novel environment, we observed a significant increase in cFos+ mature GCs in the DG
of Nr2f1*/~ mice, indicating enhanced activation of granule neurons in response to novelty. This
increased activation is consistent with a reduction in the sparse coding properties of the DG.
Accordingly, excessive recruitment of GCs has been associated with impaired pattern separation and
deficits in DG-dependent memory tasks [57, 58]. Thus, the aberrant activation of mature GCs observed in
Nr2f1*/~ mice likely contributes to their impaired short-term spatial memory. GC activity is primarily
regulated by excitatory inputs from the perforant path and by local GABAergic interneurons [71, 75, 80,
81]. Our electrophysiological data indicate that in the Nr2f1*/~ DG, inhibitory synaptic input onto GCs is
reduced when compared to excitatory input, resulting in an altered E/I balance that favors the excitatory
synaptic drive. Indeed, sIPSCs and mIPSCs analyses revealed a reduced frequency of inhibitory events in
Nr2f1*/~ GCs, whereas sEPSC remained unaffected. The reduction in inhibitory input was further
supported by decreased vGAT protein levels in hippocampal synaptosomes and reduced vGAT
immunoreactivity throughout the DG, pointing to a presynaptic GABAergic deficit.

Among interneuron subtypes shaping DG activity, PV interneurons provide strong perisomatic inhibition
of dentate GCs, preventing overexcitation, maintaining circuit stability and supporting pattern separation
[71, 82, 83]. Accordingly, depletion of PV interneurons has been associated with impaired network
function and cognitive deficits [84, 85]. We found a significant reduction in PV+ interneurons in the DG of
Nr2f1*/~ mice. This observation is consistent with the decreased mIPSC frequency and lower vVGAT
expression observed in Nr2f1*/~ mice, supporting the idea that impaired PV-mediated inhibition
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contributes to the DG inhibitory phenotype. These findings also align with the well-established role of
NR2F1 in inhibitory circuit development, where it regulates the specification, migration and subtype
composition of GABAergic interneurons, thus contributing to the assembly of functional inhibitory
networks in the mature brain [17, 18, 86, 87]. Collectively, these findings support a model in which
developmental alterations driven by Nr2f1 haploinsufficiency have lasting consequences for the
organization and function of inhibitory circuits within the adult DG.

Notably, despite the overall reduction in inhibitory input onto GCs, sIPSCs in Nr2f1*/~ mice exhibited not
only a reduced frequency but also an increased amplitude. In contrast, mIPSC and elPSC amplitudes
were unchanged between genotypes. Because mIPSCs were recorded in the presence of TTX, the
unchanged mIPSC amplitudes indicate that quantal inhibitory transmission and basal postsynaptic
GABA, receptor function are largely preserved. Likewise, comparable elPSC amplitudes indicate that the

inhibitory response evoked by individual presynaptic action potentials remains largely intact. These
findings suggest that the increase in sIPSC amplitude arises from alterations in action potential-
dependent inhibitory network activity, possibly involving changes in the excitability, firing patterns, or
synchronization of GABAergic interneurons.

Importantly, our findings establish a link between Nr2f71 haploinsufficiency and altered E/I balance and
GABAergic circuit dysfunction, mechanisms broadly implicated in NDDs [5, 6]. This is particularly
relevant to ASD, as NR2F1 is recognized by SFARI as a strong ASD candidate gene and ASD-related
behavioral alterations, including deficits in social communication, have recently been reported in Nr2f1%/~
mice [31]. GABAergic circuit dysfunction is also strongly implicated in epilepsy [6], another frequent
clinical feature of BBSOAS [8, 10, 88].

Enhanced asynchronous GABA release and tonic inhibition
in the DG

Despite the reduced number of inhibitory synaptic contacts onto Nr2f1*~ GCs, the functional properties

of the inhibitory synapses during synchronous release, which is mainly mediated by PV interneurons [89],
remained comparable to those observed in WT mice. Interestingly, high-frequency stimulation revealed a
selective enhancement of asynchronous and delayed asynchronous GABA release in Nr2f1*/~ DG, a form
of inhibition that in the DG is primarily driven by CCK interneurons [89]. Since the size of RRP

syn
measured in Nr2f1*/~ was unchanged despite an increase in the RRP,,, our data support a selective
increase of the RRP,,, in these mice, which is likely to underlie the potentiation of asynchronous and

delayed asynchronous release.

Asynchronous release is driven by an increase in bulk cytosolic Ca?* during repetitive activity and
primarily involves vesicles that are already docked and primed within the RRP,, , but remain reluctant to
fuse, either because of their intrinsically lower sensitivity to intracellular Ca?+ and slower fusion kinetics,
or because they are located farther from presynaptic Ca?* channels [90-94]. Following stimulus
termination, delayed asynchronous release reflects the continued fusion of these slowly releasing
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vesicles, and may also involve rapid recruitment of additional vesicles from recycling and deeper
reserve/resting pools [91, 92, 95, 96]. The enhancement of asynchronous release observed in Nr2f1*/~
mice suggests a possible defect in bulk Ca?* clearance or buffering mechanisms whose functional
consequences become evident during sustained neuronal activity. Among the mechanisms regulating
presynaptic Ca?* dynamics, mitochondrial Ca?* buffering is a major determinant of asynchronous
neurotransmitter release, as mitochondrial Ca?* uptake during high-frequency stimulation limits the
accumulation of residual Ca?* [91]. Although the mechanisms underlying the enhanced asynchronous
release remain to be established, these observations are consistent with the possibility that impaired
mitochondrial function may influence Ca?* dynamics and contribute to the electrophysiological
phenotype observed in Nr2f1*/~ mice.

Enhanced asynchronous release is expected to increase extracellular GABA availability and spillover,
thereby preferentially engaging extrasynaptic GABA, receptors and strengthening tonic inhibition [72].
Consistent with this model, Nr2f1*/~ mice exhibited an increased density of gephyrin+ puncta together
with a redistribution of gephyrin away from vGAT+ synaptic terminals. Although gephyrin is primarily
associated with synaptic GABA, receptors, under developmental, plasticity, or pathological conditions, it
can redistribute and cluster inhibitory receptors at extrasynaptic sites [67, 97, 98]. Our findings therefore
suggest a redistribution of gephyrin towards extrasynaptic compartments, consistent with an expansion
of the extrasynaptic GABA, receptor pool. Accordingly, activation of &6-subunit-containing extrasynaptic
GABA , receptors with THIP evoked a significantly larger tonic current in Nr2f1*/~ GCs, demonstrating
enhanced extrasynaptic inhibitory conductance. Although increased tonic inhibition is generally expected
to dampen neuronal excitability, its functional consequences are likely to depend on its interaction with
the concomitant reduction in phasic inhibition found in the Nr2f1*/~ DG. Whether the observed pattern of
inhibitory signaling represents a compensatory adaptation to reduced synaptic inhibition or a
maladaptive circuit response remains to be established. Nevertheless, this remodeling is likely to alter
the temporal regulation of GC activity, and interfere with sparse coding, providing a plausible circuit
mechanism for the DG-dependent memory deficits observed in Nr2f1*~ mice.

CONCLUSIONS

Our study identifies the DG as a key site of circuit dysfunction in adult Nr2f1 haploinsufficient mice. By
uncovering alterations in synaptic E/I balance and inhibitory signaling associated with aberrant GC
recruitment and impaired DG-dependent memory, our findings provide new insight into the circuit
mechanisms that may contribute to cognitive dysfunction in BBSOAS, with potential relevance to other
NDD involving inhibitory circuit dysfunction.
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BBSOAS: Bosch-Boonstra-Schaaf optic atrophy syndrome
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D-AP5: D(-)-2-amino-5-phosphonopentanoic acid

E/I: Excitatory/inhibitory

elPSC: Evoked inhibitory postsynaptic current

EGTA: Ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic acid
GC: Granule cell

GCL: Granule cell layer

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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IEl: Inter-event interval

iMCL: Inner molecular layer
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KO: Knockout

mIPSC: Miniature inhibitory postsynaptic current
MRI: Magnetic resonance imaging

NDD: Neurodevelopmental disorder
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NR2F1: Nuclear Receptor subfamily 2, group f, member 1
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OCT: Optimal cutting temperature

PB: Phosphate buffer
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PFA: Paraformaldehyde

PPD: Paired-pulse depression

PSD: Postsynaptic density

Pves: Vesicle release probability

PV: Parvalbumin

Qi: Inhibitory charge transfer

Qe: Excitatory charge transfer

QX-314: (N-(2,6-dimethylphenyl carbamoylmethyl) triethylammonium bromide)
RI: Recognition Index

RRP: Readily releasable pool

RRPasyn: Asynchronous readily releasable pool
RRPsyn: Synchronous readily releasable pool

RRPTOT: Total readily releasable pool
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RT: Room temperature

SD: Standard deviation

sEPSC: Spontaneous excitatory postsynaptic current

sIPSC: Spontaneous inhibitory postsynaptic current

SST: Somatostatin

THIP: Gaboxadol hydrochloride (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol)
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VGAT: Vesicular GABA transporter

Vh: Holding potential
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