
Ins$tute of Molecular and Cellular Anatomy 

Head of ins$tute: Prof. Dr. Stefan Britsch  

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

The transcrip-on factor Bcl11b regulates the func-on of adult 

hippocampal mossy fiber synapses through a C1ql2/Nrxn3 

pathway 

 

 
 

Disserta)on 

Submi?ed in par$al fulfillment of the requirements for the degree of “Doctor of 

Philosophy” (PhD) of the Medical Faculty of Ulm University 

 
 
 
 

Efstathia Artemis Koumoundourou 

Born in Kalamata, Greece 

 

 

2023 

 



 
 
 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Current dean of the Medical Faculty:  

Prof. Dr. Thomas Wirth 

 

Current dean of the Interna)onal Graduate School in Molecular Medicine Ulm:  

Prof. Dr. Bernd Knöll  

 

Thesis Advisory CommiAee:  

- First supervisor: Prof. Dr. Stefan Britsch 

- Second supervisor: Prof. Dr. Dennis Kätzel 

- Third supervisor: Prof. Dr. Bernd Heimrich 

 

External reviewers:  

PD Dr. Andrea Wizenmann 

 

Day doctorate awarded:  

19.12.2023 



 
 
 

3 

Adherence to copyright laws in dissertations  

 

Students name: Koumoundourou Efstathia Artemis  

 

Herewith I indicate that parts of the text data, figures, pictures and graphs shown in my 
dissertation were already published in the following journals (please cite the article 
completely):  

- Koumoundourou, A., Rannap M., De Bruyckere, E., Nestel, S., Reißner, C., Egorov, A. V., Liu, 
P., Missler, M., Heimrich, B., Draguhn, A., Britsch, S. (2023). Regula$on of hippocampal 
mossy fiber-CA3 synapse func$on by a Bcl11b/C1ql2/Nrxn3(25b+) pathway. eLife, 
12:RP89854. h?ps://doi.org/10.7554/eLife.89854.1 

Open access article distributed under the terms and conditions of the Creative Commons 
Attribution 4.0 International (CC BY 4.0) License, 
https://creativecommons.org/licenses/by/4.0/ )  

 

I confirm that I own the right to use all text, figures, pictures and graphs in my dissertation.  

 

Text and figures taken from other publications are correctly cited.  

 

 

Date: Ulm, 22.11.23 

  



 
 
 

4 

Acknowledgements 
 

First, I would like to thank Jacqueline Andratschke and Luisa Schmid, not only for their 

excellent technical support, but mainly for the moral support and their friendship (and the 

early breakfast sessions). I would also like to thank Matthias Toberer for saving my laptop 

that one time and mostly for geeking out with me. This long journey wouldn’t have been 

the same without them. I want to offer a big apology to them as well for my nonstop 

complaining in the last stretch of the PhD. 

I would also like to thank Prof. Britsch, as well as past and present members of the Institute 

of Molecular and Cellular Anatomy for the nice times we had together and for their support 

throughout the years, in whatever shape and form it came.  

In addition, I would like to express my gratitude to Bernd Heimrich, who supported me 

above and beyond what is expected of a TAC member and a collaborator. His expertise and 

feedback, as well as his belief in me were crucial to the success of my studies. I would also 

like to thank Sigrun Nestel for her nonstop support with the Electron Microscopy imaging. 

Moreover, I would like to thank Dennis Kätzel for his feedback and his advice on technical 

matters in the initial phase of my PhD. Many thanks to Carsten Reißner and Markus Missler 

for their support with the Neurexin part, their hospitality when I visited their lab and their 

great feedback during our collaboration.  I would also like to thank Julien Guy for teaching 

me how to do stereotaxic surgeries in the very beginning of my PhD. 

Last but not least, I would like to thank all of my friends and family who patiently listened 

to me rant about things they did not necessarily understand and had always had my back. 

 
  



 
 
 

5 

Table of Contents 
 

Abbrevia)ons …………………………………………………………………………………………………………….. 7 

1 Introduc)on ......................................................................................................... 12 

1.1 Synapses ....................................................................................................... 12 
1.1.1 Synap)c diversity and func)on ................................................................. 12 

1.2 Transcrip)onal regula)on of synap)c func)on .............................................. 15 
1.2.1 The transcrip)on factor Bcl11b .................................................................. 16 

1.3 Synap)c organizers ....................................................................................... 17 
1.3.1 The synap)c organizer C1ql2 ..................................................................... 19 

1.4 The hippocampus .......................................................................................... 21 

1.5 The mossy fiber synapses .............................................................................. 23 

1.6 Aim of the study ........................................................................................... 27 
 

2 Materials and Methods ........................................................................................ 28 

2.1 Animals ......................................................................................................... 28 

2.2 Genotyping ................................................................................................... 28 

2.3 Stereotaxic Injec)ons .................................................................................... 30 

2.4 RNA isola)on and quan)ta)ve real-)me PCR ............................................... 31 

2.5 Produc)on of digoxigenin-labeled riboprobes ............................................... 32 

2.6 mRNA in situ Hybridiza)on ........................................................................... 33 

2.7 Western blots ............................................................................................... 35 

2.8 Immunohistochemistry ................................................................................. 36 

2.9 Transmission electron microscopy ................................................................. 38 

2.10 DNA constructs ............................................................................................. 39 

2.11 Structural protein modelling ......................................................................... 39 

2.12 C1ql2 mutagenesis ........................................................................................ 39 

2.13 Primary Hippocampal Cultures ...................................................................... 40 

2.14 HEK293 Cell Culture ...................................................................................... 41 

2.15 Neuronal and HEK293 co-culture and immunostaining .................................. 41 

2.16 Image acquisi)on and analysis ...................................................................... 41 

2.17 Quan)fica)on and sta)s)cal analysis ........................................................... 42 
 
 



 
 
 

6 

3 Results ................................................................................................................. 43 

3.1 Rescue of C1ql2 expression in dentate granule cells of Bcl11b mutants ......... 43 
3.1.1 AAV-mediated reintroduc)on of C1ql2 restores expression level in dentate 

granule cells .............................................................................................. 43 
3.1.2 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants rescues 

synap)c vesicle recruitment at the mossy fiber synapse ............................ 45 
3.1.3 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants rescues 

mossy fiber long-term poten)a)on ........................................................... 51 
3.1.4 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants does not 

rescue loss of mossy fiber synapses and of mossy fiber bouton 
ultrastructural complexity ......................................................................... 53 

3.2 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants increases 
the number of postsynap)c spines containing a spine apparatus .................. 53 

3.3 Overexpression of C1ql2 in dentate granule cells has no effect on mossy fiber 
synapse ......................................................................................................... 56 

3.4 Knock-down of C1ql2 in wild-type dentate granule cells perturbs mossy fiber 
synapse organiza)on and func)on ................................................................ 58 

3.5 C1ql2-Nrxn3(25b+) is required for synap)c vesicle recruitment at the mossy 
fiber synapse ................................................................................................ 62 

3.5.1 C1ql2-Nrxn3(25b+) is required for synap)c vesicle recruitment in vitro ..... 62 
3.5.2 Introduc)on of C1ql2.K262E in dentate granule cells of Bcl11b mutants does 

not rescue synap)c vesicle recruitment at the mossy fiber synapse ........... 67 
3.5.3 Suppression of Nrxn3 expression in dentate granule cells perturbs synap)c 

vesicle recruitment at the mossy fiber synapse ......................................... 72 
 

4 Discussion ............................................................................................................ 76 

4.1 Bcl11b regulates mossy fiber synapse integrity through both C1ql2-dependent 
and -independent mechanisms ..................................................................... 76 

4.2 A novel func)on for C1ql2 at the mossy fiber synapse ................................... 77 

4.3 C1ql2-Nrxn3(25b+) interac)on drives synap)c vesicle recruitment and C1ql2 
targe)ng to the mossy fiber synapse ............................................................. 79 

4.4 Bcl11b/C1ql2/Nrxn3(25b+) in the understanding of neurodevelopmental and 
neuropsychiatric disorders ............................................................................ 82 

4.5 Bcl11b- a regulator of synap)c specifica)on and func)on ............................. 83 
 

5 Summary .............................................................................................................. 85 

6 References ........................................................................................................... 87 

 

  



 
 
 

7 

Abbrevia-ons 

 

AAV  Adeno-associated virus 

AD  Alzheimer’s disease 

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  

ANOVA Analysis of variance 

AP  Alkaline phosphatase 

AZ  Ac$ve zone 

ASD  Au$sm Spectrum Disorders 

Bai3  Brain-specific angiogenesis inhibitor 3 

Bcl11b  B cell leukemia 11b 

BCL11BRD BCL11B Related Disorder 

Bp  Base pairs 

BSA  Bovine serum albumin 

C1ql2  Complement C1q like 2 

C1ql3  Complement C1q like 3 

C1qTNF10 C1q And Tumor Necrosis Factor-Related Protein 10 

CA  Cornu ammonis 

CA10  Carbonic Anhydrase 10 

CA11  Carbonic Anhydrase 11 

CaMKIIa Calcium/calmodulin-dependent protein kinase type II alpha chain 

Cat #  Catalogue number 

Cbln  Cerebelin 

cDNA  Complementary deoxyribonucleic acid 

cKO  Condi$onal knock-out 

CNS  Central nervous system 

CT  Threshold cycle 

C)p2 Chicken ovalbumin upstream promoter transcrip$on factor interac$ng 

protein 2 

DAPI  4',6-Diamidino-2-phenylindole 

DCC  Deleted in colorectal cancer Netrin 1 Receptor 



 
 
 

8 

DEPC  Diethyl pyrocarbonate 

DG  Dentate gyrus 

DGC  Dentate granule cell 

DIG  Digoxigenin 

DIV  Days in vitro 

DNA  Deoxyribonucleic acid 

DRD1  D1 Dopamine receptor 

E  Embryonic day 

EDTA  Ethylenediaminetetraace$c acid 

EGFP  Enhanced green fluorescent protein 

EM  Electron microscopy 

ERT2  Estrogen receptor with high affinity for tamoxifen 

et al.  et alii; and others 

FBS  Fetal bovine serum 

FLRT  Fibronec$n leucine rich transmembrane protein 

g.c.l.  Granule cell layer 

GABA  γ-Aminobutyric acid 

GFP  Green fluorescent protein 

GluA  Glutamate Ionotropic Receptor AMPA Type  

GluD  Glutamate Dehydrogenase 

GluK  Glutamate Ionotropic Receptor Kainate Type 

GS  Goat serum 

GWAS  Genome-wide associa$on studies 

HEK293 Human Embryonic Kidney 293 cells 

HFS  High frequency s$mula$on 

Homer1 Homer Scaffold Protein 1 

HS  Horse serum 

ICC  Immunocytochemistry 

IHC  Immunohistochemistry 

IL-1RAP Interleukin 1 receptor accessory protein 

ISH  In situ hybridiza$on 



 
 
 

9 

KAR  Kainate receptors 

KD  Knock-down 

Lhx  LIM-homeodomain 

LRRTM  Leucine-rich repeat transmembrane protein 

LTP  Long-term poten$a$on 

m.l.  Molecular layer 

m.p.i.  Months post induc$on 

MDGA   MAM Domain Containing Glycosylphospha$dylinositol Anchor 

MEF2  Myocyte Enhancer Factor 2 

MF  Mossy fiber 

MF-LTP Mossy fiber long-term poten$a$on 

MFB  Mossy fiber bouton 

MFS  Mossy fiber synapse 

mGluR  Metabotropic glutamate receptors 

mRNA  Messenger RNA 

MSN  Medium spiny neurons 

nCLP2  Neural C1q-like protein 2 

NDD  Neurodevelopmental disorder 

NMDA  N-methyl-d-aspartate 

Nrxn  Neurexin  

Nrxn3  Neurexin 3 

Nrxn3(25b+) Neurexin 3 containing SS525b sequence  

NS  Non-sense 

ns  Not significant 

o/n  Overnight 

OCT  Op$mal cutng temperature 

P  Postnatal day 

PBS  Phosphate buffer saline 

PCR  Polymerase chain reac$on 

PFA  Paraformaldehyde 

PHC  Post-hoc comparison 



 
 
 

10 

Pr  Release probability 

PSD  Postsynap$c density 

PTPR  Protein Tyrosine Phosphatase Receptor Type 

qPCR  Quan$ta$ve polymerase chain reac$on 

RNA  Ribonucleic acid 

RT  Room temperature 

R)p1  Radia$on-induced tumor suppressor gene 1 

s.l.  Stratum lucidum 

s.l.m.  Startum lacunosum-moleculare 

s.o.  Stratum oriens 

s.p.  Stratum pyramidale 

s.r.  Stratum radiatum 

SA  Spine apparatus 

SALM  Synap$c adhesion-like molecule 

SDS  Sodium dodecyl sulfate 

SEM  Standard error of the mean 

Sema5b Semaphorin 5b 

shRNA  Short-hairpin RNA 

SL  Stratum lucidum 

SliTrk  SLIT And NTRK Like Family Member 

SNP  Single-nucleo$de polymorphism  

SSC  Saline-sodium citrate 

Sub.  Subiculum 

SV  Synap$c vesicles 

SynCam Synap$c cell adhesion molecule 

Synpo  Synaptopodin 

TAM  Tamoxifen 

TBS  Tris-buffered saline 

TEM  Transmission electron microscopy 

TF  Transcrip$on factor 

Tm  Mel$ng temperature 



 
 
 

11 

TrkC  Tropomyosin receptor kinase C 

Unc5  Unc-5 Netrin Receptor 

vGlut1  Vesicular glutamate transporter 1 

WB  Western blot 

WT  Wild type 

  



 
 
 

12 

1 Introduc-on 

 

1.1 Synapses 

 
The synapses are vital structures within the nervous system, serving as the fundamental 

communica$on nodes for neural transmission. As the junc$ons between neurons, they 

enable the transmission of informa$on. Moreover, the complexity and plas$city of the 

synapses, as well as the range of $mescales over which they operate, highlights their ability 

to func$on as computa$onal units within the brain, allowing for learning, memory 

forma$on, and ac$ve informa$on processing (Foster & Sherrington, 1897; Maass & Zador, 

1999; Zador, 2000). Early inves$ga$ons of synap$c transmission resulted in the 

classifica$on of synapses into electrical, in which ions can flow directly from one neuron 

into the next (Benne? & Zukin, 2004), and chemical, in which transmission is mediated by 

a neurotransmi?er. The chemical synapses are the most common synapses in the brain. All 

chemical synapses exhibit the same overall structure. They consist of a presynap$c terminal 

aligned to a postsynap$c specializa$on, separated by a uniform 15-20 nm synap$c cley. 

Upon s$mula$on, synap$c vesicles in the presynapse fuse with the plasma membrane and 

release neurotransmi?ers to the synap$c cley. The neurotransmi?ers then bind to 

receptors on the postsynap$c membrane, leading to excita$on or inhibi$on of the 

postsynap$c neurons, determined by the types of neurotransmi?ers and receptors (Sheng 

et al., 2012). 

 

 

1.1.1 Synap)c diversity and func)on 
 

Despite the main shared rule of synap$c func$on, the synapses are not uniform structures. 

They exhibit a remarkable diversity in their molecular composi$on, morphology, and 

func$onal characteris$cs (Atwood & Karunanithi, 2002; O’Rourke et al., 2012; Reimann et 

al., 2017). Synap$c heterogeneity is a hallmark of complex nervous systems, with different 

synapse types responding differently to pa?erns of neural ac$vity and thereby shaping the 

circuit ac$vity and enabling higher-order cogni$ve func$ons (Orvis et al., 2022; Perez-
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Nieves et al., 2021). Furthermore, the synapses are not sta$c structures. They are inherently 

dynamic and highly plas$c and possess the ability to undergo constant changes. Synapses 

can strengthen or weaken their connec$ons in response to neural ac$vity and experience. 

This enables synapses to encode new informa$on, consolidate memory and adapt to 

evolving environments (Choquet & Triller, 2013; De Roo et al., 2008; Wolff & Missler, 1992).  

The morphological and func$onal diversity of the synapses emerges from the unique 

combina$on of the synap$c proteins and their spa$al organiza$on on a nanoscale level 

(Medeiros et al., 2023; Newman et al., 2022; Nusser, 2018; Zhu et al., 2018). On the other 

hand, synap$c plas$city, and thus the emergence of learning, relies on the reorganiza$on 

of this molecular machinery and the subsequent protein interac$ons (Bocchiaro & 

Feldman, 2004; Hazan & Ziv, 2020; Kirchner et al., 2023; Lautz et al., 2021). The synapses 

contain a number of diverse proteins that underlie establishment, maintenance and 

modula$on of synap$c connec$ons, as well as transmi?er release, ac$va$on, and 

modula$on of transmi?er receptors and signal transduc$on cascades. The synap$c 

proteins are organized in intricate networks and form large complexes. Neuronal 

computa$ons are conducted by these network of interac$ng proteins that mediate 

intracellular signal transduc$on and synap$c modifica$ons. (Bayes et al., 2011; Frank & 

Grant. 2017; Sorokina et al., 2021). Synapses are very sensi$ve to changes in synap$c 

proteins, with even subtle altera$ons in the composi$on, localiza$on or func$on of these 

proteins causing large effects on synap$c func$on. Moreover, similar synap$c molecular 

complexes can emerge from dis$nct rela$ve protein abundances, while quite different 

protein complexes can be formed from almost iden$cal ini$al protein abundances (Kiss-

Toth et al., 2019; Miski et al., 2022; Yang et al., 2014). Therefore, forma$on of synapses that 

are precise, reliable and plas$c requires constant and $ght regula$on of the molecular 

machineries. This regula$on involves mul$ple mechanisms ac$ng with spa$otemporal 

precision on various levels such as transcrip$on, transla$on, protein complex forma$on and 

interac$ons, protein trafficking and subcellular organiza$on (Figure 1; Chen et al., 2017a; 

Frerking & Wondolowski, 2008; Richter & Klann, 2009; Shao et al., 2022).  

Perturba$ons in these regulatory mechanisms can lead to the destabiliza$on of the synapse 

and in altera$ons in synap$c func$on. Synap$c dysfunc$on is increasingly recognized as a 

significant contribu$ng factor in various neurological and neuropsychiatric condi$ons. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/signal-transduction
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Figure 1. Regulatory mechanisms for synapse specifica8on and func8on. The diversity of synapses 

arises from regulatory mechanism controlling gene and protein expression, assembly of proteins 

into complexes and supercomplexes and distribu9on of these supramolecular assemblies into 

synapses (Adapted from Grant, 2019; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

https://creativecommons.org/licenses/by/4.0/
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Altera$ons in the synap$c elements including the pre- and postsynap$c terminals, the 

synap$c cley, and all the surrounding components, such as glial cells and extracellular 

matrix can lead to the manifesta$on of several such disorders, such as au$sm spectrum 

disorder (ASD), Epilepsy, Alzheimer’s Disease (AD) and schizophrenia (Brose et al., 2010; 

Grant, 2012; Guang et al., 2018; Hayashi-Takagi, 2017; Lepeta et al., 2016; Meyah & Gan, 

2023; Spoto et al., 2022). Muta$ons in genes encoding for synap$c proteins that result in 

altered protein levels and/or func$on have been recently associated to a number of 

neurological, neurodevelopmental disorders (NDDs) and neuropsychiatric disorders (Bayes 

et al., 2011; Sudhof 2021; Torres et al., 2017; Wang et al., 2018).  

 

 

1.2 Transcrip)onal regula)on of synap)c func)on 

 
Transcrip$on factors (TFs) have a central role in shaping the molecular composi$on and 

func$onal proper$es of synapses by controlling the expression of genes encoding for 

synap$c proteins crucial for synapse forma$on, func$on, and plas$city. Gene expression of 

synap$c proteins can be divided in three types: synap$c genes expressed in specific cell 

types or cell classes, genes showing a gradient of expression in specific cell classes and 

genes with a similar gradient of expression in all cell types. The unique combinatorial 

expression of these genes defines synap$c func$on (Hannou et al., 2020; Meng et al., 2020; 

Paul et al., 2017; Roig Adam et al., 2023; Valor et al., 2007). Moreover, TFs can act in 

response to neuronal ac$vity. Calcium influx and signaling pathways induced during 

synap$c ac$vity can ac$vate specific transcrip$onal programs, altering gene expression and 

promo$ng synap$c remodeling and plas$city (Chen et al., 2017; Yap & Greenberg, 2018). 

Several TFs crucial for synapse specifica$on and func$on have been already iden$fied. For 

example, TFs from the LIM-homeodomain (Lhx) family, such as Lhx2, are involved in 

specifying glutamatergic synapses. Lhx2 regulates the expression of various genes involved 

in synapse forma$on, including cell adhesion molecules, synap$c scaffolding proteins, and 

neurotransmi?er receptors (Chou & Tole, 2019). Myocyte Enhancer Factor 2 (MEF2) TFs 

have been shown to control expression of a network of synap$c genes that regulate a 

variety of different aspects of synap$c func$on including excitatory synapse weakening, 

excitatory synapse matura$on, inhibitory synapse development and presynap$c vesicle 
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release (Flavell et al., 2008). TFs represent a point of convergence for different disease 

associated risk factors and are thus of high interest for mul$factorial disorders such as NDDs 

and neuropsychiatric condi$ons. Gene$c studies have associated gene$c altera$ons of 

several TFs to such disorders (Santos-Terra et al., 2021). Their mechanisms of ac$on, 

however, remain highly elusive. 

 

 

1.2.1 The transcrip)on factor Bcl11b 

 

B cell leukemia 11b (Bcl11b), also named Radia$on induced tumor suppressor gene 1 (Rit1) 

or Coup-TF interac$ng protein 2 (C$p2), is a Krüppel-like TF that possesses six C2H2 zinc 

finger binding domains (Avram et al., 2000; Sa?erwhite et al., 2001). Bcl11b acts both by 

directly binding to promoter regions and by forming complexes with other proteins that are 

bound on promoter regions and can either repress or ac$vate gene expression (Avram et 

al., 2000; Avram et al., 2002; Cismasiu et al., 2005; Cismasiu et al., 2006). Bcl11b is 

expressed and has been demonstrated to be essen$al for the development and func$on of 

various $ssues and organs, such as T-cells, the skin, teeth and the CNS (Arlo?a et al., 2005; 

Arlo?a et al., 2008; Cai et al., 2017; Enomoto et al., 2011; Golonzhka et al., 2009; Kyrylkova 

et al., 2012; Nikouei et al., 2016; Simon et al., 2012; Wakabayashi et al., 2003). Bcl11b is of 

clinical relevance, as a growing number of individuals with muta$ons in the BCL11B gene 

present with severe deficits inside and outside the nervous system, such as 

immunodeficiency, T-cell-abnormali$es, derma$$s, mental retarda$on, au$s$c features, 

speech impairment and motoric deficits (Che et al., 2022; Eto et al., 2022; Lessel et al., 2018; 

Punwani et al., 2016; Yang et al., 2020; Yu et al., 2023). Moreover, genome-wide associa$on 

studies (GWAS) and animal studies have linked Bcl11b with NDDs, neuropsychiatric and 

neurodegenera$ve disorders characterized by synap$c dysfunc$on, including 

schizophrenia, Hun$ngton’s disease, AD and amyotrophic lateral sclerosis (Ahmed et al., 

2015; Despalts et al., 2008; Kunkle et al., 2016; Lennon et al., 2016; Song et al., 2022; 

Whi?on et al., 2016). 

Bcl11b is highly expressed in the hippocampus in both the developing and the mature brain. 

In the murine hippocampus Bcl11b expression starts in post-mito$c cells of the puta$ve 
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Cornu ammonis 1 (CA1) and 2 (CA2) areas at embryonic day 15 (E15) and extends into the 

dentate gyrus (DG) at E18. Expression in CA1, CA2 and DG con$nues postnatally and 

throughout adulthood (Figure 2; Leid et al., 2004; Simon et al., 2012). In the DG, Bcl11b is 

essen$al for postnatal development and func$on. Forebrain specific abla$on of Bcl11b 

leads to reduc$on in the prolifera$on of the neuronal progenitor cells, cell loss and 

impairments in neuronal differen$a$on (Simon t al., 2012). The DG of the hippocampus is 

one of the two known brain areas with an adult neurogenic stem cell niche. Adult-specific 

abla$on of Bcl11b in the DG of mice impairs the survival, differen$a$on and func$onal 

integra$on of adult born granule cells (Simon et al., 2016). Loss of Bcl11b in both the 

developing and the mature DG reduced the number of thorny excrescences and nega$vely 

affects the learning and memory capaci$es of the animals (Simon et al., 2012; Simon et al., 

2016). Furthermore, the structural and func$onal integrity of the mature mossy fiber 

synapses is perturbed, with Bcl11b mutants presen$ng with a reduced number of mossy 

fiber synapses, loss of ultrastructural complexity of the mossy fiber boutons, 

misorganiza$on of the synap$c vesicles and a drama$c decline in the long-term 

poten$a$on (De Bruyckere et al., 2018). While the role of Bcl11b in the DG has been well 

characterized both in development and in adulthood, the downstream mechanisms 

through which Bcl11b exerts its complex func$ons remain unclear. Transcriptome analysis 

has revealed the deregula$on of several genes associated with synap$c transmission in the 

DG of adult Bcl11b mutant mice, among which the synap$c organizer molecule C1ql2 (De 

Bruyckere et al., 2018). However, the role of C1ql2 as an effector of Bcl11b was not further 

inves$gated. 

 

 

1.3 Synap)c organizers  

 
Among the synap$c proteins controlling synap$c specifica$on and func$on is a group of 

proteins referred to as synap$c organizers. Synap$c organizers are molecules that play a 

pivotal role in guiding the forma$on, matura$on, and maintenance of synapses within the 

nervous system. The synap$c organizers are responsible for the assembly of the ac$ve zone 

and the machinery responsible for the trafficking, the endo- and exocytosis of the synap$c 



 
 
 

18 

vesicles on the presynap$c side, as well as the organiza$on of the neurotransmi?er 

receptors and their anchoring proteins on the postsynap$c side (Shen & Scheiffele, 2010).  

In the last decades many such molecules have been iden$fied (Figure 3; Fox & Umemori, 

2006; Missler et al., 2012). The synap$c organizers are further classified into two categories: 

cell-adhesion molecules and secreted factors. The cell adhesion molecules are 

transmembrane proteins on both the pre- and the postsynap$c side that directly associate 

with their counter partners through extracellular domains (Arikkath & Reichardt, 2008; 

Hruska & Dalva, 2012; Sudhof, 2008; Takahashi & Craig, 2013; Um & Ko, 2013), while the 

secreted synap$c organizers serve as a scaffold between the two sides at the synap$c cley 

(Christopherson et al., 2005; Fukata et al., 2006; Schlimgen et al., 1995; Sudhof, 2017; 

Yuzaki, 2008). Recent gene$c studies have implicated several of these molecules in NDDs 

and neuropsychiatric disorders (Sudhof 2021; Torres et al., 2017; Wang et al., 2018). 

 

Figure 2. Expression of Bcl11b in the adult hippocampus. Bcl11b (red) is expressed by granule cells 

of the dentate gyrus and pyramidal neurons of CA1 and CA2 areas but not by pyramidal neurons of 

the CA3 area. Scale bar: 200 µm. DG: dentate gyrus; CA: Cornu ammonis. (Adapted from 

Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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1.3.1 The synap)c organizer C1ql2 

 
C1ql2 (Complement C1q like 2), also known as C1q And Tumor Necrosis Factor-Related 

Protein 10 (C1qTNF10) and neural C1q-like protein 2 (nCLP2), a member of the C1ql 

subfamily, belongs to the secreted synap$c organizers (Figure 3). The C1ql subfamily 

consists of four proteins, C1ql1-4 that are highly expressed in the CNS, but with differen$al 

expression pa?erns. C1ql2 is expressed predominantly in the dentate granule cells and 

localizes at the synap$c cley between the DG mossy fiber boutons and the thorny 

excrescence of the CA3 pyramidal cells (Iijima et al., 2010; Matsuda et al., 2016; Shimono 

et al., 2010; Yuzaki, 2008; 2017). C1ql2 is comprised by a N-terminal collagen-stalk domain 

and, like all members of the C1q superfamily, by a C-terminal globular C1q domain that 

contains Ca2+-binding sites and is able to form higher order oligomers (Ressl et al., 2015; 

Shimono et al., 2010). 

Biochemical studies have shown that C1ql2 interacts with Bai3, a brain-specific, cell-

adhesion–type G protein-coupled receptor that is involved in synapse development and 

plas$city (Bolliger et al., 2011; Duman et al., 2016). At the mossy fiber synapse, C1ql2 forms 

func$onal heteromers with C1ql3, another member of the C1ql subfamily that is co-

expressed in dentate granule cells, and together they cluster postsynap$c kainate 

receptors. Selec$ve dele$on of either C1ql2 or C1ql3 in mice results in no overt phenotype 

in the hippocampus, while abla$on of both leads to perturba$on of synap$c transmission, 

sugges$ng func$onal compensa$on of the two proteins (Matsuda et al., 2016). Moreover, 

in vitro experiments suggested that at the mossy fiber synapse, C1ql2 interacts with a 

par$cular splice variant of neurexin 3 (Nrxn3) containing the SS525b sequence (Nrxn3(25b+)) 

(Matsuda et al., 2016). Nrxns are one of the best studied groups of cell adhesion molecules 

that act as synap$c organizers and regulate several synap$c proper$es (Reissner et al., 

2013; Sudhof, 2017).  

Recent animal and GWAS studies have associated C1ql2 with NDDs and neuropsychiatric 

condi$ons, such as schizophrenia, addic$on, ASD and psychological distress, highligh$ng 

the importance of this protein (Hugge? & Stallings, 2020a; 2020b; Kim et al., 2019; 

Kisaretova et al., 2023; Marballi et al., 2022; Unroe et al., 2021). 
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Figure 3. Overview of synap8c organizer proteins. Arrows show proteins that physically bind to 

each other.  Red typeface highlights proteins with uncertain pre- versus postsynap9c localiza9on. 

Red circle highlights the C1ql family of secreted synap9c organizers (Adapted from Sudhof, 2017; 

Permission to use and adjust from Elsevier).  
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1.4 The hippocampus  

 

The hippocampal forma$on is a compound structure of the brain, located in the medial 

temporal lobe. It is part of the limbic system with a dis$nct role in memory processing, 

learning, spa$al naviga$on, and emo$ons. The well-established role of the hippocampus in 

such higher cogni$ve func$ons largely relies on its unique anatomical features. It consists 

of three, spa$ally dis$nct areas, the dentate gyrus (DG), the cornu ammonis (CA) and the 

subiculum (Sub). The CA can be further divided in the CA1, CA2 and CA3 subfields. 

Moreover, the hippocampal forma$on is characterized by a highly organized laminar 

morphology and rela$vely simple organiza$on of its principal cell layer and differs from 

other cor$cal regions due to its unidirec$onal informa$on processing (Amaral and Wi?er, 

1989; Andersen et al., 2006).  

The DG is comprised of three dis$nct layers: the outer molecular layer (m.l.), the middle 

granule cell layer (g.cl.), and the inner polymorphic layer or hilus. The granule cell layer 

contains the cell bodies of the principal cells of the structure, the dentate granule cells, 

while the molecular layer is occupied by the dendrites of the dentate granule cells and the 

polymorphic layer, by the mossy fibers, the axonal projec$ons of the dentate granule cells 

(Amaral et al., 2007; Andersen et al., 2006).  On the other hand, the CA is composed of four 

main layers. The stratum pyramidale (s.p.) that contains densely packed pyramidal cells, the 

principal cells of the structure. The basal dendrites of the pyramidal cells extend to the 

outer or infrapyramidal region of CA, the stratum oriens (s.o.), while the apical dendrites 

extend towards the inner or the suprapyramidal region of CA, the stratum radiatum (s.r.) 

and terminate in the stratum lacunosum-moleculare (s.l.m.). Addi$onally, in CA3, but not 

in CA1 or CA2, an extra layer, the stratum lucidum (s.l.), intersects the pyramidal cell layer 

and stratum radiatum. In this layer incoming mossy fibers origina$ng from the dentate 

granule cells make synap$c contacts with CA3 pyramidal cells. The subiculum is an 

anatomical prolonga$on of CA1, characterized by a widening of the cell layer (Figure 4; 

Andersen et al., 2006).  
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Figure 4. Anatomy and circuitry of the hippocampus. The hippocampus is a mul9layered structure 

that consists of three dis9nct areas the dentate gyrus, the cornu ammonis that can be further 

subdivided in three regions and the subiculum. Dentate granule cells (red) that receive synap9c 

input from the entorhinal cortex through the perforant path (brown), extend their axons, the mossy 

fibers, to the CA3 area where they form synapses with CA3 pyramidal neurons (green). CA3 

pyramidal neurons connect through the Schaffer collaterals with CA1 pyramidal neurons (yellow), 

that complete the circuit by projec9ng back to the EC. DG: Dentate gyrus; CA: Cornu ammonis; EC: 

Enthorinal Cortex; Sub.: Subicullum; m.l.: molecular layer; g.c.l: granule cell layer; s.o; stratum 

oriens; s.p.: stratum pyramidale; s.l.: stratum lucidum; s.r.: stratum radiatum; s.l.m.: stratum 

lacunosum-moleculare. Created with BioRender. 

 

 

The main relay of synap$c transmission within the hippocampus, also known as the 

trisynap$c circuit (Figure 4), is comprised of three consecu$ve, excitatory (glutamatergic), 

unidirec$onal synapses (Amaral and Wi?er, 1989; Andersen, 1975). Projec$ons from 

predominantly layer II neurons of the entorhinal cortex transferring sensory informa$on 

enter the hippocampal forma$on through the perforant path and form connec$ons with 

the dendrites of dentate granule cells, making the circuit’s first synapse (Tamamaki and 

Nojyo, 1993; Wi?er, 2007). The dentate granule cells give rise to unmyelinated mossy fibers, 

that innervate the stratum lucidum of CA3 and form synapses with CA3 pyramidal cells, 

named mossy fiber synapses. The mossy fiber synapses comprise the second synapse of the 

trisynap$c circuit (Amaral and Wi?er, 1989; Amaral et al., 2007). From there, the CA3 
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pyramidal cells extend their axons, the Schaffer collaterals, contac$ng CA1 pyramidal cells, 

thereby comple$ng the hippocampal trisynap$c circuit (Szirmai et al., 2012). The CA1 

pyramidal cells project back to the entorhinal cortex either directly or through the 

subiculum (Naber et al., 2001; Wi?er et al., 2000). Within the trisynap$c circuit, 

associa$onal loops, interneuronal feedforward and feedback inhibitory circuits, as well as 

back-projec$ons of the principal cells are present (Andersen et al., 2006, Bartos et al., 2007; 

Elgueta & Bartos, 2019; van Strien et al., 2009). Moreover, the entorhinal cortex also 

projects directly to CA1, 2 and 3 as well as the subiculum (Lopez-Rojas et al., 2022; Wi?er 

et al., 2000). Addi$onally, the hippocampal areas involved in the trisynap$c circuit receive 

direct input from several other regions such as the hypothalamus, the medial septum and 

the brain stem (Amaral et al., 2007; Colom et al., 2005; Pasquier & Reinoso-Suarez, 1978; 

Wyss et al., 1979). 

 

 

1.5 The mossy fiber synapses 

 
In my thesis I focused on the mossy fiber synapses, the connec$ons between the dentate 

granule cells and the CA3 pyramidal cells. Each dentate granule cell extends a single 

unmyelinated axon, the mossy fiber, through the hilus towards the CA3 (Claiborne et al., 

1986). In the hilus the mossy fibers give rise to a number of fine collaterals providing input 

to polymorphic neurons of the area (Buckmaster et al., 1992), while the main axons travel 

through the stratum lucidum forming the suprapyramidal bundle that corresponds to the 

proximal 100 μm of the apical dendrites of CA3 pyramidal cells. In the proximal CA3, mossy 

fibers also run through the stratum oriens forming the infrapyramidal bundle but eventually 

cross through the pyramidal cell layer and enter the stratum lucidum (Blackstad et al., 

1970). In CA3, the mossy fibers establish synapses with both CA3 pyramidal neurons 

through large boutons (4-10 µm) and with GABAergic interneurons through filopodia arising 

from mossy fiber boutons (0.2-2μm) and small “en passant” terminals (0.5-2μm) (Acsády et 

al., 1998; Rollenhagen et al., 2007; Yu and Brown, 1994).  

Each mossy fiber contacts on average 15 CA3 pyramidal cells, while each pyramidal cell is 

in contact with an average of 50 dentate granule cells (Amaral et al., 1990; Pa?on & 

McNaughton, 1995). The mossy fiber synapses are characterized by unique structural 
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features (Figure 5). Each of the large presynap$c mossy fiber boutons engulfs a large mul$-

headed postsynap$c spine, called a thorny excrescence, forming a complex three-

dimensional structure that includes mul$ple synap$c interfaces, called mossy fiber 

synapses (Amaral & Dent, 1981; Chicurel & Harris, 1992). The giant presynap$c boutons 

exhibit dis$nct ultrastructural organiza$on, with a large number of release sites and an 

enormous pool of releasable synap$c vesicles (Chicurel & Harris, 1992; Rollenhagen et al., 

2007). The ac$ve zones, the sites of transmi?er release, are generally characterized by 

asymmetric pre- and postsynap$c densi$es and the widening of the synap$c cley. At mossy 

fiber boutons, ac$ve zones with frequently interrupted pre- and postsynap$c densi$es, as 

well as with one-side perfora$ons or no perfora$ons at all are present. The shape and the 

size of ac$ve zones, as well as the average distance between neighboring ac$ve zones vary 

substan$ally (Rollenhagen et al., 2007). The ac$ve zones are further characterized by the 

accumula$on of synap$c vesicles in the proximity of the presynap$c density. In mature 

mossy fiber boutons, an enormous pool of synap$c vesicles is distributed throughout the 

en$re terminal, with the synap$c vesicles forming clusters of various sizes at the proximity 

of individual ac$ve zones or a number of neighboring ac$ve zones. The synap$c vesicles 

also vary in shape and size, with three types being present at the mossy fiber boutons 

including small clear synap$c vesicles with a mean diameter of approximately 31 nm, a 

small number of large clear vesicles with a mean diameter of approximately 70 nm as well 

as a small number of large dense core vesicles (Henze et al., 2002; Rollenhagen et al., 2007).  

Moreover, mossy fiber synapses func$on through a dis$nct set of transmi?ers and their 

associated receptors. As in most excitatory synapses in the CNS, neurotransmission in the 

mossy fiber synapses is mediated by glutamate (Crawford & Connor, 1973; Sandler & Smith, 

1991). However, other neurotransmi?ers such as g-Aminobutyric acid (GABA) are present 

at the mossy fiber synapses (Sandler & Smith, 1991; Sloviter et al., 1996), as well as 

neuropep$de transmi?ers such as dynorphin, encephalin, cholecystokinin, neuropep$de Y 

and neurokinin-B (Chafez et al., 1995; Chandy et al., 1995; Commons & Miller, 1995; Gall et 

al., 1990; McGuity et al., 1983; Schwarzer & Sperk, 1995). Addi$onally, the mossy fiber 

terminals contain high levels of zinc, that is co-released with glutamate (Budde et al., 1997; 

Wenzel et al., 1997). Postsynap$cally, three types of ionotropic glutamate receptors are 

available, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) sensi$ve 
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receptos, kainate receptors (KARs) and N-methyl-d-aspartate (NMDA) sensi$ve receptors. 

NMDA receptors at the mossy fiber synapses are in smaller quan$$es in comparison to 

other synapses of the CNS (Baude et al., 1995; Cas$llo et al., 1997; Jonas et al., 1993; Siegel 

et al., 1994).  Interes$ngly, KARs are also found at the presynap$c side (Represa et al., 1987; 

Schmitz et al., 2001). In addi$on, metabotropic glutamate receptors (mGluR) are also 

present in both the pre- and the postsynap$c side (Blümcke et al., 1996; Kamiya & Ozawa, 

1999).  

The mossy fiber synapses also exhibit unique transmission and plas$city proper$es, 

possibly related to the structural and molecular determinants of the synapses. Mossy fiber 

synapses are one of the most efficient and temporally precise excitatory synapses in the 

brain, able to undergo substan$al changes in synap$c strength and exhibit paired pulse and 

frequency facilita$on, post tetanic poten$a$on and reliable short-term and long-term 

poten$a$on (LTP) (Salin et al., 1996; Nicoll & Schmitz, 2005). The mossy fiber LTP differs 

from that found in other excitatory synapses, as it has been shown to not depend on NMDA 

receptor ac$va$on (Harris & Cotman, 1986). However, the mechanisms underlying the 

induc$on of mossy fiber LTP remain to a large extent unclear. The involvement of 

postsynap$c mechanisms in the induc$on of mossy fiber LTP has become a topic of 

controversy, with studies suppor$ng a NMDA-independent rise of postsynap$c Ca2+ to have 

a role in the LTP (Bashir et al., 1993; Conquet et al., 1994; Ito & Sugiyama, 1991; Jaffe & 

Johnston, 1990; Urban & Barrionuevo, 1996; Yeckel et al., 1999), while others failed to find 

a link sugges$ng a strictly presynap$c form of LTP (Hsia et al., 1995; Kakegawa et al., 2002; 

Manzoni et al., 1994; Mellor & Nicoll, 2001; Tong et al., 1996; Zalutsky & Nicoll, 1990). KARs 

have been shown to have a role in mossy fiber LTP with conflic$ng results concerning the 

specific subunits involved (Bortolo?o et al., 1999; Breustedt & Schmitz, 2004; Contractor et 

al., 2001).  In contrast to the controversies concerning the induc$on of mossy fiber LTP, it is 

broadly accepted that for the expression of mossy fiber LTP, an increase in the 

neurotransmi?er release that involves presynap$c Ca2+ influx and ac$va$on of the adenyl 

cyclase pathway is essen$al (Breustedt et al., 2003; Dietrich et al., 2003; Huang et al., 1994; 

López-García et al., 1996; Tong et al., 1996; Xiang et al., 1994). 
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Figure 5. Structure of adult mossy fiber bouton. A large mossy fiber bouton (purple) engulfs a mul9-

headed postsynap9c spine (blue). Mul9ple mossy fiber synapses (magenta line: presynapse; grey 

line: postsynapse) can be formed between the two structures. The mossy fiber bouton includes a 

large number of synap9c vesicles (white circles) of various sizes, distributed throughout the whole 

bouton. Synap9c vesicles accumulate (yellow circles) and aHach themselves (magenta circles) at the 

presynap9c ac9ve zone (magenta line). Created with BioRender. 

 

 

In addi$on to its unique structural and func$onal proper$es and its physiological role in 

learning and memory, the mossy fiber synapse has been of scien$fic interest due to its 

frequent implica$on in NDDs, neurodegenera$ve and neuropsychiatric disorders. Studies 

have shown that morphofunc$onal altera$ons in the mossy fiber circuit occur in animal 

models of neurodevelopmental disorders such as Fragile X Syndrome, ASD and Intellectual 

disability (Lanore et al., 2012; Mar$n et al., 2015; Scharkowski et al., 2018; Sgri?a et al., 

2023). Moreover, mouse models of AD presented even on early stages with disrup$on of 

the mossy fiber synapses specifically (Viana de Silva et al., 2019; Wilke et al., 2014). 

Reorganiza$on and altera$ons of the mossy fiber synapses have also been iden$fied in both 

animal models, and human pa$ents of temporal lobe epilepsy (Babb et al., 1991; Mello et 

al., 1993; Sutula et al., 1989; Zhang et al., 2014) and schizophrenia (Abulai$ et al., 2022; 
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Kolomeets et al., 2005; Kolomeets et al., 2007). However, the pathomechanisms driving the 

impairments of mossy fiber synapses in such disorders and their phenotypic readout is not 

yet fully understood. 

 

 

1.6 Aim of the study 

 
Synap$c func$on is directly linked to the molecular composi$on of the individual synapses 

and requires strict and constant transcrip$onal regula$on. Changes in synap$c protein 

expression lead to synap$c dysfunc$on and have been linked to several neurological and 

neuropsychiatric disorders. Understanding the molecular basis of synapses and its 

transcrip$onal regula$on could, thus, aid in the development of synapse-targeted therapies 

for such disorders. Bcl11b, a transcrip$on factor associated with several disorders 

characterized by synap$c dysfunc$on, has been previously shown to play a crucial role in 

the structural and func$onal stability of the mature mossy fiber synapses. The downstream 

regulatory pathways, however, remained unclear. Aim of my work was to iden$fy the 

molecular mechanisms through which Bcl11b regulates the structure and func$on of the 

mature mossy fiber synapses and offer new entry points for the mechanis$c understanding 

of disorders associated with Bcl11b. I first tried to iden$fy transcrip$onal targets of Bcl11b 

that act directly at the mossy fiber synapse. I focused on the synap$c organizer C1ql2, 

previously shown to be a direct transcrip$onal target of Bcl11b at the dentate granule cells 

that is downregulated upon Bcl11b dele$on. I reintroduced C1ql2 in the dentate gyrus of 

mice with an adult-induced Bcl11b dele$on and analyzed whether it was able to rescue the 

Bcl11b-mutant phenotype at the mossy fiber synapses. To further study and to ensure the 

specificity of the C1ql2-dependent func$ons, I knocked-down C1ql2 in the dentate gyrus of 

wild-type mice. To understand how C1ql2 exerts its func$ons on the mossy fiber synapses, 

I inves$gated its interac$on with other synap$c proteins. I focused on a par$cular Neurexin 

3 isoform, Nrxn3(25b+), a previously hypothesized interac$on partner of C1ql2 at the mossy 

fiber synapses. To understand the importance of their interac$on both in vitro and in vivo, 

I interrupted the C1ql2-Nrxn3(25b+) interac$on by expressing a C1ql2 variant that does not 

bind to Nrxn3(25b+) or by dele$ng Nrxn3 in the dentate gyrus granule cells and examined 

the mossy fiber synapse. 
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2 Materials and Methods 

 

2.1 Animals 

 
To study the func$ons of transcrip$onal targets of Bcl11b in the adult DG, mice with 

inducible Bcl11b abla$on were used. Bcl11bflox mice (Li et al., 2010) were crossbred with 

CaMKIIa-CreERT2 (Erdmann et al., 2007). In this model, Cre recombinase that is under the 

control of the forebrain-specific Calcium–calmodulin (CaM)-dependent protein kinase II a 

chain (CaMKIIa) promoter, is fused to a modified mouse estrogen receptor (ERT2). CreERT2 

is maintained in the cytoplasm, and only upon binding of tamoxifen to the estrogen 

receptor can Cre translocate to the nucleus, where it can recombine loxP-flanked DNA 

sequences (Feil et al., 2009). Bcl11bflox/flox; CaMKIIα-CreERT2 (Bcl11b cKO) and Bcl11b+/+; 

CaMKIIα-CreERT2 (controls) were used for the analysis. Bcl11b muta$on was induced at the 

age of 60 days by intraperitoneal injec$on of 2 mg tamoxifen (Sigma Aldrich, Cat #5648; 10 

mg/mL, in 1:9 ethanol/peanut oil, Sigma Aldrich. Cat #P2144) for five consecu$ve days 

(Madisen et al., 2010). Wild-type C57BL/6JRj mice were obtained from Janvier-Labs (Cat 

#2670020). For pan-neurexin knock-out, Nrxn123flox mice (Chen et al., 2017b) were used. 

Animals were kept in a 12:12-h light–dark cycle and at a constant temperature (22 ± 1 °C) 

in individually ven$lated cages. All experiments were performed in accordance with the 

European law and were approved by the government office in Tübingen, Germany (Licenses 

1224.TschB:O, 1517.TschB and o.161-5.TschB:O). 

 

 

2.2 Genotyping 

 
Tissue was collected from ears at postnatal day 21 (P21) or tails post-mortem and digested 

for 2 h at 55 °C with lysis-buffer (100mM Tris pH8.0, 5mM EDTA, 0.2% SDS, 200mM NaCl, 

250 µg Proteinase K). Proteinase K was inac$vated at 97 °C for 10 min and the resul$ng 

DNA solu$on was diluted with 200 μL H2O before being used for genotyping by polymerase 

chain reac$on (PCR) with the appropriate primers (Table 1; Eurofins), according to the 
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protocol (Table 2; FastGene Taq DNA Polymerase: Nippon, Cat #LS21) and thermocycler 

program below (Table 3). 

 

Table 1. List of primers used for genotyping by PCR. 

Gene Primer sequences Allele Size 

Bcl11b 
5'-TGAGTCAATAAACCTGGGCGAC-3' WT 243 bp 
5'-GGAATCCTTGGAGTCACTTGTGC-3' floxed 345 bp 

CamKIIa-
CreERT2 

5'-TCTCCAACCTGCTGACTGTG-3' WT - 
5'-CCAGCATCCACATTCTCCTT-3' Posi$ve band 382 bp 

Neurexin 1 
5’-GTAGCCTGT TTACTGCAGTTCATTCC-3’ WT 200 bp 
5’-CAAGCACAGGATGTAATG GCCTTTC-3’ floxed 350 bp 

Neurexin 2 
5’-CAGGGTAGGGTGTGGAATGAGGTC-3’ WT 200 bp 
5’-GTTGAGCCTCACATCCCATTTGTCT-3’  floxed 350 bp 

Neurexin 3 
5’-AATAGCAGAGGGGTGTGACAC-3’ WT 300 bp 
5’-CGTGGGGTATTTACGGATGAG-3’ floxed 350 bp 

 

 

Table 2. PCR protocol for genotyping. 

PCR protocol 

FastGene 12.5 µL 

Primer 1 (10 µM) 1.25 µL 

Primer 2 (10 µM) 1.25 µL 

DNA 1.0 µL 

H2O 9.0 µL 
 

 

Table 3. Thermocycler programs for genotyping by PCR. 

Bcl11b CamKIIa-
CreERT2 Neurexin 1 Neurexin 2 Neurexin 3 

94oC 2 min 95oC 2 min 94oC 2 min 94oC 2 min 94oC 2 min 
94oC 15 sec 95oC 30 sec 94oC 15 sec 94oC 15 sec 94oC 15 sec 
63oC 30 sec 60oC 60 sec 55oC 30 sec 55oC 30 sec 55oC 30 sec 
72oC 60 sec 72oC 90 sec 72oC 60 sec 72oC 60 sec 72oC 60 sec 

x39 repeats 
from step 2 

x35 repeats 
from step 2 

x30 repeats 
from step 2 

x30 repeats 
from step 2 

x30 repeats 
from step 2 

72oC 7 min 72oC 10 min 72oC 7 min 72oC 7 min 72oC 7 min 
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2.3 Stereotaxic Injec)ons  

 
For the expression of C1ql2 and C1ql3, adeno-associated virus (AAV) vectors expressing 

EGFP-2A-C1ql2 or EGFP-2A-C1ql3 were injected in the DG of 80 days old Bcl11b cKO mice, 

respec$vely. To exclude that any puta$ve observed effects were due to the procedure or 

the AAV itself, Bcl11b cKO and control mice were injected with an AAV vector with the same 

backbone, expressing EGFP only. To knock-down C1ql2 in the adult DG, AAV expressing 4 

short-hairpin RNAs (shRNA) against C1ql2 (4xshC1ql2-EGFP) or control AAV expressing 4 

non-sense (NS) shRNAs (4xshNS-EGFP) was injected in the DG of 60 days old C57BL/6JRj 

mice. For pan-neurexin knock-out in the adult DG, AAV expressing EGFP-Cre or control AAV 

expressing EGFP-CreY324F, an inac$ve Cre (Kla? et al., 2021; Wang et al., 2016), was 

injected in the DG of 60 days old Nrxn123flox/flox mice. All AAVs used in this study (Table 4) 

were produced by the Viral Vector Facility of the Neuroscience Center Zurich on request. 

The four selected non-sense shRNAs and the four shC1ql2 sequences were checked for and 

presented with no off-target bindings on the murine exome with up to two mismatches by 

siRNA-Check (h?p://projects.insilico.us/SpliceCenter/siRNACheck). The mice were 

anesthe$zed with 5% isoflurane and were placed in a mouse stereotaxic apparatus. During 

the en$re procedure, anesthesia was maintained by constant administra$on of 2.2% 

isoflurane. Eye ointment was applied to prevent eyes from drying. Butorphanol and 

Meloxicam (5 µg/g) was administered subcutaneously, as well as local anesthe$c 

Bupivacaine (5 µg/g) subcutaneously at the incision site. Ayer 10 min the head of the 

mouse was shaved and disinfected and an incision was made in the skin. The injec$on sites 

were iden$fied based on preestablished coordinates and a small craniotomy was 

performed for each site. The injector was placed at the individual sites and the viral solu$on 

was injected at 100 nL/min, with a 5-10 min recovery before removing the injector. Ayer 

injec$on at all sites, the incision was sutured and the animal was placed in a heated 

chamber for recovery from anesthesia, ayer which it was returned to its home cage. AAVs 

were injected at three sites per hemisphere with the following coordinates: AP -2 mm; ML 

±1 mm; DV -2 mm. AP -2.5 mm; ML ±1.5 mm; DV -1.8 mm. AP -3.1 mm; ML ±2, DV -2.2 mm 

with Bregma being the star$ng point (AP 0; ML: 0; DV:0). 200 nL of AAV (1e12 vg/mL) were 

injected in each loca$on.  

 

http://projects.insilico.us/SpliceCenter/siRNACheck
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Table 4. List of AAV vectors. 

AAV vector Cat # 

AAV-DJ_8/2-mCaMKIIα-EGFP-WPRE-hGHp(A) v113-DJ/8 

AAV-DJ_8/-2-mCaMKIIa-EGFP_2A_C1QL2-WPRE-hGHp(A)  n/a 

AAV-DJ_8/-2-mCaMKIIa-EGFP_2A_C1QL3-WPRE-hGHp(A)  n/a 

AAV-DJ_8/-2-mCaMKIIa-EGFP_2A_C1QL2.K262E-WPRE-hGHp(A)  n/a 

AAV-8/2-hSynI-chI[4x(m/rshNS)]-EGFP-WPRE-bGHp(A) v668-DJ/8 

AAV-8/2-hSyn1-chI[4xsh(mC1ql2)])-EGFP-WPRE-bGHp(A) n/a 

AAV-DJ_8/2-hSyn1-chI-EGFP_iCre-WPRE-bGHp(A) v750-DJ/8 

AAV-DJ_8/2-hSyn1-chI-EGFP_Cre(Y324F)-WPRE-bGHp(A)  n/a 

 

 

 

2.4 RNA isola)on and quan)ta)ve real-)me PCR  

 
All procedures were performed in an RNase-free environment. Animals were sacrificed 

under deep CO2-induced anesthesia, brains were quickly dissected in ice-cold 1x phosphate 

buffer saline (PBS), cryopreserved in 20% sucrose overnight (o/n) at 4 °C, embedded in 

op$mal cutng temperature (OCT) compound (Polysciences Inc., Cat. Nr. 19636) and stored 

at -80 °C. 20 μm thick coronal sec$ons were prepared with a cryostat and collected on UV-

treated, and 0.05% poly-L-lysine (Sigma Aldrich, Cat #P8920)-coated membrane-covered 

PEN slides (Zeiss, Cat. Nr. 415190-9041-000). The sec$ons were fixed for 1 min in ice-cold 

70% EtOH, incubated for 45 sec in 1% cresyl violet acetate solu$on (Waldeck) and washed 

for 1 min each in 70% EtOH and 100% EtOH. The sec$ons were then briefly dried on a 37 

°C warming plate and immediately processed.  The granule cell layer of the DG was isolated 

by laser capture microdissec$on (Zeiss, Axio Observer Z 2.1 with PALM Microbeam and 

RoboMover, and PALM RoboSoyware 4.6.) and collected in adhesive cap tubes (Zeiss, Cat 

#415190-9211-000). RNA was isolated from the collected $ssue using the RNeasy Micro Kit 

(Qiagen, Cat #74004) and reverse transcribed using the SensiFAST cDNA Synthesis Kit 

(Bioline, Cat #BIO-65053) according to the supplier’s protocol. Quan$ta$ve real-$me PCR 

(qPCR) was performed using the LightCycler DNA Master SYBR Green I Kit (Roche Molecular 
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Systems Inc., Cat #04707516001) according to the supplier’s protocol, with 1 µL cDNA and 

1 µL of each primer (10 µM; Table 5) in a LightCycler 480 System (Roche Molecular Systems 

Inc., Cat #05015278001) with an adapted program (Table 6). The rela$ve copy number 

of Gapdh RNA was used for normaliza$on. Data were analyzed using the 

compara$ve CT method (Schmi?gen & Livak, 2008).  

 

 

Table 5. List of primers for qPCR. 

Gene Sequence Tm (oC) 

C1ql2 
5’-TTGGCAATCACTACGACCCC-3’ 

58 
5’-CCCGAGAACGTGCTGTACTT-3’ 

C1ql3 
5’-AGTTCACCTGCTCCATACCG-3’ 

58 
5’-CTAGCACGCACCTGGTTG-3’ 

Neurexin 3 
5’-TGCCACCTGAAATGTCTACC-3’ 

54 
5’-ATCTGACGTGGGCTGAATG-3’ 

Gapdh 
5’-GAGTTGCTGTTGAAGTCGCA-3’ 

54-58 
5’-TGGAGAAACCTGCCAAGTATG-3’ 

 

 

 

2.5 Produc)on of digoxigenin-labeled riboprobes 

 
The plasmids containing the target sequences (previously constructed by colleagues) were 

linearized with corresponding restric$on enzymes (New England Biolabs) at the 5’ end of 

the sequence. The linearized DNA was purified with the Nucleospin Gel and PCR Clean-up 

Kit (Macherey-Nagel, Cat #740609) according to the supplier’s protocol. 1 µg of the 

linearized plasmid was used as a template for in vitro transcrip$on with a suitable RNA 

polymerase (T7/Sp6; Roche, Cat #10881767001 & #10810274001 respec$vely) and 

digoxigenin (DIG) RNA labeling Mix (Roche, Cat #11277073910) according to the supplier’s 

protocol. The produced RNA was immediately purified ayer the end of the reac$on with 

the RNeasy MinElute Cleanup-Kit (Qiagen, Cat #74204) according to the supplier’s protocol. 
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The DIG-labeled RNA products were eluted in equal parts of RNase free H2O and formamide 

(Merck, Cat # 1096841000) and stored at -80°C.  

 

 

Table 6. LightCycler program for qPCR.  

Program Name pre-incuba9on 

Cycles 1 Analysis Mode None 

Target 
(oC) 

Acquisi8on 
Mode 

Hold 
(hh:mm:ss) 

Ramp Rate 
(oC/s) 

Acquisi8ons 
(per oC) 

Sec Target 
(oC) 

Step size 
(oC) 

Step Delay 
(cycles) 

95 None 00:10:00 4.40  0 0 0 

Program Name amplifica9on 

Cycles 45 Analysis Mode Amplifica9on 

Target 
(oC) 

Acquisi8on 
Mode 

Hold 
(hh:mm:ss) 

Ramp Rate 
(oC/s) 

Acquisi8ons 
(per oC) 

Sec Target 
(oC) 

Step size 
(oC) 

Step Delay 
(cycles) 

95 None 00:00:10 4.40  0 0 0 

Tm None 00:00:10 2.20  0 0 0 

72 Single 00:00:10 4.40  0 0 0 

Program Name pre-incuba9on 

Cycles 1 Analysis Mode Quan9fica9on 

Target 
(oC) 

Acquisi8on 
Mode 

Hold 
(hh:mm:ss) 

Ramp Rate 
(oC/s) 

Acquisi8ons 
(per oC) 

Sec Target 
(oC) 

Step size 
(oC) 

Step Delay 
(cycles) 

95 None 00:00:05 4.40  0 0 0 

65 None 00:01:00 2.20  0 0 0 

97 Con9nious  0.11 5 0 0 0 

Program Name cooling 

Cycles 1 Analysis Mode None 

Target 
(oC) 

Acquisi8on 
Mode 

Hold 
(hh:mm:ss) 

Ramp Rate 
(oC/s) 

Acquisi8ons 
(per oC) 

Sec Target 
(oC) 

Step size 
(oC) 

Step Delay 
(cycles) 

40 None 00:00:30 2.20  0 0 0 

 

 

 

2.6 mRNA in situ Hybridiza)on 

 
Animals were sacrificed under deep CO2-induced anesthesia, brains were dissected quickly, 

collected in ice-cold 1x PBS, fixed for 4 h in 4% paraformaldehyde (PFA; AppliChem GmbH, 
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Cat #A3813) in 1x PBS at 4 °C and cryopreserved in 20% sucrose in 1x PBS o/n at 4 °C. The 

next day the brains were embedded in OCT compound and stored at -80 °C. Coronal 

sec$ons were prepared at 14 μm with a cryostat, collected on Superfrost™ Plus glass slides 

(Thermofisher Scien$fic, Cat #J1800AMNT) and stored at -80 °C. Before staining, the 

sec$ons were thawed at room temperature (RT) for 30 min, fixed in 4% PFA in Diethyl 

pyrocarbonate (DEPC)-treated (1:1000; BioChemica, Cat #A0881) 1x PBS (PBSDEPC) for 5 min 

at RT and then washed 3x 5 min in 1x PBSDEPC, followed by a 5 min wash with H2ODEPC for 5 

min at RT. The slides were placed in acetyla$on buffer (1.5% v/v triethanolamine, 0.15% v/v 

HCl 37%, 0.25% v/v ace$c anhydride in H2ODEPC) for 10 min at RT, washed in H2ODEPC for 5 

min at RT and then placed in 6x Saline-sodium citrate buffer (SSC)/formamide (1:1; 20x SSC: 

3M NaCl, 0.3M triNaCitrat-Dihydrate pH 7.0) for 2h at RT. Shortly before use, hybridiza$on 

solu$on was prepared by adding 3 µL of DIG-labeled an$sense riboprobe, respec$vely, in 

150 µl Hybridiza$on mix per slide, heated for 5 min at 80 °C and placed for 2 min on ice. 

Once hybridiza$on solu$on was applied to the sec$ons, they were covered with cleaned 

(100% ETOH) glass coverslips (Marienfeld-Superior, Cat #0107222). The slides were 

transferred in a hybridiza$on chamber containing 6x SSC/formamide (1:1) and incubated 

o/n at 65 °C. The next day the slides were submerged in prewarmed 5x SSC and placed in a 

water bath at 65 °C for 10 min to remove the coverslips and were then placed in 4x 

SSC/formamide (1:1) for 45 min at 65 °C. Ayerwards the slides were transferred in NTE 

buffer (10mM Tris HCl pH 7.6, 1mM EDTA, 500mM NaCl) for 1 h at 37 °C, and then in 1x 

SSC/formamide (1:1) for 45 min at 65 °C. The sec$ons were washed for 5 min at RT with 

0,5x SSC, followed by 3x 5 min with TBS (0.1M Tris HCl pH 7.6, 150mM NaCl). The sec$ons 

were blocked with 10% goat serum (GS; Thermo Fisher Scien$fic Inc, Cat #16010-072) in 

TBS for 60 min at RT and were then incubated o/n at 4 °C with an$-DIG-AP An$body 

(1:2000; Roche Molecular Systems Inc., Cat #11093274910) in TBS containing 10% GS. The 

next day, sec$ons were washed 3x 10 min with TBS at RT and then placed in alkaline 

phosphatase (AP) Buffer (100mM Tris HCl pH 9.5, 50mM MgCl2, 100mM NaCl) for 10 min at 

RT. Finally, the sec$ons were submerged in the filtrated AP solu$on containing 0.45% v/v 4-

Nitro blue tetrazolium chloride (Roche Molecular Systems Inc., Cat #11383213001) and 

0.35% v/v 5-Brom-4-chlor-3-indolyl-phosphate (Roche Molecular Systems Inc., Cat 

#11383221002) and kept in dark at RT un$l signal development. The sec$ons were washed 
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with H2O for 5 min, fixed with 4% PFA in 1x PBS and washed again with H2O mul$ple $mes. 

Slides were mounted with Shandon Immu-Mount (Thermofisher Scien$fic, Cat #9990402) 

and covered with glass coverslips.  

 

 

2.7 Western blots 

 
Animals were sacrificed under deep CO2-induced anesthesia, brains were dissected quickly 

and collected in ice-cold 1x PBS. Hippocampi from freshly removed brains were dissected 

in ice-cold 1x PBS, collected in Lysis Buffer (50mM Tris pH 7.5, 150mM NaCl, 0.5% sodium 

deoxycholate, 1% triton-X100, 0.1% SDS) and manually homogenated. Samples were 

centrifuged for 25 min at 13200 rpm at 4 °C and the supernatant was collected. Protein 

concentra$on was calculated with Bradford assay. Briefly, 30 µL of 6 different dilu$ons (0 

mg/mL, 0.05 mg/mL, 0.1 mg/mL, 0.2 mg/mL, 0.25 mg/mL and 0.3 mg/mL) of BSA Standard 

(Interchin, Cat #UP36859D) were prepared along with 30 µL of protein suspension diluted 

1:50 in H2O and were mixed with 750 µL Bradford Reagent (Sigma Aldrich, Cat #B6916) 

each. Ayer 5 min incuba$on each sample was loaded in triplets of 250 µL on a 96-well plate. 

Spectroscopic analysis was done with SpectraMax i3x Mul$-Mode Microplate Reader 

(Molecular Devices) and protein concentra$on of the individual samples was calculated 

based on the BSA Standards. Once protein concentra$on was determined, protein 

suspension containing 40 µg of protein was mixed 1:1 with 2x Sodium dodecyl sulfate (SDS) 

loading dye (62.5mM Tris, 10% Glycerol, 5% b-mercaptoethanol, 80mM SDS, 1.5mM 

bromophenol blue), boiled at 95 °C for 5 min, separated by SDS-PAGE and 

electrophore$cally transferred onto PVDF membranes (Merck, Cat #IPVH00010). 

Membranes were blocked with 5% skim milk (Sigma Aldrich, Cat #70166) in TBS (50mM Tris 

HCl pH 7.6, 150mM NaCl) containing 0.1% Tween-20 (TBS-T; Sigma Aldrich, Cat #P7949) and 

were incubated o/n at 4 °C with primary an$bodies (Table 7) diluted accordingly in TBS-T 

containing 2.5% milk. The following day membranes were washed 3x 5 min with TBS-T and 

were then incubated with Peroxidase-conjugated secondary an$bodies (Table 8). 

Membranes were washed 6x 5min with TBS-T and incubated for 1 min with Pierce ECL 

Western Blotng Substrate (ThermoScien$fic, Cat #32209).  Signal was detected with 
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ChemiDoc Imaging System (BioRad, Cat #12003153) and analyzed with Image Lab Soyware 

(BioRad, Cat #110000076953). Protein signal was normalized with the signal of b-ac$n.  

 

 

2.8 Immunohistochemistry  

 
For immunohistochemistry on fixed $ssue, animals were sacrificed under deep CO2-induced 

anesthesia, brains were dissected quickly, collected in ice-cold 1x PBS, fixed for 4 h in 4% 

PFA in 1x PBS at 4 °C and cryopreserved in 20% sucrose in 1x PBS o/n at 4 °C. The next day 

the brains were embedded in OCT and stored at -80 °C. Coronal sec$ons were prepared at 

14 μm with a cryostat, collected on Superfrost Plus glass slides and stored at -80 °C. Before 

staining the sec$ons were thawed at RT for 30 min and rehydrated 3x 5min with 1x PBS. 

Sec$ons were covered with 10mM citrate buffer (pH 6.0) and heat-induced an$gen retrieval 

was performed for 2 min in a steamer.  Ayer a 2 min cool-down period, sec$ons were 

washed with 1x PBS for 5 min and permeabilized 2x 5 min with 1x PBS containing 0.1% 

Triton®-X100 (0,1% PBT-X; AppliChem, Cat #A4975).  Sec$ons were blocked for 1h with 10% 

horse serum (HS; Thermofisher Scien$fic, Cat #26050088) in 0,1% PBT-X at RT and then 

incubated o/n at 4 °C with primary an$bodies (Table 7) in 0,1% PBT-X containing 5% HS. The 

following day the sec$ons were washed 3x 10 min with 0,1% PBT-X and then incubated for 

90 min at RT with fluorophore-conjugated secondary an$bodies (Table 8) and 4',6-

Diamidino-2-phenylindole (DAPI; 1:5000; Invitrogen, Cat #D1306) in 0,1% PBT-X containing 

5% HS. Finally, the sec$ons were washed 3x 5 min with 0,1% PBT-X and rinsed in milliQ-H2O. 

Slides were mounted with Shandon Immu-Mount and covered with glass coverslips.  

For immunohistochemistry on unfixed $ssue, animals were sacrificed under deep CO2-

induced anesthesia, brains were dissected quickly, collected in ice-cold 1x PBS and 

cryopreserved in 20% sucrose in 1x PBS o/n at 4 °C. The next day the brains were embedded 

in OCT compound and stored at -80 °C. Coronal sec$ons were prepared at 14 μm with a 

cryostat, collected on Superfrost Plus glass slides and stored at -80°C. Before staining, the 

sec$ons were thawed at RT for 30 min, fixed with 4% PFA in 1x PBS for 20 min, washed 3x 

10 min with 1x PBS, permeabilized with 0.2% PBT-X for 2 h at RT and blocked with 10% fetal 

bovine serum (FBS; Sigma Aldrich, Cat #12133C) in 0.1% PBT-X for 1 h at RT. Sec$ons were 

then incubated o/n at 4 °C with primary an$bodies (Table 7) in 0,1% PBT-X containing 5% 
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FBS. The following day the sec$ons were washed 3x 10 min with 0,1% PBT-X and then 

incubated for 90 min at RT with fluorophore-conjugated secondary an$bodies (Table 8) and 

DAPI (1:5000) in 0,1% PBT-X containing 5% FBS. Finally, the sec$ons were washed 3x 5 min 

with 0,1% PBT-X and rinsed in milliQ-H2O. Slides were mounted with Shandon Immu-Mount 

and covered with glass coverslips. 

 

 

Table 7. List of Primary an8bodies. 

Targeted 
molecule Host Applica8on Dilu8on Company Cat # 

β-ac9n Mouse WB 1:5000 Sigma A5441 

Bcl11b Guinea pig IHC (fixed) 1:1000 Charles 
Rivers 

Custom; 
Simon et al., 

2012 

C1ql2 Rabbit 

IHC 
(fixed&unfixed) 1:1000 

Invitrogen PA5-63504 
WB 1:500 

C1ql2 Rabbit 

IHC 
(fixed&unfixed) 1:500 

Sigma HPA057934 
WB 1:500 

C1ql3 Rabbit IHC (fixed) 1:500 Biozol bs-9793R 

GFP Chicken 
IHC (fixed) 1:2000 

Sigma Ab13970 
ICC 1:2000 

Homer1 Guinea pig IHC (unfixed) 1:250 Synap9c 
Systems 160004 

Myc-tag Rabbit ICC 1:1000 Abcam ab9106 

Synaptopodin Rabbit IHC (unfixed) 1:250 Synap9c 
Systems 163002 

vGlut1 Guinea pig ICC 1:250 Synap9c 
Systems 35311 

vGlut1 Mouse IHC (unfixed) 1:100 Synap9c 
Systems 135304 

ZnT3 Rabbit IHC (unfixed) 1:250 Synap9c 
Systems 197003 
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2.9 Transmission electron microscopy 

 
Animals were sacrificed by CO2-inhala$on and quickly perfused transcardially with 0.9% 

NaCl for 1 min followed by a fixa$ve solu$on containing 1.5% glutaraldehyde (Carl Roth 

GmbH, Cat #K028.2) and 4% PFA in 0.1M PB pH 7.2 for 13 minutes. Brains were dissected 

and placed in fixa$ve solu$on for 4 h at 4 °C, washed 6x 10 min with 0.1M PB pH 7.2 and 

immerged in 0.1M PB containing 0.05% NaN3.  The brains were then sent to Prof. Dr. Bernd 

Heimrich and Sigrun Nestel at the Ins$tute of Anatomy and Cell Biology, Albert-Ludwigs-

University, Freiburg (Germany), where ultrathin sec$ons of 60 nm were prepared, stained 

with lead citrate and imaged using the transmission electron microscope LEO 906 (Zeiss) 

with the sharp-eye 2k CCD camera. Images were processed with ImageSP (Tröndle, 

Germany). Measurements for the perimeter, area, number of contac$ng postsynap$c 

spines, number and length of synap$c profiles, number and number of folds of postsynap$c 

SA were taken. Synapse score (De Bruyckere et al., 2018) was calculated according to the 

following criteria: 0-5 vesicles above the ac$ve zone = 0; 5-20 vesicles = 1; small group of 

vesicles ( ≤ 200000 nm2) with distance between density and closest vesicle > 100 nm = 2; 

small group of vesicles ( ≤ 200000 nm2) with distance between density and closest vesicle 

≤ 100 nm = 3; big group of vesicles ( > 200000 nm2) with distance between density and 

closest vesicle ( > 100 nm) = 4; big group of vesicles ( > 200000 nm2) with distance between 

density and closest vesicle ≤ 100 nm = 5. Vesicles with a distance £ 5 nm from the plasma 

membrane were considered docked (Vandael et al., 2020; Kusick et al., 2022). 

 

 

Table 8. List of Secondary an8bodies 

Descrip8on Dilu8on Company Cat # 

Alexa Fluor® 488-AffiniPure Donkey An9-Chicken IgY (IgG)  1:500 Dianova 703-545-155 

Cy™3-conjugated AffiniPure Donkey An9-Guinea Pig IgG 1:500 Dianova 706-165-148 

Cy™3-conjugated AffiniPure Donkey An9-Mouse IgG 1:500 Dianova 715-165-151 

Cy™3-conjugated AffiniPure Donkey An9-Rabbit IgG 1:500 Dianova 711-165-52 

Cy™5-conjugated AffiniPure Donkey An9-Guinea Pig IgG 1:500 Dianova 706-175-148 

Peroxidase-AffiniPure Donkey An9-Mouse IgG  1:500 Dianova 715-035-150 

Peroxidase-AffiniPure Donkey An9-Rabbit IgG  1:500 Dianova 711-035-152 
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2.10 DNA constructs 

 
C1ql2 was cloned from mouse cDNA and ligated in pGEM-Teasy (Promega, Cat. #A1360) by 

Jaqueline Andratschke. For expression of C1ql2, C1ql2-pGEM-Teasy was used as template. 

C1ql2 was cloned, a 6xHis-myc tag was added to the N-terminus, a stop codon was 

introduced directly ayer C1ql2 and the construct was ligated into the pSecTag2A vector 

(Invitrogen, Cat # V90020) in frame with the N-terminal IgK signalling sequence. The same 

strategy was used for the assembly of the expression vector for C1ql2.K262E ayer the 

mutagenesis (see sec$on 2.13). pSecTag2A was used for control experiments. pSyn5-GFP-

Nrxn3a(25b+), pSyn1-NLS-GFP-Cre and pSyn1-NLS-GFP-CreY324F were provided by Dr. 

Carsten Reißner and Prof. Dr. Markus Missler, Ins$tute of Anatomy and Molecular 

Neurobiology, University of Münster, Münster (Germany). 

 

 

2.11 Structural protein modelling  

 
The modelling of C1ql2 was done with the help of Dr. Carsten Reißner from the Ins$tute of 

Anatomy and Molecular Neurobiology, University of Münster, Münster (Germany). The 

crystal structure of trimeric C1q-domains of mouse C1ql2 (Ressl et al., 2015) was used and 

an electrosta$c surface map of the trimer was calculated using APBS (Jurrus et al., 2018). 

Poten$al electrosta$c binding sites to splice insert 25b of Nrxn3α were predicted. The 

K262E muta$on was introduced using FoldX (foldxsuite.crg.eu) and was chosen in order to 

generate a nega$vely charged surface that would poten$ally be repulsive to Nrxn3α 

binding. Final models were visualized with PyMOL (pymol.org). 

 

 

2.12 C1ql2 mutagenesis 

 
For the introduc$on of the K262E point muta$on, C1ql2-pGEM-Teasy was used as template. 

Primers were designed with NEBaseChanger (h?p://nebasechanger.neb.com/) (For: 5’-

agaaCTGGACGGCGGGAAGGCT-3’; Rev: 5’-acgtaGACTTCATCGCCTGAATCCAGGTG-3‘, 
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Eurofins), and muta$on was introduced with the Q5 Site-Directed Mutagenesis Kit (New 

England Biolabs, Cat. #E0554S) according to the manufacturers protocol. 

 

 

2.13 Primary Hippocampal Cultures 

 
Hippocampi were dissected from P0 mice in HBSS media (Gibco, Cat #14170-088) and 

transferred on ice in tubes containing HBSS. Once all pups were dissected, the hippocampi 

were washed 3x with HBSS and then digested for 15 min with HBSS containing 0.1% Trypsin 

(Gibco, Cat #15090046) in a water bath at 37 °C. The hippocampi were transferred in new 

tubes containing prewarmed at 37°C MEM media (Gibco, Cat #31095-029) supplemented 

with 0.6% glucose, 10% FBS, 1% penicillin/streptomycin (Gibco, Cat # 15140122). 4 U/mL 

DNaseI (Invitrogen, Cat #18047019) was added and the $ssue was triturated with a polished 

Pasteur pipe?e. Cells were seeded at 1.5x105 cells/mL on poly-L-Lysin (Sigma-Aldrich, Cat 

#P2636) precoated coverslips placed inside 12-well plates (Sarsted, Cat #83.3921300). 

Cultures were kept at 37 °C under 5% CO2 atmosphere. Ayer 3 h the pla$ng media was 

replaced with growth medium containing Neurobasal A (Gibco, Cat #10888-022) 

supplemented with 2% B27 (Gibco, Cat #17504044), 2mM L-Glutamine (Gibco, Cat 

#25030149), 1% penicillin/streptomycin, 1% N2 (Gibco, Cat #A1370701) and 0.005% NGF 

(Gibco, Cat #13290010). The day of pla$ng was considered as 0 days in vitro (DIV). At DIV3 

and DIV7, 80% of the medium was exchanged with fresh growth medium. At DIV9 the 

medium was exchanged with penicillin/streptomycin-free growth medium and at DIV10 

neurons were transfected using Lipofectamine 2000 (Invitrogen, Cat #11668030). A total of 

200 µL transfec$on mix per well was prepared by first mixing 100 µL Op$-MEM (Gibco, Cat 

#31985062) with 4 µL Lipofectamin 2000 in one tube and 100 µL Op$-MEM with 3 µg DNA 

in a different tube. Ayer 5 min both volumes were combined and the mixture was incubated 

for 20 min at RT. The transfec$on mix was then added dropwise to the neurons. Ayer 3 h 

of incuba$on, the medium was exchanged with fresh growth medium. 
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2.14 HEK293 Cell Culture 

 
Human embryonic Kidney (HEK) 293 cells (ATCC, Cat #PTA-4488) were maintained in DMEM 

(Gibco, Cat # 31966047) supplemented with 10% FBS and 1% penicillin/streptomycin at 37 

°C under 5% CO2 atmosphere. 1 day before transfec$ons medium was exchanged with 

penicillin/streptomycin-free medium. Cells were transfected using Lipofectamine 2000 

according to the supplier’s instruc$ons on the same day the neurons were transfected. Cells 

were incubated for at least 24 h before being used in co-culture experiments. 

 

 

2.15 Neuronal and HEK293 co-culture and immunostaining 

 
Transfected HEK293 cells were washed, dissociated with 0.25% Trypsin, washed and 

resuspended in neuronal growth medium. 15x103 cells were added in each well containing 

DIV11 transfected neurons. HEK293 cells were co-cultured with the hippocampal primary 

neurons 2 days (DIV13 for neurons) before proceeding with immunostaining. Coverslips 

with cultured neurons and HEK293 cells were first fixed with 4% PFA in 1x PBS for 10 min at 

4 °C, then washed 3x with 1 mL 1x PBS and blocked with 10% HS in 0.1% PBT-X for 1 h at RT. 

The cells were incubated o/n at 4 °C with primary an$bodies (Table 7). The next day the 

cells were washed 3x 5 min with 1x PBS and incubated for 90 min at RT with fluorophore-

conjugated secondary an$bodies (Table 8) and DAPI (1:5000) in 0,1% PBT-X containing 5% 

HS. Cells were washed 3x 5 min with 1x PBS, rinsed with milliQ-H2O and mounted on glass 

slides with Shandon Immu-Mount. 

 

 

2.16 Image acquisi)on and analysis 

 
Sec$oned hippocampal $ssue used for mRNA in situ Hybridiza$on was examined and 

imaged with a DMI6000B microscope (Leica), equipped with a DFC425 C camera (Leica), 

and using Leica Applica$on Suite V3 Soyware (Leica). Images were acquired with a 20x 

objec$ve. Sec$oned hippocampal $ssue stained with fluorescent probes was examined 

with a TCS SP5II confocal microscope (Leica) using LAS-X soyware (Leica). Overview images 
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of the hippocampus were acquired with a 20x objec$ve. Images for synapse numbers 

quan$fica$on were acquired with a 40x objec$ve at x2 zoom. Images for C1ql2 fluorescence 

intensity quan$fica$on were acquired with a 40x objec$ve. Acquisi$on setngs were kept 

constant for every sample and condi$on. ROI selec$on, intensity measurements and image 

processing were done on Fiji (Schindelin et al., 2012). HEK293 cells co-cultured with primary 

neurons were examined and imaged with a TCS SP8 confocal microscope (Leica) using LAS-

X soyware. Images were acquired with a 40x objec$ve at 4x zoom, with constant acquisi$on 

setngs for every sample and condi$on. The images were analyzed on Fiji. Transfected 

HEK293 cells were masked and the area of each mask covered by the chosen stain was 

measured.  

 

 

2.17 Quan)fica)on and sta)s)cal analysis 

 
Data analysis was conducted blind to the experimental treatment. Sta$s$cal analysis and 

graph genera$on was done using Python 3. If samples met the criteria for normality, two-

tailed unpaired t-test to compare two groups and one-way ANOVA for mul$ple groups were 

used. For non-normally distributed data, Mann-Whitney u-test was used. Two-way ANOVA 

was used for examining the influence of two different categorical independent variables. 

For significant ANOVAs, a post hoc Tukey’s mul$ple-comparisons (Tuckey’s PHC) test to 

compare groups (structural and expression data) or a post hoc Bonferonni’s comparison 

test (electrophysiological data) was used.  Data are presented as mean±SEM. Significance 

levels were set as indicated in figures: ns, not significant; *p<0.05; **p<0.01; ***p<0.001.  
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3 Results 

 

3.1 Rescue of C1ql2 expression in dentate granule cells of Bcl11b mutants  

 

3.1.1 AAV-mediated reintroduc)on of C1ql2 restores expression level in dentate granule 

cells  

 
In the present study, I used Bcl11bflox/flox; CamKIIaCreERT2 mice that offer a tamoxifen-

inducible, forebrain-specific, condi$onal knock-out (cKO) of Bcl11b and were previously 

described in De Bruyckere et al. (2018). To study the mossy fiber synapses (MFS) ayer adult 

abla$on of Bcl11b, tamoxifen was administered for 5 consecu$ve days to 2 months old 

Bcl11b cKO mice and control li?ermates. Previous work from our group has shown that the 

synap$c organizer C1ql2 is a direct transcrip$onal target of Bcl11b in the adult dentate 

granule cells (DGCs). Upon Bcl11b dele$on, C1ql2 expression is downregulated (De 

Bruyckere et al., 2018). Two months post muta$on induc$on (m.p.i.) C1ql2 transcript levels, 

as seen with mRNA ISH on hippocampal sec$ons and quan$fied by quan$ta$ve real-$me 

PCR (qPCR; Figure 6a-b; Control: 1±0.308; Bcl11b cKO: 0.129±0.003, mean±SEM;), and 

protein levels, as seen with immunostainings (Figure 6c) were significantly reduced 

(Koumoundourou et al., 2023).  To test whether C1ql2 is also a func$onal target of Bcl11b 

at MFS, I reintroduced C1ql2 in the DGCs of Bcl11b cKOs by stereotaxically injec$ng an 

adeno-associated virus (AAV) expressing GFP and C1ql2. I then examined the MFS for 

poten$al improvement of the Bcl11b mutant phenotype that included loss of MFS, loss of 

ultrastructural complexity of mossy fiber boutons (MFBs), misdistribu$on of synap$c 

vesicles (SVs) and loss of long-term poten$a$on (LTP) (De Bruyckere et al., 2018).  To 

exclude that any observed changes in the MFS was due to the stereotaxic surgeries or the 

virus, I injected into the DG of both control and Bcl11b cKO mice an AVV with the same 

backbone, expressing only GFP (Figure 7; Koumoundourou et al., 2023). AAVs were injected 

2 weeks ayer Bcl11b KO induc$on, a $me interval sufficient to allow for the Bcl11b mutant 

phenotype to develop (De Bruyckere et al., 2018). The brains were examined 6 weeks post 

transduc$on. AAV-mediated expression of C1ql2 in the DG of Bcl11b cKOs fully restored 

C1ql2 protein levels (Figure 8a-b; Control+EGFP: 1±0.216, Bcl11b cKO+EGFP: 0.2±0.023, 



 
 
 

44 

Bcl11b cKO+EGFP-2A-C1ql2: 2.44±0.745, mean±SEM; Koumoundourou et al., 2023). 

Expression pa?ern of exogenous C1ql2 was similar to that observed in control animals, with 

C1ql2 localizing at the cell bodies of DGCs and at the stratum lucidum (SL) of CA3, where 

the MFS are located (Figure 8c; Koumoundourou et al., 2023). To ensure that exogenous 

C1ql2 was targeted to the MFS, I performed immunohistological stainings for the vesicular 

glutamate receptor 1 (vGlut1) and Homer scaffold protein 1 (Homer1), that serve as 

markers for pre- and postsynapse respec$vely, and could verify that all three proteins 

colocalized (Figure 8d; Koumoundourou et al., 2023).  

 

 

 

Figure 6. C1ql2 expression in hippocampus upon Bcl11b abla8on. a) mRNA in situ hybridiza9on of 

C1ql2 on hippocampal sec9ons. Scale bar: 200 µm. b) Quan9fica9on of C1ql2 mRNA levels in DGCs.  

n=4. All data are presented as means; error bars indicate SEM. Unpaired t-test. *p=0.03. c) 

Hippocampal sec9ons stained for C1ql2 (cyan) and Bcl11b (magenta). Scale bar: 200 µm. (Adapted 

from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

https://creativecommons.org/licenses/by/4.0/
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3.1.2 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants rescues 

synap)c vesicle recruitment at the mossy fiber synapse 

 

Bcl11b cKOs are characterized by misdistribu$on of SVs, with a smaller number of SVs 

localizing in the vicinity of the ac$ve zones (AZs; De Bruyckere et al., 2018). I used 

transmission electron microscopy (TEM) to study the distribu$on of SVs in proximity to the 

AZs. A scoring system was used for ra$ng synapses based on the number of SVs and their 

distance from the AZ within the readily releasable pool margins, with higher in score 

corresponding to more vesicles in closer proximity to the AZ (De Bruyckere et al., 2018). The 

injec$on of the EGFP-expressing AAV had no effect on the previously observed phenotype 

(Figure 9; Koumoundourou et al., 2023). Reintroduc$on of C1ql2 in Bcl11b cKO DGCs was 

able to fully rescue the SV distribu$on to control values, as revealed by the average synapse 

score (Figure 9a-b; Control+EGFP: 3.4±0.012, Bcl11b cKO+EGFP: 2.96±0.037, Bcl11b 

cKO+EGFP-2A-C1ql2: 3.47±0.043, mean±SEM; Koumoundourou et al., 2023). By analyzing 

the rela$ve frequency of the individual synapse scores, I was able to show that Bcl11b 

abla$on led to an increase in the number of inac$ve synapses characterized by a synapse 

score of 0 and reduc$on of the number of SVs in close proximity to the AZs revealed by a 

shiy to smaller synapse scores. C1ql2 reintroduc$on restored both the number of ac$ve 

synapses as well as increased the size of the SV pool localizing in close proximity to the 

ac$ve synapses (Figure 9c; Koumoundourou et al., 2023).  

 

 

Figure 7. Experimental design for C1ql2 expression rescue. a) Animal model and chronograph of 

treatments for induc9on of Bcl11b muta9on, AAV injec9on and brain analysis. b) AAV constructs 

used for rescue of C1ql2 expression and control vectors.  TAM: Tamoxifen. (Adapted from 

Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/


 
 
 

46  



 
 
 

47 

Figure 8. AAV-mediated expression of C1ql2 in Bcl11b cKO DGCs restores C1ql2 levels and 

expression pa]ern. a) Western blot and b) quan9fica9on of C1ql2 protein levels in hippocampal 

homogenates. n=3. All data are presented as means; error bars indicate SEM. Two-way ANOVA and 

Tuckey’s PHC. Bcl11b cKO+EGFP-2A-C1ql2 vs. Bcl11b cKO+EGFP: *p=0.015; Bcl11b cKO+EGFP-2A-

C1ql2 vs. Bcl11b cKO+EGFP-2A-C1ql3: *p=0.019; ns, not significant. c) Hippocampal sec9ons stained 

for C1ql2 (cyan), GFP (green) and Bcl11b (red). Scale bar 200 µm. d) Images from SL of CA3 stained 

for C1ql2 (cyan), vGlut1 (magenta) and Homer1 (yellow). Arrowheads indicate colocaliza9on of all 

three proteins. Scale bar: 15 µm. (Adapted from Koumoundourou et al., 2023; Published under CC 

BY 4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

 

 

It was previously shown that C1ql2 acts at the MFS together with C1ql3, another member 

of the C1ql-subfamily. Condi$onal dele$on of either C1ql2 or C1ql3 had no overt phenotype 

at the MFS, while dele$on of both resulted in dysfunc$on of the MFS sugges$ng the two 

proteins to have compensatory func$ons (Matsuda et al., 2016). To that end I examined the 

expression levels of C1ql3 in my system. qPCR and immunohistochemistry revealed that 

expression of C1ql3 was unaltered in Bcl11b cKOs, revealing that Bcl11b controls the 

transcrip$on of specifically C1ql2 but not C1ql3 (Figure 10; Control+EGFP: 1±0.022, Bcl11b 

cKO+EGFP: 1.09±0.126, Bcl11b cKO+EGFP-2A-C1ql2: 0.87±0.146, mean±SEM; 

Koumoundourou et al., 2023). To inves$gate whether C1ql2 specifically was regula$ng the 

SV distribu$on in a Bcl11b cKO background, I overexpressed C1ql3 in the DG of Bcl11b cKOs 

(Figure 7; Koumoundourou et al., 2023) and tested whether the excess amount of C1ql3 

could compensate for the func$on of C1ql2 and rescue the SV distribu$on. Overexpression 

of C1ql3 did not alter expression of C1ql2 (Figure8b-c; Bcl11b cKO+EGFP-2A-C1ql3: 

0.29±0.042, mean±SEM; Koumoundourou et al., 2023). Moreover, C1ql3 overexpression in 

Bcl11b cKO DGCs had no effect on the average synapse score of MFS (Figure 9; Bcl11b 

cKO+EGFP-2A-C1ql3: 2.97±0.062, mean±SEM; Koumoundourou et al., 2023).  

To further understand the role of C1ql2 in the recruitment of SVs at the MFS, I quan$fied 

the number of docked vesicles on the AZs. Docking is the process during which the vesicle 

and pre-synap$c membrane line up in a fusion-ready state. Here, only SVs with a distance 

≤ 5 nm from the plasma membrane were considered docked (Kusick et al., 2022; Vandael  

https://creativecommons.org/licenses/by/4.0/
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Figure 9. Reintroduc8on of C1ql2 in Bcl11b cKO DGCs rescues synap8c vesicle distribu8on. a) 

Electron microscope images of MFS (white bar, presented on the postsynap9c side) and the SVs 

distributed in the proximity of the AZ. Scale bar: 100 nm. b) Average synapse score. Control+EGFP, 

n=3; Bcl11b cKO+EGFP, Bcl11b cKO+EGFP-2A-C1ql2, Bcl11b cKO+EGFP-2A-C1ql3, n=4. Two-way 

ANOVA and Tuckey’s PHC. Control+EGFP vs. Bcl11b cKO+EGFP: ***p=0.0002, and vs. Bcl11b 

cKO+EGFP-2A-C1ql3: ***p=0.0003; Bcl11b cKO+EGFP-2A-C1ql2 vs. Bcl11b cKO+EGFP and vs. Bcl11b 

cKO+EGFP-2A-C1ql3: ***p<0.0001; ns, not significant. c) Rela9ve frequency of synapse scores. 

(Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

 

et al., 2020). Condi$onal dele$on of Bcl11b significantly reduced the number of docked 

vesicles per 100 nm of AZ at the MFS when compared to control animals, with both a shiy 

in the number of docked vesicles towards lower values and an increase in the number of 

AZs with no docked vesicles (Figure 11a-c; Koumoundourou et al., 2023). Reintroduc$on of 

C1ql2 fully restored the number of docked vesicles to control levels, while overexpression 

of C1ql3 did not change this Bcl11b mutant phenotype (Figure 11a; Control+EGFP: 

0.53±0.098, Bcl11b cKO+EGFP: 0.24±0.038, Bcl11b cKO+EGFP-2A-C1ql2: 0.51±0.049, Bcl11b 

https://creativecommons.org/licenses/by/4.0/


 
 
 

49 

cKO+EGFP-2A-C1ql3: 0.26±0.041, mean±SEM; Koumoundourou et al., 2023). As larger 

vesicles could poten$ally carry and release larger amounts of glutamate, I further measured 

the diameter of the docked vesicles but found no difference upon Bcl11b abla$on or ayer 

C1ql2 reintroduc$on (Figure 11d; Control+EGFP: 36.39±1.75, Bcl11b cKO+EGFP: 

35.18±1.13, Bcl11b cKO+EGFP-2A-C1ql2: 36.35±1.01, Bcl11b cKO+EGFP-2A-C1ql3: 

36.65±0.1, mean±SEM; Koumoundourou et al., 2023). 

 

  

 

Figure 10. C1ql3 expression in DGCs is not altered by Bcl11b cKO. a) Hippocampal sec9ons stained 

for C1ql3 (red) and GFP (green). Scale bar 200 µm. b) Quan9fica9on of C1ql3 mRNA levels in DGCs. 

Control+EGFP, Bcl11b cKO+EGFP, Bcl11b cKO+EGFP-2A-C1ql2, n=4; Bcl11b cKO+EGFP-2A-C1ql3, n=3. 

All data are presented as means; error bars indicate SEM. Two-way ANOVA. ns, not significant. 

(Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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Figure 11. Reintroduc8on of C1ql2 in Bcl11b cKO DGCs rescues synap8c vesicle docking. a) Number 

of docked vesicles per 100 nm AZ profile length. Control+EGFP, Bcl11b cKO+EGFP-2A-C1ql3, n=3; 

Bcl11b cKO+EGFP, Bcl11b cKO+EGFP-2A-C1ql2, n=4. All data are presented as means; error bars 

indicate SEM. Points represent the individual examined AZs and SVs, respec9vely. Two-way ANOVA 

and Tuckey’s PHC. Control+EGFP vs. Bcl11b cKO+EGFP: *p=0.024, and vs. Bcl11b cKO+EGFP-2A-

C1ql3: *p=0.045; Bcl11b cKO+EGFP-2A-C1ql2 vs. Bcl11b cKO+EGFP: *p=0.026, and vs. Bcl11b 

cKO+EGFP-2A-C1ql3: *p=0.049. b) Cumula9ve and c) rela9ve frequency of the number of docked 

vesicles per 100 nm AZ profile length. d) Diameter of docked vesicles. Control+EGFP, Bcl11b 

cKO+EGFP-2A-C1ql3, n=3; Bcl11b cKO+EGFP, Bcl11b cKO+EGFP-2A-C1ql2, n=4; Two-way ANOVA. ns, 

not significant. (Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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3.1.3 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants rescues mossy 
fiber long-term poten)a)on 

 
Bcl11b is essen$al for mossy fiber long-term poten$a$on (MF-LTP), with adult-induced KO 

of Bcl11b leading to a drama$c decline in the MF-LTP (De Bruyckere et al., 2018). To test 

whether C1ql2 has also a role in the MF-LTP expression, LTP was measured upon 

reintroduc$on of C1ql2 in the DGCs of Bcl11b cKOs. All LTP experiments and relevant data 

analyses were performed as part of this study by Märt Rannap from the group of Prof. Dr. 

Andreas Draguhn at the Ins$tute of Physiology and Pathophysiology, Heidelberg University. 

LTP was induced at mossy fibers on acute slices with a high-frequency s$mula$on (HFS). 

Reintroduc$on of C1ql2 two weeks ayer Bcl11b muta$on induc$on completely restored 

the LTP at all $me intervals to control levels (Figure 12; 0-10 min: Control+EGFP: 90.4±7.2,  

Bcl11b cKO+EGFP: 106.1±10.8, Bcl11b cKO+EGFP-2A-C1ql2: 86.5±7.4, 10-20 min: 

Control+EGFP: 42.7±3.6, Bcl11b cKO+EGFP: 39.5±4.6, Bcl11b cKO+EGFP-2A-C1ql2: 

49.4±5.9, 20-30 min: Control+EGFP: 52.5±7.6, Bcl11b cKO+EGFP: 24.8±3.2, Bcl11b 

cKO+EGFP-2A-C1ql2: 47.2±5.7, 30-40 min: Control+EGFP: 50.1±7.3, Bcl11b cKO+EGFP: 

20.3±3.7, Bcl11b Control+EGFP: 52.5±7.6, Bcl11b cKO+EGFP: 24.8±3.2, Bcl11b cKO+EGFP-

2A-C1ql2: 47.2±5.7, 30-40 min: Control+EGFP: 50.1±7.3, Bcl11b cKO+EGFP: 20.3±3.7, 

Bcl11b cKO+EGFP-2A-C1ql2: 44.9±5.3, mean±SEM; Koumoundourou et al., 2023). C1ql3 

overexpression in Bcl11b cKO DGCs did not improve the MF-LTP expression at any $me-

interval highligh$ng the specificity for this C1ql2 func$on as well (Figure 12; 0-10 min: 

Control+EGFP: 90.4±7.2, Bcl11b cKO+EGFP-2A-C1ql3: 104.2±9.9, 10-20 min: Control+EGFP: 

42.7±3.6, Bcl11b cKO+EGFP-2A-C1ql3: 44.4±5.7, 20-30 min: Control+EGFP: 52.5±7.6, Bcl11b 

cKO+EGFP-2A-C1ql3: 29.0±2.3, 30-40 min: Control+EGFP: 50.1±7.3, Bcl11b cKO+EGFP-2A-

C1ql3: 22.6±2.4, mean±SEM; Koumoundourou et al., 2023). 
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Figure 12. Reintroduc8on of C1ql2 in Bcl11b cKO DGCs rescues long-term poten8a8on. a) 

Representa9ve fEPSP traces showing baselines before HFS (black), fEPSP changes 30-40 min auer 

HFS (cyan) and following the applica9on of 3 µM DCG-IV (red). b) Time course of fEPSP slopes. The 

black arrow indicates HFS and the dashed line the baseline level. c) Quan9fica9on of fEPSP 

facilita9on at four different 9me intervals auer HFS. Changes in fEPSP slope are shown as percentage 

of the mean baseline fEPSP. Control+EGFP, n=7; Bcl11b cKO+EGFP, Bcl11b cKO+EGFP-2A-C1ql3, n=8; 

Bcl11b cKO+EGFP-2A-C1ql2, n=6; All data are presented as means; error bars indicate SEM. One-

way ANOVA followed by Bonferroni’s PHC for each 9me interval. 20-30 min: Control+EGFP vs. Bcl11b 

cKO+EGFP: **p=0.002, and vs. Bcl11b cKO+EGFP-2A-C1ql3: *p=0.011; Bcl11b cKO+EGFP-2A-C1ql2 

vs. Bcl11b cKO+EGFP: *p=0.023; 30-40 min: Control+EGFP vs. Bcl11b cKO+EGFP: ***p<0.001, and 

vs. Bcl11b cKO+EGFP-2A-C1ql3: **p=0.002; Bcl11b cKO+EGFP-2A-C1ql2 vs. Bcl11b cKO+EGFP: 

*p=0.01 and vs. Bcl11b cKO+EGFP-2A-C1ql3: *p=0.0523; ns, not significant. (Adapted from 

Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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3.1.4 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants does not rescue 

loss of mossy fiber synapses and of mossy fiber bouton ultrastructural complexity 

 
Condi$onal dele$on of Bcl11b in adult DGCs was shown to lead to progressive reduc$on in 

the number of MFS and loss of the characteris$c structural complexity of MFBs (De 

Bruyckere et al., 2018). I, therefore, tested whether re-expression of C1ql2 could also rescue 

these Bcl11b mutant phenotypes. The number of the MFS was determined by the 

colocaliza$on of the pre- and postsynap$c markers for glutamatergic synapses, vGlut1 and 

Homer1 respec$vely, at the SL of CA3 (this quan$fica$on was performed by Dr. De 

Bruyckere). Reintroduc$on of C1ql2 in Bcl11b cKO DGCs did not reverse nor slow down the 

loss of MFS that was on the same level as observed in Bcl11b cKOs (Figure 13a; 

Control+EGFP: 90.65±8.25, Bcl11b cKO+EGFP: 60.68±4.62, Bcl11b cKO+EGFP-2A-C1ql2: 

56.84±6.99, mean±SEM; Koumoundourou et al., 2023). Furthermore, the structural 

complexity of the MFBs, quan$fied as the ra$o of the MFB perimeter to the corresponding 

area on TEM images, did not change upon rescue of C1ql2 expression (Figure 13b-c; 

Control+EGFP: 0.0051±0.00031, Bcl11b cKO+EGFP: 0.0042±0.00014, Bcl11b cKO+EGFP-2A-

C1ql2: 0.0037±0.00021, mean±SEM; Koumoundourou et al., 2023). 

 

 

3.2 Reintroduc)on of C1ql2 in dentate granule cells of Bcl11b mutants increases the 

number of postsynap)c spines containing a spine apparatus 

 
During the examina$on of MFS with TEM, I also analyzed the contac$ng postsynap$c spines 

for possible changes in their structure. I quan$fied the number of all contac$ng spines and 

of invaginated spines per MFB, the surface area covered by the spines, the number of 

postsynap$c densi$es (PSDs) per MFB and the length of the PSDs, but found no difference 

in Bcl11b cKO upon injec$on of control or C1ql2-expressing virus when compared to control 

mice (Figure 14; Spines/MFB: Control+EGFP: 5.59±0.3, Bcl11b cKO+EGFP: 5.63±0.56, Bcl11b 

cKO+EGFP-2A-C1ql2: 5.54±0.23; Invaginated spines/MFB: Control+EGFP: 3.89±0.3, Bcl11b 

cKO+EGFP: 3.55±0.42, Bcl11b cKO+EGFP-2A-C1ql2: 3.14±0.33; Average spine surface: 

Control+EGFP: 209±12 x103, Bcl11b cKO+EGFP: 217±8 x103, Bcl11b cKO+EGFP-2A-C1ql2: 

237±10 x103; PSD/MFB: Control+EGFP: 5.57±0.25, Bcl11b cKO+EGFP: 6.21±0.2, Bcl11b 
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cKO+EGFP-2A-C1ql2: 6.45±0.38; PSD length: Control+EGFP: 166±4, Bcl11b cKO+EGFP: 

156±3, Bcl11b cKO+EGFP-2A-C1ql2: 168±6,  mean±SEM).  

 

 

Figure 13. Reintroduc8on of C1ql2 in Bcl11b cKO DGCs does not rescue loss of mossy fiber 

synapses and mossy fiber bouton complexity. a) vGlut1 and Homer1 double posi9ve puncta in 

selected CA3 SL ROIs. n=3. All data are presented as means; error bars indicate SEM. Two-way 

ANOVA and Tuckey’s PHC. Control+EGFP vs. Bcl11b cKO+EGFP: *p=0.047, and vs. Bcl11b cKO+EGFP-

2A-C1ql2: *p=0.029. b) Electron microscopy images of MFBs (purple) and contac9ng postsynap9c 

spines (yellow). Scale bar: 500 nm. c) MFB perimeter-to-area ra9o. n=5. All data are presented as 

means; error bars indicate SEM. Two-way ANOVA and Tuckey’s PHC. Control+EGFP vs. Bcl11b 

cKO+EGFP: *p=0.035, and vs. Bcl11b cKO+EGFP-2A-C1ql2: **p=0.0014; ns, not significant. (Adapted 

from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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Figure 14. Reintroduc8on of C1ql2 in Bcl11b cKO DGCs has no effect on the number and size of 

contacted spines and the number and size of postsynap8c densi8es. a) Average number of spines 

in contact with a single MFB. b) Average number spines invaginated by a single MFB. c) Average 

surface area of spines in contact with MFBs. d) Average number of PSDs per MFB. e) Average length 

of MFS PSDs. For all measurements: Control+EGFP, Bcl11b cKO+EGFP-2A-C1ql2: n=6; Bcl11b 

cOK+EGFP: n=5. All data are presented as means; error bars indicate SEM. Two-way ANOVA. ns, not 

significant. 

 

 

Interes$ngly, I observed differences in the postsynap$c spine apparatus (SA) of Bcl11b cKOs 

upon reintroduc$on of C1ql2. The SA is a specialized form of smooth endoplasmic re$culum 

that is found in subpopula$ons of mature dendri$c spines of cor$cal and hippocampal 

neurons (Spacek & Harris, 1997) and has been suggested to act as a reservoir 

of neurotransmi?er receptors (Racca et al., 2000), have a role in local protein synthesis and 

trafficking (Pierce et al., 2000) and to regulate intraspinal calcium (Segal et al., 2010). 

Reintroduc$on of C1ql2 in Bcl11b cKO DGCs resulted in an increase in the number of the 

spines in contact with MFBs containing a SA compared to control animals. Importantly, 
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abla$on of Bcl11b did not show changes in the number of contac$ng spines containing a 

SA compared to controls. Overexpression of C1ql3 showed no effect on the number of 

spines containing a SA (Figure 15a-b; Control+EGFP: 10.54±1.83, Bcl11b cKO+EGFP: 

13.7±1.7, Bcl11b cKO+EGFP-2A-C1ql2: 18.38±1.92, Bcl11b cKO+EGFP-2A-C1ql3: 11.4±1.96, 

mean±SEM). Moreover, the SA of Bcl11b cKOs with a rescued C1ql2 expression presented 

with a tendency for increased complexity, quan$fied as the percentage SA with ³ 3 dense 

plates, that was however not sta$s$cally significant. Bcl11b cKOs did not show any changes 

in the SA complexity compared to controls. Furthermore, C1ql3 overexpression in Bcl11b 

cKO DGCs had no effect on the SA complexity (Figure 15c; Control+EGFP: 6.53±1.49, Bcl11b 

cKO+EGFP: 8.65±1.92, Bcl11b cKO+EGFP-2A-C1ql2: 15.4±3.93, Bcl11b cKO+EGFP-2A-C1ql3: 

8.5±2.93, mean±SEM). Synaptopodin (Synpo), an ac$n binding protein, is an essen$al 

component of the SA (Deller et al., 2010). To further corroborate that C1ql2 re-expression 

had an effect on postsynap$c SA, I quan$fied the fluorescent intensity of Synpo at selected 

ROIs at the SL of CA3. Reintroduced C1ql2 in Bcl11b cKO DGCs tended to increase, however 

not significantly, the amount of Synpo at the postsynap$c spines of the DG-CA3 connec$ons 

compared to control and Bcl11b cKO animals. No effect on Synpo fluorescence intensity was 

observed upon Bcl11b cKO (Figure 15d-e; Control+EGFP: 30.95±4.2 x103, Bcl11b cKO+EGFP: 

30.39±2.74 x103, Bcl11b cKO+EGFP-2A-C1ql2: 36.22±1.9 x103, mean±SEM).  

 

 

3.3 Overexpression of C1ql2 in dentate granule cells has no effect on mossy fiber 

synapse 

 
As reintroduc$on of C1ql2 in Bcl11b cKO DGCs was able to reverse the SV misdistribu$on 

observed upon Bcl11b abla$on, I wanted to test whether overexpression of C1ql2 at MFS 

of animals with a control background could lead to further increase in the recruitment of 

SV to the proximity of AZs. To do so, I injected C1ql2-expressing AAV in the DG of control 

animals and compared them to controls receiving the AAV expressing only EGFP. 

Overexpression of C1ql2 did not affect the SV distribu$on, with the average synapse score 

reaching similar levels to controls (Figure 16a; Control+EGFP: 3.4±0.02, Control+EGFP-2A-

C1ql2: 3.41±0.03, mean±SEM; Koumoundourou et al., 2023). 
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Furthermore, C1ql2 overexpression did not affect the postsynap$c SA with the number of 

spines contac$ng MFBs that contain a SA and the complexity of the SA remaining similar to 

that in control animals (Figure 16b-c; Spines with SA: Control+EGFP: 9.79±1.68, 

Control+EGFP-2A-C1ql2: 13.1±1.33; SA complexity: Control+EGFP: 6.53±1.49, 

Control+EGFP-2A-C1ql2: 6.63±2.48, mean±SEM). As expected, C1ql2 overexpression had no 

effect on the number of MFS and the complexity of MFBs (Figure 16d-e; Synapse number: 

Control+EGFP: 90.65±8.25, Control+EGFP-2A-C1ql2: 77.92±5.49; MFB complexity: 

Control+EGFP: 0.0048±0.00045, Control+EGFP-2A-C1ql2: 0.0043±0.00028, mean±SEM). 

 

 

 
Figure 15.  Reintroduc8on of C1ql2 in Bcl11b cKO DGCs affects the postsynap8c spine apparatus. 

a) Electron microscopy images of postsynap9c spines (borders marked with yellow line) contac9ng 

a MFB that contain a SA. Dense plates of SA highlighted with red lines. Scale bar: 150 nm. b) 

Percentage of spines in contact with MFBs containing a SA. n=5. All data are presented as means; 

error bars indicate SEM. Two-way ANOVA with Tuckey’s PHC. Control+EGFP vs. Bcl11b cKO+EGFP-

2A-C1ql2: *p=0.039. c) Percentage of SA with ³ 3 dense plates. n=5. All data are presented as means; 

error bars indicate SEM. Two-way ANOVA. d) Confocal images of the SL of CA3 immunostained for 

Synaptopodin. Scale bar: 5 µm. e) Intergrated density of Synaptopodin fluorescence. n=3. All data 

are presented as means; error bars indicate SEM. Two-way ANOVA. ns, not significant. 
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Figure 16. Overexpression of C1ql2 in control DGCs has no effect on the mossy fiber synapse. a) 

Average synapse score. n=6. Unpaired t-test. b) Percentage of spines in contact with MFBs 

containing a SA and c) percentage of SAs with ³ 3 dense plates. n=6. All data are presented as means; 

error bars indicate SEM. Unpaired t-test. d) vGlut1 and Homer1 double posi9ve puncta in selected 

CA3 SL ROIs. n=3. All data are presented as means; error bars indicate SEM. Unpaired t-test. e) MFB 

perimeter-to-area ra9o. n=6. All data are presented as means; error bars indicate SEM. ns, not 

significant. (Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

 

3.4 Knock-down of C1ql2 in wild-type dentate granule cells perturbs mossy fiber 

synapse organiza)on and func)on 

 
To further corroborate that the observed C1ql2-dependent regula$on of SV recruitment 

and LTP expression at the MFS of Bcl11b cKOs was a direct func$on of C1ql2, I knocked-

down C1ql2 in DGCs of wild-type (WT) mice and analyzed the MFS. Knock-down (KD) of 

C1ql2 in DGCs was achieved by stereotaxic injec$on of an AAV carrying a casse?e of 4 short-

hairpin RNAs (shRNAs) targe$ng C1ql2. To eliminate the possibility that any observed effect 

was due to the stereotaxic surgery or the virus, an AAV with an iden$cal backbone carrying 
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an shRNA casse?e with 4 non-sense (NS) sequences was used as control. The AAVs were 

injected in the DG of 2-month-old animals, the same $mepoint the Bcl11b muta$on was 

induced for the ini$al phenotypic characteriza$on, and were analyzed 2 months later 

(Figure 17a; Koumoundourou et al., 2023). Compared to control AAV, the AAV targe$ng 

C1ql2 significantly reduced C1ql2 transcript levels, by approximately 80%, as revealed by 

qPCR (Figure 17b; +shNS-EGFP: 1±0.07, +shC1ql2-EGFP: 0.23±0.059, mean±SEM; 

Koumoundourou et al., 2023), and subsequently protein levels as revealed by 

immunohistochemistry (Figure 17d; Koumoundourou et al., 2023). The AAV targe$ng C1ql2 

had no effect on the mRNA and protein levels of C1ql3 that is a highly homologous to C1ql2, 

demonstra$ng the specificity of my approach (Figure 17c, e; +shNS-EGFP: 1±0.09, +shC1ql2-

EGFP: 0.986±0.035, mean±SEM; Koumoundourou et al., 2023).  

C1ql2 KD led to a misdistribu$on of the SV in rela$on to the AZ, with MFS having a lower 

average synapse score compared to controls (Figure 18a-b, +shNS-EGFP: 3.38±0.069, 

+shC1ql2-EGFP: 3.15±0.031, mean±SEM), as well as a reduc$on in the number of docked 

vesicles (Figure 18c,e-f; +shNS-EGFP: 0.48±0.04, +shC1ql2-EGFP: 0.31±0.02, mean±SEM), to 

a similar extent as observed in Bcl11b cKO animals (Koumoundourou et al., 2023). The 

diameter of the docked vesicles was unchanged (Figure 18d; +shNS-EGFP: 34.28±0.84, 

+shC1ql2-EGFP: 35.37±0.21, mean±SEM; Koumoundourou et al., 2023). To test whether the 

shRNA-mediate KD of C1ql2 was also sufficient to interfere with MF-LTP expression, LTP 

recordings were performed by Märt Rannap at the Ins$tute of Physiology and 

Pathophysiology, Heidelberg University. C1ql2 KD mice showed a significant loss of LTP 

when compared to controls, that was detectable as early as 10 min post HFS and got 

progressively more prominent, similar to Bcl11b cKOs (Figure 18g-i; 0-10 min: +shNS-EGFP: 

105.0±4.0, +shC1ql2-EGFP: 94.3±4.5, 10-20 min: +shNS-EGFP: 56.3±4.5, +shC1ql2-EGFP: 

35.1±2.8, 20-30 min: +shNS-EGFP: 50.2±4.5, +shC1ql2-EGFP: 23.4±3.5, 30-40 min: +shNS-

EGFP: 44.6±4.3, +shC1ql2-EGFP: 20.1±4.1, mean±SEM; Koumoundourou et al., 2023). 
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Figure 17. shRNA-mediated targe8ng of C1ql2 successfully reduces its expression levels. a) Animal 

model, chronograph of treatment for shRNA-mediated KD of C1ql2 and AAV constructs used. b) 

Quan9fica9on of C1ql2 mRNA and c) C1ql3 mRNA levels. n=4. All data are presented as means; error 

bars indicate SEM. Unpaired t-test. ***p=0.0002; ns, not significant. d) Hippocampal sec9ons stained 

for C1ql2 (red) and GFP (green). Scale bar 200 µm. e) Hippocampal sec9ons stained for C1ql3 (red) 

and GFP (green). Scale bar 200 µm. (Adapted from Koumoundourou et al., 2023; Published under 

CC BY 4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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Figure 18. KD of C1ql2 in DGCs of WT mice impairs synap8c vesicle recruitment and long-term 

poten8a8on. a) Average synapse score. n=4. Unpaired t-test. *p=0.025. b) Rela9ve frequency of 

synapse scores. c) Number of docked vesicles per 100 nm AZ profile length. n=3. All data are 

presented as means; error bars indicate SEM. Points represent the individual examined AZs. 

Unpaired t-test. *p=0.018. d) Diameter of docked vesicles. n=3. All data are presented as means; 

error bars indicate SEM. Points represent the individual SVs. e) Cumula9ve and f) rela9ve frequency 

of the number of docked vesicles per 100 nm AZ profile length. g) Representa9ve fEPSP traces 

showing baselines before HFS (black), fEPSP changes 30-40 min auer HFS (cyan) and following the 

applica9on of 3 µM DCG-IV (red). h) Time course of fEPSP slopes. The black arrow indicates HFS and 

the dashed line the baseline level. i) Quan9fica9on of fEPSP facilita9on at four different 9me 

intervals auer HFS. Changes in fEPSP slope are shown as percentage of the mean baseline fEPSP. 

+shNS-EGFP, n=6; +shC1ql2-EGFP, n=7. All data are presented as means; error bars indicate SEM. 

Mann-Whitney U-test for each 9me interval. 10-20 min: **p=0.0012; 20-30 min: **p=0.0023; 30-

40 min: **p=0.0023; ns, not significant. (Adapted from Koumoundourou et al., 2023; Published 

under CC BY 4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

 

 

3.5 C1ql2-Nrxn3(25b+) is required for synap)c vesicle recruitment at the mossy fiber 

synapse 

 

3.5.1 C1ql2-Nrxn3(25b+) is required for synap)c vesicle recruitment in vitro 

 
To further understand the molecular mechanism through which Bcl11b and C1ql2 exert 

their func$on at the MFS, I decided to search for poten$al interac$on partners of C1ql2 

that par$cipate in the regula$on of SV recruitment and LTP. As both the SV recruitment and 

the LTP are presynap$c features of MFS (Nicoll & Schmitz, 2005), I hypothesized that C1ql2 

upon secre$on interacts with presynap$c proteins that send feedback signals to the MFB 

for the organiza$on of the SV machinery. It was previously shown in vitro that C1ql2 binds 

to the presynap$c Nrxn3β containing the SS525b sequence (Nrxn3(25b+)) (Matsuda et al., 

2016). To inves$gate whether C1ql2 binding to Nrxn3(25b+) induces SV recruitment, I 

designed an in vitro assay in which HEK293 cells expressing C1ql2 were co-cultured with 

primary hippocampal neurons expressing Nrxn3(25b+). I quan$fied the accumula$on of 
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endogenous neuronal vGlut1, a proxy for SV, at the contact points between the neurons 

and the HEK293 cells in the presence and absence of C1ql2. To show that the interac$on 

between the two proteins drives the SV accumula$on, I created a C1ql2 mutant variant 

unable to bind to Nrxn3(25b+). Dr. Carsten Reißner from the group of Prof. Dr. Markus 

Missler at the Ins$tute of Anatomy and Molecular Neurobiology, University of Münster 

analyzed the electrosta$c proper$es of the solvent-accessible surfaces of the C1q domain 

of C1ql2 (PDB_ID: 4QPY; Ressl et al., 2015) to iden$fy crucial candidate residues for the 

interac$on of C1ql2 and the 25b+ region of Nrxn3. Lysine262 (K262) is posi$oned in the 

center of the area underneath the C1ql2-specific Ca2+ and receptor binding loops. Changing 

this residue to glutamic acid would render a larger area nega$ve, which could poten$ally 

repel binding to Nrxn3(25b+) (Figure 19; Koumoundourou et al., 2023).  

 

 

 
Figure 19. The amino acid subs8tu8on K262E changes the surface charge of C1ql2.  Trimeric 

structures of C1ql2 (PDB_ID: 4QPY, upper panels) and the variant C1ql2.K262E (lower panels). 

Residue 262 is the central residue (red, leu & middle panels) of a larger area underneath the C1ql2-

specific calcium and receptor binding loops (magenta, middle panel). The muta9on K262E alters the 

charge of that surface area nega9ve (yellow-circled area, right panels) and makes it poten9ally 

repulsive to bind Nrxn3(25b+). (Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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To test whether C1ql2.K262E was indeed unable to bind to Nrxn3(25b+), I first determined 

the accumula$on of neuronal Nrxn3(25b+) at the contact points of neurons with HEK293 

cells expressing C1ql2 or C1ql2.K262E. Due to the lack of specific Nrxn3(25b+) an$bodies 

and the generally low level of expression of the different Nrxn3 isoforms, the neurons were 

transfected with GFP-Nrxn3a(25b+). I used the extracellularly longer Nrxn3α isoform as it 

is expressed on higher levels in the murine DG compared to Nrxn3β (Uchigashima et al., 

2019). Indeed, HEK293 cells expressing C1ql2 induced significantly more Nrxn3a(25b+) 

accumula$on compared to HEK293 cells transfected with the control construct, calculated 

by the HEK293 surface area covered by GFP immunoreac$vity. C1ql2.K262E-expressing 

HEK293 cells induced Nrxn3a(25b+) accumula$on to similar levels as the control construct, 

sugges$ng that the muta$on did not allow the interac$on of C1ql2 with Nrxn3(25b+) 

(Figure 20a-b; myc-tag: 17.29±2.27, myc-C1ql2: 39.97±3.99, myc-K262E: 18.84±5.15, 

mean±SEM; Koumoundourou et al., 2023). Next, I measured the HEK293 area that was 

covered by vGlut1 immunoreac$vity and found that while HEK293 cells expressing C1ql2 

accumulated significantly more vGlut1 at contac$ng neurons compared to C1ql2-nega$ve 

cells, C1ql2.K262E was unable to induce vGlut1 accumula$on (Figure 20c-d; myc-tag: 

24.78±4.99, myc-C1ql2: 40.88±3.25, myc-K262E: 16.9±1.2, mean±SEM; Koumoundourou et 

al., 2023). 

To further corroborate that the C1ql2-Nrxn3(25b+) interac$on is required for the SV 

recruitment, I co-cultured C1ql2-expressing HEK293 cells with primary hippocampal 

neurons derived from Nrxn123flox/flox mice (Chen et al., 2017b), that have all three Nrxn 

genes floxed. Neurons were transfected with Cre for pan-neurexin KO or with an inac$ve 

Cre variant (Kla? et al., 2021) as control. Furthermore, C1ql2-expressing HEK293 cells were 

co-cultured with Nrxn-null neurons co-transfected with GFP-Nrxn3a(25b+). Indeed, KO of 

neuronal Nrxns significantly reduced the accumula$on of vGlut1 on HEK293 cells compared 

to controls, while the rescue of Nrxn3a(25b+) expression in Nrxn-null neurons was able to 

induce vGlut1 accumula$on (Figure 20e-f; +inac$ve Cre: 51.66±5.97, +Cre: 27.83±2.83, 

+Cre+Nrxn3a(25b+): 39.23±4.3, mean±SEM; Koumoundourou et al., 2023). 
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Figure 20. C1ql2-Nrxn3 interac8on recruits vGlut1 in vitro. a) Immunocytochemistry of HEK293 

cells expressing myc-tagged C1ql2, C1ql2.K262E or myc-tag and GFP-Nrxn3a(25b+) (cyan) from 

contac9ng hippocampal neurons. Scale bar: 5 µm. b) Nrxn3a(25b+) recruitment by differen9ally 

transfected HEK293 cells. n=3. All data are presented as means; error bars indicate SEM. One-way 

ANOVA and Tuckey’s PHC. myc-C1ql2 vs. myc-tag: *p=0.016, and vs. myc-K262E: *p=0.022. c) 

Immunohistochemistry of HEK293 cells expressing myc-tagged C1ql2, C1ql2.K262E or myc-tag and 

vGlut1 (cyan) from contac9ng hippocampal neurons. Scale bar: 5 µm. d) vGlut1 recruitment by 

differen9ally transfected HEK293 cells. n = 3. All data are presented as means; error bars indicate 

SEM. One-way ANOVA and Tuckey’s PHC. myc-C1ql2 vs. myc-tag: *p=0.04, and vs. myc-K262E: 

**p=0.007. e) Immunocytochemistry of HEK293 cells expressing myc-tagged C1ql2 (magenta) and 

vGlut1 (cyan) from contac9ng control, Nrxn123 KO or Nrxn123 KO with a Nrxn3a(25+) rescue 

hippocampal neurons. Scale bar: 5 µm. f) vGlut1 recruitment by HEK293 cells in presence or absence 

of neuronal Nrxns. n = 3. All data are presented as means; error bars indicate SEM. One-way ANOVA  

and Tuckey’s PHC. inac9ve Cre vs. Cre: *p=0.023, and vs. Cre+ Nrxn3a(25+): p=0.21; ns: non-

significant. (Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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3.5.2 Introduc)on of C1ql2.K262E in dentate granule cells of Bcl11b mutants does not 

rescue synap)c vesicle recruitment at the mossy fiber synapse 

 
To analyze the interac$on of C1ql2 with Nrxn3(25b+) in vivo directly at the MFS, I 

stereotaxically injected an AAV expressing C1ql2.K262E into the DG of Bcl11b cKO, where 

endogenous C1ql2 is strongly downregulated by the Bcl11b abla$on (Figure 21a; 

Koumoundourou et al., 2023). C1ql2.K262E was strongly expressed in Bcl11b cKO DGCs as 

quan$fied by the protein expression (Figure 21b-c; Control+EGFP: 1±0.42, Bcl11b 

cKO+EGFP-2A-K262E: 9.68±4.75, mean±SEM; Koumoundourou et al., 2023). Surprisingly, 

the spa$al distribu$on of the protein within the MF system was changed compared to 

reintroduced WT C1ql2, with reduced mutant protein signal on the SL of CA3, as observed 

in immunostainings on hippocampal sec$ons and quan$fied by the integrated density of 

the protein fluorescence (Figure 22a-b; Bcl11b cKO+EGFP-2A-C1ql2: 9.75±0.57 x104, Bcl11b 

cKO+EGFP-2A-K262E: 5.89±0.55 x104, mean±SEM; Koumoundourou et al., 2023). Since 

C1ql2 forms heteromers with C1ql3 and C1ql3 was also shown to bind  

to Nrxn3β(25b+) in vitro (Matsuda et al., 2016), I examined also the distribu$on of C1ql3 

but found no obvious changes (Figure 22c; Koumoundourou et al., 2023).  

 

Figure 21. Expression of C1ql2.K262E in Bcl11b cKO DGCs. a) Animal model, chronograph of 

treatment for expression of mutant C1ql2 and AAV constructs used. b) Western blot and c) 

quan9fica9on of C1ql2.K262E protein levels in mouse hippocampal homogenates. n=3. All data are 

presented as means; error bars indicate SEM. Mann-Whitney U-test. ns, not significant. (Adapted 

from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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Next, I analyzed the SV distribu$on and docking to the AZ of MFS of Bcl11b cKOs expressing 

C1ql2.K262E and found that neither the average synapse score (Figure 23a-c; Control+EGFP: 

3.39±0.048, Bcl11b cKO+EGFP-2A-K262E: 2.87±0.043, mean±SEM), nor the number of 

docked vesicles per 100 nm of AZ profile length (Figure 23d,f-g; Control+EGFP: 0.41±0.069, 

Bcl11b cKO+EGFP-2A-K262E: 0.19±0.035, mean±SEM) were recovered by the mutant C1ql2 

protein and both remained significantly lower than in controls and similar to values 

reported for the Bcl11b cKO mice (Koumoundourou et al., 2023). No changes in the 

diameter of the docked vesicles were observed (Figure 23e; Control+EGFP: 39.06±1.22, 

Bcl11b cKO+EGFP-2A-K262E: 36.38±2.19, mean±SEM; Koumoundourou et al., 2023). 

Unexpectedly, introduc$on of C1ql2.K262E in Bcl11b cKO DGCs rescued the MF-LTP 

expression. Addi$onally, it caused a significant increase of the fEPSP slope during the 

induc$on phase that was not observed upon C1ql2 expression rescue. The LTP 

measurements were done by Märt Rannap from the group of Prof. Dr. Andreas Draguhn at 

the Ins$tute of Physiology and Pathophysiology, Heidelberg University (Figure 23h-j; 0-10 

min: Control+EGFP: 90.4±7.2, Bcl11b cKO+EGFP-2A-K262E: 155.8±30.3, 10-20 min: 

Control+EGFP: 42.7±3.6, Bcl11b cKO+EGFP-2A-K262E: 68.7±17.3, 20-30 min: Control+EGFP: 

52.5±7.6, Bcl11b cKO+EGFP-2A-K262E: 55.9±13.8, 30-40 min: Control+EGFP: 50.1±7.3, 

Bcl11b cKO+EGFP-2A-K262E: 47.8±9.3, mean±SEM). 52.5±7.6, Bcl11b cKO+EGFP-2A-K262E: 

55.9±13.8, 30-40 min: Control+EGFP: 50.1±7.3, Bcl11b cKO+EGFP-2A-K262E: 47.8±9.3, 

mean±SEM; Koumoundourou et al., 2023). 
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Figure 22. C1ql2.K262E is not targeted to the mossy fiber synapse. a) Hippocampal sec9ons stained 

for C1ql2 (red) and GFP (green). Scale bar 200 µm. Upper right corner in C1ql2 panels, depict close-

ups from the SL of CA3. Scale bar: 15 µm. b) Integrated density of C1ql2 fluorescence in the SL of 

CA3. n=3. All data are presented as means; error bars indicate SEM. Unpaired t-test. **p=0.008. c) 

Hippocampal sec9on stained for C1ql3 (red) and GFP (green). Scale bar 200 µm. (Adapted from 

Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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Figure 23. C1ql2-Nrxn3(25b+) interac8on is essen8al for C1ql2 targe8ng to MFS and SV 

recruitment. a) Electron microscope images of MFS (white bar, presented on the postsynap9c side) 

and the SVs distributed in proximity to it. Scale bar: 100 nm. b) Average synapse score. n=3. 

Unpaired t-test. **p=0.0012. c) Rela9ve frequency of synapse scores. d) Number of docked vesicles 

per 100 nm AZ profile length. n=3. All data are presented as means; error bars indicate SEM. Points 

represent the individual examined AZs. Unpaired t-test. *p=0.018. e) Diameter of docked vesicles. 

n=3. All data are presented as means; error bars indicate SEM. Points represent the individual SVs. 

f) Cumula9ve and g) rela9ve frequency of the number of docked vesicles per 100 nm AZ profile 

length. h) Representa9ve fEPSP traces showing baselines before HFS (black), fEPSP changes 30-40 

min auer HFS (cyan) and following the applica9on of 3 µM DCG-IV (red). i) Time course of fEPSP 

slopes. The black arrow indicates HFS and the dashed line the baseline level. j) Quan9fica9on of 

fEPSP facilita9on at four different 9me intervals auer HFS. Changes in fEPSP slope are shown as 

percentage of the mean baseline fEPSP. Control+EGFP, n=7; Bcl11b cKO+EGFP-2A-K262E, n=5. All 

data are presented as means; error bars indicate SEM. Mann-Whitney U-test for each 9me interval. 

0-10 min: **p=0.005; ns, not significant. (Adapted from Koumoundourou et al., 2023; Published 

under CC BY 4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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3.5.3 Suppression of Nrxn3 expression in dentate granule cells perturbs synap)c vesicle 

recruitment at the mossy fiber synapse 

 
To further support that C1ql2-Nrxn3(25b+) interac$on is essen$al for SV recruitment at the 

MFS and for targe$ng of C1ql2 to the MFS, I disrupted the pathway by removing Nrxn3 from 

the DGCs. I used Nrxn123flox/flox mice (Chen et al., 2017b) and injected AAVs expressing 

either Cre to induce the muta$on or inac$ve Cre as control (Kla? et al., 2021) in the DG of 

2 months old animals and examined the brains 2 months later (Figure 24a; Koumoundourou 

et al., 2023). AAV-mediated expression of Cre in DGCs was sufficient to significantly 

suppress expression of Nrxn3, but only mildly reduced Nrxn1 expression, while Nrxn2 

expression was unchanged (Figure 24b; Nrxn1: inac$ve Cre: 1±0.084, Cre: 0.714±0.037; 

Nrxn2: inac$ve Cre: 1±0.065, Cre: 0.771±0.071; Nrxn3: inac$ve Cre: 1±0.127, Cre: 

0.381±0.09, mean±SEM; Koumoundourou et al., 2023). Nrxn123 cKO animals had 

significantly reduced expression of endogenous C1ql2 at the SL of CA3 compared to 

controls, as seen on hippocampal sec$ons stained for C1ql2 and quan$fied by the 

integrated density of C1ql2 fluorescence (Figure 24c-d; +inac$ve Cre: 11.65±1.75, +Cre: 

4.71±0.93, mean±SEM; Koumoundourou et al., 2023). To exclude that the observed 

reduc$on in C1ql2 localiza$on along the MF tract was due to a general disrup$on of the 

circuit and poten$al loss or reorganiza$on of MFB, the structures that secret C1ql2, I used 

ZnT3, a marker for MFB, but observed no overt change in its fluorescence intensity or 

distribu$on (Figure 24e; Koumoundourou et al., 2023). The expression pa?ern of C1ql3 was 

unchanged (Figure 24f; Koumoundourou et al., 2023). Finally, I examined the MFS by TEM 

and could show that suppression of Nrxn3 reduced both the average synapse score (Figure 

25a-c; +inac$ve Cre: 3.11±0.06; +Cre: 2.67±0.074, mean±SEM) and the number of docked 

vesicles (Figure 25d,f-g; +inac$ve Cre: 0.404±0.035; Koumoundourou et al., 2023). The 

diameter of the docked vesicles was unchanged (Figure25e; +inac$ve Cre: 38.38±0.44; 

+Cre: 37.12±0.8, mean±SEM; Koumoundourou et al., 2023). 
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Figure 24. Nrxn KO perturbs C1ql2 targe8ng to mossy fiber synapses. a) Animal model, 

chronograph of treatment for suppression of Nrxn3 and AAV constructs used. b) Quan9fica9on of 

Nrxn3 mRNA levels in DGCs. n=a. All data are presented as means; error bars indicate SEM. Unpaired 

t-test. Nrxn1: *p=0.034; Nrxn3: **p=0.007. c) Hippocampal sec9ons stained for C1ql2 (red) and GFP 

(green). Scale bar 200 µm. Upper right corner in C1ql2 panels, depict close-ups from the SL of CA3. 

Scale bar: 15 µm. d) Integrated density of C1ql2 fluorescence in the SL of CA3. n=3. All data are 

presented as means; error bars indicate SEM. Unpaired t-test. *p=0.02. e) Hippocampal sec9on 

stained for ZnT3 (red) and GFP (green). Scale bar 200 µm. Upper right corner in ZnT3 panels, depict 

close-ups from the SL of CA3. Scale bar: 15 µm. f) Hippocampal sec9ons stained for C1ql3 (red) and 
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GFP (green). Scale bar 200 µm. (Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 

 

 

Figure 25. Nrxn KO perturbs synap8c vesicle recruitment at mossy fiber synapses. a) Electron 

microscope images of MFS (white bar, presented on the postsynap9c side) and the SVs distributed 

in proximity to it. Scale bar: 100 nm. b) Average synapse score. n=3. Unpaired t-test. **p=0.009. c) 

Rela9ve frequency of synapse scores. d) Number of docked vesicles per 100 nm AZ profile length. 

n=3. All data are presented as means; error bars indicate SEM. Points represent the individual 

examined AZs. Unpaired t-test. **p=0.007. e) Diameter of docked vesicles. n=3. All data are 

presented as means; error bars indicate SEM. Points represent the individual SVs.  f) Cumula9ve and 

g) rela9ve frequency of the number of docked vesicles per 100 nm AZ profile length. ns, not 

https://creativecommons.org/licenses/by/4.0/
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significant. (Adapted from Koumoundourou et al., 2023; Published under CC BY 

4.0, hHps://crea9vecommons.org/licenses/by/4.0/). 
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4 Discussion 
 
 

In my thesis, I iden$fied a downstream molecular pathway through which Bcl11b regulates 

the func$on of hippocampal MFS in adult mice. I show that Bcl11b exerts part of its 

func$ons through its transcrip$onal target C1ql2. Reintroduc$on of C1ql2 in DGCs with 

ablated Bcl11b rescues the SV misdistribu$on and the reduced docking of vesicles to the 

AZ, as well as the loss of LTP. KD of C1ql2 in WT DGCs recapitulates the Bcl11b mutant 

phenotype and impairs the SV recruitment and the LTP expression at the MFS. Moreover, I 

iden$fy that interac$on of C1ql2 with presynap$c Nrxn3(25b+) is essen$al for SV 

recruitment, but not for LTP expression at the MFS. Interrup$on of C1ql2-Nrxn3(25b+) 

interac$on, either by expression of a C1ql2 variant that does not bind Nrxn3(25b+) or by 

dele$on of Nrxn3, perturbs SV recruitment both on cultured neurons and in MFS of mice. 

Finally, I show that C1ql2-Nrxn3(25b+) interac$on is also required for targe$ng of C1ql2 to 

the MFS. 

 

 

4.1 Bcl11b regulates mossy fiber synapse integrity through both C1ql2-dependent and 

-independent mechanisms  

 
It was previously shown that the TF Bcl11b is essen$al for the structural and func$onal 

stability of hippocampal MFS. Abla$on of Bcl11b in the adult hippocampus leads to 

reduc$on of MFS number, loss of the MFB complexity, misdistribu$on of SV, as well as loss 

of LTP (De Bruyckere et al., 2018). In the same study, several transcrip$onal targets of 

Bcl11b were iden$fied, among which the secreted synap$c organizer C1ql2, that is 

downregulated in Bcl11b mutant DGCs (De Bruyckere et al., 2018). AAV-mediated re-

expression of C1ql2 in Bcl11b cKO DGCs rescued part of the Bcl11b mutant phenotype at 

the MFS. Reintroduc$on of C1ql2 completely restored the SV localiza$on and docking, as 

well as the LTP at the MFS. KD of C1ql2 in WT DGCs was sufficient to impair the SV 

recruitment and the MF-LTP. These results support C1ql2 to be a func$onal target of Bcl11b 

at the MFS. Accumula$on and docking of SV at the AZ has been shown to increase the 

release probability (Pr) of the MF presynapse, the long-term increase of which is 
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characteris$c for MF-LTP (Orlando et al., 2021; Vandael et al., 2020). Indeed, Bcl11b cKO 

and C1ql2 KD perturbed both SV recruitment to the AZ and LTP at MFS, while reintroduc$on 

of C1ql2 in Bcl11b cKO DGCs specifically rescued SV recruitment and LTP.  This suggests that 

Bcl11b regulates the func$onal stability of MFS in a C1ql2-dependent manner. It is 

important to note that the AAV-mediated re-expression of C1ql2 did not allow for precise 

restora$on of C1ql2 expression to exact control levels. While not significantly, C1ql2 levels 

were higher than those in control animals. Overexpression of C1ql2 in control animals did 

not have an effect on the analyzed measures of MFS func$on, thus the observed effects 

upon re-expression of C1ql2 in Bcl11b cKO DGCs can be a?ributed to the physiological 

func$on of C1ql2. However, C1ql2 func$ons that are sensi$ve to its expression levels cannot 

be analyzed within this system. 

Reintroduc$on of C1ql2 in Bcl11b cKO DGCs, failed to reverse the overall loss of MFS and 

the ultrastructural complexity of MFB, sugges$ng that Bcl11b acts on the MFS through 

C1ql2-independent pathways to regulate the structural integrity of the mossy fiber circuit. 

One of the genes that was deregulated in the DGCs upon Bcl11b abla$on, and was shown 

to be a direct transcrip$onal target of Bcl11b, was Semaphorin 5b (Sema5b) (De Bruyckere 

et al., 2018). Several members of the semaphorin family have been shown to affect the 

structure and func$on of CNS synapses, with Sema5b being implicated in synapse 

elimina$on. Overexpression of Sema5b in cultured hippocampal neurons and bath 

applica$on containing the secreted sema domain led to a loss of synap$c sites (O’Connor 

et al., 2009). Sema5b, the expression of which is normally constrained to the subventricular 

zone of the DG in the postnatal hippocampus, was upregulated in Bcl11b cKO DGCs and 

could thus poten$ally explain the loss of MFS. To further understand the role of Sema5b in 

MFS maintenance, a similar strategy to the one used for the func$onal analysis of C1ql2 

could be used. 

 

 

4.2 A novel func)on for C1ql2 at the mossy fiber synapse 

 
The C1q-like protein family comprises of four proteins with dis$nct expression across the 

CNS that act as secreted synap$c organizers. C1ql2 is predominantly expressed by DGCs 

along with the more broadly expressed C1ql3, with both proteins highly localizing at the 
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mossy fiber system (Iijima et al., 2010; Shimono et al., 2010). It was previously shown that 

C1ql2 forms func$onal heteromers with C1ql3 at the MFS cley, and together they recruit 

postsynap$c KARs. The same study suggested that the two proteins had compensatory 

func$ons, as only the dele$on of both C1ql2 and -3, but not that of the individual proteins, 

impaired MFS func$on (Matsuda et al., 2016). By reintroducing C1ql2 in Bcl11b cKO DGCs 

and knocking-down C1ql2 in WT DGCs, I iden$fied a novel func$on for C1ql2 at the MFS. I 

was able to show that C1ql2 par$cipates in the presynap$c organiza$on of the MFS, by 

driving the recruitment of SVs to the AZs, and is necessary for LTP expression, highligh$ng 

for the first $me C1ql2 as an important component of this synapse type. This was further 

corroborated by the fact that overexpression of C1ql3 in Bcl11b cKO DGCs, that was 

previously shown to have compensatory func$ons to C1ql2, did not rescue the mutant 

phenotype. It is important to note that Matsuda et al., induced the C1ql2 muta$on during 

embryonic development and analyzed mice in early postnatal stages (P12-P20), a $me 

when the development of the mossy fiber circuit is s$ll ongoing (Matsuda et al., 2016). In 

my work, I analyzed the func$ons of C1ql2 in the adult hippocampus, by inducing the 

muta$on ayer the func$onal matura$on of the mossy fiber system. The observed 

difference in the func$ons of C1ql2 could therefore be due to a mechanis$c turnover upon 

circuit matura$on, while the ability of C1ql3 to compensate for the C1ql2 func$ons in 

earlier stages could stem by the increased plas$city and adaptability of the brain during 

embryonic development.  

Overexpression of C1ql2 in DGC had no effect on the SV recruitment compared to control 

animals, sugges$ng that some form of homeostasis is taking place on C1ql2 ac$on level. 

The significant increase in C1ql2 protein levels was not inves$gated on a subcellular level. 

Not much is known about the surface presenta$on and transport of C1ql2 to the MFS and 

how this process is regulated, thus the possibility that the excess C1ql2 does not reach the 

synapse cannot be excluded. Moreover, C1ql2 is a secreted protein and its mechanism of 

ac$on depends on its binding to pre- and postsynap$c partners. Thus, the availability of the 

interac$on partners of C1ql2, or the lack therefore, could prohibit an addi$onal effect by 

the excess C1ql2. Furthermore, the mechanism behind the SV recruitment to the AZ of MFS 

is not fully understood, leaving open the possibility that there is a threshold to the amount 

of SV that can be directed to an AZ at a certain $me.   
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Moreover, I also observed C1ql2 to have an effect on the postsynap$c SA. Reintroduc$on 

of C1ql2 in a Bcl11b mutant background increased the number of spines in contact with 

MFB that contained a SA. The organelle also presented with a tendency of increased 

complexity when compared to control animals. Loss of C1ql2, however, did not have an 

effect on the SA, sugges$ng that the observed increase in the number of spines with a SA 

and the complexity of the SA was an indirect effect. In the Bcl11b mutant background a 

reduced number of MFS were present, possibly crea$ng a need for strengthening of the 

remaining synapses. It has been shown that the SA is important for synap$c plas$city 

(Deller et al., 2007; Jedlicka et al., 2008; Segal et al., 2010). Thus, reintroduc$on of C1ql2 in 

the remaining MFS and the now renewed ability of the MF system to express LTP could have 

led the system to enhance the spines with SA to func$onally compensate for the reduced 

number of MFS as a homeosta$c process.  However, based on the current literature on the 

SA func$ons, as well as the role C1ql2 has in synap$c func$on and the data presented in 

my thesis, no further conclusions can be drawn. 

  

 

4.3 C1ql2-Nrxn3(25b+) interac)on drives synap)c vesicle recruitment and C1ql2 

targe)ng to the mossy fiber synapse 

 
As both SV recruitment and MF-LTP expression happen at the presynap$c side (Nicoll & 

Schmitz, 2005), I hypothesized that C1ql2 induces both processes by sending feedback 

signals through interac$on with presynap$c proteins. It was previously shown in vitro that 

C1ql2 interacts with a specific Nrxn3 isoform containing the sequence encoded by exon 

25b, Nrxn3(25b+) (Matsuda et al., 2016). The Nrxn protein family is one of the best studied 

families of synap$c cell adhesion molecules that act as synap$c organizers. In mammals, 

three genes encode for neurexins: Nrxn1, Nrxn2 and Nrxn3. The existence of alterna$ve 

promoters and mul$ple splicing sites within the three genes yields the poten$al to produce 

an enormous amount of Nrxn isoforms, a number that exceeds the 12000 transcript 

isoforms in mice, the expression of which is brain-region specific (Gomez et al., 2021; 

Reissner et al., 2013; Schreiner et al., 2014; Treutlein et al., 2014). Nrxn3 is expressed in 

DGCs (Uchigashima et al., 2019). A number of synap$c proteins have been shown to interact 

with Nrxns in an isoform specific manner, forming complex interac$on networks that 
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regulate many synap$c func$ons (Sudhof 2017; 2021). Nrxns have been shown to not only 

control global regulatory func$ons of the synapse but can also act through dis$nct, neuron-

type specific mechanisms (Missler et al., 2003; Chen et al., 2017b). Several studies have 

implicated Nrxns in the recruitment of SV and dense-core vesicles (Dean et al., 2003; Ferdos 

et al., 2021; Quinn et al., 2017; Rui et al., 2017). Thus, I analyzed whether C1ql2 controlled 

SV recruitment through interac$on with Nrxn3(25b+). HEK293 cells expressing C1ql2 co-

cultured with hippocampal neurons expressing GFP-Nrxn3a(25b+) induced the 

accumula$on of GFP-Nrxn3a(25b+) and neuronal vGlut1 at their contact points. However, 

C1ql2.K262E, a C1ql2 variant that was designed to not interact with Nrxn3(25b+), was 

unable to cluster GFP-Nrxn3a(25b+) and vGlut1. Moreover, C1ql2-expressing HEK293 cells 

did not recruit vGlut1 in contac$ng hippocampal neurons upon dele$on of all three Nrxns, 

while re-expression of Nrxn3a(25b+) in the neurons was sufficient to rescue the phenotype. 

The difference in the capability to accumulate Nrxn3(25b+) at contact point of C1ql2 and 

the non-binding C1ql2 suggests that C1ql2 acts as a nucleator for Nrxn3(25b+). Moreover, 

the need for the presence of both proteins with binding ability suggests that the direct 

interac$on between C1ql2 and Nrxn3(25b+) drives SV recruitment in vitro.  

The co-culture system, however, is a highly ar$ficial system and it does not take into account 

other factors contribu$ng to the same processes that could alter the func$on of proteins. 

It is known that synap$c proteins and their signaling are really sensi$ve to the combina$on 

of synap$c proteins in their environment (Misk et al., 2022; Yang et al., 2014). Therefore, I 

analyzed the role of the C1ql2-Nrxn3(25b+) interac$on in the context of SV recruitment in 

vivo at the MF system. Expression of the non-binding C1ql2 in DGCs of Bcl11b cKO mice, 

that do not express endogenous C1ql2, did not rescue the SV recruitment. However, the 

non-binding C1ql2 variant was not tested for interac$on with other binding partners. Thus, 

it cannot be excluded that the introduced muta$on also disrupts other C1ql2 interac$ons 

that contribute to the SV recruitment. Repression of Nrxns in DGCs recapitulated the 

impairment of the SV recruitment observed in Bcl11b cKO and C1ql2 KD animals, suppor$ng 

a role for Nrxn3 in SV recruitment at the MFS. However, due to the lack of specificity in the 

repression of Nrxns in the animal model I used, it cannot be excluded that the observed 

effect arose from C1ql2-independent Nrxn mechanisms. Rescue of specifically Nrxn3(25b+) 

in the DGCs of these animals would strengthen the conclusion that C1ql2-Nrxn3(25b+) 
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interac$on is important for SV recruitment. Together, my data indicate that interac$on of 

C1ql2 with Nrxn3(25b+) is necessary for the recruitment of SV at the MFS. The lack of Nrxn-

isoform specific an$bodies did not allow analysis of the role of C1ql2 in Nrxn3(25b+) 

accumula$on in this system.  

C1ql2 is secreted into the synap$c cley, it is unknown, though, how its secre$on is regulated 

and whether it is targeted to all MFS simultaneously. Interes$ngly, interrup$on of the C1ql2-

Nrxn3(25b+) interac$on in vivo, either by expressing a non-binding C1ql2 variant or by 

dele$on of Nrxn3 in DGCs reduces targe$ng of C1ql2 to MFS. It was previously shown, that 

Neurexophilin 1, another secreted protein that interacts with certain Nrxn isoforms, is 

delivered to the surface only upon interac$on with Nrxn (Neupert et al., 2015). A similar 

mechanism could apply for the targe$ng of C1ql2 to the MFS, with C1ql2 interac$ng with 

Nrxn3(25b+) already at the ER level and being co-transported to the MFS. Once presented 

to the surface, both axonal and synap$c Nrxns are quite mobile, a property that is enhanced 

upon increase in ac$vity (Kla? et al., 2021; Neupert et al., 2015). It is thus possible, that 

C1ql2 and Nrxn3(25b+) par$cipate in a mechanism of self-augmented stabiliza$on at the 

synapse. C1ql2 requires Nrxn3(25b+) to reach the MFS upon ac$va$on. Once at the 

synapse, C1ql2, that is able to form higher-order oligomers through its C1q domain (Ressl 

et al., 2015), acts as a nucleator for other mobile C1ql2-Nrxn3(25b+) molecules, crea$ng 

larger complexes that are stabilized at the MFS. The accumula$on of Nrxn3(25b+) at the 

MFS then drives SV recruitment. As the kine$cs of synap$c proteins and their ability to form 

megaclusters directly connects to their func$on (Frank & Grant. 2017), it would be 

interes$ng to analyze the mechanisms involved in the surface presenta$on of C1ql2 and its 

transport to the synapse.  

Finally, the importance of the C1ql2-Nrxn3(25b+) interac$on in the expression of MF-LTP 

was analyzed. Surprisingly, expression of C1ql2.K262E in Bcl11b cKO DGCs, while not able 

to rescue SV recruitment, was able to fully rescue MF-LTP. This suggest that C1ql2 regulates 

MF-LTP through mechanisms independently of the interac$on with Nrxn3(25b+) and 

independently of SV recruitment. Indeed, the increase in Pr at MFS has not only been linked 

with accumula$on of SV but also with accumula$on of Ca2+ channels at release sites (Fukaya 

et al., 2021) and their $ghter coupling with SV (Midorikawa & Sakaba, 2017). However, MF-

LTP upon introduc$on of C1ql2.K262E was also not completely similar to that in the control 
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or the C1ql2 rescue situa$on, but presented with a significant increase in the fEPSP slope 

during the ini$al induc$on phase. It might be possible, that the muta$on I introduced to 

C1ql2 creates a gain-of-func$on effect, and thus conclusions regarding the mechanisms 

downstream of C1ql2 in MF-LTP expression cannot yet be drawn.   

  

 

4.4 Bcl11b/C1ql2/Nrxn3(25b+) in the understanding of neurodevelopmental and 

neuropsychiatric disorders 

 
The TF Bcl11b has been linked to NDDs (Lessel et al., 2018; Prasad et al., 2020) and 

neuropsychiatric disorders (Contet et al., 2011; Whi?on et al., 2018; Whi?on et al., 2016). 

BCL11B-Related Disorder (BCL11BRD) is a neurodevelopmental disorder associated with 

muta$ons in BCL11B. Individuals with BCL11BRD present with global neurodevelopmental 

delay, impaired speech acquisi$on, learning deficits and au$s$c features (Eto et l., 2022; 

Lessel et al., 2018; Prasad et al., 2020; Punwani et al., 2016; Yang et al., 2020; Yu et al., 

2023). Moreover, polymorphisms in BCL11B have been associated with schizophrenia 

(Pardinas et al., 2018; Trubetskoy et al., 2022). Increasing evidence demonstrates that NDDs 

and neuropsychiatric condi$ons, such as ASD, intellectual disability and schizophrenia, arise 

from synap$c dysfunc$on (Hayashi-Takagi, 2017; Lepeta et al., 2016; Zoghbi & Bear, 2012). 

Physiological synap$c func$on depends on proper forma$on, matura$on and specifica$on 

of synapses, processes that are regulated by synap$c proteins and their subsequent 

molecular machineries. A number of synap$c proteins, including those ac$ng as synap$c 

organizer, have been already iden$fied to govern synap$c func$on (de Wit & Ghosh, 2016; 

O'Rourke et al., 2012; Sudhof 2017). Recent gene$c studies have linked genes encoding for 

synap$c proteins to NDDs and neuropsychiatric disorders (Sudhof 2021; Torres et al., 2017; 

Wang et al., 2018). Nrxn3 is among the synap$c proteins that have been associated with 

various such disorders (Kasem et al., 2018; Zhang et al., 2022). Dele$ons in the NRXN3 gene 

locus have been found in individuals with ASD (Vaags et al., 2012), while polymorphisms 

have been implicated in schizophrenia (Hu et al., 2013). Moreover, single-nucleo$de 

polymorphisms (SNP) were associated with addic$on, with one recorded SNP altering the 

expression of Nrxn3(25b+) (Docampo et al., 2012; Hishimoto et al., 2007). Recent gene$c 

studies have associated C1QL2 as well with schizophrenia and addic$on (Hugge? & 
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Stallings, 2020a; 2020b; Marballi et al., 2022).  In my thesis, I iden$fied a func$onal link 

between the three proteins, Bcl11b, C1ql2 and Nrxn3, on the synap$c organiza$on of MFS, 

specifically in the recruitment of SVs to the AZ.  Impairments in SV trafficking and changes 

in release probability have been also implicated in neurological and neuropsychiatric 

disorders (Egbujo & Bartos, 2019; Lepeta et al., 2016; Zhu et al., 2021). Thus, my work could 

provide a new entry point in the mechanis$c understanding of the pathogenesis of related 

NDDs and neuropsychiatric disorders. 

 

 

4.5 Bcl11b- a regulator of synap)c specifica)on and func)on 

 

Synapses are key sites for informa$on transfer and comprise the communica$on nodes 

between neurons. With trillions of synapses performing specific computa$ons 

simultaneously, the ques$on of how the needed synap$c specificity is achieved has been 

raised. It has been previously suggested that the unique synap$c proper$es are defined by 

synapse-type specific molecular codes, with the synap$c organizer proteins at the center of 

these codes. The unique combina$on and the rela$ve expression levels of these proteins 

allows for precise synap$c func$on (de Wit & Gosh, 2016; O’Rourke, 2012; Sudhof, 2107). 

Nrxns have been considered central effectors of these codes due to their intrinsic diversity 

and the neuron-subtype-specific expression of the different isoforms (Gomez et al., 2021; 

Sudhof, 2017; Uchigaschima et al., 2019; Ullrich et al., 1995). C1ql2, on the other hand, is 

expressed in a restricted number of neuron subtypes (Iijima et al., 2010; Shimono et al., 

2010).  It is most characteris$cally expressed by DGCs and secreted in the MFS synap$c 

cley, where it acts as a synap$c organizer by recrui$ng postsynap$c KARs (Matsuda et al., 

2016) and, as shown here, by organizing the SV pool at the presynapse through interac$on 

with a specific Nrxn3 isoform and promo$ng LTP expression. Moreover, MFS are considered 

to have unique features, such as the characteris$c complex structure of the boutons that 

include mul$ple release sites, the large pool of releasable SV in the proximity of the AZ and 

the presynap$cally expressed LTP. Here, I demonstrated that C1ql2 is an important 

component for the expression of some of these features. Thus, C1ql2 is not only part of the 

molecular code but could be considered a central effector in the MFS specifica$on.  



 
 
 

84 

Bcl11b has been demonstrated to have a broad range of func$ons in the CNS among which 

neuron differen$a$on and subtype specifica$on, neurogenesis and cell survival (Arlo?a et 

al., 2005; Enomoto et al., 2011; Nikouei et al., 2016; Simon et al., 2012; 2016). My work 

provides, for the first $me, evidence that Bcl11b directly regulates synapse func$on. 

Furthermore, the ability of C1ql2 to establish MFS-specific features, sets Bcl11b as a 

regulator of neuron subtype-dependent synapse specifica$on. Indica$ons for such a role 

for Bcl11b can be found in other neuronal popula$ons expressing the TF. It has been shown 

that in medium spiny neurons (MSN), Bcl11b is important for their differen$a$on and 

architectural organiza$on (Arlo?a et al., 2008). Transcriptome analysis of MSN upon 

postnatal dele$on of Bcl11b revealed that among the deregulated genes, an 

overrepresenta$on of genes involved in synap$c organiza$on was apparent (Song et al., 

2022). Furthermore, Bcl11b-deficient MSN, whilst having physiological morphology and 

membrane proper$es, show impaired glutamate-evoked Ca2+ signaling and DRD1-mediated 

modula$on of glutamate-evoked currents, features characteris$c for MSN postsynapse 

(Fjodorova et al., 2022). Inves$ga$ng the role of Bcl11b in synap$c func$on in other 

neuronal popula$ons expressing this TF should thus be considered, especially due to its 

correla$on with neurological disorders characterized by synap$c dysfunc$on.  
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5 Summary 

 
Synap$c func$on is determined be the unique combina$on of synap$c proteins and their 

rela$ve expression levels. Altera$ons in the protein composi$on of the synapse can lead to 

synap$c dysfunc$on that has been associated with several neurodevelopmental and 

neuropsychiatric disorders. Understanding the molecular basis of synap$c func$on and its 

regula$on could, thus, provide insight in the pathomechanisms of such disorders. Bcl11b, a 

transcrip$on factor associated with various neurodevelopmental and neuropsychiatric 

disorders characterized by synap$c dysfunc$on, has been shown to control the structural 

and func$onal integrity of the mossy fiber synapses in the adult murine hippocampus. In 

my thesis, I explore the mechanisms through which Bcl11b regulates structural and 

func$onal integrity in these synapses. Here, I demonstrate that C1ql2, a direct 

transcrip$onal target of Bcl11b at the dentate gyrus that is downregulated upon Bcl11b 

abla$on, is also a func$onal target of Bcl11b. Reintroduc$on of C1ql2 with stereotaxic 

injec$on of AAV expression vectors in dentate granule cells two weeks post Bcl11b 

muta$on induc$on, was able to rescue the distribu$on and docking of synap$c vesicles at 

the ac$ve zones of mossy fiber synapses, as well as to restore the long-term poten$a$on, 

features that were impaired by the loss of Bcl11b. The regula$on of these synap$c 

proper$es was specific for C1ql2, as overexpression of C1ql3 in Bcl11b mutant dentate 

granule cells, a protein that was thought to compensate for C1ql2 func$on, was unable to 

rescue the Bcl11b-mutant phenotypes. Furthermore, knock-down of C1ql2 in the dentate 

granule cells, was sufficient to perturb synap$c vesicle recruitment and long-term 

poten$a$on to a similar extent to that observed upon Bcl11b abla$on. To be?er 

understand how C1ql2 exerts these func$ons, I analysed the previously speculated 

interac$on between C1ql2 and a specific Neurexin 3 isoform. By perturbing the C1ql2-

Neurexin 3 interac$on, either by expressing a C1ql2 variant that is unable to bind to 

Neurexin 3 or by dele$ng Neurexin 3, I was able show in co-cultures of non-neuronal cells 

with hippocampal neurons that C1ql2 promotes accumula$on of Neurexin 3, and that their 

interac$on is essen$al for synap$c vesicle recruitment. Moreover, I could demonstrate a 

role of the interac$on between C1ql2 and Neurexin 3 in vivo directly at the mossy fiber 

synapses. Expression of the non-binding C1ql2 variant in Bcl11b mutant dentate granules 
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cells did not rescue the synap$c vesicle recruitment. Repression of Neurexin 3 expression 

in the dentate gyrus impaired the synap$c vesicle recruitment to a similar extent as 

observed in Bcl11b mutant and C1ql2 knock-down animals. Addi$onally, I observed that 

interrup$on of the C1ql2-Neurexin 3 interac$on nega$vely affects the targe$ng of C1ql2 at 

the mossy fiber synapse. 

Taken together, my data iden$fy Bcl11b/C1ql2/Neurexin 3 as a regulatory pathway in the 

func$on of mature mossy fiber synapses. This could provide new insight in the mechanis$c 

understanding of the pathogenesis of related neurodevelopmental and neuropsychiatric 

disorders.  
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