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Abstract
GABAergic interneurons play a critical role in maintaining neural circuit balance, excitation–inhibition regulation, and cog-
nitive function modulation. In tuberous sclerosis complex (TSC), GABAergic neuron dysfunction contributes to disrupted 
network activity and associated neurological symptoms, assumingly in a cell type-specific manner. This GABAergic centric 
study focuses on identifying specific interneuron subpopulations within TSC, emphasizing the unique characteristics of 
medial ganglionic eminence (MGE)- and caudal ganglionic eminence (CGE)-derived interneurons. Using single-nuclei RNA 
sequencing in TSC patient material, we identify somatostatin-expressing (SST+) interneurons as a unique and immature 
subpopulation in TSC. The disrupted maturation of SST+ interneurons may undergo an incomplete switch from excitatory to 
inhibitory GABAergic signaling during development, resulting in reduced inhibitory properties. Notably, this study reveals 
markers of immaturity specifically in SST+ interneurons, including an abnormal NKCC1/KCC2 ratio, indicating an imbalance 
in chloride homeostasis crucial for the postsynaptic consequences of GABAergic signaling as well as the downregulation 
of GABAA receptor subunits, GABRA1, and upregulation of GABRA2. Further exploration of SST+ interneurons revealed 
altered localization patterns of SST+ interneurons in TSC brain tissue, concentrated in deeper cortical layers, possibly linked 
to cortical dyslamination. In the epilepsy context, our research underscores the diverse cell type-specific roles of GABAergic 
interneurons in shaping seizures, advocating for precise therapeutic considerations. Moreover, this study illuminates the 
potential contribution of SST+ interneurons to TSC pathophysiology, offering insights for targeted therapeutic interventions.
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Introduction

Tuberous sclerosis complex (TSC) is a multisystem 
genetic disorder that is characterized by age-related devel-
opment of lesions in the brain, skin, heart, kidneys, and 
other organs. Clinically, the TSC phenotype is character-
ized by a spectrum of symptoms including epilepsy and 
neuropsychiatric disorders [11, 43]. TSC is caused by loss-
of-function mutations in either the TSC1 or TSC2 gene, 
encoding for hamartin and tuberin, respectively. A loss-
of-function mutation in TSC1 or TSC2 leads to disruption 
of the TSC1–TSC2 complex, inducing hyperactivity of the 
mammalian target of rapamycin (mTOR) pathway [11].

While overactivation of the mTOR pathway is known 
to be associated with both genetic and acquired epilepsies 
[23, 40, 41, 59], individuals with TSC may additionally 
present with a spectrum of different neuropsychiatric co-
morbidities known as tuberous sclerosis-associated neu-
ropsychiatric disorders (TAND) [12, 62]. These TAND can 
manifest in various domains, affecting behavioral aspects 
such as sleep disturbances and aggression, psychiatric 
aspects including autism spectrum disorder (ASD) (pre-
sent in 40–50% of patients) and attention deficit hyperac-
tivity disorder (ADHD) (30–50%), intellectual disability 
(ID) (seen in 40–50% of patients), and learning disorders 
[12, 62]. It is important to note that individuals with TSC 
often experience a complex interplay of these manifes-
tations, with many exhibiting multiple and overlapping 
TAND simultaneously, further complicating and increas-
ing disease burden and necessitating a comprehensive and 
individualized approach to management and intervention.

Accumulating evidence suggests that dysregulated 
GABAergic signaling could result in both epilepsy and 
neuropsychiatric disorders. Both the delay and lasting 
impairment of the maturation of GABAergic signaling 
play a role in this. GABAergic signaling immaturity, char-
acterized by the altered expression of GABAA-receptor 
subunits and cation-chloride cotransporters, disrupts the 
normal maturation of the postsynaptic consequences of 
GABAergic signaling [2, 10, 22, 24, 53, 58]. On the other 
hand, the impaired development, migration, or dysfunc-
tion of cortical GABAergic interneurons, referred to as 
interneuronopathy, further exacerbates the dysregulation 
of GABAergic network formation and related signaling 
and contribute to the large variety of epilepsies and co-
occurring neurodevelopmental disorders (NDDs) [27, 
39, 50]. GABAergic signaling is mediated by a variety of 
different interneuron subpopulations [60, 66]. The neu-
ronal diversity in the cortex is associated with the specific 
transient germinal zones, named the medial and caudal 
ganglionic eminences (MGE and CGE, respectively) [38, 
42]. These eminences give rise to distinct interneuron 

subpopulations, contributing to the complexity of corti-
cal neuronal diversity. The MGE gives rise to parvalbumin 
(PVALB)-expressing cortical interneurons, somatostatin 
(SST)-expressing cortical interneurons, and a selection of 
neuropeptide Y (NPY)-expressing interneurons [28]. In 
contrast, the CGE gives rise to VIP-expressing cortical 
interneurons, reelin-expressing cortical interneurons, and 
other cortical interneurons [37].

Moreover, many studies have looked at the expression of 
GABA-related genes in ASD and have shown that reductions 
in both GAD65/67 and GABAA receptor subunit expression 
can be found in postmortem samples of ASD patients [14, 
15]. In line with this finding, GABAA receptor subunit α1 
expression was found to be decreased in tissue resected from 
individuals with TSC [53, 58]. Other studies have shown that 
downregulation of the α1 subunit precedes epileptogenesis 
and the overexpression of α1 can reduce the occurrence of 
spontaneous seizures by 60% in mice [7, 51]. Furthermore, 
inhibitory synaptic signaling demonstrates both temporal 
and region-dependent changes when overactivity of the 
mTOR pathway occurs in mice [4]. Interestingly, selective 
deletion of Tsc1 in MGE-derived interneurons increased 
mTOR activity, but failed to affect the amplitudes or fre-
quency of GABAergic postsynaptic currents [35].

Given the broad phenotypic heterogeneity of TSC and 
the wide spectrum of TAND, it is plausible to propose that 
functional alteration in neuronal activity during brain devel-
opment may contribute to the complex disease manifesta-
tions. Alterations in the excitatory/inhibitory (E/I) balance 
in the brain has gained significant attention. Previous studies 
have provided evidence that GABAergic signaling is reduced 
in TSC and that increased activity in the mTOR pathway 
can lead to a cascade of induced changes and possible con-
sequent adjustments, resulting in the overexcitability of 
the brain network [25–28]. Taking into consideration the 
observation that GABAergic neurons play a role in neuronal 
excitation during early development, it is conceivable that 
in individuals with TSC inhibition is reduced, leading to 
an incomplete transition into the inhibitory phenotype and 
the presence of immature interneurons [53]. However, the 
specific alterations within interneuron subpopulations in 
TSC remain largely unexplored. It is now recognized that 
interneurons can be categorized into distinct subtypes based 
on their molecular and functional properties [17]. This raises 
the intriguing question of whether specific interneuron sub-
populations within TSC display unique alterations or if all 
subpopulations are uniformly affected.

Therefore, our objective was to determine whether we 
could identify specific GABAergic dysregulation based 
on the origin and specific phenotype of interneurons. We 
performed single nuclei RNA sequencing (snRNAseq) 
which provided the opportunity to specifically look at the 
interneurons of control and TSC samples. We analyzed the 
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snRNAseq data and further aimed to investigate the expres-
sion of different GABA-related genes, including GABAA 
receptor subunits. Given the knowledge on the immatu-
rity and development of interneurons we mainly focus on 
the α1 and α2 subunits, along with chloride transporter 
sodium–potassium–chloride cotransporter 1 (NKCC1) and 
potassium–chloride cotransporter 2 (KCC2). Moreover, we 
investigated the localization of SST+ interneurons by immu-
nohistochemistry and voltage-clamp recordings in Xenopus 
oocytes were used to determine functional immaturity of 
GABAergic signaling in TSC tissue.

Materials and methods

Dissection of the frontal cortex from frozen tissue

Surgical and postmortem brain tissues were selected from 
the archives of the Departments of Neuropathology of the 
Amsterdam UMC (Amsterdam, The Netherlands), the UMC 
Utrecht (Utrecht, The Netherlands), and Queensland Chil-
dren’s Hospital (Brisbane, Australia). For single-nuclei RNA 
sequencing, cortical brain samples from individuals diag-
nosed with TSC (n = 11) were obtained from brain surgery 
for intractable epilepsy. The resected tissue is characterized 
by histologically dysplastic features, specifically identified 
as TSC tuberal tissue (TSC-cortical tuber). Informed con-
sent was acquired for the use of brain tissue for research 
purposes. Control samples (n = 6) were obtained at autopsy 
from age-matched controls, without a history of seizures or 
other neurological diseases. All autopsies were performed 
within 9 h after death. All samples had an RNA integrity 
number of > 5. For all controls, we included the anterior 
prefrontal cortex or middle frontal area (depending on the 
availability). For Xenopus oocyte experiments, we used five 
additional resected samples of TSC. For control samples in 
these experiments, careful analysis and evaluation of clini-
cal data were used to include samples that displayed normal 
cortical structure and no significant brain pathology. Tissue 
was obtained and used in accordance with the Declaration 
of Helsinki and the Amsterdam UMC Research Code pro-
vided by the Medical Ethics Committee and according to the 
Amsterdam UMC and UMC Utrecht Biobank Regulations 
(W21-295; 21-174). Clinical information about the brain 
samples is summarized in supplementary Table 1.

Single nucleus RNA‑seq (snRNA‑seq)

Nuclei extraction and FACS sorting

Nuclei extraction and fluorescence-activated cell sort-
ing (FACS) was performed as described in detail before 
[5, 30, 48]. The tissue samples, including both TSC and 

control samples, were processed in parallel whenever pos-
sible. Tissue was removed from -80 °C and transferred to 
a chilled homogenization buffer and homogenized. The 
resulting homogenate was filtered through a 40-μm cell 
strainer and centrifuged at 1000×g for 8 min at 4 °C. The 
supernatant was removed and the pellet resuspended in 
250 µl 0.5% bovine serum albumin (BSA) in 1X PBS with 
RNAse inhibitor (Takara, 2313B, final concentration 0.4 
U/μL) for blocking and incubated for 15 min on ice. Sub-
sequently, samples were stained with anti-NeuN antibody 
Ms-NeuN-488 (Millipore, MAB3777x, 1ug/µL, 1:1890) 
and incubated in the dark for 10 min at 4 °C. Afterward, 
the suspensions were centrifuged at 1000×g for 8 min at 
4 °C, and the pellets were resuspended and filtered through 
35 µM strainers into FACS tubes resulting in a final vol-
ume of 500 µL. To gate for nuclei, 0.75 µL of 7-aminoac-
tinomycin (7-AAD), a nucleic acid chelating fluorophore, 
was added to samples on ice. Immediately after that, FACS 
was performed and NeuN-positive cells were enriched and 
sorted into BSA pre-coated 1.5 mL LoBind Eppendorf 
tubes at 4 °C, and 20% of negative NeuN fraction was 
added to the enriched fraction to yield the final sample 
composition (80% NeuN+, 20% NeuN− nuclei).

Library preparation and sequencing

RNA-sequencing library preparation and sequencing 
were also performed as described in detail before [5, 48]. 
The Chromium Single Cell 3′ Reagent Kits v3.1 from 
10 × Genomics were employed for library preparation. 
The procedure involved counting the nuclei under a micro-
scope and combining them with reverse transcription mix 
and v3.1 Gel Beads on Chromium Chip G. This mixture 
was partitioned into gel beads-in-emulsion (GEMs) using 
the Chromium Controller. Following reverse transcrip-
tion, the samples were frozen for up to a week. After-
ward, up to four samples from different 10 × runs were 
processed together for cDNA cleanup and preamplifi-
cation. The cDNA was then quantified on the Qubit HS 
dsDNA Assay Kit (Thermo Fisher Scientific, Q32854), 
Qubit Fluorometer and High Sensitivity DNA Kit (Agi-
lent, 5067-4626) and Agilent 2100 Bioanalyzer and the 
same quantity was used for fragmentation, end repair, and 
A-tailing. Fragments were cleaned up, and subsequent 
steps included adapter ligation, cleanup, and sample index 
PCR. The libraries were cleaned up, quantified using the 
Agilent 2100 Bioanalyzer system, and pooled based on 
the expected number of nuclei per sample. Finally, the 
libraries were sequenced on two 100 cycle NovaSeq 6000 
S2 flow cells (Illumina, 20012861) using an Illumina 
NovaSeq 6000 (Illumina, 20012850).



	 Acta Neuropathologica          (2024) 147:80    80   Page 4 of 18

Data processing

After pre-processing, including CellBender 0.2.2 and filter-
ing of the data, Seurat (v.4.1.3) was used to further process 
the data, following the guidelines for snRNA-seq data [21]. 
All steps used default options unless stated otherwise. For 
each sample, an expression matrix containing unique molec-
ular identifiers (UMIs) per nucleus per gene was imported 
as a 10 × data object. Only nuclei with more than 200 genes 
and less than 5% of genes originating from mitochondrial 
sources were retained. Data was then imported as a Seurat 
object and all samples were integrated using the FindIntegra-
tionAnchors and IntegrateData functions. The count matrix 
was scaled and normalized by variance stabilizing transfor-
mation (VST) with Seurat’s ScaleData and NormalizeData 
commands, respectively. The 2000 most variable features 
were then selected with the FindVariableFeatures command 
for the principal component analysis (PCA), which was per-
formed by the RunPCA command. The PCs generated by the 
PCA were assessed with ElbowPlot and JackStraw analy-
ses by using up to 20 different components. The resulting 
PCs were used for Jaccard-weighted, shared nearest neigh-
bor (SNN) distance calculations and graph generation. The 
graph was then subjected to Louvain clustering and uniform 
manifold approximation and projection (UMAP) for dimen-
sion reduction to visualize nuclear transcriptomic profiles in 
two-dimensional space. After changing the default assay of 
the dataset from integrated to RNA, a set list of marker genes 
(Supplementary Table 2) was used to annotate the found cell 
clusters. From here, GABAergic interneurons were extracted 
from the dataset and used for further analysis.

Pseudo‑bulk differential expression

To perform differential expression analysis between control 
and TSC samples, we performed pseudo-bulk analysis. This 
approach involves aggregating cells within each biological 
sample to create 'pseudo-bulks'. This aggregation is essential 
because single cells within the same biological sample are 
not independent of each other. Specifically, we aggregated 
GABAergic interneuron counts for each sample and gener-
ated a corresponding metadata column. Differential expres-
sion analysis was performed using the R package DESeq2 
[33]. To control the false discovery rate, we applied the Ben-
jamini–Hochberg correction, considering gene expression 
changes with an adjusted p value < 0.05 as statistically sig-
nificant. Subsequently, we visualized differentially expressed 
genes through volcano plots.

Immunohistochemistry

Human brain tissue fixed in 10% buffered formalin and 
embedded in paraffin was mounted on pre‐coated glass 

slides (Star Frost, Waldemar Knittel, Braunschweig, Ger-
many). Sections were deparaffinized in xylene and rinsed in 
ethanol (100, 100, 96%). Antigen retrieval was performed 
using a pressure cooker in 0.01 M sodium citrate buffer 
(pH 6.0) at 120 °C for 10 min. Slides were cooled in ice 
water for 15 min, washed with phosphate‐buffered saline 
(PBS, pH 7.4) and incubated for 1 h at RT with a primary 
antibody against SST (1:300, mouse monoclonal Ab, San-
taCruz, SC-55565). Sections were washed and incubated for 
30 min at RT with Brightvision poly‐alkaline phosphatase 
(AP) anti‐mouse secondary antibody (Immunologic, Duiven, 
the Netherlands). Then, sections were again washed with 
PBS and AP activity was visualized with the AP substrate 
kit III Vector Red (SK‐5100, Vector Laboratories Inc., Burl-
ingame, CA, USA). Subsequently, sections were cooked in a 
sodium citrate buffer and then washed with PBS. Incubation 
with FOXP2 antibody (1:200, rabbit polyclonal Ab, Atlas 
Antibodies, HPA000382) was performed at 4 °C overnight 
in antibody diluent. The next day, sections were washed with 
PBS and incubated with Brightvision poly‐alkaline phos-
phatase (AP) anti‐rabbit (Immunologic, Duiven, the Neth-
erlands) for 30 min at room temperature and again washed 
with PBS. AP activity was visualized with the AP substrate 
kit III Vector Blue (SK‐5300, Vector Laboratories Inc., Burl-
ingame, CA, USA). The development process was moni-
tored, and the reaction was stopped by washing the samples 
when the desired signal intensity was achieved. Sections 
were then dried and coverslipped.

Immunohistochemical quantification

Stainings of FOXP2 and SST were quantified by count-
ing the number of SST-positive cells in layer 2/3/4 and 5/6 
separately using ImageJ. FOXP2 staining was used as refer-
ence for cortical layer 5/6. For each case, four representative 
images were taken (2× magnification) for control (n = 3) and 
TSC (n = 3) in which all cortical layers were visible. Finally, 
a ratio was calculated by dividing the SST-positive cell count 
in layer 2/3/4 by the cell count in layer 5/6 in each image.

Xenopus oocytes

Membrane preparation and oocytes’ injection

The preparation of human membranes, the cytoplasmic 
injection in Xenopus laevis oocytes and the electrophysi-
ological recordings of GABA currents were executed as pre-
viously described [1, 44]. These membranes are extracted 
from control and pathological tissues and injected in the 
cytoplasm of the oocytes. The transplanted receptors main-
tain their native characteristics (see also [45]). In another 
set of experiments, we performed intranuclear injection in 
Xenopus oocytes of human complementary DNA (cDNAs) 
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encoding for α2, β2 and γ2 GABAA subunits (pcDNA3 
vector) in two different ratios (1:1:1 vs 3:1:1) [53]. Human 
α2β2γ2 cDNA was provided as a gift by Dr. Keith Wafford. 
The use of female X. laevis frogs and the surgical meth-
ods for oocyte extraction and for their use conformed to 
the Italian Ministry of Health guidelines (authorization no. 
427/2020-PR).

Electrophysiological recordings

The electrophysiological experiments with the microtrans-
planted oocytes were performed 24–48 h from the cytoplas-
matic injection using the ‘two-electrode voltage-clamp’ 
technique. At controlled room temperature ranging from 21 
to 23 °C, the oocytes were placed in a recording chamber 
(0.1 mL volume) and constantly perfused with oocyte Ringer 
solution (OR: NaCl 82.5 mM; KCl 2.5 mM; CaCl2 2.5 mM; 
MgCl2 1 mM; Hepes 5 mM, adjusted to pH 7.4 with NaOH), 
while clamping with two microelectrodes filled with KCl 
or K+acetate 3 M [54]. Neurotransmitter application was 
digitally regulated by a computer (Biologique RSC-200; 
Claix, France) using a gravity-driven multi-valve perfusion 
system (8–10 mL/min) to ensure the exact duration of each 
application. GABA (250 μM unless otherwise specified) was 
applied for 4 s to oocytes to elicit inward currents ( I

GABA
 ). In 

all the experiments, the stability of GABA-evoked currents 
(IGABA) was evaluated through two consecutive neurotrans-
mitter applications, separated by a 4 min washout, and only 
the cells that showed a < 5% variation in current amplitude 
were used for experiments. GABA was purchased from Toc-
ris Bioscience (Bristol, UK) and dissolved in sterile water 
and diluted to the desired concentration in OR before each 
experiment. GABA current reversal potential (EGABA) was 
calculated by a current–voltage (I–V) relationship. To obtain 
the EGABA, we held the oocytes at −60 mV and stepped the 
membrane potential for a few minutes at the desired value 
before neurotransmitter application. Then, the I–V rela-
tionships were fitted with a linear regression curve-fitting 
software (Sigmaplot 15). In another set of experiments, we 
performed dose–response relationships by applying different 
neurotransmitter concentrations to oocytes held at −60 mV 
and we calculated the apparent affinity (EC50) of GABA by 
fitting all the data to Hill equations, as previously described 
[44].

Statistical analysis of electrophysiology data

Data are reported as mean ± SEM. Unless otherwise indi-
cated, numbers (n) refer to oocytes used in each experiment. 
Before data analysis, normal distribution was assessed with 
Shapiro–Wilk test and, according to the result, parametric 
(Student's t test,) or non-parametric (Wilcoxon signed rank 
test, Mann–Whitney rank sum test) tests were used and 

performed with Sigmaplot 15 software. Differences between 
two data sets were considered significant when p < 0.05, two 
tailed.

Results

Expression of interneuron subpopulation markers 
in TSC

To investigate the GABAergic interneurons in the context 
of TSC, we initially focused on the expression profiles of 
specific markers associated with interneuron subpopula-
tions. We utilized the 10 × chromium platform to perform 
snRNA-seq on nuclei from both human TSC and control 
brain tissues samples. The resulting data was preprocessed, 
filtered, and integrated as outlined in “Materials and meth-
ods” section.

We then annotated GABAergic interneuron clusters by 
means of glutamate decarboxylase 1 (GAD1) and glutamate 
decarboxylase 2 (GAD2), resulting in the identification of 
17 distinct interneuron clusters, none of which were specific 
to TSC (Fig. 1a). In a next step, we distinguished between 
specific classes of GABAergic interneurons by investigat-
ing the expression of interneuron subpopulation markers. 
The medial ganglionic eminence (MGE) is known to pro-
duce mostly parvalbumin (PVALB), somatostatin (SST), 
and neuropeptide Y (NPY) positive interneurons, whereas 
cholecystokinin (CCK), vasoactive intestinal peptide (VIP), 
reelin (RELN), calbindin (CB; CALB1), and calretinin (CR; 
CALB2)-positive interneurons originate in the caudal gan-
glionic eminence (CGE) (Fig. 1b). We examined the expres-
sion of these markers in each cluster using a heatmap for 
the different types of interneuron subpopulations (Fig. 1c). 
This allowed us to annotate the different interneuron clusters 
and show the different interneuron subpopulations in our 
UMAP (Fig. 1d). Clusters with similar expression profiles 
were combined, resulting in a lower number of eventual 
annotated clusters. Additionally, we conducted differential 
expression (DE) analysis using a pseudo-bulk approach to 
compare the expression profiles between individuals with 
TSC and control. We found a significant downregulation of 
PVALB expression, as well as CALB1, RELN, VIP and CCK 
(Fig. 1e). These results suggest that there may be altera-
tions in the presence of certain interneuron subpopulations 
in TSC, which could contribute to the pathophysiology of 
the disorder.

Distinctive expression patterns of MGE‑ 
and CGE‑derived interneurons in snRNA‑seq data

The medial ganglionic eminence (MGE) and caudal gan-
glionic eminence (CGE) are two critical regions in the 
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developing brain that give rise to distinct subpopulations of 
GABAergic interneurons. These interneurons play crucial 
and specific roles in the regulation of cortical excitability, 
signal processing and the maintenance of neuronal network 
dynamics. During brain development, interneurons origi-
nating from the MGE and CGE undergo distinct migration 
patterns to populate specific cortical regions (Fig. 2a) [3]. 
MGE-derived interneurons predominantly migrate tan-
gentially before switching to radial migration, while CGE-
derived interneurons exhibit a radial migration pattern only. 
This differential migration contributes to the establishment 
of diverse interneuron subpopulations across the cortical lay-
ers. To gain insights into the cellular heterogeneity of the 
cortex in individuals with TSC, we aimed to characterize 
interneuron subpopulation and determine whether there are 
subpopulation-specific differences.

Developmental studies have previously demonstrated dis-
tinct differences in transcriptome profiles between interneu-
rons derived from the medial and caudal ganglionic emi-
nence (MGE and CGE, respectively). Notably, within the 
population of interneurons, two primary clusters were also 
clearly distinguishable. Transcription factors such as SP8 
transcription factor (SP8), prospero homeobox protein 1 
(PROX1), and COUP transcription factor 2 (NR2F2) have 
been found to be predominantly expressed in CGE-derived 
neurons, while LIM homeobox 6 (LHX6), SRY-box tran-
scription factor 6 (SOX6), and special AT-rich sequence-
binding protein-1 (SATB1) have been identified as markers 
for interneuron clusters originating from the MGE [29]. To 
determine the origin of interneuron populations in TSC, 
we examined the expression of these markers in separate 

interneuron clusters (Fig. 2b). Based on marker expression, 
we hypothesized that the left cluster containing sub-clusters 
0, 1, 2, 5, 7, 6, 12, and 16 consisted of interneuron popula-
tions that originated from the MGE, while the remaining 
sub-clusters on the right originated from the CGE. We per-
formed unsupervised clustering based on expression pat-
terns of SP8, PROX1, NR2F2, LHX6, SOX6, and SATB1 
to confirm our hypothesis (Fig. 2c). The analysis excluded 
four clusters that could not be assigned confidently to either 
of the two main clusters (Fig. 2d). Consequently, these 
excluded clusters were not considered in subsequent analy-
ses. The accurate distinction between interneurons derived 
from the MGE and the CGE is of importance for the analysis 
of this snRNA-seq data. MGE- and CGE-derived interneu-
rons exhibit distinct molecular profiles, functional proper-
ties, and anatomical distributions, contributing to the diverse 
composition of cortical interneuron subpopulations. Sepa-
rating these two subpopulations allows us to gain valuable 
insight into the unique molecular markers and regulatory 
mechanisms of these subpopulations.

GABAergic signaling and expression in TSC 
interneurons

Gamma-aminobutyric acid (GABA) signaling is a funda-
mental mechanism in the central nervous system (CNS) 
that regulates neuronal excitability and maintains the bal-
ance between excitation and inhibition. In the mature brain 
GABA acts as the primary inhibitory neurotransmitter, 
exerting its effects through GABA receptors located on 
postsynaptic neurons. In the developing brain, GABA sign-
aling undergoes a critical maturation process, transitioning 
from an excitatory to an inhibitory role [60]. This shift is 
largely attributed to the dynamic interplay between the activ-
ity of two key transporters, the sodium–potassium–chlo-
ride cotransporter 1 (NKCC1) and the potassium–chloride 
cotransporter 2 (KCC2) [6, 10] regulating the chloride gradi-
ent between intra- and extracellular domains. Therefore, we 
wanted to investigate whether any of the previously found 
GABAergic interneuron subpopulations had an imma-
ture phenotype. For this analysis, we initially divided the 
interneurons into MGE- and CGE-derived interneurons to 
understand whether GABA dysregulation is origin specific 
or a general phenomenon in TSC patients. Analysis on the 
NKCC1/KCC2 ratio in all MGE- and CGE-derived interneu-
rons taken together, showed no differences. To further inves-
tigate possible immaturity, DE was performed in both the 
MGE and the CGE cluster with a focus on GABA receptor 
subunit expression.

The comparison of control and TSC samples revealed 
multiple changes in both MGE- and CGE-derived interneu-
rons. However, certain results suggested an immature phe-
notype in the MGE-derived interneurons. One of the key 

Fig. 1   Interneuron subpopulations in the tuberous sclerosis complex 
(TSC). a UMAP clustering analysis based on single-nucleus RNA 
sequencing (snRNA-seq) data, revealing 17 distinct interneuron clus-
ters. Each cluster is represented by a unique color code, showing the 
heterogeneity of interneuron subpopulations. b Overview of interneu-
ron subpopulations arising from the medial ganglionic eminence 
(MGE) and caudal ganglionic eminence (CGE). MGE-derived sub-
populations include parvalbumin (PVALB), somatostatin (SST), and 
neuropeptide Y (NPY) interneurons, while CGE-derived subpopula-
tions consist of calbindin (CB; CALB1), calretinin (CR; CALB2), ree-
lin (RELN), vasoactive intestinal peptide (VIP), and cholecystokinin 
(CCK) interneurons. c Expression matrix illustrating the expression 
levels of interneuron subpopulations across 17 distinct interneuron 
clusters. Each row represents a specific subpopulation, and each col-
umn represents a distinct interneuron cluster. The color scale indi-
cates the relative expression level, with higher expression shown as 
white or green. d UMAP plot displaying the spatial localization and 
clustering of interneuron subpopulations. Each subpopulation is indi-
cated by a unique color, facilitating visual identification, and demon-
strating their distribution across the clusters. e Violin plot depicting 
the expression levels of PVALB, SST, NPY, CALB1, CALB2, RELN, 
VIP and CCK in TSC. PVALB, CALB1, RELN, VIP, and CCK show 
downregulation in TSC. Statistical significance is denoted as *** 
(p < 0.001), **** (p < 0.0001). As each UMAP plot is generated sepa-
rately, the colors between the plots are not linked

◂
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differences observed was the expression of the GABAA 
receptor subunit α2. While the expression of this subunit 
was upregulated in MGE-derived interneurons, it was down-
regulated in CGE-derived interneurons (Fig. 3). Studies have 
previously indicated a gradual increase in α1 subunit and 
decrease in α2/α3 during development [18].

Parvalbumin and somatostatin specific expression 
of GABAA receptor subunits

To investigate whether the immature phenotype observed 
in the medial ganglionic eminence (MGE) is specific to a 

particular subpopulation of interneurons or if it affects all 
interneuron subpopulations originating from the MGE, we 
examined various markers of maturity. Initially, we focused 
on the GABAA receptor subunits and the NKCC1/KCC2 
ratio. Additionally, we explored other markers including 
RNA binding fox-1 homolog 3 (RBFOX3; NeuN), Microtu-
bule Associated Protein 2 (MAP2), tubulin beta 3 class III 
(TUBB3), and stathmin 1 (STMN1).

First, we examined the expression of GABAA receptor 
subunits in the MGE-derived interneuron populations. We 
observed a significant downregulation of the GABAA recep-
tor subunit α1 (GABRA1) in both somatostatin (SST) and 

Fig. 2   Separation of interneurons from medial ganglionic eminence 
(MGE) and caudal ganglionic eminence (CGE) in control and TSC 
human frontal cortex. a Schematic overview illustrating the location 
of the MGE and CGE and their migration patterns during develop-
ment. b Transcription factor analysis highlighting the expression 
pattern of factors associated with the MGE and CGE. Each row rep-
resents a specific transcription factor, and each column represents a 
distinct interneuron cluster. The color scale indicates the relative 
expression level, with higher expression shown as white or green. 
Clear distinctions can be observed, emphasizing the molecular dif-
ferences between these two interneuron populations. c Unsupervised 
clustering heatmap illustrating the shared expression patterns of 

MGE- and CGE-derived interneuron subpopulations. The heatmap 
visually demonstrates the hierarchical clustering of samples based 
on shared transcriptional signatures. Clusters within the green boxes 
belong to the CGE-derived interneuron subpopulation. Purple indi-
cates MGE-derived interneuron subpopulations and blue remains 
undetermined. (Clustering method = complete). d UMAP plot dis-
playing the interneuron clusters segregated into CGE and MGE 
clusters. The separation of interneurons from the MGE and CGE is 
evident with only two clusters of which it is unsure what their origin 
is based on the original UMAP combined with the unsupervised clus-
tering based on transcription factors
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parvalbumin (PVALB) interneurons, indicating a shared 
immaturity phenotype. However, distinctive differences 
emerged between the two subpopulations. Specifically, 
only SST interneurons showed upregulation of the GABAA 
receptor subunit α2 (GABRA2), suggesting a differential 
regulation of GABA receptor expression. Additionally, 
the α4 subunit was downregulated in both subpopulations 
(not shown). Next, we investigated the NKCC1/KCC2 ratio, 
which is indicative of chloride homeostasis and neuronal 
maturation. In SST-positive interneurons, we found upregu-
lation of NKCC1, suggesting an immature phenotype and 
altered chloride homeostasis (Fig. 4a).

In contrast, PVALB+ interneurons did not exhibit signifi-
cant changes in the NKCC1/KCC2 ratio, suggesting a rela-
tively more mature state compared to SST+ interneurons. To 
further explore the maturity of MGE-derived interneurons, 
we examined additional markers. We found no significant 
differences in RBFOX3 (NeuN) expression between con-
trol and TSC cases in both SST+ and PVALB+ interneu-
rons. This suggests that RBFOX3, a marker associated with 
neuronal maturation, is not affected in the context of the 
immaturity phenotype observed. However, both SST+ and 
PVALB+ interneurons exhibited downregulation of MAP2 

expression in TSC cases compared to controls, indicating 
a common disruption in MAP2 levels associated with the 
immaturity phenotype. Notably, only SST+ interneurons 
showed downregulation of TUBB3 and STMN1, indicating 
a more immature phenotype specifically in these interneu-
rons in TSC (Fig. 4b). These findings provide evidence that 
SST+ interneurons exhibit specific molecular markers asso-
ciated with immaturity, potentially influencing their function 
properties and connectivity within neural networks.

Localization of SST + interneurons in the cortex 
of TSC patients

The layer specific spatial distribution of GABAergic 
interneurons in the cortex contributes to the formation 
of local neuronal networks and the connections formed 
among different neuronal subtypes. As shown previously, 
SST+ interneurons show a more immature phenotype com-
pared to other interneuron subpopulations. Therefore, to 
explore the correlation between immaturity and the position-
ing of SST+ interneurons in the cortex of individuals with 
TSC, we conducted immunohistochemical double-labeling 
staining. SST+ interneurons are localized in superficial 

Fig. 3   Expression of GABAA receptor subunits in the medial gangli-
onic eminence (MGE) and caudal ganglionic eminence (CGE) in the 
tuberous sclerosis complex (TSC). The figure consists of two panels. 
The left panel represents the expression of GABAA receptor subunits 
(a1–5) in the MGE, indicated by a blue background. The right panel 
shows the expression of the same subunits in the CGE, represented 
by a red background. Each panel displays two sets of violin plots for 
each subunit, one for control cases depicted in white and the other 

for TSC cases shown in green. In both the MGE and CGE, there is 
a significant downregulation of GABAA receptor subunits α1 and α4 
in TSC compared to controls. Notably, only in the MGE, there is an 
upregulation of α2 subunits in TSC cases. Violin plots represent the 
distribution of expression levels, with wider sections indicating a 
higher density of expression values. Statistical significance is denoted 
as * (p < 0.05) and *** (p < 0.001)
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(L2/3) layers and deep (L5/6) cortical layers [34, 36, 63]. 
To identify L5/6, antibody FOXP2 was used as a reference 
[16, 31]. Frontal cortex from both control (n = 3) and TSC 
(n = 3) was used in these experiments and direct compari-
sons were made. For each sample, four different areas were 
imaged, and the cell count of SST+ cells was determined in 
both L2/3 and L5/6 respectively (Fig. 5a, b). A ratio between 
the cell counts in these layers was calculated to determine 

the difference in localization of SST+ interneurons in control 
and TSC tissue. When comparing these ratios between con-
trol and TSC, we observed a significantly lower L2/3-L5/6 
ratio in TSC. This indicates a significant reduction in the 
number of SST+ interneurons in the L2/3 region in individu-
als with TSC compared to the number of SST+ interneurons 
in L5/6 (Fig. 5c), suggesting a possible migration problem 
of these interneurons.
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Functional assessment of GABAAR subunit changes 
and proposed immaturity in Xenopus oocytes

Considering our earlier finding of altered GABAA receptor 
expression, we sought to investigate the affinity of GABAA 
receptors using TSC and control membranes injected into 
Xenopus oocytes.

Although the oocyte system is not SST-specific, its 
exploration provides valuable insights into how disrup-
tions in SST+ interneurons could reverberate across neural 
networks, even when accounting for the diversity of other 
cell types. Our analysis revealed no significant differences 
in GABAA receptor affinity between the TSC and control 
groups (Supplementary Fig. 1). However, it is worth noting 
that this affinity measurement encompassed all interneuron 
subpopulations, potentially negating any specific effect of 
the SST+ interneuron population. Given the implication of 
SST+ interneurons in network dysfunction and epilepsy, it 
is plausible that their distinct characteristic may contribute 
to differential effects on GABAA receptor affinity.

To gain further insight into the possible functional imma-
turity of interneurons and the consequences of this, we 
also examined the GABA reversal potential (EGABA) in the 
oocyte system. Interestingly, we found a more depolarized 
EGABA in TSC compared to the values that have previously 
been reported in controls and/or in other pathological cor-
tical samples [46, 53], indicating alterations in inhibitory 
neurotransmission (Supplementary Fig. 2). The observed 
changes in EGABA provide additional evidence supporting the 
notion of immaturity in the GABAergic neuron populations. 

Specifically, the shift towards a more depolarized EGABA is 
in line with an imbalance in chloride transporters, poten-
tially reflecting an immature state characterized by higher 
expression of NKCC1 and lower expression of KCC2. These 
findings highlight the developmental aspect of interneurons 
and their potential contribution to the overall network excit-
ability and functional maturation, confirming previous stud-
ies [53].

Next, we aimed to further investigate the functional 
consequences of (GABRA2) GABAA receptor subunit α2 
upregulation. In our previous data analysis, we determined 
that GABRA2 upregulation was found in the immature popu-
lation of SST+ interneurons. Therefore, to explore this, we 
conducted additional experiments involving injections in 
Xenopus oocytes, allowing us to assess the overall effect 
on receptor affinity. The upregulation of α2 was simulated 
by increasing the ratio of α2 compared to the other subunits 
(β2 and γ2). We compared two different ratios of GABAA 
receptor subunits (α2β2γ2, 1:1:1 and α2β2γ2, 3:1:1). The 
results demonstrated that the alteration of subunit ratios has 
a notable effect on the GABAA receptor affinity. Oocytes 
injected with the 3:1:1 ratio exhibited a significantly lower 
receptor affinity for GABA compared to those injected with 
the 1:1:1 ratio (Fig. 6), which was in line with previous find-
ings [26]. This suggests that the upregulation of GABAA 
receptor subunit α2 subunits in overall receptor composition 
leads to an overall reduction in receptor affinity. Moreover, 
this suggests that GABAA receptor subunit α2 upregulation 
potentially may impact the inhibitory neurotransmission 
within the SST + population.

Discussion

GABAergic interneurons play a crucial role in the function-
ing of neural circuits within the brain [60]. As local neurons, 
they precisely modulate the excitatory output of principal 
neurons, contributing to a balanced excitation–inhibition 
ratio, synchronization of neuronal firing, and the shaping 
of the receptive field. This precise regulation influences 
information processing and cognitive development [64]. In 
the context of tuberous sclerosis complex (TSC), the dys-
function of interneurons has been implicated in the patho-
physiology of the disorder. TSC is characterized by abnor-
mal cellular growth and the formation of cortical tubers, 
which disrupt the architecture and function of affected 
brain regions. Disrupted interneuron function can lead to 
an imbalance between excitation and inhibition, resulting in 
abnormal neuronal network activity and the manifestation of 
TSC-related neurological symptoms [27].

In this study, we focused on investigating the specific 
GABAergic subpopulations within TSC to gain insights 
into their role in the aberrant network activity observed in 

Fig. 4   Immaturity phenotype of somatostatin+ (SST) and parval-
bumin+ (PVALB) interneurons. The figure comprises two pan-
els. The left panel represents the expression of immaturity mark-
ers in SST+ interneurons, depicted by the yellow background. The 
right panel displays the same markers in PVALB+ interneurons, 
represented by the orange background. Each panel includes four 
sets of violin plots, with control cases shown in white and TSC 
cases depicted in green. a In both SST+ and PVALB+ interneu-
rons, there is a significant downregulation of the GABAA recep-
tor subunit α1 (GABRA1). However, distinctive differences emerge 
between the two subpopulations. Specifically, only SST+ interneu-
rons show upregulation of GABAA receptor subunit α2 (GABRA2), 
indicating a differential regulation of GABA receptor expression. 
Furthermore, SST+ interneurons exhibit upregulation of NKCC1, 
suggesting a more immature phenotype and altered chloride homeo-
stasis compared to PVALB+ interneurons. b No significant differ-
ences are observed between control and TSC cases for RBFOX3 
(NeuN) expression in both SST+ and PVALB+ interneurons. How-
ever, both SST+ and PVALB+ interneurons show downregulation of 
MAP2 expression in TSC compared to controls, indicating a com-
mon disruption in MAP2 levels. Remarkably, only SST+ interneurons 
exhibit downregulation of TUBB3 and STMN1, indicating a more 
immature phenotype of these interneurons in TSC. Violin plots illus-
trate the distribution of expression levels, with wide sections repre-
senting a higher density of expression values. Statistical significance 
is denoted as * (p < 0.05), ** (p < 0.01), and **** (p < 0.0001)

◂
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the disorder. Examining the expression patterns of differ-
ent interneuron subpopulations, we aimed to shed light on 
their contributions to the immature and dysfunctional neural 
circuits observed in TSC. Our investigation particularly cen-
tered around the MGE-derived and CGE-derived interneu-
rons, which are known to exhibit diverse molecular profiles 
and functional properties [56]. By analyzing snRNA-seq 
data, we were able to distinguish these interneuron subpopu-
lations and further explore their characteristics separately. 
Within the MGE-derived interneurons, our findings revealed 
that the SST+ interneuron population exhibited an imma-
ture phenotype. Other subpopulations showed less changes, 
possibly due to a difference in number of neurons between 
control and TSC. However, this observation aligns with pre-
vious studies in TSC and focal cortical dysplasia (FCD), 
suggesting that SST+ interneurons may undergo disrupted 
maturation and fail to properly switch from excitatory to 
inhibitory neurotransmission during development [68]. This 
immaturity could contribute to the dysfunctional network 
activity and altered neuronal excitability observed in TSC.

Furthermore, the downregulation of GABRA1 and upreg-
ulation of GABRA2, key subunits of the GABAA receptor, 
in SST+ interneurons present an intriguing finding. Given 
that these interneurons exhibit a more immature and poten-
tially reduced inhibitory phenotype in TSC, it is reason-
able to consider the implications of altered GABAergic 
signaling in these cells. GABAA receptors are crucial for 
mediating inhibitory neurotransmission in the brain, and 
their subunit composition plays a pivotal role in determin-
ing receptor properties and functional output [19, 55]. The 
downregulation of GABRA1 and upregulation of GABRA2 
in SST+ interneurons suggest a potential shift in the com-
position and function of GABAA receptors within this 
specific population. This alteration may have significant 

consequences for interneuronal network dynamics and the 
overall balance of excitation and inhibition in TSC. Our find-
ings of a reduced affinity for GABA in Xenopus oocytes 
injected with higher ratios of α2 human cDNA support this 
hypothesis. Notably, when we transplant all the GABAA 
receptors from TSC and control tissues, we did not observe 
differences in the apparent receptor affinity. This evidence 
suggests the presence of a GABAergic impairment affecting 
a specific subtype of GABAA receptor. Other electrophysio-
logical recordings (such as patch-clamp on specific interneu-
ronal populations) may provide further details on the effect 
of GABAAR subunit dysregulation in SST+ interneurons. 
However, these methods pose technical challenges and are 
constrained by the availability of fresh human TSC tis-
sue. Furthermore, the changes in GABAA receptor subu-
nits in SST+ interneurons could be seen as analogous to a 
similar alteration occurring in excitatory neurons. If these 
SST+ interneurons exhibit a reduced inhibitory tone, which 
could be the result of an increase in both glutamate and 
GABA release or co-release, the downregulation of specific 
GABAA receptor subunits could be considered an adaptive 
response to maintain appropriate signaling within the net-
work. One possible explanation for the downregulation of 
GABRA1 and upregulation of GABRA2 in SST+ interneu-
rons is the presence of compensatory mechanisms aimed at 
maintaining balanced network activity.

Moreover, the identification of a change in the NKCC1/
KCC2 ratio exclusively in SST+ interneurons is in line with 
the prior findings highlighting an immature phenotype 
exhibited by SST+ interneurons again leading to a reduced 
inhibitory tone [58]. Additionally, the observed changes in 
EGABA, reflecting a shift toward a more depolarized state, 
provides additional evidence supporting the notion of imma-
turity in these interneurons. This alteration is consistent with 
an imbalance in chloride transporters, potentially indicating 
a developmental state marked by higher NKCC1 expression 
and lower or stable KCC2 expression [6, 25]. However, it 
is important to acknowledge that the absence of detectable 
change in the NKCC1/KCC2 ratio in other interneuronal 
subpopulations does not rule out differences in chloride 
transporter expression or function. This discrepancy could 
arise from nuanced variations at the protein level, including 
post-translational modifications or differences in membrane 
localization.

Another important aspect of SST+ interneurons is their 
ability to exhibit diverse responses to incoming activity 
underscoring their unique projections through multiple 
layers and specific interactions with dendrites. In addition 
to receiving inputs from GABAergic interneurons, such 
as VIP+ interneurons, and excitatory projection neurons 
[65], SST+ interneurons intricately process information 
from varied sources, thereby enabling precise modulation 
of network activity. The inhibitory connections formed 

Fig. 5   Mislocalization of SST + interneurons in the cortex of indi-
viduals with TSC. a Representative image of SST (red) and FOXP2 
(blue) immunohistochemical staining in the control case. FOXP2 
serves as a reference marker for Layer 5/6 of the cortex. b Repre-
sentative image of L2/3 in which SST+ cells were counted in con-
trol, including an inset showing a higher magnification image of 
SST+ neurons in this area. c Representative image of L5/6 in which 
SST+ cells were counted in control, including an inset showing a 
higher magnification image of SST+ neurons in this area. d Immu-
nohistochemical staining of SST (red) and FOXP2 (blue) in a TSC 
case, highlighting alterations in the distribution and expression pat-
terns compared to the control case. e Representative image of L2/3 
in which SST+ cells were counted in TSC, including an inset show-
ing a higher magnification image of SST+ neurons in this area. f 
Representative image of L5/6 in which SST+ cells were counted 
in TSC, including an inset showing a higher magnification image 
of SST+ neurons in this area. g Quantification of the ratio between 
SST+ interneuron cell counts in layer 2/3 and layer 5/6. A Mann–
Whitney U test revealed a significant difference between the control 
and TSC cases (** p < 0.01). Error bars represent the standard error 
of the mean (SEM)
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by SST+ interneurons serve to regulate the excitability of 
the network. By receiving inputs from other GABAergic 
interneurons, SST+ interneurons can effectively control the 
activity of excitatory neurons. Through the release of the 
inhibitory neurotransmitter GABA, SST+ interneurons can 
dampen excessive excitatory signaling, preventing runaway 
excitation and maintaining network stability [52]. At the 
same time, SST+ interneurons also establish connections 
with excitatory projection neurons. This connectivity allows 
SST+ interneurons to influence the activity of excitatory 
neurons and shape their firing patterns. By modulating the 
timing and strength of excitatory inputs onto target neurons, 
somatostatin interneurons can fine-tune the network's infor-
mation processing capabilities [32, 61].

Furthermore, we explored the localization of 
SST+ interneurons within TSC brain tissue. Here we found 
that SST+ interneurons in TSC are mainly located in deeper 
cortical layers L5/6, while control tissue had SST+ interneu-
rons evenly spread in superficial layers L2/3 as well as L5/6. 
This indicates a difference in migration patterns of these 
SST+ interneurons in TSC. One key feature of TSC, how-
ever, is the cortical dyslamination that occurs during devel-
opment [11]. This results in improper formation of the corti-
cal layers, which in turn potentially impacts the localization 
of certain interneuron subpopulations.

In the domain of epilepsy research, the intricate network 
of cortical GABAergic interneurons has become an area of 
interest, providing a nuanced comprehension of their var-
ied roles in shaping seizures. Recent studies have revealed 
that alterations or immaturity in GABAergic functioning, 

particularly involving SST+ interneurons, are associated 
with seizure disorders. Notably, SST+ interneurons in spe-
cific regions of the brain exhibit increased axonal sprouting 
in an epileptogenesis model [8, 47, 67], as well as heightened 
excitatory input [20], potentially influencing their ability to 
synchronize network inhibition. The intricate connection 
between SST+ interneurons and seizures goes beyond a sim-
ple association, exemplified by a decrease in SST+ interneu-
ron activity in the neocortex observed in Dravet syndrome, 
an example of a monogenic epilepsy caused by a pathogenic 
variant in the SCN1A gene [57]. These findings highlight 
the complexity of GABAergic interneuron involvement in 
epilepsy, suggesting that targeted interventions to modulate 
specific interneuron subpopulations, such as SST+ interneu-
rons, may hold therapeutic advantages in managing seizures. 
Furthermore, the proposition of utilizing somatostatin neu-
ropeptide receptors as a potential avenue for anticonvulsant 
therapies adds a layer of promise to precision medicine in 
epilepsy management [13]. This evolving understanding 
of the intricate roles played by different GABAergic sub-
populations not only refines therapeutic considerations for 
seizure control but also opens new possibilities for address-
ing the broader spectrum of neuropsychiatric manifestations 
associated with the tuberous sclerosis complex (TAND) [9, 
10, 49]. Embracing the heterogeneity among GABAergic 
interneurons paves the way for precision medicine applica-
tions, offering tailored therapeutic strategies for individuals 
with TSC and associated neuropsychiatric disorders.

Future research should focus on elucidating the functional 
properties of SST+ interneurons in TSC. Understanding the 

Fig. 6   GABAAR apparent affinity in oocytes injected with GABAA 
receptor subunits. The graph shows the amplitudes (as mean ± stand-
ard error of the mean [SEM]) of currents evoked at different GABA 
concentrations, expressed as a percentage of the maximal cur-
rent evoked (● = 1265 ± 480 nA; ● = 236 ± 176 nA) and best fit-

ted by Hill curves. The EC50 values and nH were 137 ± 5.5 μM and 
1.29 ± 0.5 in oocytes injected with α2β2γ2 (1:1:1 ratio, n = 14) and 
298 ± 6 μM and 1.3 ± 0.02 (n = 10) in oocytes injected with the upreg-
ulated isoform (α2β2γ2, 3:1:1 ratio). Note the rightward shift of the 
α2β2γ2 3:1:1 receptors
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specific roles and contributions of these interneurons to the 
aberrant network activity observed in TSC will provide valu-
able insights into the pathophysiology of the disorder. Sev-
eral avenues of investigation can be pursued in this regard. 
Firstly, it is crucial to investigate the electrophysiological 
properties of SST+ interneurons in TSC. Characterizing 
their firing patterns, membrane properties, and synaptic con-
nectivity will provide a deeper understanding of how they 
functionally integrate within the neuronal circuits. Electro-
physiological recordings, such as whole-cell patch-clamp 
techniques, can be employed to examine the excitatory and 
inhibitory synaptic inputs, action potential firing patterns, 
and intrinsic properties of these interneurons. Comparative 
studies between SST+ interneurons from TSC samples and 
healthy control tissue will help identify specific alterations 
in their functional properties. Furthermore, studying the 
synaptic connections of SST+ interneurons will provide 
insights into their circuit-level interactions and potential 
dysfunctions in TSC. This can be achieved through tech-
niques like optogenetics and calcium imaging, which allow 
for the manipulation and monitoring of neuronal activity 
in a precise and cell type-specific manner. Investigating 
the connectivity patterns and synaptic dynamics involving 
SST+ interneurons will help unravel the disrupted inhibi-
tory-excitatory balance and aberrant network activity asso-
ciated with TSC. Finally, functional studies using human-
derived models in vitro should also consider the interaction 
of SST + interneurons with other interneuron subtypes and 
excitatory neurons within the TSC brain. Investigating the 
synaptic connections, activity patterns, and plasticity mecha-
nisms involved in these interactions will provide a compre-
hensive understanding of the disrupted neuronal networks 
in TSC.

In conclusion, our study provides evidence that 
SST + interneurons represent a distinct and immature 
interneuron sub-population in TSC. The immaturity of 
these interneurons, coupled with their altered functional 
properties, may contribute to the disrupted network activity 
and dysfunctional neural circuits observed in TSC. Future 
research should focus on elucidating the precise functional 
roles of somatostatin interneurons and their interactions 
within the TSC brain to further unravel the underlying 
mechanisms of the disorder and identify potential therapeu-
tic targets.
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