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1. Abstract 

The myelination of cortical inhibitory neurons plays a crucial role in facilitating fast and precise 
transmission of action potentials, which ultimately fine-tunes the activity of cortical circuits. The 
differentiation of oligodendrocyte precursor cells (OPCs) into oligodendrocytes, which 
myelinate interneurons, is regulated by GABAergic signaling from interneurons to OPCs. 

To investigate the role of OPC GABAB receptors in this process, we generated conditional 
knockout (cKO) of GABAB receptors subunit 1 (GABAB1R) specifically in OPCs and their 
descendants using NG2-CreERT2 knock-in mice and GABAB1R floxed mice. We induced cKO 
at postnatal days 7 and 8, and analyzed the medial prefrontal cortex (mPFC) at 9 weeks of 
age. In the mPFC of cKO mice, we observed a reduction in OPC differentiation, decreased 
expression of myelin basic protein (MBP), and changes in paranodal loops. Double 
immunostaining of parvalbumin (PV) and MBP showed that hypomyelination predominantly 
occurred in PV interneurons. Additionally, we detected reduced levels of the vesicular GABA 
transporter (vGAT) in postnatal mice and attenuated spontaneous inhibitory postsynaptic 
currents (sIPSCs) in young adult mice, as well as reduced GABAergic current in OPCs, 
indicating that GABAB receptor-deficient OPCs received significantly less GABAergic input and 
their differentiation was suppressed. Our data also revealed an overpopulation of PV neurons 
in the mutant mPFC of adult mice. Further analysis of interneuron programmed cell death 
during development showed that OPCs release TWEAK (Apo3l), a weak apoptotic factor of 
the TNF superfamily, which contributes to the removal of surplus interneurons in the normal 
central nervous system (CNS) development. Our results suggest that interneuron-OPC 
signaling via GABAB receptors is crucial for regulating TWEAK and is essential for interneuron 
myelination and network function in the mPFC. Lastly, a subsequent behavioral analysis 
revealed significant impairments in social cognitive behavior in the cKO mice.  

In conclusion, our findings reveal a bidirectional communication pathway between interneurons 
and OPCs, where OPCs sense GABA through GABAB receptors and release TWEAK to 
optimize interneuron population and function, which is vital for interneuron myelination and 
network function in the mPFC. 
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3. ZUSAMMENFASSUNG 

Die Myelinisierung kortikaler hemmender Neuronen spielt eine entscheidende Rolle bei der 
schnellen und präzisen Übertragung von Aktionspotentialen, die letztendlich die Aktivität 
kortikaler Schaltkreise feinabstimmen. Die Differenzierung von Oligodendrozyten-
Vorläuferzellen (OPCs) zu Oligodendrozyten, die die Interneuronen myelinisieren, wird durch 
GABAerge Signalgebung von Interneuronen zu OPCs reguliert. 

Um die Rolle von GABAB-Rezeptoren in diesem Prozess zu untersuchen, erzeugten wir 
konditionelle Knockouts (cKO) von GABAB-Rezeptor-Untereinheit 1 (GABAB1R) spezifisch in 
OPCs und deren Nachkommen unter Verwendung von NG2-CreERT2-Knock-in-Mäusen und 
GABAB1R-Flox-Mäusen. Wir induzierten das cKO an postnatalen Tagen 7 und 8 und 
analysierten den medialen präfrontalen Cortex (mPFC) im Alter von 9 Wochen. Im mPFC von 
cKO-Mäusen beobachteten wir eine Verringerung der OPC-Differenzierung, eine verminderte 
Expression des Myelin Basic Protein (MBP) und Veränderungen in den paranodalen Anteilen 
der Ranvierschen Schnürringe. Eine Doppel-Immunfärbung von Parvalbumin (PV) und MBP 
zeigte, dass die Hypomyelinisierung vorwiegend in PV-Interneuronen auftrat. Zusätzlich 
konnten wir reduzierte Mengen des vesikulären GABA-Transporters (vGAT) bei postnatalen 
Mäusen und abgeschwächte spontane inhibitorische postsynaptische Ströme (sIPSCs) bei 
jungen erwachsenen Mäusen sowie reduzierte GABAerge Ströme in OPCs nachweisen, was 
darauf hindeutet, dass GABAB-Rezeptor-defiziente OPCs signifikant weniger GABAergen 
Input erhielten und ihre Differenzierung unterdrückt wurde. Unsere Daten zeigten auch eine 
Überpopulation von PV-Neuronen im mutierten mPFC adulter Mäuse. Eine weitere Analyse 
des programmierten Zelltods von Interneuronen während der Entwicklung zeigte, dass OPCs 
TWEAK (Apo3l), einen schwachen apoptotischen Faktor der TNF-Superfamilie, freisetzen, der 
zur Beseitigung überschüssiger Interneuronen bei der normalen Entwicklung des 
Zentralnervensystems beiträgt. Unsere Ergebnisse legen nahe, dass die Signalgebung 
zwischen Interneuronen und OPCs über GABAB-Rezeptoren entscheidend für die Regulation 
von TWEAK ist und für die Myelinisierung und Netzwerkfunktion von Interneuronen im mPFC 
unerlässlich ist. Schließlich zeigte eine nachfolgende Verhaltensanalyse signifikante 
Beeinträchtigungen des sozialen kognitiven Verhaltens bei den cKO-Mäusen. 

Zusammenfassend zeigen unsere Ergebnisse einen bidirektionalen Kommunikationsweg 
zwischen Interneuronen und OPCs, bei dem OPCs GABA über GABAB-Rezeptoren 
wahrnehmen und TWEAK freisetzen 
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4. INTRODUCTION 

Cognitive impairment is a condition where a person experiences difficulty in remembering, 
learning new things, concentrating, or making decisions (Morley 2018). In Europe, about 6 - 8 % 
of the population suffer from cognitive impairment per year (Pais et al. 2020). Recently, the 
COVID-19 pandemic has further increased this number (Soysal et al. 2022), as the SARS-
CoV-2 patients with severe symptoms experience cognitive issues, especially in memory and 
attention, even after their recovery (Daroische et al. 2021). Cognitive impairment limits one’s 
independency by making even the easiest daily task arduous and challenging (Eshkoor et al. 
2015). However, the cellular and molecular mechanisms involved in cognitive impairment are 
still far from being understood. 

In mammals, the prefrontal cortex (PFC) is responsible for cognition by orchestrating thoughts 
and actions, highly relying on the exquisite activity of neural circuits and balanced excitation 
and inhibition (E/I balance) (Arnsten 2009). Disrupting the E/I balance induces brain 
dysfunctions, e.g., cognitive deficits. Many neuropsychiatric disorders including schizophrenia 
and autism are accompanied with an E/I imbalance (Sohal and Rubenstein 2019). Intriguingly, 
the major cause of E/I imbalance is often attributed to the disorder in inhibitory circuits.  

4.1 Cortical inhibition 

γ-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the forebrain (Meldrum 
1982). GABA exerts inhibition by acting on ionotropic GABA A receptors and metabotropic 
GABA B receptors which induces hyperpolarization of the cells. In the brain, the major cellular 
source of GABA is inhibitory neurons. Hence, correct cell density, firing activity and myelination 
of inhibitory neurons are critical for the inhibition. GABA is mainly synthetized from glutamate 
by glutamate decarboxylase 65 and 67 (GAD65 and GAD67) (Pinal and Tobin 1998; Deidda, 
Bozarth, and Cancedda 2014). Therefore, GAD65 and GAD67 are often used as markers of 
inhibitory neurons.  

Cortical inhibitory neurons are also called as interneurons since they act as ‘intermediaries’ 
between two target neurons. The heterogeneity of cortical interneurons is manifested in their 
distinct synaptic connections, firing properties and molecular marker expressions. The majority 
of cortical interneurons can be categorized into three subgroups based on the expression of 
calcium-binding proteins: ionotropic 5-hydroxytryptamine receptor (5-HT receptors), 
neuropeptide somatostatin (SST) and parvalbumin (PV) (Hu, Gan, and Jonas 2014). In 
neocortex, PV interneurons count for up-to 40-50 % of all interneurons and exhibit a distinctive 
fast-spiking electrophysiological properties. PV neurons can be further classified into basket 
and chandelier cells based on their morphology (Klausberger and Somogyi 2008; Gonchar, 
Wang, and Burkhalter 2007). Both subtype PV interneurons extensively integrate into local 
circuits by targeting excitatory neurons in soma/proximal dendrites and axon initial segment, 
respectively (Freund and Buzsaki 1996).  



INTRODUCTION 

6 

 

Developmentally, super numerous interneurons are generated from the subpallial region (the 
medial and caudal ganglionic eminences (MGE-CGE) and the preoptic area (POA)), and 
migrate to the dorsal cortex (Tricoire et al. 2011). Subsequently, 20-40 % interneurons are 
eliminated through apoptosis during the first two postnatal weeks (Figure. 1) (Priya et al. 2018; 
Wong et al. 2018; Southwell et al. 2012). It should be noted that interneurons with higher 
activity are prone to survive than those with lower activities (Wong et al. 2018). The activity of 
interneuron is highly dependent on their target cells, such as pyramidal neurons or glial cells, 
with which they form connection and receive the neurotrophic signals (Davies 2003; Mercau 
et al. 2022). After determination of proper density by apoptosis, interneurons gradually mature 
and subsequently integrate into the local neural circuit. When the interneuron apoptosis is 
intervened, the local inhibition alters (Orduz et al. 2019; Wang et al. 2021). Abnormal density 
as well as altered firing activity of interneurons are frequently observed in neuropsychiatric 
disorders (Orduz et al. 2019; Lin et al. 2021). Therefore, proper density and activity of 
interneurons are crucial for precise function of inhibitory circuits. 

Myelination is a vital event for the brain function as myelin optimizes the propagation of action 
potentials and supplies energy to the neurons (Fields 2015; Saab et al. 2016). Myelination of 
excitatory neurons is extensively studied, while the mechanism of interneuron myelination is 
just starting to emerge. Myelination of interneurons was first reported in the visual cortex of cat 
more than 35 years ago, but it had gone unnoticed for decades (Somogyi and Soltesz 1986). 
Till 2016, Micheva et al. has described that a substantial amount of myelin wrapping inhibitory 
axons in mouse cerebral cortex, reaching even beyond 80 % in hippocampal area (Micheva et 
al. 2016). Of note, most myelinated interneurons are PV interneurons (Stedehouder et al. 
2017). PV interneurons with proper myelin sheath guarantee a suitable inhibitory circuit (Dubey 
et al. 2022), while deficits in PV interneuron myelination disrupts the E/I balance (Benamer et 

Figure 1. Scheme of cortical interneuron apoptosis during development. 
Surplus cortical interneurons are generated during development, but eliminated through 
apoptosis at the first two postnatal weeks. Compare to p0, around 20-40 % of interneruons 
are eliminated through apoptosis (Priya et al. 2018; Wong et al. 2018; Southwell et al. 2012; 
Velez-Fort et al. 2010).  
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al. 2020). Thus, interneuron myelination, especially of PV interneurons could be a putative 
target for refining inhibitory circuit in the brain. 

4.2 Oligodendrocyte precursor cells  

In the central nervous system (CNS), myelin is exclusively formed by oligodendrocyte, which 
is generated from their precursors, oligodendrocyte precursor cells (OPCs). The fate-mapping 
studies showed that OPCs in the mouse forebrain originate from three successive streams of 
progenitor cells that begin in the ventral region and then shift to a dorsal region in the second 
and third waves of OPCs: the first wave arises from Nkx2.1+medial ganglion cells (MGEs) at 
E12.5; the second wave of OPCs originate from the Gsx2+ lateral and caudal ganglion cells 
(LGE/CGE) around E15.5; the final wave of OPCs arises from the Emx1+ dorsal cortical 
ventricular zone after birth (Ong and Levine 1999; Bergles et al. 2000; Zawadzka et al. 2010; 
Tabata 2015). Due to their specific expression of NG2 (chondroitin sulfate 4, cspg4) and 
PDGFRα protein (platelet-derived growth factor receptor α), NG2 and PDGFRα is often used 
as cell specific marker and cspg4 and pdgfra for cell specific gene editing. 

OPCs constitute about 5-8 % of the brain cell population and ubiquitously tile the brain 
parenchyma sharing only about 5 % of their territories. Morphologically, OPCs are 
characterized by small cell bodies, approximately 10-15 µm in diameter, and multiple 
processes with several levels of branches. The processes of OPCs tend to be radially oriented 
in the grey matter (Figure. 2) (Levine, Reynolds, and Fawcett 2001; Sakry and Trotter 2016; 
Ong and Levine 1999), while more elongated in the white matter (Figure. 2) (Butt et al. 1999). 
Nevertheless, in both grey and white matter, the processes consist of lamellipodia and filopodia, 
and numerous OPC processes are in contact with the nodes of Ranvier (Fernandez-
Castaneda and Gaultier 2016) and presynapse (Kukley et al. 2008), suggesting a close contact 
of OPCs with neurons.  

 

During development, OPCs differentiate into oligodendrocytes, which are responsible for 
myelin generation. Oligodendrogenesis is a process of gradual differentiation through three 
stages: OPCs initially yield pre-myelinating oligodendrocytes, followed by a further 
differentiation into myelinating oligodendrocytes (Hughes and Stockton 2021). Throughout the 
processes, Olig2 and Sox10 are constantly expressed, thereby they are often used as the 
markers of oligodendrocyte lineage cells (Figure. 3). 

Figure 2. The morphology of oligodendrocyte precursor cell in white and grey matter.  
Immunostaining of oligodendrocyte precursor cells (OPCs) specific marker (PDGFRα) in gray 
matter (cortex, right) and white matter (corpus callosum, left). 



INTRODUCTION 

8 

 

 

Figure 3. Scheme of the oligodendrocyte lineage progression.  
Three stages of oligodendrocyte lineage cells. OPCs are proliferative and express NG2 and 
PDGFRα. OPCs differentiate into pre-myelinating oligodendrocytes (OL) that subsequently 
become myelin forming OLs. Both pre-myelinating OLs and myelin forming OLs express myelin 
associated proteins, including PLP, MBP, MAG and MOG. Transcription factor Sox10 and Olig1/2 
are expressed throughout the lineage (Hughes and Stockton 2021). 

Cortical oligodendrocytes are generated already from the first postnatal week and their density 
reaches peak around 90 weeks after birth in mouse brain (Trapp et al. 1997; Baracskay et al. 
2002; Hill, Li, and Grutzendler 2018; Orduz et al. 2015). Likewise, myelination is initiated from 
p12 in mPFC (Figure. 4). 

 

4.3 Interneuron-OPC communication 

OPCs are the unique glial cell type forming direct synapses with neurons. In 2004, the group 
of Dwight Bergles first described that OPCs innervate the synaptic inputs from interneurons in 
the hippocampus (Lin and Bergles 2004). Subsequently, successive articles reported the 
existence of interneuron-OPC synapses in cortex and cerebellum (Velez-Fort et al. 2010; 
Zonouzi et al. 2015). In the cortex, synapses between interneurons and OPCs are formed 

Figure 4. Onset of myelin generation at p12 in mPFC.  
a b Immunostaining of MBP (myelin basic protein) and MOG (myelin oligodendrocyte 
glycoprotein) at the onset of myelination in mPFC of c57bl/6 mice. 
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around p4 - p5 (Figure. 5) and this connection peaks at p10 (Velez-Fort et al. 2010). 
Interestingly, the incidence of interneuron apoptosis increases from p5 and stays at high level 
till p11 (Southwell et al. 2012). Since the apoptosis of interneurons is linked to the 
communication with their target cells, it is possible that also OPCs are involved in interneuron 
apoptosis during development.  

 

Meanwhile, the connection between interneurons and OPCs accelerates till p10, which 
prompts vigorous generation of oligodendrocytes and myelination of interneurons (Figure. 5) 
(Orduz et al. 2015). OPCs receive GABAergic inputs from interneurons via GABA receptors. 
OPCs express both ionotropic GABAAR and metabotropic GABABR. GABAAR mediates fast 
responds to inhibitory signals, while GABABR transduces signals rather slowly through coupled 
G proteins (Bettler et al. 2004). GABAARs are heteropentameric complexes. By far, 19 subunits 
of GABAARs are reported (Olsen and Sieghart 2008). Postsynaptic GABAARs of OPCs 
primarily consists of α1, α2, β3, γ1, and γ2 subunits. γ2 subunits is an interacting partner of 
the scaffolding protein gephyrin (Essrich et al. 1998) and are involved in early postnatal 
interneuron-OPC synaptic communication (Balia et al. 2015). Deletion of the γ2 of the 
GABAARs in cortical OPCs reduced the myelination and activity of PV interneurons, which 
subsequently causes decreased activity of inhibitory circuit (Benamer et al. 2020). However, 
the absence of the γ2-subunit in OPCs does not affect their proliferation and differentiation 
(Balia, Benamer, and Angulo 2017), possibly due to compensation by GABABR. GABABRs are 
heterodimers. The functional GABABRs are composed by GABAB1 and GABAB2 subunit: 
GABAB1 subunit for ligand binding through its Venus fly trap domain located extracellularly and 
GABAB2 subunit for intracellular signaling transduction (Marshall et al. 1999). Gabbr1 gene 
(GABABR subunit 1) are mainly expressed in astrocytes, OPC and neurons (Figure. 6) (La 
Manno et al. 2021). In 2007, Luyt et al. has shown that activation of GABABR promoted 

Figure 5. The communication of OPC-Interneuron during development. 
OPCs form synaptic connections with interneuons starting at p4, the peak of interneuron 
apoptosis is at p5 to p7, while interneuron myelination occurs from p10 in mPFC (Orduz 
et al. 2015). 
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proliferation and migration of OPC cell line CG4 (Luyt et al. 2007). Till 2020, a second study 
confirmed the contribution of GABABR in oligodendrocyte differentiation and myelination in vitro 
(Serrano-Regal et al. 2020; Pudasaini et al. 2022). Moreover, systemic application of baclofen, 
selective GABABR agonist, promoted remyelination in a lysolecithin induced demyelination 
model (Serrano-Regal et al. 2022). However, whether and how OPC-GABABRs are involved 
in myelination, especially for interneurons, is not clear.  

 

  

Figure 6. The Gabbr1 gene (GABABR subunit 1) are mainly expressed in astrocytes, OPCs 
and neurons.  

Single-cell RNA sequencing data demonstrated gabbr1 gene is expressed in various cells, mainly 
in astrocytes, OPC and neurons. Modified from La Manno et al., Nature, 2021. 
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5. AIM OF THE STUDY 

To investigate the role of OPC-GABABRs in interneurons myelination and apoptosis 

 
To address this question, we devised the following work packages: 

 Verify the cell-specific deletion of GABABRs in OPCs  

To conditional knockout GABAB receptors in OPCs, we will utilize transgenic mice with OPCs 
inducible GABABRs deletion (GABABRs cKO) and expression of the genetic reporter tdTomato. 
The expression of OPC-GABABRs will be quantify by Western blot with cortical OPCs, which 
will employ a magnetically activated cell sorting (MACs) method to isolate OPCs of 9 weeks 
age mice. 

 Identify the contribution of OPC-GABABRs in the myelination of interneurons 

To assess the role of OPC-GABABRs in myelination, we will employ immunostaining of 
oligodendrocyte-lineage cell markers to quantify the myelin-related cell density, using qRT-
PCR and Western blot and to measure the myelin-related genes and proteins, using electron 
microscopy to check the myelin structure, and will utilize the Imaris software to assess the 
interneurons myelination. 

 Characterize the role of OPC-GABABRs for the apoptosis of interneurons 

We will examine the role of OPC-GABABRs during the first two postnatal weeks when excess 
interneurons are eliminated by apoptosis, and screen the molecular factors by qRT-PCR on 
cortical tissue and MACs-OPCs, then will be confirmed by the primary neuron culture with 
pharmacology. 

 Evaluate the impact of OPC-GABABRs for inhibitory circuits and behavior 

To assess the effect of OPC-GABABRs in neural circuits, we will record the cortical circuits and 
brain oscillation in vivo. Cortical circuits will be recorded by patch clamp and brain oscillation 
will be captured by electroencephalography (EEG). To investigate the behavioral impact of 
OPC-GABABR deletion, general behavior tests and cognitive related behavior tests will be 
performed. 
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6. RESULTS 

6.1 Successful deletion of GABABRs in OPCs 

To assess the function of GABABRs in OPC-neuron communication, we took advantage of 
NG2-CreERT2: GABAB1Rfl/fl mice (Figure. 7a) to conditionally and specifically knock out (cKO) 
the GABABR subunit 1 in OPCs and their progeny. To visualize the recombined cells, we 
introduced the Rosa26-fSf-tdTomato reporter line to the double transgenic mice (Figure. 7a). 
Since OPC-interneurons connection begin on postnatal (p) day 4, and oligodendrocytes 
formation is initiated on p10-11 in cortex (Orduz et al. 2015), we induced cKO with tamoxifen 
injection at p7 and 8 (p7/8) (Figure. 7b). At the age of 9 weeks, around 80 % of OPCs were 
recombined with tdTomato in mPFC and 85 % in primary motor cortex (MOp), respectively 
(Figure. 7c-d). 

To confirm and quantify the loss of GABABR in OPCs, firstly, we isolated OPCs from the cortex 
with magnetic-activated cell sorting (MACS) (see Materials and Methods section). By 
performing Western blot analysis with these sorted OPCs, we found that the expression of 
GABABR subunit 1 was decreased by 64 % compared to the controls (Figure. 7f). Considering 
the purity of MACS OPCs (86 %, Figure. 7e) and recombination efficiency (83 %), theoretically 
about 74 % (64 % / 86 % (purity of MACS)) of GABABR was deleted in OPCs in vivo. These 

Figure 7. Conditional deletion of GABABR in cortical OPCs.  
a Breeding strategy of transgenic mice. b Scheme of experimental plan. c-d Coronal section of 
the prefrontal cortex (PFC) and primary motor cortex (MOp) stained for PDGFRα (Pα). Expression 
of tdTomato+ (tdT+) indicates recombined cells. PFC (ctl=86.2, n=3 mice vs cKO=80.5, n=4 mice, 
unpaired t-test); MOp (ctl=88.0, n=4 mice vs cKO=85.4, n=5 mice unpaired t-test).e Quantification 
of OPCs purity after MACs (PDGFRα+/DAPI+). f Western blot analysis of GABABR subunit 1 
expression in MACs -OPCs of control and cKO mice. (ctl=1.0, n=3 mice vs cKO=0.36, n=3 mice, 
unpaired t-test). 
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results confirm the majority of GABABRs on OPCs were successfully deleted and also suggest 
that the recombination efficiency of reporter (83 %) and the degree of receptor deletion (74 %) 
are similar in our transgenic mice, which is consistent with previous study (Jahn et al. 2018). 

6.2  GABABRs of OPCs are essential for oligodendrogenesis in the cortex but not in 
the corpus callosum 

Next, we investigated the impact of GABABR on OPC differentiation by analyzing the density 
of OPCs and oligodendrocytes. OPCs and oligodendrocytes were identified by the expression 
of PDGFRα and CC1 respectively, together with Olig2, the transcription factor expressed over 
the lineage (Figure. 8b). In mPFC and MOp, the density of OPCs (PDGFRα+Olig2+) was not 
altered in cKO mice (Figure. 8c), implying GABABR did not affect OPC pool maintenance. 
However, the number of mature oligodendrocytes (CC1+Olig2+) was reduced by 26 % 
(Figure. 8c), indicating the formation of oligodendrocytes decreased by GABABR deletion 
(Figure. 8d).  

 

Figure 8. Alteration in oligodendrogenesis in mutant mice.  
a Experimental schedule for b-d and the scheme of analyzed brain region (orange). b 
Immunostaining of PDGFRα (green), CC1 (magenta), Olig2 (grey) in adult ctl and cKO mPFC. c 
Quantification of OPC (ctl=17.8, n=7 mice vs cKO=18.8,n=8 mice, multiple t-tests) and 
oligodendrocyte (OL) (ctl=8.3, n=7 mice vs cKO=6.1,n=8 mice, multiple t-tests) densities in mPFC 
d Quantification of the oligodendrocyte proportion among the total lineage (ctl=35.9, n=4, 
cKO=28.4, n=4, multiple t-tests). 

In the MOp, a similar result has been observed, i.e. oligodendrocyte density was reduced while 
the number of OPCs remained stable both at 2-week and 9-week of age (Figure. 9b and 
Figure. 9d), further confirming that GABABRs are required for oligodendrocytes formation in 
the grey matter. It is worth noting that the relative proportion of mature oligodendrocyte was 
significantly reduced at the 9-week cKO group, whereas it showed slight tendency of reduction 
at the 2w-cKO group (Figure. 9b and Figure. 9f). 
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Figure 9. Oligodendrogenesis is slightly reduced in the primary motor cortex of cKO mice.  
a Schedule of experiments and brain regions analyzed (orange)., i.e., the primary motor cortex 
region at the hippocampal level (MOp). b Immunostaining of OPCs (PDGFRα, green), 
oligodendrocytes (CC1, magenta) and olig2 (lineage cell marker, grey) in MOp at 2 and 9 weeks 
of age, respectively. Recombinant cells were indicated by tdTomato expression. c Quantification 
of OPC recombination efficiency. d Quantification of OPCs density in MOp of 2w (ctl=42.0, n=5 
vs cKO=37.2 n=4 ) , unpaired t-test ) and 9w old mice (ctl=16.6, n=6 vs cKO=13.5, n=4, unpaired 
t-test), respectively. e Quantification of oligodendrocytes in the MOp at the age of 2w (ctl= 
26.4,n=5 vs cKO= 20.4,n=4, unpaired t-test) and 9w (ctl=64.8, n=6 vs cKO=49.8, n=6, unpaired 
t-test), respectively. f OPC differentiation rate were indicated by percentage of oligodendrocytes 
in the whole lineage cells at 2w (ctl=38.5,n=5 vs cKO=33, n=3, unpaired t-test) and 9w (ctl=78.0, 
n=5 vs cKO=74.0, n=4, unpaired t-test), respectively. 

Corpus callosum is white matter with enriched myelin and oligodendrocyte. However, in corpus 
callosum, neither the OPC nor the oligodendrocyte exhibited density alteration by the deletion 
of GABABR at both 2-week and 9-weeks of age (Figure. 10), revealing the OPC-GABABR 
mediated mature oligodendrocyte formation is brain region-dependent. In addition, in corpus 
callosum, about 80 % of recombination efficiency of OPCs showed that the similar extent of 
GABABR subunit 1 deletion compare to cortex (83 %, recombination efficiency) (Figure. 10). 
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Figure 10. The densities of OPCs and oligodendrocytes are not altered in the corpus 
callosum of mutant mice.  

a Schedule of experiments and brain regions analyzed (orange), i.e. corpus callosum. b 
Immunostaining of OPCs (PDGFRα, green), oligodendrocytes (CC1, magenta) and Olig2 (lineage 
cell marker, grey) in corpus callosum at 2 and 9 weeks of age, respectively. Recombinant cells 
were indicated by tdTomato expression. c Quantification of OPCs recombination efficiency in ctl 
and cKO. d e Quantification cell density of OPCs and oligodendrocytes of 2-week (OPC: ctl=77.0, 
n=8 vs cKO=80.0, n=8, unpaired t-test; oligodendrocytes: ctl=121.7, n=8 vs cKO=97.6, n=8, 
unpaired t-test) and 9-week (OPC: ctl=30.0, n=4 vs cKO=27.6, n=4, unpaired t-test; 
oligodendrocytes: ctl= 296.9, n=4 vs cKO=300, unpaired t-test), respectively. f OPC differentiation 
rate were indicated by percentage of oligodendrocytes of the whole lineage cells at 2w (ctl=60.3, 
n=8 vs cKO=54.0, n=8, unpaired t-test) and 9w (ctl=92.4, n=3, cKO=91.3, n=6, unpaired t-test). 

All these data indicate that OPC-GABABRs are required for the mature oligodendrocytes’ 
formation in mPFC and MOp but not in corpus callosum. 

6.3  GABABRs of OPCs are pivotal for myelination in mPFC but not in MOp and corpus 
callosum 

Oligodendrocytes extend their processes to wrap the axon to form myelin. To further 
investigate whether the reduction in mature oligodendrocytes alters myelination in mutant mice, 
we performed Western blot and qRT-PCR with lysate of mPFC, MOp and corpus callosum. 
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Myelin basic protein (MBP) expression was reduced in the cKO mPFC both at protein 
(Figure. 11b-c) and mRNA levels (Figure. 11d). However, the expression of other myelin 
related proteins, including proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein 
(MOG) did not change (Figure. 11d), which may be due to the different expression degree in 
various oligodendrocyte lineage-stage. In the MOp and corpus callosum of cKO mice, MBP 
expression remained unchanged (Figure. 11e-h). These data demonstrated that deletion of 
GABABR in OPCs reduces myelination in mPFC. 

 

Figure 11. GABABRs of OPCs are pivotal for myelination in mPFC.  
a Schedule of experiments and brain regions analyzed (orange), i.e. mPFC and primary motor 
cortex (MOp) as well as corpus callosum (cc). b-h myelin basic protein (MBP) was only reduced 
in mPFC of cKO; not in the MOp and cc. b-c Western blot analysis of MBP expression (ctl=1.0 
n=4 vs cKO=0.48 n=3, multiple t-tests) in mPFC. d Relative mRNA expression of MBP (ctl=1, n=4 
vs cKO=0.6, n=3, unpaired t-test) was reduced in the cKO mPFC, while proteolipid protein (PLP) 
(ctl=1,n=4 vs cKO=0.7, n=3, unpaired t-test) and oligodendrocyte glycoprotein (MOG) (ctl=1,n=4 
vs cKO=1.3, n=3, unpaired t-test) mRNA were not affected. e-f Western blot analysis of MBP 
expression (ctl=1.0 n=7, cKO=1.2 n=6, multiple t-tests) in MOp. g-h Western blot analysis of MBP 
expression in corpus callosum (ctl=1.0 n=4 mice, cKO=0.74 n=3, multiple t-tests). 

The unmyelinated axons between the myelin sheath are the nodes of Ranvier, and Caspr is 
specifically expressed on the paranode axons (Figure. 12a). To further investigate the 
structural change of myelin in cKO mice, we performed Caspr and MBP double 
immunostaining (Figure. 12b). In cKO-mFPC, a significantly increased proportion of longer 
paranode was observed (Figure. 12c-e). Moreover, the mean paranode length of cKO mice 
was significantly greater than that of ctl mice (Figure. 12c-d). The distribution and the average 
length of node did not differ between cKO and ctl mice (Figure. 12f-g). The density of 
paranodes and nodes were also not altered in the cKO mPFC (Figure. 12e and 12h). 
Additionally, we did not observe changes in nodal and paranodal length and density neither in 
the MOp (Figure. 12i-o) nor the corpus callosum (Figure. 13b-e). 

However, in the corpus callosum, myelination was not altered in cKO, which as showed by no 
alteration of MBP expression between ctl and cKO (Figure. 11g). Electron microscopy data 
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showed that the myelin sheath did not differ between ctl and cKO mice, as indicated by the g 
ratio data (Figure. 13f-h). The speed of action potential transmission in the central nervous 
system is mainly influenced by the diameter of the axon and myelin sheath, which can act as 
an insulating membrane to increase resistance and decrease membrane capacitance (Bolino 
2021). The patch clamp data also showed that the action potential in the corpus callosum was 
not affected in cKO, revealing that myelin structure was not altered by GABABR deletion in the 
OPCs in corpus callosum (Figure. 13i). 

These results indicated that deletion GABABRs in OPCs does not alter the myelination in MOp 
and corpus callosum, and OPC-GABABRs may promote myelination only in mPFC. 

 

Figure 12. Paranodal structures are altered in the cKO-mPFC.  
a The schedule of experiments for b-o and the brain region analyzed (orange). b Immunostaining 
of paranode (Caspr, magenta) and myeline (MBP, green). c-e Quantification of paranode length 
(ctl=1.4 n=4 mice vs cKO=1.6 n=4, multiple t-tests) and paranode density (ctl=3.5 n=4 mice, 
cKO=2.8 n=4, multiple t-tests) in mPFC. f-h Quantification of node length (ctl=1.0 n=4, cKO=1.2 
n=4, multiple t-tests) in mPFC. i Immunostaining of paranode (Caspr, magenta) and myelin (MBP, 
green) in MOp. j-o In MOp Quantification of paranode length (ctl=1.5, n=4, cKO=1.5, n=4, 
unpaired t-test) and density (ctl=8.2, n=4,cKO=1.5, n=3), and quantification of node length (ctl=1.0, 
n=4 vs cKO=1.0, unpaired t-test) and node density (ctl=2.6, n=4, cKO=2.7, n=4, unpaired t-test ) 
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Figure 13. Myelination remains unaltered in the corpus callosum of cKO mice.  
a the schedule of experiment and the brain region analyzed (orange), i.e. corpus callosum. b 
Immunostaining of paranode (Caspr, magenta) and myelin (MBP, green). c-e Quantification of 
paranode length (ctl=1.4, n=4 vs cKO=1.4, n=3, unpaired t-test) and density (ctl=11.9, n=4 vs 
cKO=11.1, n=3, unpaired t-test). f-h Electron microscopic analysis of myelin ultrastructure in 
sagittal section of corpus callosum and the quantification of g-ratios (the ratio between the inner 
and the outer diameter of the myelin sheath) (ctl=0.7, n=3 vs cKO=0.7,n =2 unpaired t-test). i 
According to the extracellular field recordings, the conduction velocity of the compound action 
potential was not altered. N1 indicates the conduction velocity of non-myelinated axons, N2 
myelinated axons (ctl=35 cells from 3 mice; cKO=10 cells from 3 mice; unpaired t-test). 

In summary, all of results demonstrated that OPC-GABABRs are specifically involved in the 
myelination of mPFC via mature oligodendrocyte formation. 

6.4  Conditional deletion of GABABRs in mature oligodendrocytes do not affect 
oligodendrogenesis and myelination 

Since OPCs can differentiate into oligodendrocytes throughout their lifetime (Huang et al. 2014; 
Kang et al. 2010; Zhu et al. 2011), the cKO OPCs will also generate a portion of 
oligodendrocytes depleted of GABABR when we induce cKO at p7/8. To exclude the observed 
phenotype was attributed to the loss of GABABRs in oligodendrocytes, we specifically deleted 
GABAB receptor in oligodendrocytes utilizing PLP-CreERT2 x GABAB1Rfl/fl mice (Figure. 14a). 
GABABR deletion was achieved by intraperitoneal administration of tamoxifen at either p7/8 or 
4 weeks and the mice were analyzed at the age of 9 week (Figure. 14b). Immunostaining 
results elucidated that the density of OPCs as well as oligodendrocytes did not alter in cKO 
mouse brain, regardless of the mPFC or in corpus callosum (Figure. 14c-f). As well, MBP 
expression remained unchanged in both brain regions (Figure. 14g). These results indicated 
that the observed myelin deficit in mPFC of OPC-cKO mice was attributable to elimination of 
GABABR from OPCs rather than oligodendrocytes.  
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Figure 14. Deletion of GABABR in oligodendrocytes does not alter the oligodendrogenesis 

or myelin formation in the mPFC and corpus callosum.  

a Transgenic mouse lines. b The schedule of experiments. c The immunostaining of 
oligodendrocytes (CC1, green) in 9w old ctl mouse. The recombined cell is indicated by the 
expression of tdTomato (magenta). d Enlarged micrographs of the PFC (yellow frame in c) and 
corpus callosum (white frame in c). e Quantification of oligodendrocytes recombination efficiency 
in mPFC (ctl=44, n=4 vs cKO=32, n=4, unpaired t-test) and cc (ctl=82, n=4 vs cKO=54, n=4, 
unpaired t-test). f Quantification of oligodendrocytes density in both PFC and cc. arrows: 
recombined OL; triangles: non-recombined oligodendrocytes. mPFC: (1w-ctl=38.4 vs 1w-
cKO=38.9, unpaired t-test; 4w-ctl=51.2 vs, 4w-cKO=38.3, unpaired t-test); cc: (1w-ctl=292.1 vs 
1w-cKO=330.5 unpaired t-test; 4w-ctl=430.1 vs 4w-cKO=427.7 unpaired t-test). g The MBP 
expression in mPFC and cc of ctl and cKO mice showed by Western blot, in 1week and 4week-
age groups, respectively. mPFC: (1w-ctl=1 vs 1w-cKO=1.2, unpaired t-test; 4w-ctl=1 vs 4w-
cKO=1.27 unpaired t-test); cc: (1w-ctl=1 vs 1w-cKO=1.1, unpaired t-test; 4w-ctl=1 vs 4w-
cKO=0.98 including one outlier, only 3 mice were analyzed), unpaired t-test). 

In conclusion, our data suggest that the function of OPC-GABABRs are brain region-specific 
and GABABRs are required for mPFC-oligodendrocytes formation and subsequent myelination. 

6.5 Interneuron myelination deficits in cKO-mPFC 

In the cortex, including MOp and mPFC, numerous inhibitory neurons are present shown by 
immunostaining (Figure. 15), and axons of interneurons are mainly localized in cotical areas 
of the same hemisphere. In contrast, the majority of myelinated axons in corpus callosum are 
pyramidal neurons, i.e. excitatory (Hines et al. 2015). Thereby, we hypothesized that the myelin 
deficit in cKO-mPFC is mainly attributed to inhibitory axons. Among inhibitory neurons, the 
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fast-spiking PV expressing interneurons are predominantly myelinated ones (Stedehouder et 
al. 2017). The cell bodies of PV interneurons are mainly located in layers IV and V of the mPFC, 
but their axons can project to layers II / III and V (Scala et al. 2019). Hence, we speculate that 
deletion of GABABRs in OPCs leads to a reduction in PV neuron myelination in the mPFC. 

 

Figure 15. Parvalbumin interneurons are abundant in MOp and mPFC. 
a-b immunostaining of MBP (green) and parvalbumin (magenta) in somatosensory cortex of 
C57BL/6N mouse.  

To evaluate the myelination of PV interneurons, we labeled axons by using PV and SIM312 
(pan axonal marker) antibodies. In the cKO mPFC, MBP expression was decreased while 
MOG stayed unchanged. To better visualize the myelin sheath, we labeled myelin with MOG 
antibodies (Figure. 16b). Using Imaris software, we rebuilt 3D structure of myelin sheaths 
wrapping PV axons and analyzed the relative volume of myelin sheath (MOG+) of PV axons 
(PV+SIM312+) (Figure. 16c). In the cKO mouse mPFC, the total myelin volume wrapping all 
axons (SMI 312+) was comparable between ctl and cKO mice (Figure. 16d). However, the 
volume of myelin sheaths wrapping PV interneurons (PV+SMI 312+) was reduced by around 
60 %, indicating GABABR may specifically promote interneuron myelination (Figure. 16d). In 
contrast, excitatory neuron myelination was not changed as the g ratio (the ratio between the 
inner and outer diameters of the myelin sheath) of callosal axons were comparable between 
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ctl and cKO mouse (Figure. 13f-h). As well, the conduction velocity of compound action 
potential was not compromised in the cKO mouse corpus callosum (Fields 2015; Saab et al. 
2016) (Figure. 13i). Therefore, knockout of GABABR in OPCs specifically suppress inhibitory 
neuron myelination in mPFC.  

 

Figure 16. Interneuron myelination deficits in cKO-mPFC.  
a The schedule of experiments for b-e and the brain region analyzed (orange). b The 
immunostaining of myelin (MOG, myelin), interneurons (Parvalbumin, magenta) and neuronal 
axons (SIM 312) in layers II/III (L°II/III). c The 3D reconstruction and analysis were performed by 
Imaris. d The relative myelin volume (MOG) of PV axons (PV+SMI 312+) and total axons (SMI 
312+) (ctl= 100.0, n=6 mice vs cKO= 42.3, n=4 mice, unpaired t-test). e Relative of PV interneuron 
axons to all axons. (ctl=100, n=6 mice vs cKO=84.9, n=4 mice, unpaired t-test). 

6.6 Attenuated inhibitory tone in cKO mPFC 

The interneuron hypomyelination is intimately associated with local neural circuits (Benamer 
et al. 2020). Hence, we recorded spontaneous inhibitory postsynaptic currents (sIPSCs) and 
spontaneous excitatory postsynaptic currents (sEPSCs) of the pyramidal neurons in layer V/VI 
of mPFC (Figure. 17a), because in these layers, a substantial interneurons form connections 
with pyramidal neurons. Despite of the increased number of PV interneurons, the pyramidal 
neurons received mitigated inhibitory tone as the frequency of sIPSCs was decreased about 
40 % in cKO mPFC compared to ctl group (Figure. 17c). The amplitude of sIPSCs was slightly 
reduced in the cKO mPFC (Figure. 17d). All these data indicated that the activity of PV 
interneurons was perturbed by GABABR deletion in OPCs. The amplitude and frequency of 
sEPSCs were comparable between cKO and ctl groups (Figure. 17e and f), indicating deletion 
of GABABRs in OPCs specifically affect the local inhibitory circuits. 
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Figure 17. Attenuated inhibitory tone in cKO mPFC. 
a The schedule of experiments for b-f. b Patch-clamp recordings of sIPSCs and sEPSCs in 
pyramidal neurons of layer V of mPFC. c-f Quantification of frequencies and amplitudes of sIPSC 
and sEPSC (sIPSC: ctl=15 cells from 4 mice, cKO=15 cells from 5 mice; sEPSC: ctl=26 cells from 
4 mice, cKO=21 cells from 5 mice; sIPSC frequency with unpaired t-test, others with Mann 
Whitney test). g-o Interneuron activity was altered in the mPFC of mutant mice. g The schedule 
of experiments for h-o and the brain region analyzed (orange). h-l Immunostaining and 
quantification of PV (Parvalbumin) interneurons expressing c-Fos (magenta) in the mPFC of p10 
and p14. The PV interneuron activity is suppressed at p14 (l-o) but not affected at p10 (h-k). p10: 
PV+cFos+ cells: (ctl=0.9, n=4 mice vs cKO=1.0, n=4 mice, unpaired t-test); PV+ cells: (ctl=27, n=4 
mice vs cKO=28.3, n=4 mice, unpaired t-test); % of PV+cFos+ cells: (ctl=3.6, n=4 mice vs cKO=3.6, 
n=4 mice, unpaired t-test). p14: PV+cFos+ cells: (ctl=0.35, n=7 mice vs cKO=0.1, n=4 mice, 
unpaired t-test); PV+ cells: (ctl=9.5, n=7 mice vs cKO=12.5, n=4 mice, unpaired t-test); % of 
PV+cFos+ cells: (ctl=4.4, n=7 mice vs cKO=1.1, n=4 mice, unpaired t-test). 

6.6.1 Decreased interneuron activity in cKO mPFC during development 

OPCs form synaptic connection with interneurons from the first postnatal week and receive 
GABAergic signals for further differentiation (Bai, Kirchhoff, and Scheller 2021). On the other 
hand, hypomyelination of PV neurons attenuates spiking frequency of PV neurons (Benamer 
et al. 2020). Given the decreased interneurons myelination and inhibitory signaling in the cKO 
mPFC, we wondered whether the decrease in myelination was due to attenuated neuronal 
activity. To understand the causal link, we analyzed the interneuron activity and OPC 
differentiation at the second postnatal week (Figure. 18a), before and after the onset of 
myelination in the mPFC (p12) (Figure. 4).  

To assess interneuron activity, we adapted the double staining of OPCs and vesicular GABA 
transporter (vGAT) with PDGFRα and vGAT antibodies, respectively (Figure. 18b). Since vGAT 
is potentially releasing GABA-containing transmitter vesicles, the density and volume of vGAT 
can be considered as an indicator of inhibitory neuronal activity (Bai, Kirchhoff, and Scheller 
2021). Only three days after tamoxifen injection, i.e., at p10 (approximately 50 % of OPCs are 
recombined), the density and volume of vGAT was already decreased by 25 % in cKO mice 
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compared to ctl (Figure. 18c, d), suggesting a decreased inhibitory tone before myelination in 
local cKO mPFC. 

cFos is a proto-oncogene whose expression can be induced in neurons after depolarization 
(Pan-Vazquez et al. 2020; Denaxa et al. 2018). Neuronal activity is closely linked to expression 
of the immediate early gene (cFos). Therefore, we further assessed interneuron activity with 
cFos and PV double immunostaining. At p10, PV interneuron density and cFos+PV+ population 
did not differ between ctl and cKO mice (Figure. 17h-k), although vGAT was already altered at 
this time point (Figure. 18c-e). However, at p14, cFos+PV+ population in the cKO-mPFC 
dramatically decreased by approximately 60 %, and the density of PV interneurons began to 
increase in the cKO mice (Figure. 17n), which further caused the decrease in the ratio of 
PV+cFos+ cells in total PV interneurons (Figure.17i and o). Thus, these data illuminated that 
deletion of GABABR in OPCs leads to a reduction in inhibitory neuronal activity during 
development and the in mPFC.  

6.6.2 Less GABAergic-input to OPCs in cKO mPFC 

The distance between presynaptic vGAT and postsynaptic GABAAR/Gephyrin is around 
270 nm (Crosby et al. 2019). To further investigate whether OPCs also integrate down tuned 
GABAergic signal, we further classified the vGATs into two subgroups according to their 
distance to OPCs (PDGFRa+) surface: we defined the vGAT puncta with a 'the distance to 
OPCs surface < 200 nm as vesicles possibly targeting on OPCs (magenta, pOPCs, 
Figure. 18b), and vGAT puncta with a distance > 200 nm to OPC surface are targeting other 
cells (grey, other, Figure. 18b). Both the ‘pOPC’ and ‘other’ subgroups, the density and volume 
of vGAT were reduced, implying OPCs as well as other cells (likely neurons) receive less 
inhibitory input (Figure. 18c and d). To quantify the capability of OPC reception, we adapted 
the index between density of vGAT and OPC surface. Again, the vGAT density targeting on 
per OPC unit surface was drastically reduced in cKO, suggesting OPCs receive less 
GABAergic input (Figure. 18).  

To further confirm these findings, we recorded spontaneous postsynaptic current (sPSC) in 
OPCs with patch clamp recording at p10-14 (Figure. 18h). The frequency of OPC- sPSC was 
reduced by about 64 % in cKO mice (Figure. 18i), while the amplitude did not change 
(Figure. 18j). These data suggest that OPCs indeed receive less GABAergic signal in cKO 
mPFC, but no change in vesicle loading. When the interneurons are stimulated by Carbachol, 
muscarin receptor agonist which is shown to activate interneuron activity (Lin and Bergles 
2004), the sPSC frequency in OPCs of both control and cKO mPFC was increased (Figure. 18i 
and j), but still it was about 40 % less in cKO OPCs (Figure. 18i). The amplitudes of OPC- 
sIPSC were slightly increased in cKO mice compared with ctl mice, which may be due to the 
changes in vesicle loading upon stimulation by carbachol (Figure. 18j). To exclude the reduced 
GABAergic input in OPCs was due to change in GABAAR function, we administered GABA in 
brain slices and measured the evoked current in OPCs. The amplitudes of OPCs were not 
altered in cKO mice (Figure. 18k), suggesting that GABAA receptor function was not affected 
by deletion of GABABR in OPCs.  
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Figure 18. GABAergic currents of OPCs are reduced by GABABR deletion.  
a The schedule of experiments for b The immunostaining of OPC (PDGFRα, green) and vesicular 
GABA transporter (vGAT, magenta and grey) in mPFC. b-e Quantification of vGAT density (c) and 
volume (d) in mPFC, (ctl=4 mice, cKO=4 mice; multiple t-tests). e Quantification of synaptic vGAT 
(< 200 nm, based on the distance between presynaptic vGAT and postsynaptic GABAAR/gephyrin) 
density per µm2 of OPC surface. (ctl=7.9, n=4 mice vs cKO=5.2, n=4 mice, unpaired t-test). f 
Quantitative analysis of vGAT puncta volume and distance to OPC surfaces. ctl=4 mice, cKO=4 
mice. g The volume of vGAT in cKO mPFC was smaller than that in ctl group. ctl=4 mice, cKO =4 
mice. h Patch-clamp recordings of OPC- sPSC. i-k The frequency and amplitude of OPC-sIPSC 
in mPFC without and with carbachol treatment (ctl=14 cells from 3 mice, cKO=14 cells from 3 
mice, unpaired t-tests). k Electrophysiological recordings indicated that GABAAR mediated 
currents in cKO-OPCs were not altered (ctl=665.5±87.6 pA, n=14 cells from 4 mice, 
cKO=639.9±86.1 pA, n=14 cells from 4 mice). 

Taken together, all of results demonstrated that OPC-GABABRs are required for interneuron 
activity during development. 

6.7  Decreased OPC differentiation follows attenuated interneuron activity in the cKO-
mPFC during development  

6.7.1  Early deletion of GABABR in OPC affects myelination  

To understand whether attenuated GABAergic input affects OPC proliferation and 
differentiation, we analyzed OPC and oligodendrocyte density at p10 and p14 (Figure. 19a). 
At p10, the density of both OPCs and oligodendrocytes were comparable between ctl and cKO 
mice (Figure. 19b and c), as well as the oligodendrocyte proportions in all oligodendrocyte 
lineage cells. However, at p14, oligodendrocyte density and their proportion in total 
oligodendrocyte lineage were greatly reduced in mutant mPFC (Figure. 19b-d), as well as the 
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mRNA level of MBP (Figure. 19e). To rule out the reduction in oligodendrocyte density was due 
to an increase in oligodendrocyte apoptosis or reduction of OPC proliferation, we assessed 
oligodendrocyte differentiation with Bromodeoxyuridine (BrdU) assay and apoptosis with CC-
3 immunostaining. BrdU was intraperitoneally administered at p13 and mice were analyzed at 
p14. BrdU will label all proliferating OPCs and also oligodendrocytes derived from BrdU 
incorporated OPCs (Figure. 19a). The density of CC1+BrdU+ cells was significantly reduced by 
85 %, but the density of Pα+BrdU+ cells was comparable, implying that OPC differentiation is 
reduced in cKO mice (Figure. 19f-h). Moreover, CC1+ CC3+ cells were barely visible at p14 of 
both ctl and cKO mice (Figure. 20). We also did not observe any changes in OPCs and 
oligodendrocyte population in the corpus callosum in cKO mice. In cKO-mPFC, since the vGAT 
and OPC-sPSC results showed a mitigated inhibitory activity at p10 (Figure. 18), OPC 
differentiation is unaltered at p10 but change at p14, it is highly possible that interneuron 
activity is decreased before OPC differentiation changes, and attenuated inhibitory tone 
reduces OPC differentiation. 

 

Figure 19. Early deletion of GABABR in OPC affects myelination.  
a The schedule of experiment for b-d. b Immunostaining of apoptosis vesicle (CC3, magenta) 
and oligodendrocytes (CC1, green). c Quantification of oligodendrocytes apoptosis (CC1+CC3+) 
in the mPFC of p14 mice. (ctl=2.2, n=8 mice vs cKO=1.3 n=8 mice, unpaired t-test). d-e 
Immunostaining of OPCs (PDGFRα, green) and oligodendrocytes (CC1, maganta) as well as 
Brdu. f Quantification of OPCs and oligodendrocytes incorporated with BrdU (Pα: ctl=6.7, n=5 vs 
cKO=12.3, n=5; CC1: ctl=2.7, n=4 vs cKO=0.5, n=5, unpaired t-test). g The schedule of 
experiment for h-j. h Immunostaining of oligodendrocytes (CC1+, green) combined with tdTomato 
(tdT, magenta) expression in the mPFC at 2 week. i Recombination efficiency of oligodendrocytes 
2w: (ctl=52.3, n=3 vs cKO=45.1, n=4, two-sided unpaired t-test); 9w: (ctl=76.8, n=4 vs cKO=74.4, 
n=5, two-sided unpaired t-test). j-l Quantification of recombined and non-recombined 
oligodendrocytes densities (with or without tdT expression). 2w: (ctl-tdt+=22.6 n=4 vs ctl-tdt+=15.6 
n=5, two-sided unpaired t-test); 9w: (ctl-tdt-=7.0 n=4 vs ctl-tdt-=5.4 n=5, two-sided unpaired t-test). 

Furthermore, the total mature oligodendrocytes (CC1+Olig2+, Figure. 8c and Figure. 19c) and 
recombined oligodendrocytes (CC1+tdT+, Figure. 19l) both were decreased at 2w and 9w, 
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suggesting the lower density of total oligodendrocytes was due to the reduced 
oligodendrocytes of early generation instead of later/newly formed, which was confirmed by 
the no alteration in non-recombined oligodendrocytes (CC1+tdt- oligodendrocytes) between ctl 
and cKO mice (Figure. 19l), indicating that OPC-GABABR does not directly regulate OPC 
differentiation. 

Taken together, early elimination of GABABR in OPC leads to deficits in communication 
between OPC and inhibitory neurons. The inhibitory tone altered by early deletion GABABR in 
OPC, which in turn impairs OPC differentiation and myelination. 

 

Figure 20. Ablation of GABABR in OPCs does not affect apoptosis of oligodendrocytes. 
a Experimental schedule and analyzed brain region (orange), i.e. mPFC (medial prefrontal cortex). 
b Immunostaining and quantification of oligodendrocytes (CC1) and the apoptotic marker cleaved 
Caspase 3 (CC-3) in the mPFC of p14 mice. ctl=2.2±0.8 (n=8 mice), cKO=1.3±0.5 (n=8 mice), 
two-sided unpaired t-test. 

6.7.2  Late deletion of GABABR in OPC do not affect myelination  

 
Figure 21. GABABR expression of OPC reaches a plateau at 4 weeks age.  

All data were acquired from MACs-OPC of C57BL/6N: p0=4 mice, p3=7 mice, p7=7 mice, p14=3 
mice, 4w=7 mice, 8w=7 mice, 12w=4 mice, 24w= 3 mice. 

To investigate whether GABABR is involved in OPC differentiation or not, we induced knockout 
at the age of 4 weeks and analyzed the mice at 9 weeks of age, because of two reasons: the 
expression of GABABR in OPC reaches a plateau at the age of 4 weeks (Figure. 21); and, 
cortical inhibition is well established after the third postnatal week. The density of OPCs and 
oligodendrocytes, as well as the MBP expression remained unchanged in the cKO mosue 
mPFC (Figure. 22), indicating OPC-GABABR is not directly engaged in OPC differentiation and 



RESULTS 

27 

 

myelination, further confirmed that deletion GABABR in OPCs modulate myelination via the 
inhibitory tone. 

In summary, these data strongly suggest that OPC-GABABRs mediate the local inhibitory tone 
which subsequently regulates myelination. 

 

Figure 22. Late-phase deficiency of GABABR in OPCs (at 4 week of age) do not affect 
oligodendrogenesis.  

a The schedule of experiment for b-f and the brain regions analyzed (mPFC and corpus callosum). 
b Immunostaining of OPCs (PDGFRα, green) and oligodendrocytes (CC1, magenta) with Olig2 
(white) in ctl and cKO mPFC and corpus callosum (cc) at the age of 9w. c-d Quantification the 
density of OPCs (PDGFRα+) and oligodendrocytes (CC1+) in the mPFC ( OPC: (ctl=17.6, n=4 
mice vs cKO=18.7, n=2 mice, two-sided unpaired t-test); oligodendrocytes: (ctl=9.1, n=4 mice vs 
cKO=8.0, n=2 mice two-sided unpaired t-test)) and cc (OPC: (ctl=35.4, n=4 mice vs cKO=32.4, 
n=2 mice, two-sided unpaired t-test); oligodendrocytes: (ctl=311.8, n=4 mice vs cKO=339.2, n=2 
mice, two-sided unpaired t-test)) of ctl and cKO mice. e The ratio of oligodendrocytes of all lineage 
cells did not change, in the mutant mouse mPFC (ctl=30.5, n=3 mice vs cKO=29.9, n=2 mice, 
two-sided unpaired t-test); and cc (ctl=89.5, n=3 mice vs cKO=91.2, n=2 mice, two-sided unpaired 
t-test). f MBP (Myelin Basic Protein expression) was not altered in the cKO mPFC at mRNA level.  
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6.8 Surplus PV interneurons present in cKO-mPFC  

Correct cortical inhibition are affected by the proper interneuron density (Wang et al. 2021). 
Interestingly, by analyzing the PV neuron myelination, we observed an increased density of 
PV interneurons in the mPFC of cKO mice as well as in MOp (Figure. 23). Especially in mPFC, 
higher density of PV interneurons was observed in each cortical layers (layer II /III and layer 
V/ VI, Figure. 23a and c), except in layer I (only few interneurons are present). Remarkably, 
the volume of PV axons was not altered in the cKO mPFC (Figure. 16e). Therefore, it is 
possible that the PV interneurons may be morphological simpler and less mature in the cKO 
mouse mPFC. 

 

Figure 23. Surplus PV interneurons are found in cKO-grey matter.  
a-b Immunostaining of interneurons in media prefrontal cortex and primary motor cortex (MOp) 
(PV, magenta; DAPI, grey). c-d Quantification of PV interneurons cell density in mPFC (c) and 
Mop (d) at the age of 9 weeks (ctl=16.0 n=6 mice vs cKO=23.9 n=9 mice, unpaired t-tests). 

6.9 OPC-GABABR promote interneuron apoptosis  

6.9.1 Interneuron apoptosis is attenuated in cKO-mPFC 

Aberrant inhibitory neuronal activity may be a consequence of an overabundance of 
interneurons (Duan et al. 2020). Interneuron density is mainly determined during development 
via programmed cell death between p1 to p15 (with peak at p7) and around 20-40 % 
interneurons are eliminated by the apoptosis (Wong et al. 2018). Therefore, we hypothesized 
that the interneuron apoptosis might have been diminished in the cKO mPFC. To address this 
question, we immunostained apoptotic cells with cleaved caspase 3 (CC-3) and examined 
apoptosis of interneurons at p10 (before myelination) and p14 (onset of myelination) 
(Figure. 24a).  
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Figure 24. Interneuron apoptosis is attenuated in cKO-mPFC. 
a The schedule of experiment for b-e and the brain region analyzed (orange). b-c Immunostaining 
of PV (parvalbumin, magenta) interneurons with the apoptotic marker (CC-3, green) at the p10 
and p14 in ctl and cKO mPFC. d-e Quantification of apoptotic PV interneurons at p10 and p14 
revealed a reduced apoptosis of PV interneurons in the cKO mPFC (p10: ctl=2.0, n=6 mice vs 
cKO=0.9, n=3 mice, unpaired t-test; p14: ctl=3.7, n=6 mice vs cKO=2.5, n=9 mice, unpaired t-
test). OPCs specifically promote apoptosis of inhibitory neurons during development. f The 
schedule of experiment for g-h. g Immunostaining of inhibitory neurons (parvalbumin, magenta) 
and excitatory neurons (CTIP, magenta) with the apoptotic marker (CC-3, green) at the p5 and 
p7, respectively. h Quantification of apoptosis of inhibitory neurons (GAD67 and PV) and 
excitatory neurons (CTIP and TBR1). (GAD67: p5-ctl=3.1, n=3 mice vs p5-cKO=1.2, n=4 mice; 
p7-ctl=5.2, n=3 mice vs p7-cKO=2.0, n=5 mice); (PV: p5-ctl=2.7, n=5 mice vs p5-cKO=0.62, n=3 
mice; p7-ctl=3.7, n=3 mice vs p7-cKO=1.5, n=5 mice); (CTIP: p5-ctl=1.1, n=7 mice vs p5-cKO=1.1, 
n=4 mice; p7-ctl=1.2. n=9 mice vs p7-cKO=1.0, n=3 mice) (TBR1: p5-ctl=1.6, n=4 mice vs p5-
cKO=1.7, n=4 mice; p7-ctl=0.7, n=4 mice vs p7-cKO=0.7, n=4 mice, multiple t-tests). 

Indeed, at both time points (p10 and p14) the interneuron apoptosis in cKO mice were reduced 
compared to the ctl mice, especially at p10 the number of PV+CC+ cells were only half of that 
in ctl mice (Figure. 24d), implying that plenty of interneurons escaped apoptotic process in cKO 
mice. These results suggest that GABABR deletion in OPC diminish the neuronal apoptosis in 
mPFC during development.  

To understand whether the apoptosis induced by OPC-GABABR is general to all neurons or 
specific to interneurons, we further tested excitatory and inhibitory neuronal apoptosis. The 
time window for apoptosis of excitatory neurons is quite narrow, around from p2 to p5 (Wong 
et al. 2018), and p7 is the peak of apoptosis of inhibitory neurons (Southwell et al. 2012). We 
induced cKO as early as postnatal day 1 and day 2 and analyzed neuronal apoptosis at P5 
and P7, respectively (Figure. 24f). The apoptosis of total inhibitory neurons (GAD67+CC-3+) as 
well as PV interneurons (PV+CC-3+) in cKO-mPFC was decreased both at P5 and P7 
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(Figure. 24g and h). However, the apoptosis of excitatory neurons was not affected in cKO 
mPFC (CTIP+CC-3+, TBR1+CC-3+, Figure. 24g and h, Figure. 25). 

  

Figure 25. Cell death and survival of excitatory neurons are not affected by early ablation 
of OPC-GABABR 

a The schedule of experiments for b-c and the brain region analyzed (orange). b-c Immunostaining of 
OPCs (PDGFRα+, green) and tdT (tdTomato, magenta)+ indicted that around 62 % and 39 % of OPCs 
are recombined cell at p5 and p7, respectively. (ctl=4 mice, cKO=4 mice). d e Immunostaining and 
quantification of excitatory neurons (TBR1+) with the apoptotic marker CC-3 at p5 (d) and p7 (e). (p5: 
ctl=1.6, n=4 mice vs cKO=1.7 n=4 mice, p10: ctl=0.7 n=4 mice vs cKO=0.7 n=4 mice, unpaired t-test) 

In summary, these results indicate that OPC-GABABR are specifically involved in interneuron 
apoptosis. 

6.9.2 OPCs promotes interneuron apoptosis via TWEAK-GABABR signaling 

To address how OPC-GABABR is involved in interneuron apoptosis, we next assessed the 
expression of apoptotic factors as well as the neurotrophic factors in early OPCs. We sampled 
p7 mPFC tissues since p7 is the peak of inhibitory neuron apoptosis (Figure. 26a). Among the 
tests, we observed a significant change in the mRNA level of TWEAK (tumor necrosis factor-
like weak inducer of apoptosis, also known as Apo3l or TNF superfamily member 12, TNFSF12) 
was reduced about 30 % in cKO mPFC (Figure. 26b). To further validate this observation, we 
assessed the TWEAK expression in MACs-OPCs as well as in Oli-neu cells (OPC cell line) 
treated with GABABR antagonist (CGP 55845). In all three different levels, when GABABRs 
were inactivated, the TWEAK expression was reduced (Figure. 26c). 

To confirm that the OPC derived TWEAK is the molecular inducing interneuron apoptosis, we 
first checked the expression of TWEAK receptor (TWEAKR or fibroblast growth factor-induced 
14 (FN14), TNF receptor superfamily member 12A, TNFRSF12A) on interneurons 
(Chicheportiche et al. 1997). In mPFC, we observed that FN14/TWEAKR were very well co-
localized with PV interneuron processes at the age of p5 (Figure. 26e).  

Next, we treated primary cortical neurons with conditioned medium from Oli-neu cells to 
evaluate the interneuron apoptosis. Here we have noted that the cultured neurons included a 
large population of PV interneurons and these PV neurons also express TWEAKR 
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(Figure. 26d). As expected, considerable apoptosis of primary interneurons occurred following 
the incorporation of Oli-neu CM (Figure. 26f-h). However, at the presence of FN14 / TWEAKR 
antagonist, triazolylthione L524-0366 (20 µM), interneuron apoptosis was reduced 
(Figure. 26f-h). These results suggest that OPCs selectively induce interneuron apoptosis by 
secreting TWEAK. 

 

Figure 26. OPCs promote interneuron apoptosis via TWEAK-GABABR signaling.  
a The schedule of experiment for b-c. b Relative mRNA level of cell death-related protein in the 
mPFC at p7. (TNF-α: ctl=1, n=4 mice vs cKO=1.2, n =6 mice, unpaired t-test); (TWEAK: ctl=1, 
n=4 mice vs cKO=0.7, n=6 mice, unpaired t-test); (FasL: ctl=1, n=2 mice vs cKO=0.9, n=4 mice, 
unpaired t-test); (TNFSF7: ctl=1, n=4 mice vs cKO=0.9, n=6 mice, unpaired t-test); (Trp53: ctl=1, 
n=4 mice vs cKO=1.1, n=6 mice, unpaired t-test); (NGF: ctl=1, n=5 mice vs cKO=1.1, n=6 mice, 
unpaired t-test). c Quantification of TWEAK expression in the mPFC and MACs-OPCs from ctl 
and cKO mice as well as Oli-neu cells treated with or without 20 µM CGP 55845 (tissue-ctl=1, 
n=4 mice vs tissue-cKO=0.67, n=6 mice; MACs-ctl=1, n=8 mice vs MACs-cKO=0.74, n=3 mice; 
Oli-neu-ctl=1 vs Oli-neu-CGP=0.49; n=3 independent experiments; multiple t-tests). d-e 
Interneuron express the specifically TWEAK receptor (FN14). The immunostaining of FN14 
(TWEAKR, magenta) and interneuron (parvalbumin, green) in the primary cortical neurons at day 
14 (d) and control mPFC at p5 (e). f-h Quantification of PV interneurons apoptosis in conditioned 
medium and treated with a competitive TWEAKR inhibitor (ctl+DMSO=13.9 vs CM+DMSO=33.02 
vs CM+L524=18.9, n=3 independent experiments, one-way ANOVA, multiple comparison). 

Taken together, our results suggest that OPCs regulate inhibitory neuronal apoptosis via the 
GABABR-TWEAK pathway. In the absence of GABABR, OPCs secrete insufficient TWEAK, 
allowing more PV interneurons to escape from programmed cell death, ultimately leading to 
attenuated inhibitory tone and consequent attenuation of myelination in mPFC. 
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6.10 Interrupted OPC-interneuron communication generates cognitive impairment  

6.10.1 Gamma oscillations are altered by GABABR deletion in OPCs 

The E/I balance in mPFC is crucial determinant for cognition (Grossmann 2013). Our 
electrophysiological recordings have shown the attenuated inhibition in the cKO mPFC 
(Figure. 17f-h). To detect the inhibitory tone in the mPFC in vivo, we recorded intracerebral 
electroencephalography (EEG) in the adult mice (Figure. 27). The gamma oscillations (30-
80 Hz) represent the GABAergic signaling in the brain, and are responsible for the cognition, 
especially low gamma oscillations (30-50 HZ) (Lewis, Hashimoto, and Volk 2005; Sohal et al. 
2009). As expected, both the gamma oscillation and low gamma oscillation were reduced in 
cKO mouse brain, implying reduced inhibition in the cKO mouse brain and mutant mice might 
exhibit cognitive impairment (Figure. 27, Figure. 28a-d).  

 

Figure 27. OPC-GABAB cKO mice exhibited altered EEGs 
a b EEG recordings indicated that the power of EEG frequency bands related to cognition and 
sleep were altered in mutant mice, including theta, alpha and gamma (n=24 h from 4 ctl mice and 
4 cKO mice). Delta: ctl=12±0.4 vs cKO=13±0.5; Theta: ctl=18±0.5 vs cKO=20±0.4; Alpha: 
ctl=10.4±0.3 vs cKO=12.2±0.1; Others: ctl=25±0.3 vs cKO=28±0.2; Sigma: ctl=6±0.1 vs 
cKO=7±0.1; Beta: ctl=9±0.06 vs cKO=9±0.05; Gamma: ctl=23±0.6 vs cKO=22±0.6; unpaired t-
tests for individual band power. 

6.10.2 Impaired short-term memory in mutant mice 

Next, we assessed the general well-being of the mice, by observing their nest building activity. 
Nest-building is often considered as an early indicator of cognitive decline (Neely et al. 2019). 
Compared to the elaborated nests built by ctl mice, the nest of cKO mice was simpler and 
cruder, not even achieving half of the performance score of ctl mice, suggesting cKO mice may 
exhibit cognitive impairment (Figure. 28e and f).  
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Figure 28. Gamma oscillations are altered by GABABR deletion in OPCs.  
a-b Gamma band and lower gamma band acquired by EEG recordings. c-d Quantification of 
gamma and lower gamma oscillation in the mouse brain. (gamma-ctl=23.2 n=24 h from 4 mice vs 
gamma-cKO=21.5, n=24 h from 4 mice, unpaired t-test); (lower gamma-ctl=11.3, n=24 h from 4 
mice vs lower gamma-cKO=9.8, n=24 h from 4 mice, unpaired t-test). e-f Impaired nest building 
ability of mutant mice. e The imaging of nest built. f score of nest (male: ctl=4.0 vs n=10 mice vs 
cKO=1.5, n=10; female: ctl=3.8, n=15 vs cKO=2.6, n=9, unpaired t-test). 

To explore the cognition of the mice, we assessed the ability of new object recognition and 
social cognition which are closely associated with mPFC (Bicks et al. 2015) (Figure. 29 and 
Figure. 30). In the “new object recognition” test, after confirming that both ctl and cKO mice 
exhibited no preference for a specific object, we replaced one of the objects with a new object 
in different shape (Figure. 29b and c). The ctl mice showed a robust exploration of the novel 
object, whereas the cKO mice behaved more aberrantly, seemingly unable to effectively 
distinguish between familiar and new object (Figure. 29). 

 

Figure 29. Impaired short-term memory in mutant mice.  
a The scheme of experiment for new object recognition. b-c Quantification of mice (male and 
female) sniffing time with new object among total sniffing time. Identification index (male-ctl=52.3, 
n=10 mice vs male-cKO=53.9, n=10 mice, upaired t-test; female-ctl=52.2, n=15 mice vs female-
cKO=52.0, n=9 mice, upaired t-test); sniffing time with new object (male-ctl=59.7, n=10 mice vs 
male-cKO=41.2, n=10 mice, upaired t-test; female-ctl=63.0, n=15 mice vs female-cKO=49.0, n=9 
mice, upaired t-test). 
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6.10.3 Alteration of social novelty in mutant mice 

 

Figure 30. Impaired social novelty in mutant mice.  
a-b The scheme of experiment for social three chamber test. c-f Both control and mutant mice 
prefer to stay in the chamber with a mouse rather than object, but mutant mice show cognitive 
impairment in social novelty test. (c ctl: mouse chamber=326±27, object chamber=220±21, 
center=54±9, (n=9 mice), Ordinary one-way ANOVA; cKO: mouse chamber=362±24, object 
chamber=178±20, center=60±12, (n=9 mice), Ordinary one-way ANOVA. d ctl: sniffing with mice 
=137±10, sniffing with object=41.9±5, (n=9 mice), paired t-test.; cKO: sniffing with mouse=131±26, 
sniffing with object=52±8, (n=9 mice), paired t-test. e ctl: familiar mouse chamber=143±19, 
stranger chamber=395±28, center=62±14, (n=9 mice), Ordinary one-way ANOVA; cKO: familiar 
mouse chamber =246±32, stranger chamber=289±36, center=65±9, (n=9 mice), Ordinary one-
way ANOVA. f ctl: sniffing with familiar mouse=38±8, sniffing with stranger=88±15, (n=9 mice), 
paired t-test.; cKO: sniffing with familiar mouse=53±11, sniffing with stranger=64±16, (n=9 mice), 
paired t-test. g-j Both control (female) and mutant mice (female) prefer to stay in the chamber 
with a mouse rather than object, but mutant mice show cognitive impairment in social novelty test. 
g ctl: mouse chamber=380±21, object chamber=166±2, center=54±14, (n=15 mice), Ordinary 
one-way ANOVA; cKO: mouse chamber=327±46, object chamber=201±21, center=72±15 (n=9 
mice), Ordinary one-way ANOVA. h ctl: sniffing with mice=166±22, sniffing with object=39±6, 
(n=15 mice), paired t-test.; cKO: sniffing with mouse =116±17, sniffing with object=43±8, (n=9 
mice), paired t-test. i ctl: familiar mouse chamber=197±14, stranger chamber=323±26, 
center=80±15, (n=15 mice), Ordinary one-way ANOVA; cKO: familiar mouse chamber=237±30, 
stranger mouse chamber=285±28, center=78±9, (n=9 mice), Ordinary one-way ANOVA. j ctl: 
sniffing with familiar mouse=38±6, sniffing with stranger=99±14 (n=15 mice), paired t-test.; cKO: 
sniffing with familiar mouse=52±12, sniffing with stranger=65±10, (n=9 mice), paired t-test. 

The social three-chamber test was applied to assess social cognition by evaluating the general 
sociability of the mice and their interest in social novelties (Figure. 30a and b). In the first phase 
of sociability test, the cKO mice did not show difference from the ctl mice, both group of mice 
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showed greater interest (longer sniffing times) in the mice than in the objects 
(Figure. 30c, d, g, h). However, in the second phase of social novelty assessment, the cKO 
mice cannot effectively discriminate between familiar mice and stranger (Figure. 30e, f, i, j). All 
the behavioral tests demonstrated that OPC-GABABRs are required for cognition. 

It is worth noting that the cKO mice do not have mobility deficit as shown by the results of open 
field (speed, Figure. 31a-b). In contrast, the cKO mice exhibited slightly enhanced motility 
(Figure. 31c).  

 

Figure 31. No alteration of motor ability in mutant mice 
a The map of mice movement in open field. b Quantification of mice speed in the open field (male: 
ctl=7.6, n=17 mice vs cKO=7.4, n=14; female: ctl=7.1, n=18 mice vs cKO=8.0, n=9, upaired t test). 
c Quantification of mice distance in the open field. (male: ctl=2645, n=17 mice vs cKO=3066, 
n=14; female: ctl=2855, n=18 mice vs cKO=3190, n=9, upaired t-test) 

In conclusion, deletion GABABR in OPCs disrupt the fine-tuning of inhibitory circuits in the 
mPFC, leading to cognitive impairment. 
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7. Discussion  

7.1 Selective interneuron apoptosis induced by OPC-derived TWEAK 

The TWEAK protein has two isoforms, membrane-bound and cleaved, both are capable of 
initiating apoptosis in cells by binding to TWEAK receptor (TWEAKR/FN14). Our results 
demonstrate that GABABR-TWEAK apoptotic signaling specifically targets interneurons, 
suggesting that this process is a highly localized 'kill me' signal. TWEAK is preferentially 
recruited to synapses that express TWEAKR/FN14 on the neuronal membrane (Cheadle et al. 
2020). OPCs sense GABAergic signals via GABABRs at the contact site (eg. at the interneuron-
OPC synapse). As a result, our work suggests that following signaling events in OPCs, TWEAK 
synthesis and translocation occur towards the contact site where it can interact with 
interneuronal TWEAKR/FN14. Another possibility is that the TWEAK ectodomain undergoes 
proteolytic cleavage, enabling it to function as a soluble factor. This process may also take 
place at soma-somatic contact sites between OPCs and interneurons (Mangin et al. 2008). 

TWEAK can also be derived from microglia. RNA sequencing studies suggest that both OPCs 
and microglia can express TWEAK during development (Zhang et al. 2014). The impact of 
microglia-TWEAK on interneurons is unknown. In addition, whether TWEAK release from 
microglia is compensated by the deletion of the GABABR in OPCs needs to be further 
demonstrated by future studies. Nevertheless, in the pure Oli-neu cell system, a TWEAK 
receptor inhibitor could rescue the interneuron apoptosis induced by conditioned medium of 
Oli-neu cells, suggesting that OPC derived TWEAK can induce interneuron apoptosis. Of note, 
in the mPFC of autism spectrum disorder (ASD) patients, the TWEAK expression in OPCs was 
reduced, while that in microglia remained unchanged as revealed by the single-cell RNA-seq 
data (Velmeshev et al. 2019). Whether and how OPC-TWEAK participate in the ASD brain 
requires further experiments. Our study contributes to our knowledge by providing novel insight 
for developing potential therapeutic interventions for ASD patients. 

GABABR is G protein-coupled receptor that negatively regulates adenylate cyclase and the 
cAMP levels in OPCs (Luyt et al. 2007). This results in decreased transfer of cAMP response 
element binding protein (CREB) to the nucleus, affecting the expression of various genes that 
regulate neuronal function, including metabolism and survival, as well as modulation of 
transcription factors and growth factors (Middei et al. 2013; Tao et al. 1998). Gβγ subunits can 
also activate the phosphatidylinositol-3 kinases (PI3K) pathway, generating 
phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3) lipid units. This pathway 
modulates various signaling cascades and perinuclear effectors such as PLC. Yet, it needs to 
be determined which subunit of G proteins (Gαi or Gβγ) are involved in GABABR mediated 
TWEAK expression. 
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7.2 Attenuated cortical inhibition in mutant mice 

7.2.1 Potential morphological change of PV interneurons in mutant mice 

In the context of neuronal surplus, a reduction in activity is commonly observed (Wang et al. 
2021). Our investigation of OPC-GABABR cKO mice demonstrated a notable increase in PV 
interneurons to approximately 125 % of control levels. However, these interneurons exhibited 
a decrease in immunolabel for vGAT within their presynaptic terminals, indicating a substantial 
reduction in both GABA release and activity. More precisely, the decrease in vGAT puncta to 
75 % corresponds to a reduction of about 60 % for PV interneurons (i.e., 75 % of 125 %). This 
same reduction was observed in the density of PV+cFos+ cells (63 %) as well as the frequency 
of sIPSCs (64 %). Based on these findings, it is plausible that the supernumerary PV 
interneurons in the cKO mPFC are physiologically less mature (Miyamae et al. 2017). However, 
these are only speculative ideas and further experiments are necessary to validate them, such 
as investigating the potential reduction in the number of interneuron axons, the density of 
dendrites and spines, the diameter of axons, and/or the spacing between dendrites and axons 
in cKO mice. Chandelier cells (ChCs) are a specialized interneuron subtype that a single ChC 
can innervate hundreds of pyramidal neurons via its candlesticks-like branches. The 
maturation of ChCs is performed by dendrites and synapse elimination during development. 
Recently, it was demonstrated that OPC participate in the pruning of synapses (Auguste et al. 
2022). Hence, the morphology of ChCs is potential to be altered in mutant mice. 

7.2.2 The interneurons myelin structure is altered in mutant mice 

Our results suggest that the hypomyelination of interneurons is due to a reduction in myelin 
sheaths encasing interneuronal axons and alteration in paranodal structures in cKO-mPFC 
mice. These alterations to the paranodal structures have the potential to impede the conduction 
of action potentials (Arancibia-Carcamo and Attwell 2014). The extension of paranodes is 
associated with a redistribution of Kv1 channels from under the juxtaparanode towards the 
paranode in the brains (Arancibia-Carcamo and Attwell 2014). Therefore, these exposed Kv1 
channels are more active, ultimately leading to a decline in action potential propagation and 
synaptic communication. It should be emphasized that the observed morphological 
deterioration was limited to the mPFC, but not the corpus callosum, which mainly consists of 
excitatory neuron axons (Fame, MacDonald, and Macklis 2011). Our RT-qPCR data also 
revealed reduced levels of MBP mRNA expression, but not PLP or MOG, in the mutant mPFC 
at both postnatal day 14 and 9 weeks of age. Notably, the expression of myelin proteins in 
inhibitory and excitatory axons varies, with MBP being the primary component of myelin in 
inhibitory axons (Micheva et al. 2016). 

7.3 In OPCs the GABABR serves different functions in comparison to the GABAAR 

The loss of the ionotropic GABA type A receptor (GABAAR) γ2 subunit in OPCs has been found 
to reduce the firing rate of presynaptic PV interneurons and result in similar myelin defects 
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(Benamer et al. 2020). This suggests that both ionotropic and metabotropic GABA receptors 
can impact PV interneuron activity and myelin gene expression. However, the effects on myelin 
structures were distinct. Deletion of GABAAR resulted in prolonged lengths of nodes and 
internodes with decreased density of paranodes, while deletion of GABABR in OPCs only 
extended the length of paranodes. Additionally, GABAARs have been found to aid interneuron 
maturation in the juvenile somatosensory cortex, while GABABRs are involved in the apoptosis 
of interneurons during development. Both receptors are involved in optimizing the activity of 
PV interneurons, but employ different mechanisms at different developmental stages.  

The primary function of the GABAAR-γ2 subunit is to preserve the density of OPCs without 
impacting the formation of oligodendrocytes (Balia, Benamer, and Angulo 2017). Nonetheless, 
the involvement of GABABRs in OPC differentiation is intricate. Our study showed that GABABR 
played a crucial role in oligodendrocyte formation during the early stages of development, but 
diminishes in later stages. Additionally, an in vitro study demonstrated that the activation of 
GABABR with the selective agonist (baclofen) can induce the differentiation of cortical OPCs 
obtained from newborn pups aged between 0 and 2 days (Serrano-Regal et al. 2022). 

7.4 OPCs are the multitasker in brain function 

OPCs exhibit heterogeneity and play diverse region-specific roles throughout brain 
development (Spitzer et al. 2019; Marisca et al. 2020). Interestingly, when OPC somata are 
located in areas enriched with neuronal somatas, high calcium activity was observed in their 
processes. But these OPCs are in a "quiescent" state rarely differentiating into 
oligodendrocytes (Marisca et al. 2020), suggesting OPCs may play other roles in brain circuits 
instead of oligodendrogenesis. Additionally, OPCs monitor the extracellular K+ with their Kir4.1 
channels (Maldonado et al. 2013; Timmermann et al. 2021). Given that glial cells, such as 
microglia, monitor neuronal activity by extending their processes to neuronal somata (Davalos 
et al. 2005; Nimmerjahn, Kirchhoff, and Helmchen 2005; Cserep et al. 2020), we can 
hypothesize that OPC may also be involved in this process.  

Our data demonstrate that OPCs promote interneuron apoptosis via TWEAK release. Recent 
evidences suggest that OPCs participate in axon engulfment (Buchanan et al. 2022) or 
synaptic pruning (Auguste et al. 2022). These findings collectively suggest that OPCs may play 
a role in neuronal plasticity under physiological conditions. In pathological conditions such as 
amyotrophic lateral sclerosis (ALS) and chronic stress, the density of OPCs increase along 
with motor neuron death (Kang et al. 2010) or in the locus coeruleus of rats, respectively (Seifi 
et al. 2014; Saul et al. 2015). When OPCs are depleted, mice develop a depression-like 
behavior (Birey et al. 2015), and this was linked to loss of fibroblast growth factor 2, (FGF2) 
from OPCs (Nagy et al. 2020). Collectively, these findings suggest that OPCs may play a 
critical role in neuronal plasticity, and alterations in OPC function could potentially lead to 
neuronal dysfunction. 

Moreover, OPCs play a crucial role in the maintenance of the blood-brain barrier (BBB), a 
physical barrier that separates the brain from the blood circulation and maintains homeostasis 
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within the brain. The initial wave of OPCs originates from Nkx2.1+ progenitors and migrates to 
the dorsal area along blood vessels (Lepiemme et al. 2022; Tsai et al. 2016). These Nkx2.1+ 
OPCs are also essential for blood vessel formation during development. A reduction in the 
number of Nkx2.1+ OPCs leads to a decrease in blood vessel density and branching (Minocha 
et al. 2015). In addition, OPCs release tumor growth factor β (TGFβ), which promotes the 
expression of tight junction proteins (ZO1) in vitro (Seo et al. 2014). Furthermore, 
transplantation of OPCs into a mouse brain with artery occlusion has been shown to enhance 
functional angiogenesis and improve neurological outcomes (Wang et al. 2022). 

 

Figure 32.OPCs are the multitaskers during brain function. 
A OPCs receive synaptic input from interneurons via glutamate (AMPAR; NMDAR) and GABA 
receptors (GABAAR; GABABR). B OPC modulate neuronal density and plasticity via releasing 
TWEAK (TNF Superfamily Member 12), NG2 (chondroitin sulfate proteoglycan 4), FGF2 
(Fibroblast growth factor 2), PTGDS (prostaglandin D2 synthase). C OPCs monitor extracellular 
K+ with their Kir4.1 channels. D OPCs are involved in synapse and axon pruning during 
development. E OPCs participate in BBB integrity by promoting blood vessel formation during 
development. F-G OPCs participate in neuroinflammation. (F) OPCs promote microglial immune 
response through TGFβ secreting. (G) OPCs recruit T cells via (C-C motif) ligand 2 (CCL2), and 
are targeted by T cells (CD4/8+) by histocompatibility complex class (MHC) I.  

Neuroinflammation and neural circuit alterations are commonly observed in many 
neuropathological conditions. In response to neuroinflammation, OPCs play a crucial role. For 
instance, OPCs promote CX3CR1-mediated microglial immune response through Tumor 
growth factor β (TGFβ) secreting (Zhang, Wang et al., 2019). Additionally, OPCs recruit T cells 
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to lesion site via secreting (C-C motif) ligand 2 (CCL2) (Moyon, Dubessy et al., 2015). Moreover, 
the expression of major histocompatibility complex class (MHC) I in OPCs are targeted by 
CD8+ and CD4+ T cells, which inhibiting the differentiation of OPCs, further contributing to 
neuroinflammation (Falcão, van Bruggen et al., 2018; Kirby, Jin et al., 2019; Zveik, Fainstein 
et al., 2022) (Reviewed by Cabeza-Fernández et al., 2023). 

In summary, OPCs perform multiple functions (Figure. 32) in the brain and represent a 
promising target for treatment of diverse neurodegenerative diseases. 

7.5 The E/I imbalance in mPFC with cognition impairments 

The GABA signaling of OPCs is crucial for interneuron myelination, essential for the fine-tuning 
of local neural circuits (Arancibia-Carcamo et al. 2017). Our study in OPC-GABABR cKO mice 
showed that excessive interneurons in the mPFC resulted in reduced activity and myelination, 
contributing to cognitive impairment. This was also observed in early socially isolated mice, 
which experienced a hypomyelination in the mPFC and cognitive decline (Makinodan et al. 
2012). The proper E/I ratio in the PFC, especially in the developing mPFC, is essential for 
social cognition (Grossmann 2013; Bitzenhofer et al. 2021). Enhancing pyramidal neuron 
activity in the mPFC during early p7-11 caused severe cognitive dysfunction in adulthood 
(Bitzenhofer et al. 2021). Myelination of cortical interneurons, particularly PV neurons, is crucial 
for fine-tuning local activity in the mPFC and cortex, ensuring proper behavioral performance 
(Wang et al. 2021; Maas et al. 2020). It should be noted that the genetic manipulation is not 
limited to the PFC, and other brain regions may also contribute to the behavioral phenotype, 
which requires further investigation. 
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8. CONCLUSION  

Our study highlights a non-canonical function of OPCs in brain circuits. During early postnatal 
weeks, OPCs sense GABA from interneurons via GABABRs and release TWEAK to induce 
interneuron apoptosis. Deletion of GABABRs induces survival of super numorous interneurons 
that exhibited declined acvitiy and hypomyelination, and concomitant impairment of social 
cognition. (Fang et al. Nat Communications, (2022)). 

Recent studies have highlighted OPCs are more than precursors (Reviewed by Fang et al. 
Pflügers Arch, 2023, in press). When neuronal plasticity is enhanced, OPCs concomitantly turn 
down the expression of oligodendrocyte transcription factor Olig2 (Fang et al. Glia, 2023; Fang 
et al. Neural Regen Res, 2023; see in the appendix) and exhibit rather quiescent feature, i.e. 
rarely proliferating and differentiating. Human brain organoids represent a promising platform 
for modeling neural disorders, providing an opportunity to investigate the role of OPCs in 
greater detail. (Chen et al., Frontiers in Cellular Neuroscience, 2020; see in the appendix). 
Further experiments using human brain organoids can be conducted to explore and validate 
the contribution of OPCs in shaping brain circuits. 
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9. Materials and Methods 

9.1 Materials 

9.1.1 Reagents: 

Standard chemicals were purchased from customary companies including Serva, Thermo 
Fisher Scientific (Karlsruhe), Sigma Aldrich (Taufkirchen), Eppendorft (Hamburg), Merck 
(Darmstadt), BioRad (München), Invitrogen (Karlsruhe), Roche (Penzberg), Carl Roth 
(Karlsruhe), Amersham Biosciences (Freiburg), and BD Falcon. 

9.1.2 Consumables  

Pipette tips (10/200/1000 µl, Sarstedt, Nümbrecht); glass pipettes, VWR International 
(Darmstadt); RT-PCR-96-well-plates, Axon (Kaiserslautern); 24 well culture plates, Sarstedt 
(Nümbrecht); 12 well culture plates, Sarstedt (Nümbrecht); 96-well-PCR-reaction-tubes, 
4titude (Berlin); object slides, Karl Hecht Glaswarenfabrik (Sondheim); Falcontubes, Greiner 
Bio-One (Frichenhausen); Cover slips, Menzel-Gläser (Braunschweig); Eppedndorft reaction 
tubes, Eppendorft (Hamburg); Venomix cannulas, Braun (Meksungen) 

9.1.3 Kits 

Precellys homogenizing tubes, Precellys Ceramic Kit, peqlab (Erlangen); 

All prep DNA/RNA Mini and Micro kit, Qiagen (Hilden); 

REDExtract-N-AmpTM Tissue PCR Kit, Sigma-Aldrich (Taufjichen); 

Adult Brian Dissociation Kit, Anti-CD140-MicroBead Kit (130-101-502), Anti-NG2- MicroBead 
Kit (130-097-170) and Anti-O4-MicroBead Kit (130-096-670); 

Super Signal West Pico Chemiluminescent Substrate and Pierce BCA Protein Assay Kit, 
Thermo Scientific (Rockford, USA);  
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9.1.4 Devices 

Table 1: Devices 

Device Producer City 
AxioScan.Z1 Zeiss Oberkochen 

BioSpectrometer Eppendorf Hamburg 
Centrifuges 5418,5804,5430R Eppendorf Hamburg 
CFX96 Real-Time PCR Detection System BioRad München 

Confocal microscope LSM 710 Zeiss Oberkochen 
Electrophoresis power supply Consort Turnhout 
Gel chambers and supplies for agarose gels Workshop of the CIPMM Homburg 

Gel chambers for SDS-PAGE Serva Heidelburg 
IKA MAG HS 7dital (magnetic mixter) ChemLabz Benzheim 

Infinite PRO 200 microplate reader Tecan Crailsheim 
Intelli Mixer neoLab Hedelburg 
PeqSTAR Thermo Cycler Peqlab Biotechnologie 

GMBH 
Erlangen 

Pipettes Brand Wertheim 
Precellys 24 (Homogenizer) Peqlab Biotechnologie 

GMBH 
Erlangen 

Preparations- and perfusion instruments F.S.T., Biotechnologie 
GMBH 

Erlangen 

Thermomixter comfort Eppendorf Hamburg 
Vacuum pump Integra Biosciences Biebertal 
Vibratome VT1000S, VT1200S Leica Wetzlar 
Western blotting system Biorad München 
Water facility Milli-Q Merck Darmstadt 
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9.1.5 Antibodies 

9.1.5.1 Primary antibodies for immunohistochemistry 

Table 2: Primary antibodies for immunohistochemistry 

Antibodies Host Dilutions Cat.No. Company PRID 
PDGFRα goat 1:500 AF1062 R&D Systems AB_2236897 
adenomatous 
polyposis coli 
clone 1(CC1) 

mouse 1:200 OP80 Calbiochem AB_2057371 

Olig2 rabbit 1:500 AB9610 Millipore AB_570666 
MBP mouse 1:500 SMI99 Biolegend AB_10120130 
Parvalbumin rabbit 1:1000 PV 25 Swant AB_10000344 
Parvalbumin mouse 1:500 P3088 Sigma AB_477329 
Caspr rabbit 1:500 ab34151 abcam AB_869934 
DsRed rabbit 1:1000 632496 Clontec AB_10013483 
BrdU rat 1:1000 ab6326 abcam AB_305426 
Cleaved 
Caspase-3 

rabbit 1:200 9661 Cell Signaling 
Technology 

AB_2341188 

Cleaved 
Caspase-3 

mouse 1:100 STJ9744 St. John’s 
Laboratory 

 

GAD67 mouse 1:500 MAB5406 Millipore AB_2278725 
NeuN mouse 1:500 MAB377 Millipore AB_2298772 
CTIP2 rat 1:200 650601 Biolegend AB_10896795 
TBR1 rabbit 1:500, 49661 Cell Signaling 

Technology 
AB_2799364 

vGAT mouse 1:500 13002 Synaptic 
Systems 

AB_887871 

FN14 mouse 1:50 314108 Biolegend AB_2810477 
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9.1.5.2 Secondary antibodies for immunohistochemistry 

Table 3: Secondary antibodies for immunohistochemistry 

Antibodies Fluorophore Cat. No. Company 

Donkey anti-mouse 

Alexa Fluor® 488 A21202 
Thermofischer Alexa Fluor® 546 A10036 

Alexa Fluor® 647 A31571 
DyLight® 755 SA5-10171 Invitrogen 

Donkey anti-rabbit 

Alexa Fluor® 488 A21206 

Thermofischer 
Alexa Fluor® 546 A10040 
Alexa Fluor® 647 A31573 
Alexa Fluor® 790 A11374 

Donkey anti-goat 

Alexa Fluor® 488 A11055 
Thermofischer Alexa Fluor® 546 A11056 

Alexa Fluor® 647 A21447 
Alexa Fluor® 750 ab175744 abcam 

Donkey anti-rat DyLight-755 SA5-10031 Thermofischer 
DAPI (25ng/ml)  A10010010 biochmica 

Note: Secondary antibodies were diluted 1:1000 with the blocking buffer.  
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9.1.5.3 Primary antibodies for Western blot 

Table 4: Primary antibodies for Western blot 

Antibodies Host Dilutions Cat.No. Company PRID 
GABABR subunit 1 mouse 1:500 ab55051 abcam AB_941703 
GAPDH mouse 1:2000 G8795 Sigma AB_1078991 
MBP mouse 1:1000 SMI99 Biolegend AB_10120130 
Tubulin-α rabbit 1:2000 T6074 Sigma AB_477582 

9.1.6 Primers 

Table 5: Primers for genotyping 

Name Serial number  Sequence 
Gabbr1 24391 KI 5’-TGGGGTGTGTCCTACATGCAGCGGACGG-3’ 
Gabbr1 24392 WT 5’-GCTCTTCACCTTTCAACCCAGCCTCAGGCAGGC-3’ 
tdTomato 27490 KI 5’-GGCATTAAAGCAGCGTATCC-3’ 
tdTomato 27491 KI 5’-CTGTTCCTGTACGGCATGG-3’ 
tdTomato 27488 WT 5’-AAGGGAGCTGCAGTGGAGTA-3’ 
tdTomato 27489 WT 5’-CCGAAAATCTGTGGGAAGTC-3’ 
CSPG4                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     19398 WT 5’-GGCAAACCCAGAGCCCTGCC-3’ 
CSPG4 19399 WT 5’-GCTGGAGCTGACAGCGGGTG-3’ 
CreERT2 19400 KI 5’-GCCCGGACCGACGATGAAGC-3’ 

 

Table 6: Primers for qRT-PCR 

Name Type Sequence 
Gabbr1 forward 5'-CGAAGCATTTCCAACATGAC-3' 
Gabbr1 reverse 5'-CAAGGCCCAGATAGCATCATA-3' 
β-actin forward 5'-CTTCCTCCCTGGAGAAGAGC-3' 
β-actin reverse 5'-ATGCCACAGGATTCCATACC-3' 
TNF-α forward 5’-GACGTGGAACTGGCAGAAGAG-3’ 
TNF-α reverse 5’-TTGGTGGTTTGTGAGTGTGAG-3’ 
TWEAK forward 5’-CCGCCAGATTGGGGAATTTAC-3’ 
TWEAK reverse 5’-AGTCCAAAGTAGGTTAGGAAGGG-3’ 
FasL forward 5’-TCCGTGAGTTCACCAACCAAA-3’ 
FasL reverse 5’-GGGGGTTCCCTGTTAAATGGG-3’ 
TNFSF7 forward 5’-TGTAGCGGACTACTCAGTAAGC-3’ 
TNFSF7 reverse 5’-TGGGGTCCTTCCGAGGAAC-3’ 
Trp53 forward 5’-CTCTCCCCCGCAAAAGAAAAA-3’ 
Trp53 reverse 5’-CGGAACATCTCGAAGCGTTTA-3’ 
NGF forward 5’-TGATCGGCGTACAGGCAGA-3’ 
NGF reverse 5’-GCTGAAGTTTAGTCCAGTGGG-3’ 
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9.2 Animals 

9.2.1 Ethics statement 

All animal husbandry were conducted at the animal facility of CIPMM, University of Saarland, 
in accordance with European and German regulations for the protection and welfare of 
experimental animals. Animal experimental protocols were reviewed and approved by the 
"Landesamt für Gesundheit und Verbraucherschutz" in Saarbrücken/Germany (with animal 
license numbers 65/2013, 12/2014, 34/2016, 36/2016 and 08/2021). 

 

9.2.2 Transgenic mice 

To induce conditional knockout (cKO) of GABAB receptor subunit 1 in oligodendrocyte 
precursor cells (OPCs), TgH(NG2-CreERT2) mice (Huang et al. 2014) were bred with 
GABAB1

Lox511/lox511 mice (which harbor loxP sites flanking exons 7 and 8 of the gabbr1 gene) 
(Haller et al. 2004). Mice with genotypes of NG2ct2/wt x GABAB1Rfl/fl were used as cKO, while 
the littermates NG2wt/wt x GABAB1Rfl/fl or NG2ct2/wt x GABAB1Rwt/wt were used as controls after 
tamoxifen administration. To visualize recombined cells, the double transgenic mice were 
further bred with TgH(Rosa26-CAG-flSTOPfl-tdTomato) mice (Rosa26-tdTomato) (Madisen et 
al. 2010). For oligodendrocyte-specific deletion of GABAB1 subunit, the TgN(PLP-CreERT2) mice 
(Leone et al. 2003) were bred with GABAB1

lox511/lox511 mice. The PLPct2/wt x GABAB1Rfl/fl mice 
were used as cKO, while the PLPwt/wt x GABAB1Rfl/fl or PLPct2/wt x GABAB1Rwt/wt were used as 
controls after tamoxifen administration. The ages of the mice used in the experiments are 
indicated in the main text and figure legends. In all experiments, data from males and females 
were pooled.  

 

Table 7: Mouse lines 

Mouse line Brief Reference 
TgH (NG2-CreERT2) OPC-specific- CreERT2-driver line (Huang et al. 2014) 
TgN (PLP -CreERT2) Oligodendrocytes-specific- 

CreERT2-driver line 
(Leone et al. 2003) 

TgH (Rosa26-CAG-flSTOPfl-
tdTomato) 

tdTomato reporter expression (Madisen et al. 2010) 

TgH (GABAB1R fl/fl) GABABR intervention (Haller et al. 2004) 
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9.3 Methods 

9.3.1 Genotyping 

Mouse tail biopsy was collected at the age of 2-3 weeks and genomic DNA was extracted from 
the tails using the REDextract-N-Amp PCR KIT with some modifications. The tail tissue was 
incubated with 62.5 μl of extraction solution (Sigma-Aldrich, T3073) for 10 minutes with 
agitation. The extraction reaction was terminated by incubation at 95°C for 20 minutes, 
followed by addition of 50 μl of neutralization solution (3% BSA in PBS). Genotyping PCR was 
conducted with primers listed in Table 6: Genotyping primers. PCR products were determined 
by electrophoresis and the gel was documented using the Quantum gel documentation system. 

9.3.2 Tamoxifen administration 

Tamoxifen dissolved in Miglyol (10mg/ml, 3274, Caesar & Loretz GmbH) was intraperitoneally 
injected to the mice according to the body weight (100 mg/kg body weight). The time points of 
injection are indicated in the figures. Only for the pups treated at postnatal day 1 (p1) and 2, 
tamoxifen was injected to the lactating mother with the same protocol (Huang et al. 2018). For 
4-week-old mice, tamoxifen was injected once per day for five consecutive days (Jahn et al. 
2018). 

9.3.3 Mouse perfusion  

Mice were deeply anesthetized with the mixture of Ketamine and Xylacin (Ketamine, 100 mg/ml, 
Xylacin, 10 mg/ml, in 0.9% NaCl, 100 μl/10 μg body weight). The abdomen was opened from 
caudal to cranial, up to the sternum, and the peritoneum was incised from medial to lateral. 
The diaphragm was divided longitudinally, and the pericardium was carefully released from the 
peritoneum by severing the costal up to the sternum. A butterfly needle was inserted into the 
left ventricle, and the perfusion was initiated with 1x PBS using a pump. Simultaneously, the 
superior concave vein was incised, allowing for drainage of blood. The animal was then 
perfused with 4% paraformaldehyde (FA), following which the brain was removed, post-fixed 
overnight in 4% FA at 4°C, and stored in PBS the following day.  

For RNA, DNA, protein, and magnetic-activated cell sorting (MACS) extraction, the animals 
were perfused only with cold Hank's balanced salt solution (HBSS, H6648, Gibco). The brains 
were removed and divided into three regions (cortex, corpus callosum, and medial prefrontal 
cortex), which were immediately frozen on dry ice and stored at -80°C. 

9.3.4 Immunohistochemistry 

Free-floating brain slices in 40 μm thickness were prepared in either coronal or sagittal sections 
using a Leica VT1000S vibratome. For immunocytochemistry, cells on coverslips were fixed 
with ice-cold 4% PFA for 15 minutes. The slices or coverslips were then incubated with a 
blocking solution containing 5% horse serum and 0.5% Triton X-100 for 1 hour at room 
temperature (RT), followed by overnight incubation with primary antibodies at 4°C and 2-hour 
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incubation with secondary antibodies at RT, both in the blocking solution. The primary and 
secondary antibodies used are listed in Table 3 and 4, respectively. 

9.3.5 Bromodeoxyuridine assay 

Adult mice received oral administration of 1 mg/ml bromodeoxyuridine (BrdU) (Sigma-Aldrich, 
St. Louis, MO) in their drinking water for a duration of seven consecutive days. In the case of 
juvenile mice, a single dose of 10 mg/ml BrdU dissolved in 0.9% NaCl was administered 
intraperitoneally to p13 pups and analyzed at p14. BrdU IHC 

9.3.6 Magnetic-activated cell sorting (MACS) of OPCs  

 

Figure 33. Procedure of Magnetic-activated cell sorting of OPC. 

The magnetic-activated cell sorting (MACS) of OPCs was conducted according to the 
guidelines provided by the manufacturer (Miltenyi Biotec) with slight modifications. Mice were 
perfused with cold HBSS without calcium and magnesium, and the cortices were dissected in 
ice-cold HBSS. After debris removal, cells were resuspended with re-expression medium, 
containing NeuroBrew-21(1:50 in MACS neuro Medium) (130-093-566 and 130-093-570, 
Milteny Biotec), 200 mM L-glutamine (1:50 in MACS neuro Medium), and incubated for 30 
minutes at 37°C. Cells were incubated with Fc-receptor blocker for 10 minutes at 4°C, followed 
by an incubation with mixture of microbeads conjugated to the antibodies of CD140 (130-101-
502), NG2 (130-097-170), and O4 (130-096-670) for 15 minutes at 4°C.  

For the purity assessment, cells were re-suspended in re-expression medium and seeded on 
poly-L-lysine (P2533, Sigma) coated coverslip, and incubated for 2 hours at 37°C in 5% CO2 
before being processed for immunocytochemistry against PDGFRα and DAPI.  

For quantitative RT-PCR or Western blot analysis, the MACS-sorted OPCs were lysed using 
RIPA buffer (89900, Thermo Scientific). 
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9.3.7 Western blot analysis 

Tissue Preparation: Samples of different brain regions (cortex, corpus callosum and medial 
prefrontal cortex) were transferred into Precellys tubes containing 300 or 600 μL of 
homogenization buffer or RIPA buffer, both of which were supplemented with 1X protease 
inhibitors (05892970001 Roche) and 1X phosphatase inhibitors (04906837001, Roche). The 
homogenate was utilized for the preparation of RNA and protein. The protein concentration 
was determined using the Pierce BCA Protein Assay Kit and Infinte M 200pro plate reader 
(Tecan) according to the manual.  

Protein Separation: Each protein samples were diluted into a final volume of 20 μL with dd H2O 
and loading buffer containing 2-mercaptoethanol. Proteins were loaded to discontinuous SDS-
PAGE gel (SERVAGel™ TG PRiME™ 10%) and Precision Plus Protein™ Dual Color Standard 
was used as the indicator of molecular weights. The gel was run in a BlueVertical™ PRiME™ 
chamber (Serva) filled with running buffer at 120 V (50 mA, 150 W) for 90 minutes.  

Western Blot and Immunodetection: Proteins were transferred onto polyvinylidene difluoride 
(PVDF) membrane with semidry blotter (Bioenzym), followed by incubation with blocking buffer 
(5% milk powder or 5 % BSA in PBS) for 1 hour at room temperature (RT). The membrane 
was then cut into stripes corresponding to the predicted molecular weight of the analyzed 
proteins and incubated overnight with primary antibodies in 5 % milk powder in PBS at 4°C. 
The list of primary antibodies used for Western blot is provided in the Table 5. After washing, 
the corresponding HRP-conjugated secondary antibody was diluted in TBS-T and applied to 
the membrane for 2 hours at RT. After additional washing, the membrane was incubated for 2 
minutes in enhanced chemiluminescent detection solution (ECL) (541015, Biozym) and 
documented with ChemiDoc-MP. Protein bands were quantified by densitometric analysis 
using ImageJ. 

9.3.8 Quantitative real time PCR 

Brain tissue or MACS-sorted OPCs were homogenized using a previously described method 
(9.3.6). Total RNA was extracted using the NucleoSpin RNA Plus XS Kit (740990.50, 
Macherey-Nagel) and reverse transcribed using Omniscript Kit (205113, QIAGEN). 
Quantitative RT-PCR was then performed using the EvaGreen (27490, Axon) with primers 
listed in Table 7. 
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Table 8: Primers for qRT-PCR 

Name type Sequence 
Gabbr1 forward 5'-CGAAGCATTTCCAACATGAC-3' 
Gabbr1 reverse 5'-CAAGGCCCAGATAGCATCATA-3' 
β-actin forward 5'-CTTCCTCCCTGGAGAAGAGC-3' 
β-actin reverse 5'-ATGCCACAGGATTCCATACC-3' 
TNF-α forward 5’-GACGTGGAACTGGCAGAAGAG-3’ 
TNF-α reverse 5’-TTGGTGGTTTGTGAGTGTGAG-3’ 
TWEAK forward 5’-CCGCCAGATTGGGGAATTTAC-3’ 
TWEAK reverse 5’-AGTCCAAAGTAGGTTAGGAAGGG-3’ 
FasL forward 5’-TCCGTGAGTTCACCAACCAAA-3’ 
FasL reverse 5’-GGGGGTTCCCTGTTAAATGGG-3’ 
TNFSF7 forward 5’-TGTAGCGGACTACTCAGTAAGC-3’ 
TNFSF7 reverse 5’-TGGGGTCCTTCCGAGGAAC-3’ 
Trp53 forward 5’-CTCTCCCCCGCAAAAGAAAAA-3’ 
Trp53 reverse 5’-CGGAACATCTCGAAGCGTTTA-3’ 
NGF forward 5’-TGATCGGCGTACAGGCAGA-3’ 
NGF reverse 5’-GCTGAAGTTTAGTCCAGTGGG-3’ 

9.3.9 Electrophysiology 

Slice Preparation 

Mice were anesthetized with isoflurane prior to decapitation and the brain was immediately 
removed and immersed in an ice-cold, oxygenated cutting solution (Nacl, 87 mM; KCl, 3 mM; 
Na2HPO4, 1.25 mM; NaHCO3, 25 mM; Glucose, 25 mM; Sucrose, 75 mM; MgCl2, 3 mM; CaCl2, 
0.5 mM; HEPES, 5 mM, Ph 7.4) with carbogen (5% CO2/ 95% O2, pH 7.4). Coronal or semi-
sagittal slices (300 µm thickness) were prepared using a vibratome (Leica VT 1200S, Nussloch, 
Germany) and transferred to a nylon basket slice holder for incubation in incubating solution 
(NaCl, 126 mM; KCl, 3 mM; Na2HPO4, 1.25 mM; NaHCO3, 25 mM; glucose, 15 mM; sucrose, 
75 mM; MgCl2, 1 mM; CaCl2, 2.5 mM; pH 7.4) at 32°C for 30 minutes. Slices were then 
removed from the water bath and kept at room temperature with continuous oxygenation 
before use. 

IPSCs and EPSCs recordings  

Recordings of IPSCs and EPSCs in pyramidal neurons: Semi-sagittal brain slices were 
transferred to a recording chamber and continuously perfused with oxygenated artificial 
cerebrospinal fluid (ACSF) containing 1 mM MgCl2 and 2.5 mM CaCl2 at a flow rate of 2-5 
mL/min. To block inhibitory synaptic transmission during EPSC recordings, 50 μM strychnine 
and 50 μM picrotoxin were added to the ACSF. Pyramidal neurons were morphologically 
identified using an Axioskop 2 FS mot microscope (Zeiss, Jena, Germany) with a 40x water 
immersion objective and a QuantEM 512SC camera (Photometrics, Tucson, USA). Whole-cell 
membrane currents were recorded using an EPC 10 USB amplifier (HEKA, Lambrecht, 
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Germany), and data acquisition was controlled by Patchmaster software (v2x90.5, HEKA). The 
signals were low-pass filtered at 3 kHz. Patch pipettes with resistances ranging from 7-9 Ω 
were prepared from borosilicate capillaries (outer diameter: 1.5 mm; Sutter, USA) using a 
Micropipette Puller (Model P-97, Sutter Instrument Co., CA). The pipettes were filled with an 
internal solution containing (in mM): 125 cesium gluconate, 20 tetraethylammonium (TEA),  
2 mM MgCl2, 0.5 mM CaCl2, 1 mM EGTA, 10 mM HEPES, and 5 mM Na2ATP (pH = 7.2). 
Spontaneous excitatory (sEPSCs) and inhibitory (sIPSCs) postsynaptic currents in pyramidal 
neurons in the medial prefrontal cortex (mPFC) were recorded for 40 s in voltage-clamp mode, 
with a holding potential of -70 mV and +30 mV, respectively. Only currents exceeding 10 pA 
were analyzed using MATLAB. 

Whole-cell Patch Clamp Recordings of OPCs  

Semi-sagittal slices with a thickness of 300 µm were obtained from mice at postnatal day 11 
to 14 (p11-14). To record GABA-A receptor (GABAAR) currents in OPCs, cells were held at a 
membrane potential of -70 mV in the whole-cell configuration. GABA (Tocris, 100 µM, 56-12-
2) was focally applied to patched OPCs in the presence of CNQX (Tocris, 20 µM, 115066-14-
3) and DAP5 (Tocris, 118876-58-7, 30 µM), Non-competitive picrotoxin (Tocris, 50 µM, 83-79-
4) and the selective GABAAR antagonist SR95503 (Tocris, 20 µM, 104104-50-9), were added 
to the bath solution to verify GABAAR currents. To record GABAergic spontaneous 
postsynaptic currents (sPSCs) of OPCs (OPC-sPSC), CNQX CNQX (Tocris, 20 µM, 115066-
14-3) and DAP5 (Tocris, 118876-58-7, 30 µM) were added to inhibit excitatory signals. To 
improve the signal-to-noise ratio, a Matlab tool, the Savitzky-Golay filter (Sgolay), was used. 
This smoothing technique uses a quadratic polynomial fit over each window of the original 
trace and is particularly effective at fast variations of recorded data. After filtering, currents 
larger than 1 pA were selected for further analysis. In some experiments, carbachol (Tocris, 50 
µM, 51-83-2) was added to stimulate inhibitory neurons.  

Compound action potential recordings  

The compound action potentials in the corpus callosum were recorded as previously described 
by Crawford et al. (2009). A micropipette with 1-3 MΩ resistance was filled with ACSF and used 
to record inward responses elicited by varying the intensity of current-clamp mode stimulus 
pulses (0.2-4.0 mA) at a distance of 1 mm between recording and stimulation electrodes. The 
stimulus duration was 200 μs, and sample sweeps were acquired every 5 seconds. The 
conduction velocity was estimated by changing the distance between recording and stimulation 
electrodes from 2.5 mm to 0.5 mm with a constant stimulus intensity. To improve the signal-to-
noise ratio, at least 15 successive sweeps were averaged. Data analysis was performed using 
Igor Pro 6.3.7.2 (WaveMetrics, Oregon, USA). The experiments were performed at room 
temperature (22-24°C). 

Data analysis  

Data analysis was performed using MATLAB (Mathworks, MA, USA) and custom written 
routines. The evoked EPSCs and IPSCs were manually checked, and the traces from the same 
cells were pooled. The average EPSC/IPSC trace from each cell was used for analysis. 
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Note: The electrophysiology experiments were performed by Dr. Na Zhao. 

9.3.10 EEG Telemetry and Analysis  

Implantation of telemetric EEG transmitters was performed in mice aged between 8-10 weeks 
using a procedure adapted from Bedner and colleagues (Bedner et al. 2015). The animals 
were placed in a stereotaxic frame (Robot Stereotaxic, Neurostar, Tübingen, Germany) and 
depth electrodes were implanted bilaterally, 3.4 mm posterior to bregma and 1.6 mm from the 
sagittal suture. After post-operative care, the cages were placed on individual radio receiving 
plates (DSI PhysioTel® RPC-1, Data Sciences International, St. Paul, USA) for synchronized 
EEG and video recording (MediaRecorder Software, Noldus Information Technology, 
Wageningen, Netherlands) for a period of 24 hours. EEG traces were analyzed using the 
Neuroscore software (Version 3.3.1, Data Sciences International, St. Paul, USA). After 
applying a 50 Hz band stop Notch filter, relative power band values were determined using an 
order 13 fast Fourier transform applied in 10-second epochs and then averaged per hour of 
recording. Statistical analysis was performed using GraphPad Prism 8.0. 

Note: The EEG experiments were performed by Dr. Laura C. Caudal. 

9.3.11 Behavioral analysis 

Behavioral assessments were conducted on a cohort of male and female mice (9 weeks of 
age). To minimize the potential impact of prior testing on subsequent assessments, the order 
of testing was arranged in ascending order of invasiveness. Before each behavioral test, the 
testing chamber or square was thoroughly disinfected with 75 % ethanol to eliminate any 
residual odors. 

9.3.11.1 Nest building test  

The nest building test was conducted following the procedure described previously in (Deacon 
2006). Mice were housed in individual cages in the behavior testing room for a 24-hour 
habituation period. A piece of pressed cotton (7x5 cm2) was placed in each cage. After 14 
hours, the shape and weight of the cotton were recorded and scored using the criteria outlined 
in (Deacon 2006). 

9.3.11.2 Open field test  

The open field test was performed in a square arena in 50 cm (length) x 50 cm (width) x 38 cm 
(height). Each mouse was placed in the center of the arena and allowed to freely move and 
explore for 10 minutes, during which their behavior was recorded using a USB webcam and 
analyzed using EthoVision XT 11.5 (Noldus Technology). The duration of time spent in the 
center area (seconds), total distance traveled (cm), and average speed (cm/s) were calculated 
based on the criteria described in (Seibenhener and Wooten 2015). 
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9.3.11.3 New object recognition test  

New object recognition test was performed by placing two identical objects in opposite corners 
of the apparatus, 8.5 cm from the side walls. Each mouse was allowed to freely explore the 
objects for 10 minutes. After 40 minutes, one of the objects was replaced with a novel one, 
and the mouse was again allowed to explore both objects for 10 minutes. The preference index 
(the sniffing time with object of right or left / total sniffing time with objects) was calculated as 
the percentage of time spent exploring one of the identical objects, relative to the total time 
spent exploring both objects. The recognition index was calculated as the percentage of time 
spent exploring the novel object, relative to the total time spent exploring both objects. 

9.3.11.4 Three chamber social behavior test  

The three-chamber box was used to evaluate social behavior (Kaidanovich-Beilin et al. 2011). 
The box is consisted of three equally sized chambers separated by two walls, each with a 
square door at the bottom center that allowed free movement between chambers. The side 
chambers contained empty wire cages, while the center chamber was empty. The mice were 
first habituated to the center chamber for 10 minutes, followed by a 10-minute habituation 
session with access to all three chambers. During the sociability test, the test mouse was 
placed in the center chamber, while a familiar mouse was housed under the wire cage in one 
of the side chambers, and the other side chamber contained an empty cage. The test mouse 
was then allowed to freely explore all three chambers for 10 minutes. During the social novelty 
test, a novel mouse was placed under the other empty cage, and the test mouse was again 
allowed to explore both familiar and novel mice for 10 minutes. The experiment was recorded 
using a video camera, and the time spent in each chamber and the sniffing time were analyzed. 

9.3.12 Cell culture 

9.3.12.1 Cell line Oli-neu  

The murine OPC cell line Oli-neu (Jung et al. 1995) was kindly provided by Professor 
Jacqueline Trotter (University of Mainz). The cells were cultured in Sato medium, consisting of 
DMEM high glucose medium (Fisher Scientific) supplemented with various growth factors and 
hormones (10 µg/ml transferrin (Sigma), 10 µg/ml insulin (Santa Cruz), 100 µM putrescine 
(Sigma), 200 nM progesterone (Sigma), 500 nM tri-iodo-thyrodine (Sigma), 220 nM sodium 
selenite (Sigma), 520 nM L-thyroxine (Sigma) and 1.5 % normal horse serum (Fisher 
Scientific)), at 37°C and 5% CO2 in poly-L-lysine (Merck) coated flasks or dishes (Greiner Bio 
one). For experiments, 2x105 cells were seeded in a 60 mm Petri dish and treated with or 
without the compound CGP 55845 (50 µM) for 24 hours. The cells were then lysed and 
analyzed via qRT-PCR. The conditioned medium of control cells was collected for further 
neuronal treatment. 

9.3.12.2 Primary culture of cortical neurons 

Primary cortical neurons were isolated from neonatal mice of C57BL/6 strain. The procedure 
began with the dissection of the cortex from the whole brain using ice-cold Earle's Balanced 
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Salt Solution (EBSS; Gibco). The cortex was then subjected to enzymatic digestion using 35 
units of papain (Worthington, NJ) for 45 minutes at 37°C, followed by gentle mechanical 
trituration. Subsequently, 1 x 105 cells were seeded on 25 mm glass coverslips in 24-well 
culture plates for further immunostaining. The glass coverslips were pre-coated with a mixture 
of coating solution consisting of 17 mM acetic acid, poly-D-Lysine (Sigma, P6407), and 
collagen I (Gibco, A1048301). The neurons were cultured in a neurobasal (NBA) medium that 
comprised of 10% fetal calf serum (FCS), 1% penicillin-streptomycin, 1 % GlutaMAX, and 2 % 
B-27 supplement (Gibco) for 7 days at 37°C in a 5 % CO2 incubator prior to experimentation. 

To investigate the effect of TWEAK on the neurons, the conditioned Oli-neu culture medium 
supernatant or Sato medium was added to the NBA medium for the neurons, resulting in a 1:2 
ratio of the conditioned medium to NBA (1 mL per 24-well and 2 mL per 6-well). The cells were 
then collected after 6 hours of culture under different conditions, either with or without the 
TWEAKR inhibitor L524-0366 (Calbiochem, 509374) at a concentration of 20 µM, for further 
analysis. 

Note: The primary neurons culture experiments were performed by Ching-Hsin Lin. 

9.3.13 Image acquisition and analysis 

Brain slices were imaged using the AxioScan.Z1 fully automated slide scanner (Zeiss, Jena) 
and the LSM 710 confocal microscope (Zeiss, Jena). Cell counting was performed in a blinded 
manner using manual techniques with ZEN software (Zeiss, Jena). The lengths of nodes and 
paranodes were measured using the "Straight" tool in Fiji software. vGAT and myelin volume 
were analyzed with Imaris software version 9.6. 

9.3.14 Electron microscopy 

Mice were anesthetized using a ketamine/xylazine solution in 0.9% NaCl (Bayer, Leverkusen, 
Germany) and subjected to intracardial perfusion with buffered heparin (B. Braun, Melsungen, 
Germany) at a concentration of 50 IU/mL. The mice were then perfused with a fixative solution 
of 4 % paraformaldehyde and 0.5 % glutaraldehyde in 0.1M cacodylate buffer and the solutions 
were cooled gradually from 37 °C to ice-cold temperatures. Whole brains were dissected, 
immersed in the fixative solution for 24 hours, and stored in 0.1M cacodylate buffer at 4°C for 
further use. 

For vibratome slicing, the brains were embedded in 10 % gelatin and sliced into 500 µm frontal 
sections using a vibratome (VT1000S, Leica Microsystems, Wetzlar, Germany) at a frequency 
of 80 Hz and 0.1 mm/s speed. The slices were examined using a mouse brain atlas (Franklin 
and Paxinos 2007) to determine the regions of interest and particular brain areas (e.g. corpus 
callosum) were cut out using a scalpel. 

The specimens of different brain regions were prepared for electron microscopy (1975) 
(Glauert 1975). The samples were rinsed in 0.1 M cacodylate buffer, osmicated in 2 % osmium 
tetroxide in 0.1 M cacodylate buffer for 1 hour, washed in distilled water, and dehydrated in 
ascending series of ethanol (70 % to 100 %) and acetone (100 %, water-free). The samples 
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were then embedded in Epon resin (EMS, Hatfield, PA, USA). After polymerization, ultra-thin 
(65 nm) sections were cut using an ultra-microtome (EM UC7, Leica Microsystems, Wetzlar, 
Germany). Ultra-thin sections were contrasted with 5 % lead citrate for 5 minutes, examined 
with a transmission electron microscope (Tecnai G2, FEI, Hillsboro, OR, USA), and randomly 
selected areas were documented with a digital camera (MegaView III, Olympus, Shinjuku, 
Japan). 

9.4 Statistics 

Before statistical analysis, outliers were identified and the Gaussian distribution of the data 
was tested using GraphPad Prism 8. Statistical differences were reported in the figures and 
legends. Each data point in the graphs represents a biological individual, unless specified 
otherwise in the figure legends. The data are presented as the mean ± SEM, except for violin 
plots where the median and quartiles are indicated by thick and thin dashed lines, respectively. 

 

 

Comments of appendix 

Throughout the duration of my PhD studies, I have authored and submitted a review (2023) 
and a pespective (2023) concerning this work (2022) and other associated articles (2023 and 
2021). Kindly find them in appendix. As of now, the review is in press and awaits publication, 
pending its official release. 
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