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The highly specialized neuronal cells and their complex connectivity pattern is the hallmark 

of central nervous system organization. Synapse formation and specification are crucial 

steps in generating this complex wiring and proper establishment of functional synapses 

is essential for correct brain function. Cell adhesion molecules are key mediators in 

synapse specificity and moreover in generating functional synapses. Their diversification 

by alternative mRNA splicing, which can amplify the gene pool, is proposed to underlie 

molecular codes for synapse formation (Gomez et al., 2021). Additionally, alternative 

splicing is thought to be a stronger driver for synapse diversification than differential gene 

expression, as determined by transcriptomic approaches (Furlanis et al., 2019). However, 

due to mechanisms influencing translation of transcripts on multiple levels, it is hard to 

predict the proteome only based on transcriptome studies. Moreover, the expression, 

localization and function of individual protein isoforms, or “proteoforms”, generated by 

alternative splicing remains enigmatic.  
In this thesis, I combine multiple approaches to highlight the importance of probing 

individual proteoforms to study the generation of a molecular code underlying synapse 

specification. By combining targeted proteomics with the analysis of specific knock-in and 

knock-out mice, I could characterize a non-canonical proteoform of the synaptic adhesion 

molecule family of Neurexins. Alternative splicing and inclusion of an alternative exon at 

the splice segment 5 (AS5) of Neurexin 3 (Nrxn3) leads to specific expression of this 

proteoform in GABAergic interneurons and at pre-synaptic GABAergic terminals. 

Strikingly, this stands in contrast to the abundance of Nrxn3-AS5+ transcripts and could 

be determined to depend on translational repression elements in the 3’ untranslated region 

of Nrxn3. Aberrant splicing at AS5 and altered incorporation of repression elements leads 

to a drastic drop in NRXN3 protein levels while mRNA levels of Nrxn3 are unaltered. 

Moreover, NRXN3 AS5+ protein isoforms change their membrane association from a 

transmembrane to a GPI-anchored form. Deletion of this novel GPI-anchored NRXN3 

protein isoform leads to an impairment of synaptic transmission in a subset of CCK positive 

GABAergic synapses in the dentate gyrus.   

Thus, my thesis supports the use of more refined proteomic approaches to study the 

pleiotropy of synaptic molecules shaping synapse diversity. Finally, and to promote and 

collect already validated and successfully used targeted mass-spectronomy assays, we 

develop a database (https://scheiffele-SYNCODE.scicore.unibas.ch/) to strengthen the 

efforts of studying synaptic function on the proteome level.  
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1.1 General Introduction  

The brain is one of the most complex organs in the body. Studies done by pioneers of the 

field started to characterize the brain and its individual cell types over 100 years ago. 

Research studying the brain accelerated over the past decades, but still a lot of mysteries 

remain elusive. We know that the correct function of this highly organized organ relies on 

the proper wiring and connectivity of all the specialized cells within. This precise network 

and circuitry organization originates during development in a well-orchestrated manner 

including the specification and migration of individual neurons to and within their brain 

region. It further relies on the formation and later elimination or remodeling of individual 

synapses.  

While these mechanisms to some extents are based on spontaneous network activity and 

on inputs from sensory stimuli, underlying neuronal morphological development is 

segregated from neurotransmission. Loss of neurotransmitter secretion during 

development thereby does not prevent proper assembly of the brain and individual 

synapses for both excitatory and inhibitory synapses (Chen et al., 2013; Verhage et al., 

2000). Presynaptic terminals, dendrites and functional spines are further properly 

assembled and also maintained in the absence of synaptic transmission (Lu et al., 2013; 

Sando et al., 2017; Sigler et al., 2017). All these studies underscore the importance of 

intrinsic factors which instruct the development and function of synapses. Activity-

dependent spine formation, remodeling and elimination (Hofer et al., 2009; Kwon and 

Sabatini, 2011; Trachtenberg et al., 2002), is further thought to be instructed by these 

genetically encoded programs. These programs are thought to be directed by terminal 

selector transcription factors. Thereby defined groups of genes, or gene batteries, 

orchestrate important aspects of development and maintenance of synapses. They not 

only define different neuronal cell types, but also the timing of neuronal contact 

establishment and the plastic nature of the nervous system (Hobert, 2016; Sanes and 

Zipursky, 2020).  

Synaptic molecules including cell adhesion molecules, receptors, ion-channels, signaling 

molecules and proteins part of the synaptic release machinery play an important role in 

these gene batteries. They define neuronal cell types and are more importantly 

considerable contributors to synaptic development and maintenance (Sudhof, 2017, 

2018). Hence, transcriptomic studies suggested that the combinatorial use of these gene 

categories is the determining factor for the assembly of the synaptic architecture. These 

tailored pre- and post-synaptic molecular scaffolds are the basis for correct brain function 

(Paul et al., 2017).  
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The accelerating progress in transcriptomic studies further helped in understanding not 

only cell-type specific molecular repertoires or gene batteries, but also synapse specific 

molecule pools (Sanes and Zipursky, 2020; Shigeoka et al., 2016). Intrinsically specified 

gene expression patterns not only determine to which neuron a selected cell has to 

connect, but its molecular program also defines where on the target cell (Favuzzi et al., 

2019). The precise targeting on the soma, axon initial segment or the position on the 

dendritic tree of the target cell further adds to the complex genetically encoded blueprint. 

The proper expression of synaptic molecules is therefore crucial, as studies investigating 

mutations in genes that are responsible for diseases like Alzheimer’s or Autism have found 

a wide variety of synaptic risk genes (Autism Genome Project et al., 2007; Geschwind and 

State, 2015). Mutations in synaptic genes can thus be linked to these neurological 

diseases and highlight the importance of understanding the precise patterning and 

connectivity of neuronal circuits in relation to the expression of synaptic molecules. 

Transcriptomic studies further highlighted the impact of amplifying the limited gene pool 

by mechanisms as alternative mRNA splicing. Alternative splicing, a process in which 

multiple mRNA isoforms can be produced from a single gene, is thereby even a stronger 

driver of synaptic specificity when compared to the overall gene expression levels (Furlanis 

et al., 2019). Altering single exons in different studies showed that alternative splicing is 

contributing to the diversity of synaptic molecules and their function (Gomez et al., 2021).  

Even though a lot of effort was put into these characterizations, there is a substantial gap 

of studies linking the transcriptome to the proteome. To investigate synapse specificity, 

the analysis of the translated pool of synaptic proteins would be essential, as studies 

showed that only 40% of steady-state protein level variance can be explained by mRNA 

levels (Liu et al., 2016; Vogel and Marcotte, 2012). The underlying mechanisms, which 

include in addition to translation the regulation of mRNA stability, transport and 

degradation, are widely used in the nervous system (Holt and Schuman, 2013). Even 

though this is a well-known and characterized phenomena, the synaptic proteome and the 

contribution of individual protein isoforms or proteoforms to synaptic function remains a 

big question.  

In my work I will show one example on how individual proteoforms can be specifically 

expressed at a subset of synapses, adding one puzzle piece to better understand synaptic 

diversity. For this I will introduce the principle of individual cell classes and the logic of their 

specific connectivity by a trans-synaptic adhesion code. I will further discuss the role of co- 

and post-transcriptional mechanisms in generating this trans-synaptic code. In a last step 

I will introduce the model protein which I characterized in this work, the pre-synaptic 

adhesion molecule family of Neurexin and will discuss the topic of generating synaptic 

specification through Neurexins.  
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1.2 Neuronal and synaptic diversity 

The highly organized and meticulously controlled nervous system relies on a plethora of 

specialized cells. These cells need to establish proper connections to eventually form 

functional neuronal networks. Connectivity originates during development and is based on 

the specification of individual cells and their proper migration in combination with the 

growth of their processes. In a final step, neurons form functional synapses. Molecular 

intrinsic factors are the basis of all these steps. They are responsible for segregating 

neuronal cell types and in shaping individual synapses by encoding molecular scaffolds. 

These molecular repertoires are pivotal for the specification of neuronal synapses (Gomez 

et al., 2021; Hassan and Hiesinger, 2015; Sanes and Zipursky, 2020; Sudhof, 2017).  

I will introduce this specification of neuronal cell types, their connectivity and the 

mechanisms behind these molecular repertoires in the context of the hippocampus, a brain 

region responsible for memory formation and learning. The spatial organization of its 

neurons, well-characterized synapses and the clear flow of information makes it a prime 

candidate to study neuronal connectivity and changes thereof. Informational flow or 

neuronal signals into the hippocampus arrive in the dentate gyrus with input from 

entorhinal cortex through the perforant path. Via the trisynaptic pathway information 

arrives at CA1 pyramidal cells (cornu ammonis) as the major output neurons of the 

hippocampus. The trisynaptic pathway consists of excitatory input onto granule cells in the 

dentate gyrus and further glutamatergic connections to CA3 (mossy fiber pathway) and 

then to CA1 (Schaffer collateral pathway)(Andersen, 2007)(Figure 1).  

 

 

Figure 1. Schematic view of the hippocampus 
Drawing of the schematic view of the hippocampus including flow of information and local inhibitory 
networks. Flow of information (arrows) via perforant path (PP) to dentate gyrus (DG), mossy fiber pathway 
(MF) to CA3 and Schaffer collaterals (SF) to CA1. Dashed box: Blow up of dentate gyrus showing targeting 
of different interneurons (in yellow) residing in different sublayers of the dentate gyrus (OML/MML/IML: 
Outer-/Middle-/Inner-molecular layer, GCL: granule cell layer, SGZ: Sub-granular zone, HIL: Hilus). 
(Adapted from (Andersen, 2007; Scharfman, 2016)) 
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At each step of the pathway information flow is tightly regulated by local interneurons, 

which mediate signal propagation through this brain region. For example, inhibitory cells 

in the CA1 region of the hippocampus are responsible to tune the input and output of CA1 

pyramidal cells in a precise spatial and temporal patterned way (Klausberger and 

Somogyi, 2008). This basic circuitry, and the shape and size of its diverse synapses, is 

hardwired and not dependent on neuronal transmission (Sando et al., 2017; Sigler et al., 

2017). Individual neuronal cell classes therefore need to be able to form these connections 

through intrinsic programs, which will be discussed in the following chapter.  

 

1.2.1 Neuronal cell types 

Proper network function as in the tripartite circuit of the hippocampus is relying on well 

balanced synaptic excitation and inhibition. In general, and based on their 

neurotransmitters, neurons can be classed in excitatory or glutamatergic and inhibitory or 

GABAergic neurons, using glutamate or GABA as a neurotransmitter, respectively. Flow 

of information as information coming from granule cells to CA3 pyramidal cells is generally 

based on glutamatergic transmission, the fine-tuned inhibition and regulation of these 

signals by GABAergic signals. Since the initial studies of Ramón y Cajal and his pioneer 

work in characterizing neuronal cell classes based on their morphology, additional 

characterization criteria include the expression of genes, intrinsic properties and where on 

a target cell synapses are formed (Kepecs and Fishell, 2014; Zeng and Sanes, 2017). 

 

Fine tuning inhibitory cells thereby contribute to only 15% of neuronal cells, while 

glutamatergic cells represent more than 80% of neurons (Meyer et al., 2011). Interneurons 

show a wide variety of connectivity and subcellular targeting domains, therefore requiring 

a precise establishment of synaptic connectivity. After their initial classification based on 

those targeting domains, their morphology, specific molecules and firing properties into 

Somatostatin (SST), Parvalbumin (PV), Cholecystokinin (CCK), Vasoactive intestinal 

peptide (VIP) or calretinin (CR) positive interneurons, recent studies proposed up to 23 

different GABAergic cell classes (Kepecs and Fishell, 2014; Tasic et al., 2016). Those 

results come from single-cell sequencing studies looking at individual transcriptomes of 

hundreds of cells. They further demonstrated a clear connection between previously 

defined cell classes and their transcriptome data, thereby laying the ground for molecular 

defined characterization of neuronal cells classes (Tasic et al., 2016; Tasic et al., 2018). 
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Looking at the development of interneurons added additional evidence for the intrinsically 

determined fate of neuronal cells. In brief, neocortical interneurons originate from two 

progenitor zones termed caudal and medial ganglionic eminences (CGE and 

MGE)(Kepecs and Fishell, 2014). Neurons entering their migration pathway to their final 

localization are thereby thought to already express genetic markers which define them 

molecularly (Brown et al., 2011; Mayer et al., 2018; Mi et al., 2018).  

One class of molecular markers, genes encoding for proteins expressed at the synapse, 

is thereby the biggest driver of segregating neuronal cell classes (Paul et al., 2017). This 

means that next to shape, localization and target cells, synaptic molecules are important 

contributors in generating neuronal identity and furthermore in establishing specific 

synaptic connections. 

 

1.2.2 Specification of synaptic connectivity 

After individual neurons reach their destination due to migration, an elaborate network of 

neuronal connections is formed. The second step of synapse specification, next to initial 

axon guidance and in the end synaptogenesis or the forming of functional synapses, is 

thought to be the most complex (Sanes and Zipursky, 2020). This is nicely illustrated in a 

study that characterized and reconstructed a part of the mouse barrel cortex with the help 

of three-dimensional electron microscopy (Motta et al., 2019). They not only reconstructed 

the cell bodies and their dendritic trees (Left Panel, Figure 2), but also all axons innervating 

this dense structure (Right Panel, Figure 2). 

 

 

 

 

 
Figure 2. EM reconstruction of individual neurons 
Left: Visualization of individual cell bodies and their dendrites, each color represents one neuron.  
Right: Axonal innervations in the same region, same scale (adapted from (Motta et al., 2019)) 
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Synaptic molecules and therein especially cell adhesion molecules (CAMs) and signaling 

molecules are key determinants in governing synapse specification. They are crucial for 

initiating contact of pre- and post-synapse in close proximity and guiding the correct choice 

of the synaptic partner cell (Sanes and Zipursky, 2020; Sudhof, 2018).  

Technical advances led to the discovery and characterization of multiple families of 

proteins responsible for synaptic specificity. Those protein families thereby exhibit variable 

binding affinities to their evolutionary conserved molecular partners. As those binding 

properties are precisely controlled, they can instruct the targeted formation of specific cell 

interactions (Honig and Shapiro, 2020). 

Next to their ability to act in binding trans-synaptically, they need to be expressed in 

defined cell populations and moreover to be expressed in a sufficient variety. It is thereby 

thought that the differential and combinatorial usage of these receptor families leads to 

molecular specification through molecular diversity (de Wit and Ghosh, 2016). This 

molecular code and its coding power are based on the availability of pre- and post-synaptic 

modules of biochemical interaction partners. Different modules can thereby be present at 

individual synapses and their members can overlap between modules (Gomez et al., 2021; 

Schroeder et al., 2018; Shen and Scheiffele, 2010).  

Next to the process of synapse specification by a cue-driven molecular code, the presence 

or absence of specific adhesion molecules can facilitate unique synaptic properties in 

terms of release probabilities and receptor composition, together mediating plasticity (de 

Wit and Ghosh, 2016). One example thereof comes from mis-expression experiments of 

an alternative protein isoform of Neurexin, a pre-synaptic adhesion molecule, which can 

alter post-synaptic AMPA-receptor levels and therefore instruct regulation of glutamate 

receptors (Aoto et al., 2013). Neurexins are widely studied in being an essential part of the 

pre-synaptic molecular scaffold and are key mediators of the synaptic molecular code by 

binding to several extracellular and intracellular binding partners. They can fulfill this role 

by extensive alternative splicing and are expressed in a cell type specific way (Gomez et 

al., 2021; Sudhof, 2017). Neurexins are the model protein of my PhD Thesis and will 

therefore be introduced in detail after exploring the mechanisms behind the generation of 

molecular repertoires including the essential mechanism of alternative splicing.  
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1.2.3 Cell type specific molecular repertoires 

Molecular repertoires within a cell are maintained by the mechanism of transmitting 

information from DNA via RNA to proteins. During transcription mRNAs undergo a series 

of modifications including the capping of pre-mRNA, alternative splicing of individual 

exonic regions, editing and the terminal step of polyadenylation. At each step the 

processed RNA interacts with a subset of binding partners like RNA-binding proteins 

(RBPs) among others, which are responsible in regulating and coupling  individual 

processes (Ule and Darnell, 2006).  

While there are many processes involved in the generation of mRNAs, splicing of pre-

mRNA to mature transcripts by excising intronic sequences and combining exonic 

sequences is one critical step in their maturation process. The alternative usage of single 

exons therein is termed alternative splicing, which was predicted to occur in more than 

95% of all genes (Pan et al., 2008; Wang et al., 2008) and which is now thought to occur 

in nearly all genes in human (Barbosa-Morais et al., 2012; Merkin et al., 2012). Alternative 

splicing is hereby thought to be an important driving force in evolution by expanding the 

proteome massively. This expansion of the proteome is evident if we compare the number 

of genes and the respective proteome, which is for invertebrates as the worm a relative 

increase of 2.5-fold, in mammals as the mouse 4.5-fold and in human 10-fold (Lee and 

Rio, 2015). Alternative splicing is thereby a bigger driver of phenotypic diversity than 

differential gene expression, as analysis of differentially expressed genes shows the 

clustering of genes by organs and not species, while analysis of alternative splice events 

leads to a segregation of species (Barbosa-Morais et al., 2012; Merkin et al., 2012). 

Alternative splice events are therefore more similar between individual organs of one 

species and will be introduced in the following paragraph as an important contributor not 

only for phenotypic diversity but also cell identity. 

Splicing and therefore intron removal is mediated by a reoccurring assembly and 

disassembly of a highly dynamic and large complex consisting of five ribonucleoproteins, 

termed U1, U2, U4/6 and U5. Detailed genome-wide studies have shown how these 

subunits can bind different regions of a pre-mRNA, including the branch point and 5’ or 3’ 

splice sites. Additional elements include either positive or negative regulators of intronic or 

exonic sequences, which are termed exonic splice enhancers/silencers (ESE/ESS) or 

intronic enhancers/silencers (ISE/ISS)(Chen and Manley, 2009; Licatalosi and Darnell, 

2010). Mutations in those cis-acting elements are often at the base of disease states and 

the importance of correct alternative splicing guided by these cis-acting elements is 

evident if we look at splicing defects. Pathways involved in alternative splicing are 

frequently hijacked by altered trans-acting factors in tumor cells (David and Manley, 2010) 
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and aberrant splicing is often associated with neurological disorders like autism spectrum 

disorder (Parikshak et al., 2016; Quesnel-Vallieres et al., 2016).  

Correct splicing is a meticulous task, as splicing can be quite complex. Individual 

alternative splicing events can be grouped in different classes, ranging from single 

cassette exon in- or exclusions to complex splicing patterns involving multiple different 

acceptor and donor splice sites. Next to alternative cassette exons, mutually exclusive 

exons or alternative 3’ and 5’ splice sites, the usage of different promoters and alternative 

3’ exons can further augment the coding power of individual genes (Figure 3).  

 

 
Figure 3. Alternative splicing patterns 
Splicing can be classified into three groups: In- or exclusion of internal exons (a,b), alternative acceptor or 
donor sites (c,d) and alternative 5’ or 3’ exons (e,f). Retaining introns or using different polyadenylation 
sites can generate additional differential pre-mature/mature transcripts (g,h)(Vuong et al., 2016) 
 

 

The combinatorial use of alternative exons and alternative acceptor- and donor-sites in 

multiple regions can amplify the coding power tremendously, going from a few isoforms of 

one gene up to producing thousands of different protein isoforms like in the Drosophila 

gene DSCAM which can generate up to 38’000 proteoforms (Schmucker et al., 2000). 

Control of splicing patterns is mediated by different RNA-binding proteins. General splicing 

regulators include the family of SR proteins (Ser-Arg) as well studied mediators of ESEs 
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and heterogeneous nuclear RNPs (hnRNPs) which bind to ISSs and ESSs (Chen and 

Manley, 2009; Smith and Valcarcel, 2000). These splicing regulators can act ubiquitously, 

while others act on specific transcripts in a cell-type dependent manner. In the combination 

with ubiquitously expressed regulators and depending on their concentration they have an 

important role in generating tissue-specificity and cell-type identity during development 

(Black, 2003; Zhang et al., 2008).  

Interestingly, the occurrence of alternative splice events in neuronal tissue is highest when 

compared to other tissues and further demonstrates the need for a bigger variety of protein 

isoforms in the mammalian brain (Castle et al., 2008).  

One prominent example of RNA-binding proteins that help to fine-tune splicing choices in 

neurons is Nova, which is responsible for splicing choices of synaptic proteins (Ule et al., 

2005). RBPs can act on different cis-elements, as Nova1 is able to either act on ISEs, 

promoting inclusion of certain exons, or on ESEs, promoting skipping of certain exons 

(Dredge and Darnell, 2003; Dredge et al., 2005). The expression of Nova1 and Nova2 was 

further validated in knock-out studies as a tissue specific and to some extents even brain 

region specific splicing factor (Ule et al., 2005).  

RNA-binding proteins regulating alternative splicing were additionally reported to act in a 

cell-type dependent manner. One example is the activity dependent splicing regulator 

Rbfox1, which is a crucial factor in guiding the connectivity of SST+ and PV+ interneurons 

in the developing cortex by alternative splice programs (Wamsley et al., 2018).  

Another example comes from members of the STAR (signal transduction activators of 

RNA) protein family, which are defined by a conserved RNA-binding domain (Vernet and 

Artzt, 1997). The expression pattern of individual members of this family, SLM1 and SLM2 

(SAM68-like mammalian protein 1 and 2), thereby shows further evidence that RBPs are 

not only segregated between different neurotransmitter-expressing cell types but also 

within individual glutamatergic and GABAergic cell classes. While SLM1 is highly 

expressed in VIP+ interneurons and excitatory dentate granule cells, SLM2 is mostly 

expressed in SST+ interneurons and pyramidal cells in CA (Iijima et al., 2014; Nguyen et 

al., 2016; Traunmuller et al., 2014).   

A recent transcriptomic study further highlighted this phenomenon by showing that these 

are not rare events, but that the differential expression of individual exons between cell 

classes and even within cell classes segregated by tissues can control synaptic protein 

pools. Alternative splicing of genes related to synaptic genes is therefore more associated 

with synapse diversification when compared to the overall gene expression of those genes 

(Furlanis et al., 2019). In combination with studies deciphering steady-state transcriptomes 

of individual cell classes, recent studies further pushed gene expression analysis looking 
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at activity dependent transcripts in different cell populations and at their sub-cellular 

localization (Hrvatin et al., 2018; Tushev et al., 2018).  

Transcriptomic studies are thus an important tool to assess molecular repertoires at 

synapses and helped to better understand how neuronal cell classes and synaptic diversity 

are shaped by transcript diversification.  

  



 

17 
 

1.3 Transcriptome to proteome divergence 

Transcriptome studies can give us a detailed insight into the pool of mature transcripts 

within individual cells. However, studies comparing the transcriptome to the translated 

proteins or proteome revealed that only about 40% of the proteome can be predicted by 

looking at mRNA levels (Liu et al., 2016; Vogel and Marcotte, 2012). Underlying this 

striking difference are post-transcriptional mechanisms taking place after maturation of 

transcripts, when mRNA is exported to the cytoplasm. There it is further regulated in terms 

of translation rates, transported to sub-cellular locations and finally degraded. This is the 

basis for the spatial and temporal regulation of single mRNAs and their rapid and controlled 

translation in specific subcellular localizations (Jereb et al., 2018; Taliaferro et al., 2016; 

Tushev et al., 2018). The non-coding and untranslated regions (UTRs) up- and down-

stream of the coding sequence (CDS) can thereby act as hubs for binding a variety of co-

factors responsible for this spatial and temporal control. Alternate UTRs are further known 

to not only regulate the stability but also the sub-cellular localization of mRNA transcripts 

(Tushev et al., 2018). Differential 3’UTR expression driving the generation of a hub for 

multiple binding partners responsible for post-transcriptional modifications will be 

introduced in the following chapters. 

 

1.3.1 Differential 3’UTR expression 

In addition to alternative coding sequences generated by alternative splicing, alterations 

in the non-coding parts or UTRs have a profound impact on protein expression. Next to 

alternate 5’UTRs and their influence on translation initiation 3’UTRs show a high potential 

for translational control. Differential usage of 3’UTRs can have a high influence on 

translation as longer 3’UTRs and thereby bigger “platforms” for trans-acting regulators lead 

to regulation of transcript stability and sub-cellular localization (Miura et al., 2014). 

3’UTR length or choice of variable poly(A)-sites is regulated by alternative polyadenylation 

(APA). Alternative polyadenylation can thereby either change the length of the 3’UTR or 

in other cases, and when coupled to splicing, alter the CDS (Tian and Manley, 2017). 

Sequencing studies in mice revealed that nearly 80% of mRNA coding genes have more 

than one polyadenylation site (Elkon et al., 2013). The process of polyadenylation is further 

linked to alternative splicing through splice factors that interact with downstream 

polyadenylation factors and plays an important role in generating transcript diversity 

(Danckwardt et al., 2008; Danckwardt et al., 2007). 
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The attachment of the poly(A)-tail is a two-step process including endonucleolytic cleavage 

and the addition of a stretch of Adenosines, which in humans normally consists of 250-

300 basepairs (Elkon et al., 2013). It is mediated by cis-acting RNA elements and proteins 

that bind to the pre-mature RNA. The most important cis-element is a 6-nucleotide long 

motif, which can have different variants; the canonical variant is defined as AAUAAA. It is 

located 15-30 nucleotides (nt) upstream of the cleavage site and is recognized by cleavage 

and polyadenylation specificity factor (CPSF) which in combination with the cleavage 

stimulation factor (CSTF) promotes the cleavage between these two multi-polypeptide 

complexes. CSTF binds to U- or GU-rich downstream sequence elements (DSEs) that 

mediate together with upstream sequence elements (USEs) the cleavage efficiency 

(Mandel et al., 2008). Recognition of alternative poly(A)-sites is differently regulated during 

development and across different tissues, dependent on the concentration of 

polyadenylation factors like CSTF and on the strength of the poly(A)-site (Colgan and 

Manley, 1997). 

Changes in alternative polyadenylation are important for proper development with the 

usage of proximal poly(A)-sites before and usage of distal poly(A)-sites after maturation 

(Ji et al., 2009; Wang et al., 2013). APA changes were also found to be regulated by 

neuronal activity (Flavell et al., 2008). The usage of longer 3’UTRs and thereby more 

possibilities for regulation in general is facilitated in neuronal tissue and like alternative 

splicing thought to help the functional and anatomical more complex neuronal cells to fulfill 

their tasks (Miura et al., 2013; Zhang et al., 2005). In addition to alternative 3’UTRs, 

alternative terminal exons were also reported to promote differential regulation by trans-

acting factors (Taliaferro et al., 2016). In this case, APA occurs upstream of the 3’UTR, 

leading to the expression of alternative terminal exons (Tian and Manley, 2017). One 

classic example thereof is the production of two proteins, calcitonin and calcitonin gene-

related peptide 1, by either skipping or including an alternative terminal exon (Amara et 

al., 1982). This regulation is tissue specific and together with a study investigating the 

switch of IgM heavy chain mRNA during B-Cell activation from distal to proximal poly(A)-

site usage the first evidence of this mechanism (Alt et al., 1980). APA can additionally 

generate dominant negative counterparts of specific proteins, by generating truncated 

isoforms that compete with the full length proteoform (Di Giammartino et al., 2014). 

This mechanism of not only changing the non-coding but also the coding sequence is 

widespread and occurs in more than 40% of transcripts (Hoque et al., 2013). Altering the 

coding sequences have a profound impact on the protein identity. This includes changes 

in membrane association shifting transmembrane protein isoforms to secreted isoforms, 

which was found in at least 376 mouse genes (Davis et al., 2006). This termed upstream-

APA is more prominent in cells that are proliferating, adding evidence that APA in non-



 

19 
 

terminal and terminal exons may be linked (Elkon et al., 2012; Hoque et al., 2013; 

Taliaferro et al., 2016; Tian and Manley, 2017).  

 

1.3.2 Post-transcriptional regulatory mechanisms 

Regulatory mechanisms that act on differential 3’UTRs are mediated by trans-acting 

factors which guide translational control, and which influence the divergence between 

transcriptome and proteome. They predominantly regulate stability, translation rates and 

localization of transcripts (Tian and Manley, 2017). 

Trans-acting factors like micro RNAs (miRNAs) and RNA-binding proteins (RBPs) are 

known to influence the stability of transcripts by binding sequence elements in their 3’UTR. 

miRNAs are small RNAs (~23nt), which after processing and loading into the silencing 

complex, pair with mRNA in a repressive manner, normally leading to endonucleolytic 

cleavage and degradation of target mRNAs (Bartel, 2009). Stability of mRNA molecules is 

thereby greatly influenced by 3’UTR length in having more accessible binding sites, either 

leading to degradation of transcripts when harboring destabilizing elements or stabilizing 

them by incorporation of elements recruiting stabilizing RBPs (Hogg and Goff, 2010; Tian 

and Manley, 2017).  

Degradation of mRNAs is canonically either regulated by 5’ to 3’ or by 3’ to 5’ decay after 

mRNAs are deadenylated (Garneau et al., 2007; Houseley et al., 2006; Sheth and Parker, 

2003). Next to the degradation of properly processed transcripts, mechanisms as non-

sense mediated mRNA decay (NMD) are responsible to degrade aberrant transcripts. One 

way of NMD function is its ability to recognize premature translation termination codons 

(PTCs), which can be the consequence of genetic mutations, imprecise transcription or 

faulty pre-mRNA splicing (Conti and Izaurralde, 2005). If NMD only has a function in 

detecting aberrant transcripts or if it is more general involved in the degradation of mRNAs 

is still unclear, but core features of its machinery are ubiquitously expressed and well 

characterized (Brogna et al., 2016; Garneau et al., 2007; He and Jacobson, 2015). Core 

proteins include UPF1, UPF2 and UPF3, which bind to exon junction complexes (EJC), a 

complex which is placed at spliced exon junctions (Conti and Izaurralde, 2005; Le Hir et 

al., 2000). EJCs are normally removed by translating ribosomes, but in cases where the 

translating ribosome encounters a PTC upstream of an EJC they trigger NMD (Conti and 

Izaurralde, 2005; Garneau et al., 2007).   

Brogna and co-workers additionally proposed a model called “The Ribosome release 

model”, which would be caused by ribosomes falling off after encountering a PTC on 

mRNAs due to non-efficient binding after a stop codon, leaving more mRNA sequences 
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“unprotected” from ribosomes (Brogna et al., 2016). NMD might further play a crucial role 

in regulating storage of mRNAs at a distinct cellular location, adding support to the high 

need of temporal and spatial control of neuronal gene expression (Giorgi et al., 2007).   

Neurons are in high need of controlled translation of mRNAs, as they need to be able to 

quickly react to stimuli in adapting and changing local protein pools (Holt et al., 2019). 

Evidence for local translation in response to stimuli comes from early studies showing 

localized transcripts by using in situ hybridization, which in more recent years and by the 

usage of more advanced techniques went first to 100-200 and more recently to over 2500 

localized transcripts in the CA1 neuropil (Cajigas et al., 2012; Kleiman et al., 1990; Poon 

et al., 2006; Zhong et al., 2006).  

Localization of transcripts is thereby guided by RBPs binding to 3’UTRs, and with neurons 

tending to use longer 3’UTRs and the inclusion of localization elements led to the 

hypothesis that differential localization in neurons is a widely used mechanism (Zhang et 

al., 2005). Brain-derived neurotrophic factor (BDNF) is a good example of this mechanism, 

as short 3’UTR isoforms restrict expression to the cell body and long isoforms locate the 

mRNA to dendrites. Truncating long isoforms thereby leads to defects in spine density and 

long-term potentiation (LTP) impairment in hippocampal dendrites (An et al., 2008).    

Local signaling in dendrites is further thought to change regulation of transcripts by trans-

acting factors, leading to translation, degradation or altered translational efficiency (Glock 

et al., 2017). Recent studies also started to characterize the local translatome of axonal 

compartments by adapting the Ribo-Trap Method to different cellular compartments in the 

mouse visual system. The ribosome is thereby tagged in a Cre-mediated way and together 

with bound mRNA isolated from complex samples (Sanz et al., 2009). These isolated 

axonal translatomes showed common regulators and interestingly shared sequence 

elements generated by alternative splicing (Shigeoka et al., 2016).   

All these mechanisms influence the process of generating cell identity to form specific 

synapses in an intrinsically defined way. To better understand how processes including 

co- and post-transcriptional regulatory mechanisms shape synaptic diversity a profound 

analysis on the transcriptome, local translatome and proteome needs to be integrated. In 

my dissertation I will illustrate this by showing one example of a synaptic adhesion 

molecule of the Neurexin gene family involved in shaping the synapse in previously 

unknown fashion. Before introducing the project, I will therefore discuss the terms of 

synaptic specification as well as co- and post-transcriptional mechanisms in relation to 

Neurexins.  
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1.4 Neurexins  

The gene family of Neurexins (Nrxn) encode for important pre-synaptic signaling 

molecules with a high diversity of proteoforms, which can be expressed in a cell-type 

specific manner. Multiple NRXN loss-of-function models have highlighted the important 

role of distinct NRXN protein isoforms for synaptic function. However, due to the lack of 

tools, this class of adhesion molecules is hardly studied at the protein level.  

Neurexins are synaptogenic proteins, first identified as receptors for alpha-latroxin and 

with a suggested role in cell recognition (Ushkaryov et al., 1992). Synaptogenic proteins 

thereby have the ability to trigger pre- or postsynaptic functional assemblies, as shown for 

both Neurexins and their best studied postsynaptic binding partners Neuroligin (Nlgn)(Chih 

et al., 2006; Dean et al., 2003; Graf et al., 2004; Scheiffele et al., 2000). In addition to their 

role in synaptic development and maintenance, numerous studies in the last 30 years 

attributed Neurexins further roles in synaptic transmission in both glutamatergic and 

GABAergic synapses (Etherton et al., 2009; Missler et al., 2003; Zhang et al., 2010), 

whose disruption leads to severe phenotypes (Sudhof, 2008, 2017).  

Neurexins represent a highly efficient hub for the organization of the synapse. Thanks to 

their specific domain composition, Nrxns have the power to recruit distinct types of post-

synaptic molecules, and therefore trans-synaptically influence the post-synaptic 

composition and properties. In addition to the well-characterized post-synaptic partners 

Nlgns (Chih et al., 2005; Ichtchenko et al., 1995; Scheiffele et al., 2000), Neurexins can 

efficiently recruit leucine-rich repeat transmembrane proteins (LRRTMs)(de Wit et al., 

2009; Ko et al., 2009; Siddiqui et al., 2010), GABA-A receptors (Zhang et al., 2010) and 

α-Dystroglycans (Sugita et al., 2001). They were further characterized to bind to soluble 

proteins such as C1ql proteins and Cerebellins (Cbln), which have the power to couple 

kainate and glutamate receptors to Neurexins respectively (Matsuda et al., 2016; Matsuda 

and Yuzaki, 2011; Uemura et al., 2010), and to the family of neurexophilin (Missler et al., 

1998; Petrenko et al., 1996).  

 

1.4.1 Neurexin molecular diversity  

Genomic variability, coupled with post-transcriptional and post-translational modifications 

of Neurexins, can generate protein isoforms with multiple structural motifs responsible for 

the specific trans-synaptic recruitment. Variability of NRXNs arise from the presence of 

three different genes in the mammalian genome (Nrxn1, Nrxn2, Nrxn3) and the usage of 

three (α, β, γ) or two (α, β) alternative promoters for Nrxn1 or Nrxn2 and Nrxn3, 
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respectively. They are very large genes with up to 1.8Mb in humans for Nrxn3 (Reissner 

et al., 2013; Tabuchi and Sudhof, 2002; Yan et al., 2015). Beside their genomic variability, 

multiple NRXN isoforms can result from co-transcriptional processing. In particular, 

alternative splicing of their pre-mRNAs have the potential to generate hundreds of different 

transcripts by combinatorial usage of six alternative splice segments (AS1-6), which are 

conserved across mouse and human (Flaherty et al., 2019; Schreiner et al., 2014; 

Treutlein et al., 2014). Longer α-NRXNs (~1500 amino acids) contain all six splice 

segments while β-NRXNs (~450 amino acids) contain only AS4 and AS5 (Figure 4).  

 

 

Figure 4. Neurexin splice site and molecular diversity 
a, Schematic view of alternative splice segments in Nrxn pre-mRNA. Splicing patterns shown by lines, 
possible splice combinations indicated below; promoters (arrows), splice sites (AS1-6) and exon numbers 
(exons 1-25) labelled (Adapted from (Schreiner et al., 2014)). Yellow: Alternative Exon, Orange: Alternative 
donor or acceptor site, Grey: Constitutive exon. b, Domain organization of NRXN proteins with location of 
splice sites indicated; extracellular domains left, intracellular domains right from the lipid bilayer, domains 
indicated on the right (Adapted from (Ushkaryov et al., 1992)). 
 

 

Alternative exon usage within Nrxn transcripts can highly influence the extracellular protein 

domains and their interactive potential to binding partners. NRXN proteins consist of six 

Laminin-Neurexin-Sex hormone binding globulin (LNS) domains, which are interspersed 

by epidermal growth factor (EGF) domains. AS2, AS3 and AS4 are located in the 

extracellular LNS domains, and their inclusion or exclusion thereby directly alters the 

binding specificity and the degree of affinity with post-synaptic partners (Figure 4b)(Gomez 

et al., 2021; Sheckler et al., 2006). For example, the formation of the tripartite synaptic 

complex composed of glutamate receptors, Cerebellins and Neurexins depends on the 

inclusion of AS4 within Nrxn transcripts (AS4+) (Matsuda and Yuzaki, 2011). Moreover, 

AS2 insertions are known to guide the binding of α-Dystroglycan (DAG1) and also 



 

23 
 

Neurexophilin 1 (Nxph1). DAG1 binding is further dependent on AS4 and both are 

competing with Nlgn binding to Nrxns. This not only demonstrates how splicing modulates 

small structural changes and in consequence leads to different binding partners but also 

the dependence of a combinatorial use of splice sites (Reissner et al., 2014; Sugita et al., 

2001; Wilson et al., 2019).   

AS1, AS6 and AS5 on the other hand are thought to have direct influence on the sterical 

flexibility of Nrxn proteins, as they influence the length between LNS domains (AS1, AS6) 

or the length of the stalk region situated in the juxtamembrane region before the 

transmembrane domain (AS5, Figure 4b)(Miller et al., 2011; Schreiner et al., 2014).  

Intracellularly, NRXNs are linked to the cytoskeleton by binding scaffolding proteins. At the 

carboxy-terminus they contain a PDZ-binding motif, which is binding to CASK, together 

with protein 4.1 nucleating assemblies of actin filaments and furthermore linking NRXNs 

to pre-synaptic clusters of Ca2+ and K+ channels (Biederer and Sudhof, 2001; Hata et al., 

1996; Leonoudakis et al., 2004; Maximov et al., 1999).  
	
	

1.4.2 Role of Neurexin in determining a molecular code 

The astonishing diversity in Neurexin composition and its combinatorial use has the 

potential to generate cell type- or even single synapse-specific molecular codes. 

Supporting this hypothesis, recent studies show the selective expression of proteoform 

subsets in defined neuronal cell populations. This diversity in expression can be observed 

at different levels. First, there is a clear relation of the variety of transcript isoforms to tissue 

heterogeneity, as shown by a study using single molecule long-read PacBio RNA-

sequencing. Nrxn1 transcripts are more diverse in overall brain tissue when compared to 

isolated cell populations, where a more defined subset of transcripts is expressed. This 

holds true when comparing brain regions as Cortex and Cerebellum, which differ in 

complexity (Schreiner et al., 2014). Second, there is as cell type specific expression of 

alternatively spliced exons of Neurexins as determined by single-cell mRNA profiling and 

by translatome studies (Fuccillo et al., 2015; Furlanis et al., 2019; Lukacsovich et al., 

2019). Finally, alternative splicing also correlates with interneuron development, as there 

are distinct splicing profiles for interneurons emigrating from either medial or caudal 

ganglionic eminence (Lukacsovich et al., 2019).   

Two other mechanisms could alter the role of Neurexins in shaping a synaptic molecular 

code. First, post-translational modifications, here the attachment of heparan sulfate (HS) 

in the stalk region of NRXNs, was shown to enhance NRXN binding to NLGNs and 

LRRTMs. NRXN itself can thereby by classified as a heparan sulfate glycoprotein (HSGP), 
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with the loss of its HS-modification leading to impairments in synaptic transmission and 

development. Next to the previously described protein-protein interactions this raises the 

question of an additional glycan-code next to a splicing code (Roppongi et al., 2020; Zhang 

et al., 2018). Second, proteolytic cleavage of NRXNs, which results in ectopic shedding, 

might amplify the function of Neurexin at the synapse. It was shown that the clearance of 

C-terminal fragments of shedded NRXNs is required for proper neurotransmitter release 

(Saura et al., 2011; Servián-Morilla et al., 2018).  

Impairments in synaptic transmission were also shown in conditional triple knock-out (KO) 

mice, where all α- and β-Neurexins are deleted in a Cre-dependent manner after 

development, as constitutional KOs are lethal (Missler et al., 2003). Interestingly, 

conditional KOs exhibited different phenotypes in different cell classes, as PV+ cells show 

a decrease in synapse numbers while SST+ interneurons display altered pre-synaptic Ca2+ 

transients, both leading to a decrease in synaptic strength (Chen et al., 2017).  

Cell type specific expression of Neurexin isoforms is closely linked to the expression of 

RBPs responsible for the regulation of Neurexin splicing. In addition to more general RBPs 

like Nova2 and Rbfox1 identified in genetic screens as splicing regulators of Nrxns (Saito 

et al., 2019; Wamsley et al., 2018), members of the STAR protein family are well 

characterized Neurexin regulators, in particular for their role in promoting skipping of AS4. 

Thus, high levels of SLM2 in pyramidal cells in CA1/CA3-regions of the hippocampus lead 

to selective expression of NRXN-AS4- proteins, while low levels of SLM2 in PV+ 

interneurons guide the expression of AS4+ isoforms. Furthermore, SLM2-loss in pyramidal 

cells leads to loss of AS4- splice isoforms and mis-expression of SLM2 in cells that do not 

express it leads to the production of AS4- isoforms (Nguyen et al., 2016; Traunmuller et 

al., 2016).  

Alternative splice segment 4 was further shown to have possible differential function when 

comparing Nrxn1 and Nrxn3. Overexpression of either Nrxn1-AS4+ or Nrxn3-AS4+ leads 

to changes in the post-synaptic recruitment of NMDA or AMPA receptors, therefore highly 

influencing the post-synaptic responses. On the other hand, overexpression of Nrxn2-

AS4+ had no effect on the recruitment of ionotropic glutamate receptors and on synaptic 

properties (Dai et al., 2019). 

The alternative splice site 5, which could be involved in regulating length and sterical 

variability of the stalk region and furthermore membrane attachment is not well studied, 

although it has the highest potential for transcript diversification with theoretical 30 different 

splice variants in Nrxn3 (Figure 4a)(Schreiner et al., 2014). As this splice site is analyzed 

in detail in my work, I will introduce it in the following paragraph. 
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1.4.3 Alternative splice segment 5 of Neurexin 3  

Although Nrxn3-AS5 has the highest potential for protein diversification, its impact on the 

functional role of Neurexins in generating synaptic specificity remains elusive. Alternative 

splicing at AS5 of Nrxn3 can lead to the inclusion or exclusion of the alternative exon (exon 

24). Exon 24 is flanked by two alternative donor sites (exon 23a/23b) and three 

downstream alternative acceptor sites (exon 25a/25b/25c), with theoretical four alternative 

acceptor sides in exon 24 (Figure 5)(Schreiner et al., 2014). NRXN-AS5- isoforms (i.e., 

isoforms that skip alternative exon 24) which include the alternative acceptor site 25b are 

known to bind to C1ql2/3 proteins. This coupling thereby generates a tripartite trans-

synaptic complex with kainate receptors at hippocampal mossy fibers, which disruption 

leads to reduced network activity in the hippocampus (Matsuda et al., 2016).  

 

 

 

Figure 5. Alternative splice segment 5 of Nrxn3 
Top: Alternative splice segment 5 within Nrxn3 pre-mRNA, with exons indicated, Yellow: Alternative 
cassette exon, Orange: Alternative acceptor and donor sites, Grey: Constitutive exon; Bottom: Main 
isoforms generated by AS5 splicing, with translational Stop-Codons and transmembrane domain (TMD) 
annotated. 

 

 

Inclusion of the alternative exon 24 results in the generation of NRXN3-AS5+ isoforms. So 

far, only a limited number of studies thoroughly investigated the functional implication of 

this transcript isoform. In a first study, Nrxn3-AS5+ was reported to encode for a secreted 

protein by inclusion of an in-frame premature stop codon before the canonical 

transmembrane domain, encoded by exon 25c (Ushkaryov and Sudhof, 1993). As 

inclusion of a PTS upstream of the exon 24-25 boundary would lead to NMD, it has been 

hypothesized that the inclusion of AS5 would result in the loss of NRXN3 protein (Giorgi 

et al., 2007). Another hypothesis highlighted the possibility that AS5+ might encode for a 

GPI-anchored protein, as NRXN3-AS5+ was shown to be tethered to membranes in 

heterologous cells and furthermore can be released by adding phosphatidylinositol-

specific phospholipase C (PI-PLC), an enzyme that specifically cleaves GPI-anchors 
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(Schreiner 2014). When looking at the alternative acceptor sites in exon 24, only the usage 

of acceptor site 24a could be detected by sequencing. Thus, splicing at AS5 can either 

generate secreted/GPI-anchored NRXN3-AS5+ or transmembrane NRXN3-AS5- isoforms 

and as there is no evidence for multiple acceptor sites in exon 24 it will be treated as an 

alternative cassette exon (Figure 5)(Schreiner et al., 2014). The expression of this splice 

site on the protein level and its functional impact on synaptic formation or synaptic 

properties remain unclear. The expression on the protein level, its functional impact and 

the representation of Nrxn3-AS5+ in shaping a molecular code underlying synaptic 

diversity therefore remain unclear.  
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1.5 The dissertation project 

To understand how the specificity of synapses is generated a lot of effort was put into a 

wide variety of studies as introduced. These studies tried to decipher the fundamental 

molecular logic underlying synapse complexity and further how synapse diversity shapes 

the complexity of the brain. Synaptic adhesion molecules were thus prime candidates to 

investigate. With the help of transcriptomic studies identifying gene families or classes, 

and follow-up work looking at those families with biochemistry methods, the ground was 

lied for a better understanding of the molecular scaffold at the synapse.  

However, due to the lack of tools the characterization of not only overall gene expression 

but also the characterization of individual transcript isoforms and their respective proteome 

lags behind. Additionally, transcriptome studies can give us no insight into the subcellular 

localization of individual proteins. To therefore better understand the molecular scaffold 

generating synapse specificity we need to apply more sophisticated tools to examine the 

proteome of individual neuronal cell classes to overcome the divergence of proteome 

predictions in relation to the transcriptome.  

In this work I applied refined methods to study an endogenous alternative splice form of 

Neurexin 3. As introduced, mutations in different variants of Nrxn3 are disease associated 

and alternative splice isoforms of a pool of over 1000 transcripts generated by the Nrxn 

gene family show phenotypes in glutamatergic and GABAergic transmission. The 

alternative splice segment 5 of Nrxn3 thereby shows the greatest potential for synaptic 

diversification, as it consists of multiple evolutionary conserved alternative acceptor- and 

donor-sites up- and down-stream of the cassette exon. As the incorporation of the 

alternative exon leads to the inclusion of a pre-mature stop codon, AS5+ transcripts were 

predicted to undergo NMD and would therefore not contribute to the molecular repertoire 

at the synapse. As NRXN3-AS5+ was further predicted to be either a secreted or GPI-

anchored protein, it might significantly change its role in forming a trans-synaptic code 

shaping synaptic identity.  

The aim of my thesis project is to characterize how non-canonical NRXN3-AS5+ 

proteoforms contribute to synaptic function. To achieve this, I applied a combination of 

proteome driven methods by specifically tagging NRXN3-AS5+ proteoforms and 

performing targeted proteomics to study the influence of NRXN3-AS5+ in shaping a 

molecular code. The results, which highlight a specific example of molecular complexity 

underlying synaptic diversity, are included here in form of a manuscript, and will be 

discussed separately afterwards.  
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2. Results 
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2.1 Preface 

The following result chapter in form of a manuscript represents the work of my PhD, carried 

out in close collaboration with several people. Below I will illustrate the individual 

contributions of each person involved in the project investigated during my PhD thesis. 

Supplementary experiments that are not represented in the manuscript will be mentioned 

and put into perspective in the discussion part.  

The project was supervised by Peter Scheiffele who was involved in writing the 

manuscript. The work was supported by and the manuscript prepared in collaboration with 

Katharina Behr, Dietmar Schreiner and Alexander Schmidt. 

Proteoform mapping uncovers cell- and synapse-specific forms of Neurexin 3 
David Hauser, Katharina Behr, Dietmar Schreiner, Alexander Schmidt, Josef 

Bischofberger and Peter Scheiffele 

in preparation 

 

For this project, I generated and validated the knock-out and knock-in mouse lines. 

Biochemistry experiments in characterizing the mouse lines and further characterizing 

Nrxn splice isoforms were done by me, for pull-downs I had help from Dietmar Schreiner. 

All stainings, quantifications and data analyses were performed by me, including 

preparation of neuronal cell cultures and mouse brain sections. I performed RNA isolation 

and RT-qPCR analysis as well as semi-quantitative PCR assays which I optimized and 

designed.  

All samples for Mass-Spec analysis were prepared and submitted by me, design of heavy 

peptides for PRM was done by Alexander Schmidt, who also ran and analyzed all Mass-

Spec experiments.  

Katharina Behr was critically involved in characterizing knock-out mice with 

electrophysiological recordings, which were performed by her and in which design Josef 

Bischofberger was involved.  

Pawel Pelczar from the Center for Transgenic Models (CTM, Basel) was involved in the 

generation of the Nrxn3-AS5 knock-out and the Nrxn3-AS5HA knock-in mouse line. 

Caroline Bornmann and Laetitia Hatstatt-Burkle gave technical support with perfusion of 

animals for cryo-sectioning.  
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Abstract 

The diversification of cell adhesion molecules by alternative splicing is proposed to 

underlie molecular codes for synapse formation and specification in the nervous system. 

Transcriptomic approaches uncovered detailed cell type-specific mRNA splicing programs 

and genetic studies support a key role for alternative splicing in functional synapse 

specification. However, due to technical limitations, it has been hard to probe synapse-

specific localization and function of the resulting protein splice isoforms, or “proteoforms”, 

in vivo. We here apply a proteoform-centric workflow in mice to test synapse-specific 

functions of splice isoforms of the synaptic adhesion molecule Neurexin-3 (NRXN3). 

Combination of splice isoform-specific knock-in, knock-out and targeted proteomics 

uncovers a major non-canonical proteoform, NRXN3 AS5, that is selectively expressed in 

GABAergic interneurons and presynaptic GABAergic terminals. NRXN3 AS5 protein 

abundance significantly diverges from the broad distribution of the mRNA transcript 

isoform and is gated by translation-repressive elements in the 3’ untranslated region of the 
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mRNA. Deletion of NRXN3 AS5 isoforms results in a >60% decrease of total NRXN3 

protein expression without modifying the total Nrxn3 mRNA level. This loss-of-function is 

accompanied by an impairment of synaptic transmission at CCK interneuron synapses in 

the dentate gyrus. Finally, we develop a database (https://scheiffele-

SYNCODE.scicore.unibas.ch/) of validated targeted mass-spectrometry assays to 

facilitate the dissection of synaptic connectivity and function at the proteome level.   

 

Introduction 

The formation and functional specification of neuronal synapses are fundamental for 

neuronal circuit operation. During development, molecular programs play a central role in 

shaping synapse formation and function 1-7. Terminal gene batteries direct the cell type-

specific expression of key molecular constituents that encode components of 

neurotransmitter synthesis, release, neurotransmitter receptors, and synaptic adhesion 

molecules 8. Major advances in transcriptomic and proteomic approaches have advanced 

our understanding of cell type- and synapse-specific molecular repertoires that contribute 

to the specification of synaptic connectivity and function 9-18. 

 

Recent work highlighted that regulators of neuronal wiring are extensively modified at the 

level of alternative mRNA splicing, producing distinct cellular transcript isoform repertoires 

19-26. Evolutionary comparisons of alternative splicing across species highlighted a massive 

expansion of alternative exon usage from invertebrates to mammals, non-human primates 

and humans 27,28. Thus, the increased molecular diversification by alternative splicing was 

proposed to be a major driver of phenotypic diversity. Targeted manipulation of specific 

alternative exons in individual genes demonstrated that alternative splicing provides a 

fundamental mechanism for functional regulation 29-39. Thus, alternative splice variants of 

synaptic proteins are thought to underlie a cell and synapse-specific code for neuronal 

wiring.  
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While methodologies for deep profiling of transcript isoforms continue to rapidly advance, 

there are major limitations in probing to what extent such transcript isoforms actually 

contribute to functionally relevant proteoform diversity in vivo. Quantitative transcriptome 

– proteome correlations have led to the conclusion that only 40% of protein level variance 

can be explained by mRNA levels 40-43. Non-coding, 5’ and 3’ untranslated regions are 

major regulators of translation, protein localization, protein-protein interactions 44. Such 

post-transcriptional regulation is particularly prevalent in the nervous system 45,46. 

Moreover, transcriptomic analyses cannot uncover subcellular allocation of protein splice 

variants which is central for the hypothesis of a splice-code dependent specification of 

neuronal connectivity. Given these limitations, it remains a major question how mRNA 

splice isoforms contribute to functionally distinct synaptic proteoforms and a functional 

code for cell type-specific synapse properties. 

 

We here combined selective genetic tagging of an endogenous splice isoform, selective 

ablation, and splice isoform-specific targeted proteomic approaches to test synapse-

specific recruitment and function of splice isoforms of the synaptic adhesion molecule 

Neurexin-3 (NRXN3). Nrxn3 sequence variants and mutations have been linked to 

alterations in emotional behavior, drug abuse, and autism 47,48. Alternative splicing at up to 

six segments (AS1-6) results in the generation of thousands of Nrxn3 mRNA isoforms in 

the mammalian brain 25,49,50. Mouse knock-out models for Nrxn3 and mis-expression of the 

mRNA encoding mRNA isoforms containing or lacking an alternative exon at AS4 

uncovered phenotypes in glutamatergic transmission, as well as GABAergic alterations 

30,31,47. Moreover, sequences encoded by an alternative splice acceptor site at AS5 interact 

with C1q-like proteins in vitro 26. The Nrxn3 AS5 segment (here designated as exon 23-

24-25, with exon 24 encoding the alternative exon, Fig.1a) consists of multiple, 

evolutionarily conserved alternative splice donor and acceptor sites, and thus, has been 

proposed to be the biggest contributor to Nrxn3 mRNA isoform diversification. However, 
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AS5-containing mRNAs are predicted to encode secreted Neurexin-3 proteins that lack 

function 30,51. Thus, representation and function of NRXN3 proteoforms has remained 

enigmatic. 

 

Results 

Splice proteoform-specific tagging of Nrxn3 in vivo 

mRNAs containing exon insertions at the alternatively spliced segment AS5 are widely 

detected in the mouse nervous system. Using Sashimi-plots to visualize exon-exon 

junctions from deep RNA sequencing data 19, we observed that in mouse hippocampus 

AS5+ mRNA isoforms mostly contain exon 23-24 and the downstream alternative acceptor 

side 25a (Fig.1a). By contrast, AS5- variants skip exon 24 and mostly join exon 23 into 

downstream acceptor sites 25b and 25c. Importantly, the alternative exon 24 contains a 

premature translational stop codon and exon 24-containing Nrxn3AS5 mRNAs were 

hypothesized to be targeted by nonsense-mediated decay 52. However, we did not observe 

translation-dependent mRNA decay of endogenous Nrxn3AS5 isoforms in vitro (Fig.S1a). 

Thus, it has remained unclear to what extent AS5+ proteoforms are expressed in vivo.  

We used homology-directed genome editing with CRISPR-Cas9 and asymmetric donor 

DNA 53 to directly probe NRXN3 AS5 variants on the protein level. We generated knock-

in mice where a double HA epitope was inserted into the coding sequence of Nrxn3 exon 

24 (Fig.1b, S1b). Hetero- and homozygous Nrxn3AS5HA mice were viable and fertile and did 

not show any visible abnormalities. Nrxn3a and Nrxn3b mRNA levels were unaltered 

(Fig.S1c). There was a slight increase in exon 24 containing Nrxn3 mRNAs, indicating that 

the sequence alterations in the alternative exon slightly increased its incorporation into the 

mature transcripts (Fig.S1c). The endogenous epitope-tagged NRXN3a and NRXN3b  

AS5HA proteins were readily detected by Western blot in neocortical, hippocampal and 

cerebellar tissue, demonstrating that these non-canonical NRXN3 proteins are highly 

expressed in vivo (Fig.1c).  
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Biochemical fractionation experiments demonstrated that the endogenous NRXN3a 

AS5HA and NRXN3b AS5HA proteins were tightly membrane associated (Fig.1c). When 

examining the sequence of AS5+ variants, we observed that exon 24 encodes 

evolutionarily conserved amino acids that resemble GPI-anchor attachment sites (Fig.1b, 

S1d). When expressed in HEK293T cells in vitro, NRXN3 AS5 proteins incorporated 3H-

ethanolamine, one of the key building blocks of GPI-anchors (Fig.1e). Transfer of the exon 

24-encoded amino acids to a heterologous protein was sufficient to confer membrane 

anchoring (Fig.S1e,f). Thus, AS5+ mRNAs encode non-canonical, membrane-anchored 

proteoforms of NRXN3 that are significantly expressed in the mouse hippocampus. 

 

Cell type-specific expression of Nrxn3AS5 splice forms 

Differential alternative splicing of Nrxns at AS4 across neuronal cell populations underlies 

cell type-specific functions 22,29,31,49,54,55. When examining AS5 incorporation across CA1, 

CA3, and SST interneurons of the mouse hippocampus, we noted high levels of exon 24 

incorporation levels in all cells, albeit slightly elevated incorporation in GABAergic SST 

interneurons (Fig.S2a). This is similar to previous conclusions from neocortical single cell 

sequencing analysis 55. Remarkably, the endogenous AS5+ protein in Nrxn3AS5HA mice 

was almost exclusively detected in GABAergic neurons of the hippocampus, indicating a 

strong cell class selectivity of this splice isoform at the protein level (Fig.2a-e). Co-labeling 

for NRXN3 AS5HA and markers of interneuron subclasses suggests that NRXN3 AS5 

protein is commonly expressed in multiple interneuron classes of the hippocampus 

(Fig.2e). Similar selective expression was detected in other brain areas (Fig.S2b). While a 

pool of NRXN3 AS5HA was localized to a peri-nuclear compartment, higher magnification 

analysis uncovered a substantial concentration at GABAergic synapses (Fig.2 and S2). In 

cultured hippocampal neurons, punctate NRXN3 AS5HA labeling closely co-localized with 

GABAergic synapse markers vGAT and gephyrin whereas immune-reactivity was absent 

from sites containing glutamatergic markers (Fig.S2c-d). One particularly notable site of 
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NRXN3 AS5 localization in the hippocampus is the inner molecular layer (IML) of the 

dentate gyrus, the site were axons of cholecystokinin (CCK)-expressing interneurons 

arborise (also referred to as “hilar cells with axon terminals in the commissural and 

association pathway termination field”, HICAP) 56-58. Detailed examination of NRXN3 

AS5HA protein localization in the IML revealed co-localization with the presynaptic 

cannabinoid receptor 1 (CB1R). Thus, the selective tagging of the NRXN3 AS5 proteoform 

uncovered an unexpected cell type-specific localization. 

 

Isolation of native Nrxn3AS5 protein complexes 

We took advantage of the tagged splice proteoform for affinity isolation of native neurexin-

ligand complexes. Shotgun mass-spectrometry of anti-HA immunoprecipitates from 

detergent-solubilized hippocampus of Nrxn3 AS5HA/HA mice and comparison to negative 

control precipitates from wild type mice, identified 8 proteins as candidate NRXN3 AS5 

interactors (Fig.3a, Table S1). These interactors encompass a discrete sub-set of known 

Neurexin ligands, including FAM19A1, FAM19A2, Dystroglycan 1 (DAG1), and 

Neurexophilin-1 (NXPH1) (Fig.3a) 59-62. Interestingly, these native NRXN3 AS5 complexes 

differed significantly from complexes recovered by affinity isolation with anti-NRXN1 

antibodies that recover trans-membrane forms of endogenous NRXN1, 2, and 3. Thus, 

Neuroligins and LRRTMs, two major classes of NRXN1 ligands 1,63,64 were not recovered 

as native NRXN3 AS5 interactors by shotgun mass-spectrometry (Fig.3b) or Western 

blotting (Fig.3c, Tables S2, S3).  

 

We hypothesized that this selective recruitment of interactors by the native NRXN3 AS5 

protein might be due to alternative splice insertions at additional alternative segments that 

gate these ligand interactions. To test this, we developed and optimized splice isoform-

specific targeted parallel reaction monitoring (PRM) assays 65,66. Conventional shotgun 

proteomics stochastically samples a random portion of the proteome. By contrast, PRM 

assays use optimized separation and detection for a subset of pre-selected proteotypic 
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peptides (PTPs) that are specific to a protein or proteoform of interest. PTPs are detected 

based on their chromatographic retention time and mass to charge ratio of pre-selected 

fragments (transitions) with an isotopically labeled reference peptide serving an internal 

standard for quantification. Remarkably, NRXN3AS5 proteins immunoprecipitated from 

mouse hippocampal tissue contained almost exclusively alternative insertions at AS3 and 

AS4 with partial use of insertions at AS6 (Fig.3d, S3a,b). Notably, AS4 insertions 

significantly reduce affinity for interaction with neuroligins and LRRTMs, thus, providing a 

potential mechanism for the observed ligand selectivity of native NRXN3AS5.  In sum, this 

analysis uncovers a selective synaptic splice code for hippocampal GABAergic neurons 

at the protein level. 

 

Deletion of a single alternative exon at AS5 results in the loss of NRXN3 protein  

To explore the functional relevance of NRXN3 AS5 proteoforms, we generated AS5 knock-

out mice by Crispr/Cas9-mediated genome editing with two guide RNAs targeting 

sequences flanking exon 24. Non-homologous end joining resulted in a 1,309 bp deletion 

which removed the entire alternative exon 24 (Nrxn3DEx24 mice, Fig.4a). Heterozygous and 

homozygous Nrxn3DEx24 mice were born at Mendelian frequencies and were fertile. 

However, mice exhibited significantly reduced weight (Fig.S4a,b). The mRNA levels of the 

primary Neurexin transcripts (Nrxn1,2,3 a and b) were unchanged in the hippocampus of 

Nrxn3DEx24 mice (Fig.4b).  Given the presence of multiple downstream acceptor sites in 

exon 25 (25a, 25b, 25c) we examined which of these sites would be incorporated in Nrxn3 

mRNA lacking the alternative exon at AS5. Semi-quantitative and quantitative PCR 

confirmed the loss of exon 24 and uncovered a significant increase in exon 25a, whereas 

(the constitutive) exon 25c was unaltered (Fig.4c). This suggests that in the absence of 

exon 24, the majority of pre-mRNAs in cells that previously produced AS5+ isoforms, now 

splice into the downstream 25a acceptor (Fig.4d). This interpretation was further supported 

by semi-quantitative PCR with oligonucleotide primers flanking AS5 which identified as the 
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dominant mRNA isoforms in mouse hippocampus the exon 23 - exon 24 - exon 25a 

containing mRNA isoforms in wild-type and exon 23 - 25a containing mRNA isoforms in 

Nrxn3DEx24, respectively (Fig.4d).  This mRNA isoform pattern predicts that the GPI-

anchored NRXN3 AS5 proteoform is highly abundant in wild-type mice and is converted 

into transmembrane NRXN3 proteoforms containing sequences encoded by the longest 

form of exon 25 (using the alternative acceptor site 25a) in Nrxn3DEx24 mice. We then 

applied targeted proteomics (PRM) to directly quantify Neurexin proteoforms in the mutant 

mice. Surprisingly, peptides encoded by exon 25a were not detectable in wild-type or 

Nrxn3DEx24 mice, despite sensitive detection of recombinant proteins in the same assay 

(Fig.4f and S3c).  The canonical transmembrane NRXN3 proteoforms (detected based on 

25b and 25c-encoded peptide sequences) were slightly increased (Fig.4f). This suggests 

that in Nrxn3DEx24 mice the exon 25a containing, highly abundant Nrxn3 mRNA isoform 

either does not produce protein or that the resulting protein is instable. Consistent with this 

observation, the total NRXN3 protein level (assessed with pan-NRXN3 PRM assays 

detecting a and b isoforms) was reduced by 61±3 % in the hippocampus of Nrxn3DEx24 

mice (Fig.4g, similar observations in neocortex, and cerebellum, Fig.S3d).  Considering 

this surprising mis-match between Nrxn3 mRNA and protein output we hypothesized that 

exon 25a might confer translational silencing of the resulting mRNAs. To test this, we 

examined translational output from luciferase reporters containing as 3’UTR the various 

exon 25 sequences including or lacking 25a in Neuro2A cells. Indeed, we observed a 

strong exon 25a-dependent repression of mRNA translation (Fig.4h, no alteration in mRNA 

abundance for the reporters of various Nrxn3 isoforms). Collectively, this data 

demonstrates that upon deletion of Nrxn3 Exon 24, the Nrxn3 mRNAs incorporate Exon 

25a which results in a loss of NRXN3 protein through translational repression.  
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Loss of NRXN3 AS5 results in impaired synaptic transmission at CCK interneuron 

synapses   

To uncover the consequences of loss of GPI-anchored NRXN3 AS5 in the Nrxn3DEx24 mice 

we examined synaptic transmission in the dentate gyrus, a region where the endogenous 

NRXN3AS5 protein is highly concentrated at CCK interneuron synapses in the IML (see 

Fig.2). Recording of spontaneous inhibitory postsynaptic currents from dentate granule 

cells uncovered a significant reduction in amplitudes (Fig.5a-c; 59.60 vs 48.08 pA, 

p=0.0008, n=35, N=12-16 mice/genotype), without detectable alterations in the frequency 

and kinetics (Fig.5d). Immunohistochemical assessment revealed no significant 

alterations in the density of VGAT or gephyrin-positive puncta in the dentate gyrus 

(Fig.S4c-e). However, there was a trend towards a reduction in VGAT/gephyrin double-

positive punctate structures in the IML, suggesting a potential impairment in the 

development of CCK interneuron synapses onto dentate granule cells (Fig.S4f). To obtain 

further insight in to the source of this alteration in spontaneous postsynaptic currents, we 

selectively evoked synaptic currents by stimulation of axons in the IML and GCL. While 

evoked transmission in the GCL was unchanged, there was a significant reduction of 

postsynaptic currents evoked by IML stimulation (Fig.5e-h). Paired-pulse and stimulation 

intensities used to evoke these currents were comparable between genotypes. Notably, 

evoked glutamatergic transmission was unchanged. These experiments demonstrate that 

the loss of NRXN3 protein resulting from AS5 ablation is accompanied by a highly selective 

impairment of GABAergic transmission in the dentate gyrus.  

 

Discussion 

The Neurexin family of adhesion molecules are critical regulators of synapse formation 

and function, and, mutation in human NRXN genes predispose to neurodevelopmental 

disorders 1,3. Transcriptomic mapping supports broad expression of a large number of 

distinct Neurexin mRNA splice isoforms. However, due to the major challenge of detecting 
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corresponding neurexin proteoforms, the localization and function of the resulting proteins 

has remained largely unclear. Appending epitope-tags that visualize all proteoforms 

derived from the Nrxn1 gene has uncovered important new insights into the transport and 

sub-cellular localization of the NRXN1 protein 10,67. In the present study, we developed and 

applied quantitative approaches for the analysis of individual proteoforms defined by 

specific alternative splicing events in Nrxn3. We find that in the hippocampus, AS5-

containing non-canonical NRXN3 proteoforms are GPI-anchored and almost exclusively 

expressed in GABAergic interneurons. NRXN3 AS5+ forms concentrate at GABAergic 

synapses and interact with a distinct sub-set of endogenous Neurexin ligands. We further 

demonstrate that the alternative Nrxn3 exon 25a imposes powerful translational silencing 

and, thus, gates NRXN3 protein expression in vivo. Remarkably, ablation of the NRXN3 

AS5 alternative exon results in a major loss of NRXN3 protein in the absence of changes 

in overall Nrxn3 transcript levels. This severe loss of the NRXN3 protein is accompanied 

by defects in synaptic transmission at GABAergic CCK interneuron synapses of the 

dentate gyrus.  

 

The significant dissociation between NRXN3 proteoform and transcript expression 

highlights the value and importance of proteoform-centric investigation in studies of 

neuronal wiring.  

Previous work on transcript isoforms containing or lacking an alternative exon at AS4 

support cell type-specific function of AS4+ and AS4- isoforms 22,29-31,49,54. Here, Nrxn3 

AS4+ and AS4- transcript isoforms exhibit highly differential expression in parvalbumin 

interneurons versus cornu ammonis pyramidal cells of the mouse hippocampus 29,54 and 

manipulation of the AS4 mRNA isoforms impairs glutamatergic transmission and plasticity 

in the hippocampus isoforms 22,29-31. By contrast, Nrxn3 AS5+ and AS5- transcript isoforms 

do not exhibit dramatically divergent expression across cell types investigated to date. 

However, the resulting NRXN3 AS5 proteoforms exhibit selective expression in 

GABAergic neurons and synapses and their ablation produces synapse-specific 
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phenotypes. Thus, the targeted, proteoform-centric workflow established here provides an 

important complement to the recently developed approaches for local shotgun proteomics 

12,17,68. Databases documenting validated targeted proteomic assays have been 

instrumental in accelerating their use, in particular in clinical settings for human 

pathologies 69-71. To enable the broader application of such assay for studies on neuronal 

wiring we created a public database with validated targeted proteomic assays of synaptic 

proteins and specific proteoforms (SYNCODE).    

 

Methods 

Animals 

All procedures involving animals were approved by and performed in accordance with the 

guidelines of the Kantonales Veterinäramt Basel-Stadt. All lines were maintained on a 

C57Bl6/J background. Mice generated for this study were backcrossed to Bl6 mice for > 8 

generations.  

 

Generation of Nrxn3ΔEx24 mice 

Nrxn3 AS5 knock-out mice were generated by Cas9/CRISPR embryo microinjection.  

gRNAs targeting sequences in intron 23 (INT23) gcagtagtacaaatcatggg(tgg) and intron 24 

(INT24) gagagcaaataataccaata(agg) (PAM sequence in brackets) of the Nrxn3 gene were 

selected with the help of CRISPOR software (http://crispor.tefor.net/). ssDNA 

oligonucleotides for LoxP_INT_23 (tggaacaacttcagctgcaggacctcacatcctcacctttcagatgagct 

agtctcattggcagtagtacaaatcattataacttcgtataatgtatgctatacgaagttatgggtggcttatgcaaggtgga

tgatgtcatttggaatataccatttctctacagaggactcaatagcatcctggtatgtggactctgc) and LoxP_INT_24  

(tagcttctatattgttatttctctttgtttgtgttcttatattgtgaatgccttattggtattatttgctctccttcttataacttcgtataatgt

atgctatacgaagttatggtatcatttgctatcttctgcttaatttgttttggctatgatgttggttttattttcttctatctgtatgattttga

aaactata) were designed to insert LoxP sites (in bold) into the Cas9-genereted DSBs by 

homologous recombination with the help of 5’ and 3’ homology arms.  
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Insertion of LoxP sites was carried out using Cas9/CRISPR directly in fertilized mouse 

oocytes. C57BL/6J female mice underwent ovulation induction by i.p. injection of 5 IU 

equine chorionic gonadotrophin (PMSG; Folligon–InterVet), followed by i.p. injection of 5 

IU human chorionic gonadotropin (Pregnyl–Essex Chemie) 48 h later. For the recovery of 

zygotes, C57BL/6J females were mated with males of the same strain immediately after 

the administration of human chorionic gonadotropin. All zygotes were collected from 

oviducts 24 h after the human chorionic gonadotropin injection and were then freed from 

any remaining cumulus cells by a 1–2 min treatment of 0.1% hyaluronidase (Sigma-

Aldrich) dissolved in M2 medium (Sigma-Aldrich). Mouse embryos were cultured in M16 

(Sigma-Aldrich) medium at 37°C and 5% CO2. For micromanipulation, embryos were 

transferred into M2 medium. All microinjections were performed using a microinjection 

system comprised of an inverted microscope equipped with Nomarski optics (Nikon), a set 

of micromanipulators (Narashige), and a FemtoJet microinjection unit (Eppendorf). 

Injection solution containing: Cas9 protein (IDT) 100ng/ul (60uM), cr:trcrRNA INT23 (IDT) 

50uM, cr:trcrRNA INT24 (IDT) 50uM, LoxP_INT_23 oligo 10ng/ul, LoxP_INT_24 oligo 

10ng/ul was microinjected into the male pronuclei of fertilized mouse oocytes until 20-30% 

distension of the organelle was observed.  

Embryos that survived the microinjection were transferred on the same day into the 

oviducts of 8–16-wk-old pseudopregnant Crl:CD1 (ICR) females (0.5 d used after coitus) 

that had been mated with sterile genetically vasectomized males the day before embryo 

transfer 72. Pregnant females were allowed to deliver and raise their pups until weaning 

age. 

In total 510 embryos were microinjected and 372 surviving embryos were transferred into 

18 foster mothers. 16 foster mothers produced live litters with a total of 65 viable F0 pups.  

Five F0 pups carried a deletion for Exon 24. Selected founder animals were bred to 

C57BL/6J partner to establish the Nrxn3ΔEx24 mouse line. 
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Generation of Nrxn3-AS5HA mice 

The Nrx3-HA allele was obtained by Cas9/CRISPR embryo electroporation. The HA tag 

was added to the splice site 5 of Nrx3 thereby tagging all alternatively spliced Nrx3 

transcripts. The Cas9/CRISPR target sequence atgtccatgtaagggcggca(cgg) (PAM 

sequence in brackets) was selected with the help of CRISPOR software 

(http://crispor.tefor.net/). ssDNA oligonucleotide cttccttacagccagaagctctattgcagcttacccat 

acgatgttcctgactatgcgggctatccctatgacgtcccggactatgcaggaacagccagaagctctaacgcggc

gagatcactacgtgccgcccttacatggacatggcgactcacttacacact was designed to insert a double 

HA tag (in bold) into the Cas9-genereted DSB by homologous recombination with the help 

of 5’ and 3’ homology arms (underlined). C57BL/6J female mice underwent ovulation 

induction by i.p. injection of 5 IU equine chorionic gonadotrophin (PMSG; Folligon–

InterVet), followed by i.p. injection of 5 IU human chorionic gonadotropin (Pregnyl–Essex 

Chemie) 48 h later. For the recovery of embryos, C57BL/6J females were mated with 

males of the same strain immediately after the administration of human chorionic 

gonadotropin. Embryos were collected from oviducts 24 h after the human chorionic 

gonadotropin injection, and were then freed from any remaining cumulus cells by a 1–2 

min treatment of 0.1% hyaluronidase (Sigma-Aldrich) dissolved in M2 medium (Sigma). 

Prior to electroporation, the zona pellucida was partially removed by brief treatment with 

acid Tyrode’s solution and the embryos were washed and briefly cultured in M16 (Sigma) 

medium at 37°C and 5% CO2. Electroporation with a mixture of ssDNA oligonucleotide 

targeting template, 16uM cr:trcrRNA hybrid targeting Nrx3 and 16uM Cas9 protein (all 

reagents from IDT) was carried out using 1mm gap electroporation cuvette and the 

ECM830 electroporator (BTX Harvard Apparatus). Two square 3 ms pulses of 30V with 

100 ms interval were applied as previously described 73. Surviving embryos were washed 

with M16 medium and transferred immediately into the oviducts of 8–16-wk-old 

pseudopregnant Crl:CD1(ICR) females that had been mated with sterile genetically 

vasectomized males 72 the day before embryo transfer (0.5 dpc). Pregnant females were 

allowed to deliver and raise their pups until weaning age. 
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In total 295 embryos were electroporated and 276 surviving embryos were transferred into 

12 foster mothers. All foster mothers produced live litters with a total of 53 viable F0 pups. 

One F0 pup carried the correctly integrated HA tag. The founder animal was bred to 

C57BL/6J partner to establish the Nrx3-HA mouse line. 

 

Cell Culture 

HEK293T, Cos7 and Neuro2A cells were maintained in DMEM (Sigma D5796) containing 

glucose (4500mg/l) supplemented with 10% fetal calf serum (FCS) and 

Penicillin/Streptomycin at 37°C/5% CO2. Transfections were done with Gibco™ Opti-

MEM™ reduced serum medium and FuGENE® 6 transfection reagent according to the 

manufacturer instructions with a DNA to Fugene ratio of 1:3, amounts of DNA are specified 

in individual experiments.  

Cortical cultures were prepared from E16.5 mouse embryos. Neocortices were dissociated 

by addition of papain (130 units, Worthington Biochemical LK003176) for 30 min at 37°C. 

Cells were maintained in neurobasal medium (Gibco 21103) containing 2% B27 

supplement (Gibco 17504-044), 1% Glutamax (Gibco 35050-038), and 

1% penicillin/streptomycin (Sigma P4333). Cortical cultures were treated for 4 hours on 

DIV12 with transcription and/or translation inhibitors (Actinomycin D (Sigma, A1410), 

Cycloheximide (Sigma, C1988) in a final concentration of 0.02%DMSO before lysis.  

For hippocampal cultures, Hippocampi from P0 animals were dissected, trypsinized for 10 

min in 0.05% trypsin (Gibco 25300) buffered with 10mM HEPES (Gibco 15630) at 37°C, 

washed 3x with HBSS (Gibco 14025) buffered with 10mM HEPES and titurated using a 

fire-polished glass Pasteur pipette. Cells were plated at a density of 10-12’000 cells per 

cm2 on poly-D-lysine (Sigma P7886) coated glass coverslips in DMEM (Sigma D5796) 

containing 1% Penicillin/Streptomycin (Sigma P4333) and 10% fetal bovine serum (Gibco 

10270). 4-6 h after plating, media was changed to serum-free Neurobasal media (Gibco 

21103) supplemented with 2 mM GlutaMax (Gibco 35050), B27 supplement (Gibco 17504) 

and 1% penicillin/streptomycin (Sigma P4333). Cells were then grown at 37°C / 5% CO2. 
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Western Blot HA mice 

For detection of HA-tagged Nrxn3 different brain regions (Cortex, Hippocampus and 

Cerebellum) from P28 homozygous Nrxn3-AS5HA mice or wildtype littermates were 

homogenized in 50mM Tris-HCL pH7.5, 150mM NaCl, 1% Triton-X100 and 1mM EDTA 

suppl. with protease inhibitors (Roche cOmplete™ mini) in a glass-teflon homogenizer. 

Lysates were centrifuged for 10 min, 16’000g at 4°C and supernatants analyzed by 

Western-Blot.  

 

Membrane Fractionation HA mice 

Tissue from different brain regions (Cortex, Hippocampus and Cerebellum) of P25-P30 

mice was homogenized in 0.32M Sucrose, 50mM HEPES pH7.4 supplemented with 

protease inhibitors (Roche complete™ mini) using a glass-teflon homogenizer. Lysate was 

centrifuged for 5 min at 16’000g, supernatants (Input fractions) centrifuged for 60 min at 

100’000g (TLA55 rotor, Optima™ MAX-XP Ultracentrifuge) and the pelleted membranes 

were re-suspended in high salt buffer (1M NaCl, 10mM EDTA suppl. with protease 

inhibitors). Membranes were centrifuged for 60 min at 100’000g and high-salt membranes 

were re-suspended in 150mM NaCl, 10mM EDTA. Proteins for all fractions were 

precipitated by methanol/chloroform method and analyzed by Western Blot. 

 

Membrane Fractionation Alkaline Phosphatase Constructs 

HEK293 cells were transfected with two different transcripts (AP-eGPI and AP-nGPI; 2µg 

DNA per 6-well dish), cells were washed once with PBS 24-hour after transfection and re-

suspended in homogenization buffer (0.32M sucrose, 50mM HEPES, pH 7.4, 

supplemented with protease inhibitors (Roche complete™ mini protease inhibitors)). Cells 

were homogenized with a 28G syringe and centrifuged for 5 min at 15’000g. Generated 

supernatants were centrifuged for 60 min at 100’000g (TLA55 rotor, Optima™ MAX-XP 

Ultracentrifuge) and the pelleted membranes were re-suspended in high salt buffer (2M 

KCl, 10mM EDTA, supplemented with protease inhibitors) and centrifuged again for 60min 



 

45 
 

at 100’000g. High salt treated membranes were re-suspended in 10mM HEPES and 

proteins for all fractions were precipitated by methanol/chloroform method and analyzed 

by Western Blot.  

 

Ethanolamine Labelling 

For radioactive labeling, transfected HEK-cells (Nrxn3-GPI, Nrxn3-TM, AP-eGPI) were 

incubated 4 hours after transfection with 1.25% 3H-Ethanolamine or non-radioactive 

Ethanolamine overnight at 37°C/5% CO2. Cells were lysed in 1ml IP-Buffer (50mM Tris-

HCl pH 7.5, 150mM NaCl, 10% Glycerol, 1% Triton-X100, 0.1% SDS, supplemented with 

protease inhibitors) and the cell lysate was centrifuged for 15 min at 16’000g, 4°C. The 

supernatant was transferred to a new tube and incubated overnight at 4°C with 20µl anti-

HA coupled magnetic beads (Pierce, 88837). Samples were incubated overnight with end-

over-end rotation at 4°C. Cell suspensions were washed 4x in IP-Buffer and resuspended 

after the last step in 30µl 1x Lämmli-Buffer. All samples were boiled for 10 min at 95°C 

and then loaded onto a SDS-PAGE gel, gels were run for 15 min at 80V and 90 min at 

120V. Non-radioactive samples were processed by Western Blot and radioactive gels 

were incubated for 30 min in fixation solution (25% Isopropanol, 10% Acetic Acid) and 30 

min in Amplify Fluorographic reagent (GE Healthcare Life Sciences). Gels were dried 

overnight with a vacuum pump at 60°C and exposed to X-ray film (Amersham Hyperfilm 

MP, GE Healthcare Life Sciences) up to 2 months. 

 

Immunohistochemistry procedures 

Mice from postnatal day 25 to 30 were deeply anesthetized and trans-cardially perfused 

with fixative (4% paraformaldehyde and 15% saturated picric acid in 100mM phosphate 

buffer, pH 7.4). Brains were post-fixed overnight in same fixative at 4°C. Fixed brains were 

washed 3 times with PBS and kept overnight at 4°C in 30% Sucrose in 100mM phosphate 

buffer before cryo-protection in OCT. Coronal brain slices were cut at 30µm with a Cryostat 

(Microm HM560, Thermo Scientific). For immunohistochemistry, brain sections were kept 
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in PBS before incubation for 0.5-1 hour with blocking solution containing 0.1% Triton X-

100 and 10% normal donkey serum. Slices were incubated with primary antibodies in 

blocking solution at 4°C two times overnight and washed three times in PBS containing 

0.05% Triton X-100, followed by incubation for 1-2 hours at room temperature with a 

secondary antibody. Sections were washed three times in PBS before mounting onto 

microscope slides with Fluoromount-G (SouthernBiotech, 0100-01). Hoechst dye was co-

applied during washing at a final concentration of 0.5 µg/ml. Images were acquired at room 

temperature on a confocal microscope (Zeiss LSM700), using 20x, 40x and 63x Plan-

Apochromat objectives (numerical aperture 0.45 and 1.40, respectively) and were then 

processed by using Fiji and Omero. 

Hippocampal cells were fixed for 10 min using 4% PFA / 4% sucrose in 0.1M phosphate 

buffer pH 7.4 at room temperature (RT), washed 3x with 1x PBS, quenched 10 min with 

0.1M glycine and blocked for 1h at RT with 10% normal donkey serum and 0.1% Triton-

X100 in PBS. Primary antibodies were applied overnight at 4°C in blocking solution. After 

4 washes with PBS, fluorophore-coupled secondary antibodies were applied 60 min at RT. 

Cells were then washed 3x with PBS, once with deionized water, mounted using 

Fluoromount G (Southern Biotech #0100-01), and dried at RT. Hoechst dye was co-

applied during washes at a final concentration of 0.5 µg/ml. Stained cells were imaged on 

a Zeiss LSM 700 confocal microscope using a 63x Plan-Apochromat objectives (numerical 

aperture 1.40). 

Transfected Cos7 cells grown on cover-slips (with AP-eGPI and AP-nGPI; 1µg DNA per 

12-well dish) were fixed 24hrs after transfection with 4% PFA / 4% Sucrose in PBS for 10 

min and stained with primary Antibodies in 1% BSA/PBS overnight at 4°C followed by 

Alexa-568 conjugated secondary antibodies. Nuclei were stained with Hoechst and 

coverslips were mounted on glass plates.  

The following commercially available antibodies were used in this study: rat anti HA 

(Roche, Clone 3F10, 11867431001), rabbit anti β-actin (Abcam, ab8227), rabbit anti HA 

(Cell Signaling, 3724), mouse anti GAD67 (Millipore, MAB5406), goat anti parvalbumin 
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(Swant, PVG214), goat anti somatostatin (Santa Cruz, sc7618), guinea pig anti 

cholecystokinin (Synaptic Systems, 438004), mouse anti cannabinoid receptor 1 

(Immunogene, IMG-CB1R-mAb001), guinea pig vGlut1 (Chemicon, AB5905), guinea pig 

anti vGAT (Synaptic Systems, 131004), mouse anti PSD95 (Santa Cruz, sc32290), mouse 

anti gephyrin (Synaptic Systems, 147011), mouse anti gephyrin (Synaptic Systems, 

147021), mouse anti CamKII alpha (Thermo Fisher Scientific, Ma1-048), mouse anti 

calbindin (Swant, 300). The rabbit panNL antibody 74 and the pan-NRXN antibody 29 have 

been described previously.  

Fluorophore-coupled secondary antibodies were from Life Technologies (Alexa Fluor 568 

goat anti-rat A11077) and Jackson ImmunoResearch (Cy2 donkey anti-goat 705-225-147, 

Cy2 donkey anti-guinea pig 706-225-148, Cy3 donkey anti-rabbit 711-165-152, Cy3 

donkey anti-mouse 715-165-151, Cy3 donkey anti-goat 705-165-147, Cy5 donkey anti-

mouse 715-175-511, Cy5 donkey anti-rabbit 711-175-152). Hoechst 33342 dye (Sigma 

#B2261) was used for nuclear staining. 

Secondary antibodies coupled to horse radish peroxidase (HRP) were from Jackson 

ImmunoResearch (goat anti-rabbit HRP 111-035-003; goat anti-rat HRP 112-035-143). 

For enhanced chemiluminescence detection, WesternBright ECL kit (Advansta K-12045-

D20) and WesternBright Quantum (Advansta K-12042-D20) were used. Signals were 

acquired using an image analyzer (Bio-Rad, ChemiDoc MP Imaging System and Li-Cor, 

Odyssey) and images were analyzed using ImageJ. 

 

RNA analysis 

For RNA isolation, brain tissue or cultured cells were dissected or washed in ice-cold PBS 

respectively, homogenized in 1 ml TRI Reagent (Sigma T9424) and thoroughly mixed with 

200 µl chloroform (Sigma 2432). Samples were centrifuged at 16’000 g, 4°C for 15 min. 

The aqueous phase was used for RNA purification with the RNeasy Plus Mini kit (Qiagen 

74134) or RNeasy Micro kit (Qiagen 74034) following the manufacturer’s instructions, 

including on-column DNase-treatment to remove traces of genomic DNA. 0.5µg of total 
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RNA was reverse transcribed using random hexamers (Promega C1181) or Oligo(dT)15 

primer (Promega C1101) for flanking primer analysis and ImProm II reverse transcriptase 

(Promega A3802).  

Sashimi plots were generated from published RNA-Seq data 19 using the MISO software 

package 75. 

For qPCR assays, two technical replicates were run per experiment and the mean was 

calculated. The mRNA levels were normalized to gapdh mRNA. qPCR assays were 

analyzed with StepOne software.  Flanking primer PCRs were run with FirePol Master mix 

(Solis BioDyne, 04-11-00125) on mRNA reverse transcribed with Oligo(dT)15 Primer, PCR 

cycle numbers were carefully titrated to ensure correct amplification range and avoid signal 

saturation. DNA Oligonucleotides used with SYBR Green-based real-time PCR and for 

flanking primer PCRs are listed in Table S4. 

 

Luciferase Assays  

Nrxn3 3’UTR sequences were amplified from genomic DNA and inserted into the dual 

luciferase psiCHECK-2 vector (Promega) after the Renilla luciferase open reading frame. 

The resulting 3’UTR sequences are listed in Table S4.  Neuro2a cells were plated at 

20,000 cells/well in a 96 well plate. After 24h, cells were transfected with 50 ng dual 

luciferase construct containing different 3’UTRs of Nrxn 3. Empty vector (“no UTR” 

containing only Firefly luciferase and Renilla luciferase) was used as a control. Cells were 

collected after 24 hours for processing using the Dual-Luciferase reporter assay kit 

(Promega, E1910) or for purification of RNA. Renilla and firefly luciferase activity was 

measured using a Tecan Sparks plate reader and Renilla luciferase activity was 

normalized to firefly activity. mRNA levels were quantified by RT-qPCR using primers 

against Renilla and Firefly cDNA. 

hRluc for: TCC AGA TTG TCC GCA ACT AC 

hRluc rev: CTT CTT AGC TCC CTC GAC AAT AG 

fluc for: CAT TCT TCG AGG CCA AGG T 
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fluc rev: TTC ACG TAG CCG GAC ATA ATC  

  

Neurexin Immunopurification  

Hippocampi from P28 animals (wild type or KI) were dissected, snap frozen and kept at -

80°C until use. For immunoprecipitation hippocampi were homogenized by 30 strokes in 

glass-homogenizer in 2 mL per 2 x hippocampi of IP-buffer (50 mM Tris–HCl, pH7.5, 150 

mM NaCl, 10% glycerol) completed with protease inhibitors (Roche), 1% Triton X-100, and 

2 mM CaCl2. Homogenates were centrifuged at 16.000 x g for 15 min at 4°C. Supernatants 

were transferred in new tubes (ca. 1.8 mL per IP). For IPs of HA-tagged Nrx3-AS5 lysates 

from KI or WT animals were incubated for 2 h at 4°C with rotation and centrifuged again 

at 16.000 x g for 5 min at 4°C. Supernatants were transferred to new tubes and 18 µL of 

HA-magnetic beads (Pierce / Thermofisher) per 1.8 mL lysate. Samples were incubated 

for 6 h at 4°C with rotation before wash. For IPs with pan-NRX antibody 1 µg homemade 

affinity purified antibody or rabbit IgG per 1 mL lysate were added. Samples were 

incubated for 4 h at 4°C with rotation and then centrifuged at 16.000 x g for 5 min at 4°C. 

Supernatants were transferred into new tubes and 18 µL of Protein-A-dynabeads 

(Thermofisher) were added to the samples. Samples were incubated for additional 2 h at 

4°C with rotation before wash. For both, HA- and pan-Nrx IPs, beads were washed 3 x 

with IP-buffer, transferred to new tubes and then washed 3 x with IP-wash buffer (50 mM 

Tris–HCl, pH7.5, 150 mM NaCl, 10% glycerol) completed with 0.1% Triton X-100, and 2 

mM CaCl2. Bound proteins were eluted from beads by incubation in 50 µL elution buffer 

(1% SDS, 5 mM DTT) for mass spectrometry or 40 µL elution buffer for western blot 

analysis at 65°C for 10 min. Eluted proteins were transferred into new low-binding tubes 

and used for western blot or mass spectrometric analysis, respectively.  

Preparation of samples for mass spectrometry: 8 µL of eluted proteins were transferred 

to a new tube and used for validation of IP by western blot. To the rest (42 µL) and to 

overexpressed splice insertion controls (Nrxn3α-AS3(+)-AS4(+)-AS6(+), expressed in 
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HEK-cells, reported before 29) one volume of 2x MS-lysis buffer (200mM Triethyl-

ammonium bicarbonate (TEAB / Sigma), 10% SDS, 20mM Tris-(2-carboxyethyl)-phosphin 

(TCEP / Sigma)) were added. Samples were incubated for 10 min at 95°C. Samples were 

cooled down to RT, 1.7 µL of 1M iodoacetamide (Sigma) were added and samples were 

incubated for 30 min (in dark) at RT. Subsequently samples were acidified by addition of 

8.5 µL of 12% phosphoric acid and mixed 1:6 with S-trap buffer (90% methanol, 100 mM 

TEAB). Samples were loaded (3 x ca. 180 µL) on the S-trap micro columns (Protifi), spoon 

down for 15 sec at 4000 x g and washed 3 x with S-trap buffer. 20 µL of trypsin solution 

(2.5 µL trypsin (0.4 µg/ µL Promega) in 50 mM TEAB)) were added on the columns and 

samples incubated 47°C for 1h. Peptides were eluted from the columns 3 x times: 1x with 

40 µL 50 mM TEAB, 1x with 40 µL 0.2% formic acid in H2O and 1x with 40 µL 0.2% formic 

acid in 50% acetonitrile. Eluted peptides were vacuum dried and re-suspended in 20 µL 

LC/MS-buffer (2% acetonitrile 0.15% formic acid). For targeted proteomics, to each 

peptide sample an aliquot of a heavy reference peptide mix containing chemically 

synthesized proteotypic peptides (Spike-Tides, JPT, Berlin, Germany) was spiked into 

each sample at a concentration of 20 fmol of heavy reference peptides per sample.  

Western blot analysis: 10 µL of 5x SDS-PAGE sample buffer were added to the 40 µL 

of the eluate. Samples were boiled for 5 min at 95°C. 50% (25 µL) of samples or 12 µL of 

input (corresponding to approximately 1 % of lysate) per lane were separated on the 4-

20% gradient gel. After transfer to a nitrocellulose membrane and blocking with 5% milk in 

TBST samples were probed with primary antibodies.  

 

Sample preparation targeted proteomics on Nrxn3ΔEx24 mice 

Brain tissues were lysed and alkylated in lysis buffer (1% sodium deoxycholate (SDC), 0.1 

M TRIS, 15mM chloroacetamide, 10 mM TCEP, pH = 8.5) by homogenization with a 21G 

syringe followed by strong ultra-sonication (10 cycles, Bioruptor, Diagnode). Samples were 

reduced for 10 min at 95 °C and digested by incubation with sequencing-grade modified 
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trypsin (1/50, w/w; Promega, Madison, Wisconsin) overnight at 37°C. Then, the peptides 

were cleaned up using iST cartridges (PreOmics, Munich) according to the manufacturer’s 

instructions. Samples were dried under vacuum and stored at -80 °C until further use. 

Samples were resuspended in 0.15% Formic acid and 2% Acetonitrile. To each peptide 

sample an aliquot of a heavy reference peptide mix containing chemically synthesized 

proteotypic peptides (Spike-Tides, JPT, Berlin, Germany) was spiked into each sample at 

a concentration of 2 fmol of heavy reference peptides per 1µg of total endogenous protein 

mass.  

Assays were validated by titrating recombinant proteins. A DNA construct for bacterial 

expression of the NRXN3 C-terminal fragment containing exons 25a,25b and 25c was 

generated as follows: Fragment encoding for exon 23-25a,b,c was PCR amplified from 

brain cDNA using following primers NRX3-Ex23-BspEI-FWD (5’-

ACAAGTCCGGACCCACGTCAGATGATCTTGTTTC-3’) and NRX3-Ex25-(w/o stop)-

XhoI-REV (5’-ATACTCTCGAGCACATAATACTCCTTGTCCT TGTTTTTC-3’). Resulting 

PCR fragment was digested with BspEI and XhoI and ligated into pEGFP-C1 plasmid 

digested with the same restriction enzymes. 1 µL of ligation reaction was used as template 

to PCR amplify the GFP-Nrx3 fusion construct using following primers: GFP-NdeI-FWD 

(5’-ATATACATATGGTGAGCAAGGGCGAGGAG-3’) and NRX3-Ex25-(w/o stop)-XhoI-

REV. The resulting PCR product was digested with NdeI and XhoI and ligated into 

pET29b(+) plasmid digested with the same restriction enzymes. 

GFP-constructs with added Nrxn3 Exon25 sequence were purified from transformed and 

induced E.coli (5µmol IPTG in 200ml medium). Cells were lysed with 50mM NaH2PO4, 

300mM NaCl, pH 8.0 with 1mg/ml lysozyme, bound with cobalt beads (Talon Metal Affinity 

Resin, Clontech) and eluted in 50mM NaH2PO4, 300mM NaCl, 250mM imidazole with 6M 

Urea. For neutralization 3:1 0.1M Ammoniumbicarbonate was added, samples were 

reduced and alkylated for 60min at 37°C with 10mM TCEP and 15mM Chloroacetamide 

and digested by incubation with sequencing-grade modified trypsin (1/50, w/w; Promega, 

Madison, Wisconsin) overnight at 37°C. Then, the peptides were cleaned up using iST 



 

52 
 

cartridges (PreOmics, Munich) according to the manufacturer’s instructions. Samples were 

dried under vacuum and stored at -80 °C until further use. Samples were resuspended in 

0.15% Formic acid and 2% Acetonitrile and the dilution curve was prepared using HEK-

lysate and heavy peptides.  

 

Shotgun LC-MS analysis of Neurexin immunoprecipitates 

1 ug of peptides of each sample were subjected to LC–MS analysis using a dual pressure 

LTQ-Orbitrap Elite mass spectrometer connected to an electrospray ion source (both 

Thermo Fisher Scientific) as described 76 with a few modifications. In brief, peptide 

separation was carried out using an EASY nLC-1000 system (Thermo Fisher Scientific) 

equipped with a RP-HPLC column (75 μm × 45 cm) packed in-house with C18 resin 

(ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH, Ammerbuch-Entringen, 

Germany) using a linear gradient from 95% solvent A (0.15% formic acid, 2% acetonitrile) 

and 5% solvent B (98% acetonitrile, 0.15% formic acid) to 28% solvent B over 60 min at a 

flow rate of 0.2 μl/min. The data acquisition mode was set to obtain one high resolution 

MS scan in the FT part of the mass spectrometer at a resolution of 120,000 full width at 

half-maximum (at m/z 400) followed by MS/MS scans in the linear ion trap of the 20 most 

intense ions using rapid scan speed. The charged state screening modus was enabled to 

exclude unassigned and singly charged ions and the dynamic exclusion duration was set 

to 30s. The ion accumulation time was set to 300 ms (MS) and 25 ms (MS/MS). 

The acquired raw-files were converted to the mascot generic file (mgf) format using the 

msconvert tool (part of ProteoWizard, version 3.0.4624 (2013-6-3)). Using the MASCOT 

algorithm (Matrix Science, Version 2.4.0), the mgf files were searched against a decoy 

database containing normal and reverse sequences of the predicted entries of mus 

musculus (SwissProt, www.uniprot.org, release date 26/09/2018) including all splice 

variants of interest plus commonly observed contaminants (in total 34,770 sequences) 

generated using the SequenceReverser tool from the MaxQuant software (Version 

1.0.13.13). The precursor ion tolerance was set to 10 ppm and fragment ion tolerance was 
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set to 0.02 Da. The search criteria were set as follows: full tryptic specificity was required 

(cleavage after lysine or arginine residues unless followed by proline), 2 missed cleavages 

were allowed, carbamidomethylation (C), was set as fixed modification and oxidation (M) 

as a variable modification. Next, the database search results were imported to the Scaffold 

software (version 4.3.2, Proteome Software Inc., Portland, OR) and the protein false 

identification rate was set to 1% based on the number of decoy hits. Specifically, peptide 

identifications were accepted if they could achieve an FDR less than 1.0% by the scaffold 

local FDR algorithm. Protein identifications were accepted if they could achieve an FDR 

less than 1.0% and contained at least 1 identified peptide. Proteins that contained similar 

peptides and could not be differentiated based on MS/MS analysis alone were grouped to 

satisfy the principles of parsimony. Proteins sharing significant peptide evidence were 

grouped into clusters. 

 

Targeted LC-MS analysis of Neurexin immunoprecipitates 

In a first step, parallel reaction-monitoring (PRM) assays 77 were generated from a mixture 

containing 50 fmol of each proteotypic heavy reference peptide (Table S5, JPT Peptide 

Technologies GmbH). Here, the sample was subjected to LC–MS/MS analysis using a 

Orbitrap Fusion Lumos Mass Spectrometer fitted with an EASY-nLC 1200 (both Thermo 

Fisher Scientific) and a custom-made column heater set to 60°C. Peptides were resolved 

using a RP-HPLC column (75μm × 36cm) packed in-house with C18 resin (ReproSil-Pur 

C18–AQ, 1.9 μm resin; Dr. Maisch GmbH) at a flow rate of 0.2 μLmin-1. The following 

gradient was used for peptide separation: from 5% B to 50% B over 60 min o 95% B over 

2 min followed by 18 min at 95% B. Buffer A was 0.1% formic acid in water and buffer B 

was 80% acetonitrile, 0.1% formic acid in water. 

 

The mass spectrometer was operated in DDA mode with a cycle time of 3 seconds 

between master scans. Each master scan was acquired in the Orbitrap at a resolution of 

120,000 FWHM (at 200 m/z) and a scan range from 300 to 1600 m/z followed by MS2 
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scans of the most intense precursors in the orbitrap at 30,000 FWHM (at 200 m/z) 

resolution with isolation width of the quadrupole set to 1.4 m/z. Maximum ion injection time 

was set to 50ms (MS1) and 50 ms (MS2) with an AGC target set to 1e6 and 1e5, 

respectively. Only peptides with charge state 2 – 5 were included in the analysis. 

Monoisotopic precursor selection (MIPS) was set to Peptide, and the Intensity Threshold 

was set to 5e3. Peptides were fragmented by HCD (Higher-energy collisional dissociation) 

with collision energy set to 35%, and one microscan was acquired for each spectrum. The 

dynamic exclusion duration was set to 30s. 

The acquired raw-files were searched using the MaxQuant software (Version 1.6.2.3) 

against the same murine database mentioned above using default parameters except 

protein, peptide and site FDR were set to 1 and Lys8 and Arg10 were added as variable 

modifications. The best 6 transitions for each peptide were selected automatically using 

an in-house software tool and imported into SpectroDive (version 10, Biognosys, 

Schlieren). A unscheduled mass isolation list containing all peptide ion masses was 

exported form SpectroDive and imported into the Orbitrap Lumos operating software for 

PRM analysis. 

Peptide samples for PRM analysis were resuspended in 0.1% aqueous formic acid, spiked 

with the heavy reference peptide mix at a concentration of 4 fmol of heavy reference 

peptides per 1 µg of total endogenous peptide mass and subjected to LC–MS/MS analysis 

on the same LC-MS system described above using the following settings: The resolution 

of the orbitrap was set to 30,000 FWHM (at 200 m/z), the fill time was set to 54 ms to reach 

an AGC target of 1e6, the normalized collision energy was set to 35%, ion isolation window 

was set to 0.4 m/z and the scan range was set to 150 – 1500 m/z. A MS1 scan at 120,000 

resolution (at 200 m/z), AGC target 1e6 and fill time of 50 ms was included in each MS 

cycle. All raw-files were imported into SpectroDive for protein / peptide quantification. To 

control for variation in injected sample amounts, the total ion chromatogram (only 

comprising ions with two to five charges) of each sample was determined and used for 

normalization. To this end, the generated raw files were imported into the Progenesis QI 
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software (Nonlinear Dynamics (Waters), Version 2.0), together with one standard shotgun 

analysis of a pooled sample using the same MS1 and gradient setting. Then, the intensity 

of all identified precursor ions with a charge of 2+ - 5+ were extracted, summed for each 

sample and used for normalization. Normalized ratios were transformed from the linear to 

the log-scale, normalized relative to the control condition and the median ratio among 

peptides corresponding to one protein was reported. 

 

Electrophysiology 

Slice preparation for patch-clamp recordings. Electrophysiological experiments were 

performed using both male and female Nrxn3-AS5KO +/+ and -/- mice between 6 and 8 

weeks of age. Animals were anesthetized with isoflurane (4% in O2, Vapor, Draeger) and 

killed by decapitation. To increase cell viability, mice were exposed to oxygen-enriched 

atmosphere for 10 min before decapitation.  Slices were obtained as previously described 

78,79. Briefly, the brain was dissected in ice-cold sucrose-based solution (approximately 

4°C) which was equilibrated with carbogen (95% O2/5% CO2). Transverse 350 µm thick 

hippocampal slices were cut with an approximate 20° angle to the dorsal surface using a 

VT1200 vibratome (Leica Microsystems). The sucrose-based solution for cutting and 

storage contained the following (in mM): 87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 75 

sucrose, 0.5 CaCl2, 7 MgCl2 and 10 glucose. Slices were incubated at 35°C for 30 min 

after cutting and subsequently stored at room temperature until experiments were 

performed. 

 

Whole-cell voltage-clamp recordings. For electrophysiological recordings slices were 

transferred to a bath chamber and continuously perfused with oxygenated artificial 

cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 2.5 

KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2. The ACSF was equilibrated with carbogen (95% 

O2/5% CO2) at room temperature (21-24 °C), resulting in pH 7.4. Dentate gyrus granule 

cells were visualized using an AxioExaminer.D1 (Zeiss) and infrared differential 
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interference contrast video microscopy. Patch pipettes were pulled from borosilicate glass 

tubing with a 2.0 mm outer diameter and 0.5 mm wall thickness (Hilgenberg) using a 

Flaming-Brown P-97 puller (Sutter Instruments). Patch pipettes had a resistance between 

2.5 and 4 MΩ and were filled with an internal solution containing the following (in mM): 140 

KCl, 10 EGTA, 10 HEPES, 2 MgCl2, 2 Na2ATP, 0.3 GTP, 1 phosphocreatine and adjusted 

to pH 7.3 with KOH.  Recordings were obtained using a Multiclamp 700B amplifier 

(Molecular Devices), filtered at 10 kHz, and digitized at 20 kHz with a CED Power 1401 

interface (Cambridge Electronic Design). Data acquisition was controlled using IGOR Pro 

6.31 (Wave Metrics) and the CFS library support from Cambridge Electronic Design. 

Recordings were only included if the initial seal resistance was > 5 times higher than the 

input resistance of the cells typically ranging from 5-15 GΩ. In most recordings, series 

resistance (Rs = 10-25 MΩ) was compensated with a correction of 80%, and experiments 

were discarded if Rs changed by > 25%. 

 

Extracellular synaptic stimulation. For electrical stimulation of synaptic inputs, pipettes 

(resistance: 5-7 MΩ) were filled with HEPES-buffered 3 M NaCl solution and used to apply 

brief negative current pulses (0.2 ms). GABAergic PSCs were evoked using low 

stimulation intensities ranging from 10 to 40 µA. To stimulate both proximal dendritic and 

perisomatic GABAergic synaptic inputs onto dentate gyrus granule cells, two stimulation 

pipettes were placed into the outer half of the inner molecular layer (IML) and into the 

granule cell layer (GCL) near the hilar border. Synapses were stimulated by either single 

stimuli or double pulses (inter-stimulus interval: 100 ms) to determine paired-pulse ratios 

for both stimulation sites. To identify possible crosstalk between stimulation electrodes 

(due to their physical proximity), GCL stimulation pulses and IML stimulation pulses were 

either applied independently or sequentially (inter-stimulus interval: 100 ms). Recordings 

were discarded if preceding GCL stimulation changed the amplitude of the IML-evoked 

postsynaptic current (PSC) by > 20%. To stimulate glutamatergic afferent perforant-path 
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synapses, the stimulation electrode was placed into the molecular layer. Glutamatergic 

PSCs were evoked by single pulses with stimulation intensities ranging from 10 to 80 µA. 

 

Data Analysis. Patch-clamp data was analyzed offline using the open source analysis 

software Stimfit (https://neurodroid.github.io/stimfit; 80) and customized scripts written in 

Python. Amplitudes, paired-pulse ratios and decay times of evoked GABAergic and 

glutamatergic PSCs were analysed using average traces of at least 5 repetitions. For the 

analysis of spontaneous GABAergic and glutamatergic PSCs a template-matching 

algorithm, implemented in Stimfit 81,82, was used as described previously 83. Automatically 

detected events were visually controlled and false positive events were deleted. The 

remaining events were fitted with the sum of two exponential functions revealing the 

amplitude, rise time and decay time of the spontaneous PSCs. Standard 

electrophysiological parameters were determined using a negative voltage step of 5 mV. 

The input resistance was calculated measuring the plateau current in response to the 

voltage step, whereas the capacitance was determined by fitting a biexponential function 

to the capacitive current at the onset of the voltage step. 

 

Pharmacology. Spontaneous and evoked GABAergic and glutamatergic PSCs were 

recorded in the presence of the following ionotropic receptor blockers: NBQX (10 µM) and 

D-AP5 (25 µM) for GABAergic currents and Picrotoxin (100 µM) for glutamatergic currents. 

All drugs were stored as aliquots at -20°C and diluted in ACSF within a maximum of 2 days 

prior to recording. NBQX (20 mM, Tocris Bioscience) was dissolved in DMSO. D-AP5 (50 

mM; Tocris Bioscience) was dissolved in water. Picrotoxin (50 mM; Sigma-Aldrich) was 

dissolved in ethanol. 
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Figure 1. Expression and detection of NRXN3 AS5+ proteoforms in mice 

a, Sashimi plots illustrating read distribution and splice junctions arising from mouse Nrxn3 

AS5. Exons are depicted as boxes, introns as dashed lines.  Alternative exons and 

alternative acceptor sites are marked in orange, constitutive exons in grey. b, Amino acids 

of exon 24 protein coding sequence in Nrxn3-AS5HA knock-in mice. The HA epitopes 

(green),  w-site (red) and hydrophobic stretch conferring GPI-anchoring are indicated. c, 

Western blot of whole neocortex (Cx), cerebellum (Cb), and hippocampal (Hc) extract from 

P28 wild-type and Nrxn3-AS5HA/HA knock-in mice probed with anti-HA, anti-Neuroligin 

(NLGN), and anti-beta-actin (β-ACT) antibodies. The right panel shows hippocampal 

subcellular fractionation of cytosolic, membrane, and high-salt (HS) washed membrane 

fractions (equal percentage of total sample loaded in all lanes). Position of a- and b-

Neurexin proteoforms is indicated. d, Schematic diagram illustrating introduction of a 

translational stop codon in AS5+ (exon 24-containing mRNAs). This results in production 

of shortened, GPI-anchored NRXN3 proteoforms encoded by mRNAs with a long 3’UTR 

encoded by exons 25a, 25b, 25c. AS5- mRNA isoforms encode canonical transmembrane 

NRXN3 proteins. e, HA-tagged NRXN3-AS5+, NRXN3 AS5-, and placental alkaline 

phosphatase proteins immunoprecipitated from transfected HEK293 cells after 

radiolabelling with 3H-ethanolamine. Immunoprecipitates were probed by western blotting 

with anti-HA antibodies or analyzed by autoradiography. 
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Figure 2. Selective expression and synaptic localization of NRXN3 AS5+ 

proteoforms  

a, b, Immunochemical detection of HA-tagged proteins in hippocampus from wild-type 

mice (a) and homozygous knock-in mice (b) c-e, Co-expression analysis of NRXN3-AS5HA 

protein with interneuron markers GAD67, parvalbumin (PV), and somatostatin (SST) in 

CA1. e-g, Co-expression and co-localization analysis of NRXN3-AS5HA and 

cholecystokinin (CCK) and cannabinoid receptor 1 (CbR1) in the hilus of the dentate gyrus, 

OML=outer molecular layer, MML=middle molecular layer, IML=inner molecular layer, 

GCL=granule cell layer. e, Quantification of co-expression analysis, the top panel shows 

the amount of GAD67/CamKII positive NRXN3-AS5HA protein expressing cells in the hilus 

of the dentate gyrus, the bottom panel the amount of NRXN3-AS5HA positive cells in 

different interneuron populations in CA1, N=2 mice, n=2-4 brain slices, P25-30, p-values 

were calculated using two-way anova followed by Bonferroni’s test. Scale bar is 200 µm 

in a/b, 50 µm in c/d, 50 µm in f, 2 µm in g. 
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Figure 3. NRXN3 AS5+ proteoforms recruit specific synaptic ligands  

a, Scatter plot of normalized spectra counts (log10 scale) in anti-HA immunoprecipitates 

from hippocampi from Nrxn3-AS5HA/HA and wild-type (negative control) P25-30 mice (N=5 

mice per genotype). Identified known Neurexin ligands are marked in orange. See Table 

S1 for detailed data. b, Heatmap of mean normalized spectral counts (log2 scale) of known 

Neurexin ligands recovered from wild-type and Nrxn3-AS5HA/HA mice in anti-HA 

immunoprecipitates and recovered from wild-type mice in control IgG and anti-NRXN1 

immunoprecipitates, respectively. Ligands significantly enriched in the precipitate as 

compared to negative controls are marked with an asterisk (multiple T-TEST with 

Benjamini, Krieger, and Yekutieli correction). AS5HA/HA vs. wild-type: q < 0.001 for 

NRXN3, NXPH1, FAM19A1 and A2; q < 0.04 for NRXN1 and DAG1. Anti-NRXN1 vs. 

control IgG: q< 0.001 for all except PTPRS (q=0.0021). See Table S2 for details on 

selected ligands and Table S3 for NRXN1 immunoprecipitates. c, Confirmation of 

differential ligand interactions by western blotting. Input (1%) and immunoprecipitates with 

anti-HA (left) or control IgG and anti-NRXN1 antibodies (right) probed with anti-NLGN (top) 

and anti-HA or anti-NRXN antibodies (bottom). Molecular weight markers indicated in kDa. 

# indicates heavy IgG-chains. d, Schematic of NRXN3 AS5 domain organization, 

alternatively spliced segments (blue), and proteotypic peptides reporting on 

constitutive/common (gray) and alternative splice proteoform-specific (blue) amino acids, 

which are quantified for AS3, AS4 and AS6, normalized to recombinant protein expressing 

all splice isoforms (100% splice site inclusion) and to constitutive exons. 
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Figure 4. Translational silencing gates NRXN3 protein expression  

a, Schematic diagram illustrating the generation of Nrxn3DEx24 mice by Crispr/Cas9 gene 

editing with two gRNAs targeting introns upstream and downstream of exon 24. Sizes of 

exons (boxes) and introns (dashed lines), and position of gRNA recognition sites are 

indicated. b, quantitative PCRs of major Nrxn transcript isoforms for wildtype and 

Nrxn3DEx24 mice, normalized to Gapdh, hippocampus, P25-30, N=4 mice per genotype. c, 

Semi-quantitative PCR amplifying Nrxn3 transcript regions containing alternative exon 24 

or the constitutive exon 19 from mouse hippocampus and quantitative PCR probing 

abundance of mRNAs containing exon 24, alternative acceptors 25a, 25b, and the 

constitutive exon 25c, normalized to Gapdh, hippocampus, P25-30, N=4 mice per 

genotype. d, Schematic diagram illustrating alternative splicing events in wild-type and 

Nrxn3DEx24 hippocampus. e, semi-quantitative PCR visualizing Nrxn3 transcript variants 

arising from alternative splicing at AS5 in wild-type and Nrxn3DEx24 mice. Position of primer 

binding sites on alternative exon segments is illustrated. See methods for details. f, g, 

Detection of AS5 proteoforms by targeted proteomics with heavy peptides targeting 

alternative acceptors 25a, 25b and constitutive exon 25c or targeting all NRXN1, NRXN2 

and NRXN3 proteoforms, ratios of light to heavy peptide detection are displayed in 

reference to wild-type samples of each peptide individually, one representative peptide 

shown (See Table S5 for all peptide values), hippocampus, P25-20, N=5 mice per 

genotype. h, Luciferase Assay of dual-promoter plasmids expressing firefly (fLuc) and 

renilla (rLuc) luciferase, left panel: Schematic representation of different Nrxn3 exonic 

sequences fused to renilla, middle panel: Measurement of luciferase activity from renilla 

luciferase constructs normalized to firefly luciferase activity, N=2-3 cell cultures, n=2-3 

replicates per culture. right panel: mRNA levels determined by RT-qPCR of renilla 

luciferase constructs normalized to firelfly luciferase, N=3 cell cultures. p-values were 

calculated using two-way or one-way anova followed by Bonferroni’s test for both qPCR 

and proteomic analysis or luciferase assay, respectively.  



 

72 
 

 

  

 



 

73 
 

Figure 5. Impaired synaptic transmission in Nrxn3ΔEx24 mice 

a, Representative traces of sIPSCs from 6-8 week-old wildtype and homozygous 

NRXN3ΔEx24 mice. b-d, Quantification of sIPSC in wildtype and homozygous NRXN3ΔEx24 

mice (N=12-16 animals, n=35 cells), with frequency (b), amplitude (c) and kinetics (d) 

quantified. e, Positioning of electrodes for evoked transmission measurements, inner 

molecular layer (IML), granule cell layer (GCL) and hilar region of the dentate gyrus 

indicated. f, g, Amplitude of post-synaptic currents when evoked in GCL for PV-specific 

an in IML for CCK-specific inputs onto granule cells, not normalized (f) and normalized to 

the capacitance of individual cells (g), N=7-8 animals, n=12 cells. h, Paired-pulse ratio (left 

panel) and stimulation intensities (right panel) of GCL and IML stimulations. P-values were 

calculated with student’s t-test.   
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Figure S1.  

a, Quantitative RT-PCRs of mRNA from cortical cultures treated with actinomycin D, 

cycloheximide or both and DMSO only control, normalized to Gapdh, N=2 cortical cultures, 

n=3 replicates, DIV12. b, Schematic of double-HA tag insertion strategy into exon 24 of 

Nrxn3. Splice site 5 with alternative donor- and acceptor site or alternative exon (yellow) 

and constitutive exon (grey) indicated below, single stranded DNA donor and homology 

regions indicated on top, with homology arms and insert labelled. c, quantitative PCRs of 

wildtype and homozygous NRXN3AS5HA knock-in mice, for both major Nrxn3 (top panel) 

and splice site (bottom panel) targets, normalized to Gapdh (top) or Gapdh and PAN-

Nrxn3 (bottom), hippocampus, N=3-4 mice per genotype, p-values were calculated using 

two-way anova followed by Bonferroni’s test. d, Schematic representation of splice 

segment 5 of Nrxn3 and evolutionary conservation between species of the coding region 

of exon 24. Same amino acids are highlighted green, amino acids with similar side charges 

and pKa in orange, different amino acids in red. e, Immunostainings of Cos-cells with 

overexpressed HA-tagged alkaline phosphatase constructs with endogenous GPI-anchor 

triggering sequence (left) or fused to the coding sequence of Nrxn3 exon 24, scale bar is 

100 µm. f, Western Blot of subcellular fractionation of cytosolic, membrane, and high-salt 

(HS) washed membrane fractions (equal percentage of total sample loaded in all lanes) 

from HEK-cells expressing HA-tagged alkaline phosphatase constructs.  
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Figure S2. 

a, RNA sequencing reads for constitutive (exon 19) and alternative exon 24 of Nrxn3, from 

RiboTag isolated SST, CamKII or Grik4 positive cells. b, Immunochemical detection of 

HA-tagged proteins in cerebellum from wild-type mice (left panel) and homozygous knock-

in mice (right panel). c-f, Immunocytochemistry of hippocampal cultures from 

NRXN3AS5HA homozygous knock-in mice, DIV10, with co-labelling of pre-synaptic 

markers vGlut1 (c), vGAT (d), post-synaptic markers PSD95 (e), Gephyrin (f). g, 

Quantification of c-f with SynapseCounter Plug-in for Fiji, with the percentage of HA-

positive synapses co-labelled with pre- and post-synaptic marker (left panel) and 

percentage of pre- and post-synaptic markers co-labelled with HA-positive synapses 

indicated. P-values were calculated using one-way anova followed by Bonferroni’s test, 

N=2 hippocampal cultures, n=6-8 ROI per condition, 60-100 puncta per ROI. Scale bar is 

50 µm in b, 20 µm in c-f, 2 µm in c-f ROIs.  
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Figure S3. 

a, Peptide abundance of NRXN3 PAN peptides (left panel) and splice insertion peptides 

for AS3, AS4 and AS6 (right panel) showing a linear detection range for all peptides for 

constructs including all splice insertions and which were overexpressed in HEK-cells. b, 

NRXN3 protein levels of co-immunoprecipitated NRXN3AS5HA/HA pull-downs, as 

determined by three different PAN peptides, N=4 IP samples. c, Peptide abundance of 

alternative acceptor sites 25a and 25b and constitutive exon 25c from recombinant protein 

expressing equimolar amounts of all splice sites. Detection range of endogenous peptides 

for wildtype and NRXN3ΔEx24 mice indicated with dashed lines (average N=5 mice per 

genotype, hippocampus) for 25b and 25c, detection of endogenous 25a peptides was not 

possible. d, Detection of NRXN1-3 by targeted proteomics with heavy peptides targeting 

all NRXN1, NRXN2 and NRXN3 proteoforms, ratios of light to heavy peptide detection are 

displayed in reference to wild-type samples of each peptide individually, one 

representative peptide shown for cerebellum and cortical samples, P25-30, N=5 mice per 

genotype / brain area, p-values were calculated using a two-way anova followed by 

Bonferroni’s test.  
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Figure S4. 

a, Weight of wildtype and NRXN3ΔEx24 littermates, P25-30, Student’s t-test. b, Survival of 

wildtype, heterozygous and homozygous NRXN3ΔEx24 mice in relation to expected 

mendelian ratios for male and female mice, after P21, numbers of mice indicated within 

columns. c, Immunochemical detection of synaptic markers in dentate gyrus of 

hippocampus from wild-type mice (top panel) and homozygous knock-in mice (bottom 

panel), OML=outer molecular layer, MML=middle molecular layer, IML=inner molecular 

layer, GCL=granule cell layer. d, Representative image of IML of the dentate gyrus, with 

individual synaptic markers, co-labelling of synaptic markers (middle panel) and overlay of 

SynapseCounter Plug-in in Fiji with individual and co-labelling detection (right panel). e, f, 

Immunoreactive puncta for pre- (vGAT) and post- (gephyrin) synaptic markers (e) and 

synapse counts for individual slices (left panel) and animal average (right panel)(f) in 

granule cell (GCL), inner molecular (IML) and middle/outer molecular (MML/OML) layers 

of wildtype and homozygous NRXN3ΔEx24 mice, N=3 mice per genotype, n=6 brain slices 

per animal. P-values were calculated using two-way anova followed by Bonferroni’s test. 

Scale bar is 50 µm in c, 10 µm in d.  
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Supplementary Information 

Supplementary Table 1. Normalized Spectral Counts Proteins recovered in anti-HA 

immuno-precipitates from hippocampal tissue lysates from wild-type and NRXN3 AS5 

HA/HA mice. Proteins were considered reliably detected if they were recovered in at least 

3 of the 5 replicates for the precipitations from NRXN3 AS5 HA/HA hippocampi. Common 

contaminants (keratins, histones, 40S and 60S ribosomal core proteins, excluded from the 

plot in Figure 3) are marked in red. Note that for plotting on a log scale, mean values were 

set to 10-7 (just below level of lowest “detected” protein) when the actual detection in wild-

type control precipitates was zero (7 values marked in blue). 

 

Supplementary Table 2. Normalized Spectral Counts Proteins for a hand-curated list of 

known extracellular Neurexin ligands and their detection in anti-HA immunoprecipitates 

from hippocampal tissue lysates of wild-type and NRXN3 AS5 HA/HA mice or detection in 

anti-NRXN1 and control IgG immunoprecipitates from hippocampal tissue lysates of wild-

type mice, respectively. 

 

Supplementary Table 3. Normalized Spectral Counts of Proteins recovered in anti-

NRXN1 and control IgG immunoprecipitates from hippocampal tissue lysates of wild-type 

mice. Proteins were considered reliably detected if they were recovered in at least 3 of the 

5 replicates for the precipitations with the NRXN1 antibodies. Common contaminants 

(keratins, histones, 40S and 60S ribosomal core proteins) are marked in red. Note that for 

plotting, mean values were set to 10-6 when the actual detection in the control IgG sample 

was zero (marked in blue). 

 

Supplementary Table 4. Method supplement, with oligonucleotide primer used for 

flanking primer PCRs or qPCR assays and 3’UTR sequences which were cloned into dual-

promotor luciferase plasmids.  
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Supplementary Table 5. List of heavy peptides used for targeted proteomic assays. 

 

General statistical methods. Statistical analysis was conducted with GraphPad Prism 7 

(San Diego, CA, USA). Sample sizes were chosen based on previous experiments and 

literature surveys. No statistical methods were used to pre-determine sample sizes. 

Exclusion criteria used throughout this manuscript were pre-defined. There are detailed 

descriptions in the respective sections of the methods. Group assignment was defined by 

genotype, thus, no randomization was necessary. During initial pilot experiments, 

investigators were not blinded to genotype during data collection and/or analysis. 

Subsequent acquisition and analysis of larger datasets for quantification of synaptic 

markers and electrophysiological recordings were done by an investigator blinded to 

genotype. Appropriate statistical tests were chosen based on sample size.  

 

Data availability. All renewable reagents, detailed protocols, and transgenic mice will be 

made available on request. Proteomic data will be deposited at PRIDE and will be made 

available upon acceptance of the manuscript.  
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3.1 Nrxn3 AS5+ contribution to the molecular code 

In my PhD thesis my main focus lied on the characterization of the alternative splice 

segment 5 of Neurexin 3 and its role in shaping a molecular code responsible for synapse 

specificity. My work thereby adds to a better understanding of an important synaptic 

contributor, the family of Neurexin, in generating this code. Moreover, analysis of Nrxn3-

AS5+ isoforms highlight the importance of studying synaptic diversity in combining 

transcriptome, translatome and further proteome studies.  

To characterize the little studied NRXN3-AS5+ isoform on the protein level, we specifically 

tagged the endogenous protein and generated a knock-in mouse model using CRISPR-

Cas9. AS5+ proteoforms were previously reported to be GPI-anchored and not secreted 

(Schreiner et al., 2014). Indeed, membrane fractionation experiments confirmed HA-

tagged NRXN3-AS5+ isoforms to be enriched at the cell membrane. Radioactive labelling 

of a core GPI-anchor molecule further showed that NRXN-AS5+ is membrane tethered via 

a GPI-anchor. It could thus exhibit similar functions as the transmembrane NRXN3 in 

organizing an extracellular scaffold, as loss of intracellular domains was shown to not 

interfere with heterologous synapse formation (Gokce and Sudhof, 2013). Subsequently, 

artificial membrane tethered Neurexins could rescue loss of synapse formation, 

demonstrating that the extracellular part of Neurexins is sufficient for its synaptogenic 

function when membrane bound (Gokce and Sudhof, 2013).  

Even though membrane bound Nrxn3 is sufficient for synapse formation, the release of 

GABA at inhibitory synapses in the olfactory bulb is dependent on intracellular domains of 

Nrxn3 (Aoto et al., 2015). Conditional deletion of Nrxn3α and Nrxn3β thereby leads to a 

decrease in evoked IPSCs amplitude, which was further characterized to be a pre-synaptic 

phenotype based on altered paired-pulse ratios, consistent with lower release probability. 

This phenotype could not be rescued by the expression of artificially GPI-anchored NRXN3 

but needed the intracellular domains via the transmembrane domain (Aoto et al., 2015). 

In my PhD thesis, we report a decreased amplitude of IPSCs in a specific subset of 

GABAergic synapses in the hippocampus when deleting GPI-anchored Nrxn3, which 

suggests differential roles for transmembrane and GPI-anchored Nrxns based on brain 

region and cell class.  

Thus, Nrxn3 AS5+ could act in different trans-synaptic recognition modules, which concept 

was introduced in using defined “sender” and “reader” modules consisting of variable 

proteoforms of synaptic molecules (Gomez et al., 2021). Our immunoprecipitation 

experiments add further evidence supporting this concept of synaptic modules, here in the 
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case of CCK inhibitory synapses enriched in the inner molecular layer of the DG 

represented by one “sender”, Nrxn3-AS5+.  

Pre-synaptically, NRXN3 AS5+ might interact with NRXN1 and linking the extracellular 

“sender” module to the intracellular scaffold, as shown by co-immunoprecipitates of HA-

tagged NRXN3 AS5+. Interestingly, when we look at our data comparing the post-synaptic 

interactome or the “reader” module of PAN-NRXN1 and HA-tagged NRXN3-AS5, we can 

see a huge difference in specificity. While pulling down all NRXN1 protein isoforms, we 

identify many binding partners, thereby pulling down a variety of individual “sender” 

modules. HA-tagged NRXN3 AS5+ on the other hand only interact with a subset of binding 

partners, thereby representing a more defined synaptic module. This shows the 

importance of analyzing binding partners of Neurexins in a more isoform driven way.  

 

Advantages of GPI-anchored proteins in representing “sender” modules when compared 

to their trans-membrane counterparts could be based on higher mobility or the association 

with lipid rafts, which are known to segregate constituents of membranes (Lingwood and 

Simons, 2010). NRXN3 AS5+ could therefore be nucleated at sub-cellular domains of the 

synapse. On this account, dynamics of such synaptic nanomodules were shown to be 

essential for synaptic plasticity or play important roles in clustering pre- and post-synaptic 

binding partners (Crosby et al., 2019; Egawa et al., 2018; Hruska et al., 2018). Thus, 

differential tethering either via GPI-anchors or transmembrane domains might influence 

not only cell-type specific but further sub-cellular distribution of Neurexins. GPI-anchored 

Nrxn could help in the formation or control of nanodomains at the synapse, therefore not 

only contributing to a molecular synaptic code but further in shaping sub-synaptic domains.  

  

One possibility of how NRXN3 AS5+ protein isoforms shape the molecular code would be 

the regulation of CCK-terminals via α-dystroglycan (Dag1). Dag1 was shown to be 

essential for proper CCK innervation of pyramidal cells in the CA1 region of the 

hippocampus. Deletion of Dag1 leads to the loss of CCK basket cell synapses and altered 

levels of Dag1 in adult mice influence synaptic maintenance (Früh et al., 2016). Although 

the authors argued that these mechanisms are not dependent on Neurexin interactions, 

binding of Nrxns was analyzed with non-specific Nrxn1 fusion proteins (Hara et al., 2011; 

Sugita et al., 2001). This overlaps with our immunoprecipitation data, where we did not 

find Dag1 binding to Nrxn1. Specific expression of NRXN3 AS5+ at CCK positive 

terminals, and the proposed binding to Dag1, could thus be one newly characterized 

nanomodule. Specific expression of NRXN3-AS5+ might thereby be regulated by mRNA 

translational regulation, which will be discussed in the following chapter.  

 



 

87 
 

3.2 Regulation of Nrxn3 expression 

The expression of either GPI-anchored or transmembrane Nrxn3 is dependent on the 

inclusion of alternative exon 24. While our study did not address the question of which 

trans-acting factors could influence co- or post-transcriptional regulation of Nrxn3-AS5+, 

we can draw some conclusions from our knock-in and knock-out mouse models.  

Already the small insertion of a double HA-tag of ~70nt in the 5’ region of exon 24 leads 

to a minor splice shift. Although splice site strength and possible splice regulator binding 

sites where maintained, this demonstrates how vulnerable splice sites are to small 

changes. The higher inclusion of exon 24 and the downregulation of transmembrane 

Nrxn3 as examined by qPCRs is also visible on the protein level as determined by targeted 

proteomics (Appendix Figure 1). NRXN3-PAN and NRXN3α protein levels are slightly 

down-regulated, while splice forms NRXN3-25b and NRXN3-25c are more than two-fold 

downregulated. This means that there is a minimal over-expression of GPI-anchored 

NRXN3 in our knock-in mice.  

In the NRXN3-AS5KO mouse model, this effect is greatly enhanced. Deletion of the 

alternative Exon 24 leads to major downstream splicing changes, most notably a higher 

direct splicing to Exon 25a. The underlying mechanisms could be two-fold: Elements 

directing splicing by either enhancing or repressing inclusion could reside within the 

sequence of exon 24, or the splicing of exon 24 and exon 25a could be coupled. This 

coupling might thereby regulate that all transcripts that incorporate exon 24 also include 

exon 25a, making them co-dependent, leading to a drastic change when deleting exon 24.   

The consequence of higher exon 25a inclusion is evident if we look at the protein levels of 

Nrxn3 in our AS5KO model. While the overall proteome of NRXN3ΔEx24 mice shows only 

minor changes (Appendix Figure 2), PAN-NRXN3 is down-regulated by 60% even though 

we do not detect any differences in mRNA levels of Nrxn3. This leads to two interesting 

observations. First, as overall NRXN protein levels are dropping, transmembrane or 

Nrxn3-AS5- are higher expressed in AS5KO mice when compared to wild-type mice. This 

means that the majority of NRXN3 protein is GPI-anchored, which stands in stark contrast 

to transcriptomic studies, where the dominant isoforms were thought to encode 

transmembrane NRXN3 (Ray et al., 2020; Schreiner et al., 2014; Sudhof, 2017; Treutlein 

et al., 2014). 

As nearly every study on Nrxn3 function is done on transmembrane isoforms or artificially 

anchored proteins, those studies might therefore not represent an accurate model on the 

influence of Nrxn3 on its function at the synapse.  
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Moreover, we found that incorporation of exon 25a leads to strong translational repression, 

as validated with targeted proteomics on hippocampal tissue and luciferase assays in 

heterologous cells. This could also be observed in cortical neuronal cell culture and does 

not seem to be different between excitatory and inhibitory cells in a reduced cellular 

system. When expressing the luciferase constructs with the 3’UTR of Nrxn3 with Synapsin 

(all neurons) or mDLX (inhibitory specific) promoters in cortical neurons, translational 

repression mirrors the results from heterologous cells (Appendix Figure 3). Repression of 

translation is furthermore also regulating transcripts incorporating exon 24 and exon 25, 

raising the question how these transcripts can be expressed. To address this, we first 

tested activity dependent translational changes, but did not detect significant differences 

(Appendix Figure 3). Another possibility of circumventing translational repression would 

be the usage of an early poly(A)-site residing in the alternative exon 24. Importantly, we 

could verify this proximal poly(A)-site using a reductionist reporter system and by qPCRs 

on endogenous transcripts (Appendix Figure 4). Studies from other groups support these 

findings as they reported a proximal poly(A)-site in silico or by transcriptomics (Gruber et 

al., 2016; Herrmann et al., 2020; Ray et al., 2020). 

Confirmation of an early poly(A)-site usage came from RNA-sequencing coverage of exon 

24 in different cell types, in which we can see a clear drop after the early poly(A)-site 

(Furlanis et al., 2019). Usage of this early or proximal poly(A)-site could thereby evade 

translational repression, as longer 3’UTRs are known to have more trans-acting interactors 

(Miura et al., 2014).  

Another possibility to evade translational control would be cleavage and thereby release 

of translational repression of the 3’UTR of Nrxn3. Examples for this phenomenon are now 

emerging, based on the possibility that 3’UTRs and CDS are differentially expressed 

(Kocabas et al., 2015). Moreover, post-transcriptional 3’UTR cleavage was shown to be 

widespread and can alter miRNA mediated regulation (Malka et al., 2017). Finally, cleaved 

3’UTRs could not only release transcripts from translational regulation but act as an 

additional class of 3’UTR-derived RNAs (Andreassi et al., 2021).  

One next step in characterizing 3’UTR regulation of Nrxn3 would be to identify possible 

trans-acting factors. An interesting candidate, which emerged through sequence analysis 

of exon 24 – exon 25 was Musashi (Msi), as this revealed binding recognition elements of 

this RBP family consisting of Msi1 and Msi2. MSI1 binds to poly(A)-binding protein (PABP) 

and acts as a translational repressor of target mRNAs by competing with the eukaryotic 

initiation factor 4 complex (eIF4G) for the binding of PABP (Kawahara et al., 2008). Using 

GFP-reporters fused to exon 24 and exon 25 of Nrxn3, we could demonstrate that mutating 

Musashi binding sites partially releases transcripts from translational repression (Appendix 

Figure 5). As this effect was only minimal, further experiments would be needed to 
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investigate regulators of Nrxn3 translation. This could include probing of different miRNAs 

based on seed regions in the Nrxn3 3’UTR, and further inactivating predicted miRNAs by 

antisense oligos or miRNA sponges (Ebert and Sharp, 2010).  

Taken together, these results highlight the importance of applying and combining multiple 

approaches to study synaptic diversity. To understand the proposed molecular code 

underlying synapse function we need to specifically probe synaptic proteins and their 

proteoforms. 

 

3.3 Necessity of proteomic studies for studying synaptic 
diversity 

In-depth transcriptome and translatome studies gave us a huge leap forward in analyzing 

the basic function of the nervous system and its underlying cell-types. We therefore could 

characterize the importance of co- and post-transcriptional mechanisms as for example 

alternative splicing and the localization of transcripts by mRNA transport.  

One caveat therein is the limited amount of mRNA that can be isolated from single cells or 

from small cell populations. This leads to a biased analysis, as those mRNA pools need 

to be reverse transcribed and amplified from the 3’ end to be detected. More abundant 

transcripts and splice isoforms can thereby cloud the detection of low abundant mRNA. 

Thus, we need more in-depth sequencing studies, which are able to detect less abundant 

isoforms with more confidence. In addition to more precise transcriptome studies, it is 

evident that there is a substantial need to study the synaptic proteome, for which we need 

to combine different techniques. One promising route are new high-resolution imaging 

techniques that can help us studying the sub-cellular and even sub-synaptic localization 

of proteins.  However, we are facing the challenge that antibodies against specific synaptic 

proteins are not isoform specific, limiting us in separating individual isoforms. As 

demonstrated in our study and as shown in multiple examples when analyzing AS4 of 

Nrxns this would be necessary to decipher the function of not only Neurexins in general 

but other synaptogenic proteins as well. We overcame this limitation by genetically 

introducing a small tag and thus labelling a specific slice isoform of Neurexin for the first 

time. 
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To get a handle on proteins, more and more effort was put into developing ways of 

efficiently labeling proteins, which in a second step then can be detected by a reporter. 

This can be achieved by a wide range of possibilities, including affinity tags, enzymatic 

modules or directly adding a fluorophore to a protein. As all of these labels and reporters 

have their limitations, either in large sizes and steric hindrance or limited combinatorial 

use, effective labelling remains a big challenge in studying synaptic proteins (Choquet et 

al., 2021). For reporters such as antibodies, which are quite large, fragments including 

nanobodies and short-chain variable fragments (scFv), which are smaller by a factor of 10 

(Helma et al., 2015), are promising options and emerging to tag specific synaptic proteins 

(Dong et al., 2019). 

In addition to conventional confocal microscopy, which was our method of choice to 

elucidate co-labelling of NRXN3-AS5+ protein isoforms with GABAergic synaptic markers, 

high resolution imaging techniques would enable us to analyze sub-cellular localization of 

NRXN3-AS5+. These techniques are able to reveal the localization of single molecules 

and were successfully used in a variety of studies, as for example in understanding the 

dynamics of specific post-synaptic receptors in both normal and disease state (Groc and 

Choquet, 2020).  

Next to fluorescent based imaging techniques, electron-microscopy (EM) is used to 

analyze the subcellular localization of proteins. EM has the highest resolution, and recent 

efforts managed to reconstruct 3D images of the complex wiring of the brain (Motta 2019).  

Immuno-EM, meaning the labelling of proteins with antibodies linked to heavy particles, is 

one option to get an accurate measurement where certain proteins are localized. In an 

ongoing collaboration we are now trying to decipher sub-cellular localization of NRXN3-

AS5+ specifically at CCK synaptic terminals in the IML of the DG using immuno-EM on 

NRXN3AS5HA/HA knock-in mice.   

A clear emerging trend is the necessity of combining multiple strategies to overcome the 

limitations of individual ones. Another approach which we believe has enormous potential, 

is the analysis of different proteoforms by targeted proteomics. Using heavy reference 

peptides to detect low abundant peptides is a fast and streamlined process after individual 

reference peptides are validated (Schreiner et al., 2015). In addition to analyzing Neurexin 

splice isoforms, we also applied this targeted assay on a splice target of SAM68, a member 

of the STAR family of RBP’s. There we could assist in demonstrating that a splice shift 

due to SAM68 function alters Il1rap (Interleukin 1 receptor accessory protein) from a 

membrane-bound to a secreted protein isoform (Iijima et al., 2019), again demonstrating 

the specificity of this assay. To further promote and to collect already validated and 

successfully used heavy peptides, we put together a database for heavy reference 

peptides. This database, which will be publicly available (https://scheiffele-



 

91 
 

SYNCODE.scicore.unibas.ch/), incorporates all mass-spectronomy data already collected 

and can be completed with additional peptides. Combining targeted mass-spec analysis 

with other approaches including sophisticated imaging techniques and loss-of-function 

studies on individual isoforms will help us make another step into understanding brain 

function. 

  

3.4 Conclusion 

Taken together, the work done in the scope of my PhD thesis highlights the importance of 

a profound and in-depth analysis combining both transcriptomic and proteomic studies to 

get a better insight in synaptic diversity. In using a specific splice-isoform knock-in, and 

the targeted proteomics on splice site knock-out mice we could delineate an 

uncharacterized splice isoform and a part of its role in shaping synapse specificity. Its 

selective expression at GABAergic terminals and the lack of expression at glutamatergic 

terminals propose a cell class dependent function. Additionally, the selective functional 

effect on a subset of GABAergic terminals further uncovers a more finetuned role of 

Neurexins in the brain. Moreover, the divergence from predicted mRNA levels, which are 

controlled by translational regulatory elements, adds another layer of control.  

Alternative splicing and the regulation of mRNA therefore play an important role in shaping 

synaptic wiring. Our study supports novel strategies to further understand the 

comprehensive mosaic of signaling molecules dependent and independent of Neurexins. 

The dissection of synaptic proteoforms will help us to not only understand the development 

and maintenance of brain circuitry, but furthermore will enable us to get more insight in 

brain malfunctions.  
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4.1 Additional Data 

 
 

Figure 1. Proteome analysis Nrxn3-AS5HA knock-in mice 

Combined plot of targeted and shotgun proteomic analysis of Nrxn3-AS5HA knock-in 

mice, with heavy peptides representing PAN-NRXN3, NRXN3α, NRXN3β, NRXN3-

25b and NRXN3-25c as reference (highlighted in orange). X-axis shows fold change 

(Log2) of homozygous knock-in mice when compared to wildtype, y-axis represents 

p-values (Log2). N=5 hippocampi from wild-type and homozygous knock-in mice, 

proteins with p-values <0.05 (horizontal dotted line) and fold change >2, <-2 (vertical 

dotted lines) are highlighted in red.   
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Figure 2. Proteome analysis Nrxn3ΔΕx24 mice  

Tandem-mass-tag Mass Spectronomy of wildtype and homozygous Nrxn3ΔEx24 

isolated hippocampal tissue (N=5 per genotype), Nrxn3 is highlighted. X-axis shows 

fold change (Log2) of homozygous knock-out mice when compared to wildtype, y-axis 

represents q-values (p-values corrected for sample size, Log2).  Proteins with q-

values <0.05 (horizontal dotted line) and fold change >2, <-2 (vertical dotted lines) are 

highlighted in red.   
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Figure 3. Translational regulation of Nrxn3 AS5+ in neuronal cell culture 

a, Luciferase Assay of cortical cultures, DIV14, with Synapsin or mDLX driven 

alternative 3’UTRs of Nrxn3 (exon numbers indicated), ratios of renilla to firefly 

luciferase are normalized to respective mRNA levels, N=4 cortical cultures. b, 

Stimulation (3hrs) and subsequent luciferase assay of cortical cultures, DIV14, with 

BDNF (50ng/ml) or WIN-55,212 (5µM) to stimulate TrkB or CbR1/2 mediated 

signaling, with mDLX driven alternative 3’UTRs of Nrxn3, ratios of renilla to firefly 

luciferase are normalized to respective mRNA levels, N=2-3 cortical cultures. 
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Figure 4. Alternative polyadenylation validation of Nrxn3  

a, Northern Blot of overexpressed GFP-reporter (GFP-control, GFP-Ex24/25, GFP-

Ex24/25pA*) or empty vector in HEK293T-cells. Hybridized membrane was exposed 

for 2 days to an intensifying screen, loading control (28S ribosomal subunit) is visible 

below northern blot, RNA ladder labeled on the left. qPCR levels of all constructs 

relative to co-transfected RFP and measured with GFP specific forward and reverse 

primers indicated below. b, Schematic of GFP-reporter fused to Exon24/25 with and 

without mutation of the proximal / early poly(A)-site, exon numbers indicated. c, 

Quantitative PCRs of exonic regions before and after the proximal poly(A)-site of 

Nrxn3-AS5 (ppA=proximal poly(A)-site, dpA=distal poly(A)-site), normalized to 

standard as determined by linearized Plasmid DNA, samples from PV or CamKII 

RiboTag pulldowns.  
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Figure 5. Influence of Musashi on Nrxn3-AS5+ translational regulation 

a, Top: Schematic of GFP-reporter fused to Exon24/25 of Nrxn3, Musashi binding 

elements (MBEs) and poly(A)-sites indicated. Bottom: Western Blot of overexpressed 

GFP constructs co-transfected with RFP in HEK293T-cells and probed with α-GFP 

and α-RFP antibodies, individual and combined mutations of MBE indicated. b, 

Quantification of five individual transfections, normalized to RFP-levels, intensities of 

Western Blot signal measured and quantified in Fiji, p-value calculated with one-way 

anova, Bonferroni’s test. 
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4.2 Methods Additional Data 

Methods for qPCR analysis, targeted and normal shotgun mass-spectronomy, 

luciferase assays and cell cultures were done as described in the manuscript, RiboTag 

Samples from Cre-driver lines crossed with floxed RiboTag-HA mice were a kind gift 

from Elisabetta Furlanis.  

 

Global proteome analysis using tandem mass tags 
Sample aliquots containing 25 ug of peptides were dried and labeled with tandem mass 

isobaric tags (TMT 10-plex, Thermo Fisher Scientific) according to the manufacturer’s 

instructions. To control for ratio distortion during quantification, a peptide calibration 

mixture consisting of six digested standard proteins mixed in different amounts were added 

to each sample before TMT labeling as recently described (Ahrne et al., 2016). After 

pooling the differentially TMT labeled peptide samples, peptides were again desalted on 

C18 reversed-phase spin columns according to the manufacturer’s instructions 

(Macrospin, Harvard Apparatus) and dried under vacuum. TMT-labeled peptides were 

fractionated by high-pH reversed phase separation using a XBridge Peptide BEH C18 

column (3,5 µm, 130 Å, 1 mm x 150 mm, Waters) on an Agilent 1260 Infinity HPLC system. 

Peptides were loaded on column in buffer A (ammonium formate (20 mM, pH 10) in water) 

and eluted using a two-step linear gradient starting from 2% to 10% in 5 minutes and then 

to 50% (v/v) buffer B (90% acetonitrile / 10% ammonium formate (20 mM, pH 10) over 55 

minutes at a flow rate of 42 µl/min. Elution of peptides was monitored with a UV detector 

(215 nm, 254 nm). A total of 36 fractions were collected, pooled into 12 fractions using a 

post-concatenation strategy as previously described (Wang et al., 2011), dried under 

vacuum.  

1µg of peptides were LC-MS analyzed as described previously (Ahrne et al., 2016). 

Chromatographic separation of peptides was carried out using an EASY nano-LC 1000 

system (Thermo Fisher Scientific), equipped with a heated RP-HPLC column (75 μm x 37 

cm) packed in-house with 1.9 μm C18 resin (Reprosil-AQ Pur, Dr. Maisch). Aliquots of 1 

μg total peptides were analyzed per LC-MS/MS run using a linear gradient ranging from 

95% solvent A (0.15% formic acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 

2% water, 0.15% formic acid) to 30% solvent B over 90 minutes at a flow rate of 200 nl/min. 

Mass spectrometry analysis was performed on Q-Exactive HF mass spectrometer 

equipped with a nanoelectrospray ion source (both Thermo Fisher Scientific). Each MS1 

scan was followed by high-collision-dissociation (HCD) of the 10 most abundant precursor 

ions with dynamic exclusion for 20 seconds. Total cycle time was approximately 1 s. For 
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MS1, 3e6 ions were accumulated in the Orbitrap cell over a maximum time of 100 ms and 

scanned at a resolution of 120,000 FWHM (at 200 m/z). MS2 scans were acquired at a 

target setting of 1e5 ions, accumulation time of 100 ms and a resolution of 30,000 FWHM 

(at 200 m/z). Singly charged ions and ions with unassigned charge state were excluded 

from triggering MS2 events. The normalized collision energy was set to 35%, the mass 

isolation window was set to 1.1 m/z and one microscan was acquired for each spectrum.  
The acquired raw-files were converted to the mascot generic file (mgf) format using the 

msconvert tool (part of ProteoWizard, version 3.0.4624 (2013-6-3)). Using the MASCOT 

algorithm (Matrix Science, Version 2.4.1), the mgf files were searched against the same 

murine database mentioned above containing the six calibration mix proteins (Ahrne et al., 

2016) this time for protein ratio correction. The precursor ion tolerance was set to 10 ppm 

and fragment ion tolerance was set to 0.02 Da. The search criteria were set as follows: full 

tryptic specificity was required (cleavage after lysine or arginine residues unless followed 

by proline), 3 missed cleavages were allowed, carbamidomethylation (C), TMT6plex (K 

and peptide n-terminus) were set as fixed modification and oxidation (M) as a variable 

modification. Next, the database search results were imported to the Scaffold Q+ software 

(version 4.3.2, Proteome Software Inc., Portland, OR) and the protein false identification 

rate was set to 1% based on the number of decoy hits. Proteins that contained similar 

peptides and could not be differentiated based on MS/MS analysis alone were grouped to 

satisfy the principles of parsimony. Proteins sharing significant peptide evidence were 

grouped into clusters. Acquired reporter ion intensities in the experiments were employed 

for automated quantification and statically analysis using a modified version of our in-

house developed SafeQuant R script (v2.3, (Ahrne et al., 2016)). This analysis included 

adjustment of reporter ion intensities, global data normalization by equalizing the total 

reporter ion intensity across all channels, summation of reporter ion intensities per protein 

and channel, calculation of protein abundance ratios and testing for differential abundance 

using empirical Bayes moderated t-statistics. Finally, the calculated p-values were 

corrected for multiple testing using the Benjamini−Hochberg method. 

 
Mutagenesis of GFP-Ex24/25 
QuikChange site directed mutagenesis kit (Agilent technologies) was used to insert 

2bp mutations into GFP-Ex24/25 reporter plasmids, in combination with using PCR 

amplification of Nrxn 3 exon 24 and 25 with gene specific and mutagenesis primers 

followed by overlapping PCR and insertion into GFP-AA using BglII and EcoRI 

restriction sites.  
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# Primer Name Sequence 

1 N3-MBE1-for CTT CAT CTC CTG TGT CCT ACA CTCA TAG AC 

2 N3-MBE1-rev GTC TAT GAG TGT AGG ACA CAG GAG ATG AAG 

3 N3-MBE2-for GTT GAT GAG GTG AAT TCC TTA TTC CTC TTC 

4 N3-MBE2-rev GAA GAG GAA TAA GGA ATT CAC CTC ATC AAC 

5 N3-MBE3-for CCA GCC TGA TAT CCT CTT GCT TCC GTT GCC 

6 N3-MBE3-rev GGC AAC GGA AGC AAG AGG ATA TCA GGC TGG 

7 N3-pA-mut-for AAA GAT ACT AGA AGT ATA AAT ATA TAT TGA GAA 

8 N3-pA-mut-rev TTC CAA TAT ATA TTT ATA CTT CTA GTA TCT TT 

 
 
Northern Blot 
RNA from transfected HEK293T-cells was mixed with 2x RNA loading dye (Gel loading 

buffer II (Invitrogen)) and 1µl ethidium bromide, denatured at 75°C for 10min and 

separated by gel electrophoresis (0.6g Agarose in 45ml DEPC H2O + 5ml 10x 

Northern Max Denaturing Gel Buffer (Thermo Fisher)). Before transfer the gel was 

soaked in 20x SSC (Ambion) for 15min and the overnight transfer was set up as 

described by (Streit et al., 2008). After transfer RNA was crosslinked to the membrane 

at 120 mJ cm-2 and baked at 60°C for 45min. Pre-hybridization was done overnight at 

42°C in 50% formamide, 0.2% SDS, 5x Denhardt’s solution, 5x SSC, 100µg ml-1 

salmon sperm (Invitrogen) and 50mM sodium phosphate buffer (pH 6.5). 

Radiolabelled probe was prepared by PCR with Phusion HF Polymerase according to 

the manufacturer instructions in addition of 10µCi [alpha-32P]dCTP (3000 Ci mmol-1). 

PCR product was cleaned up by size-exclusion Chroma Spin TE-400 Columns and 

then added for overnight incubation at 42°C to the pre-hybridization solution. The 

membrane was then washed in 1x SSPE (Sigma) / 0.5% SDS at 65°C for 10 min and 

twice in 0.1x SSPE / 0.5% SDS at 68°C for 10min. Membrane was dried on blotting 

paper and incubated with Phospho-imager intensifying screen for 2 days before 

imaging.  
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4.4 Index of abbreviations 

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

APA = alternative polyadenylation 

AS = alternative splice segment 

BDNF = brain-derived neurotrophic factor 

bp = basepair 

C1ql = C1q-like 

CA = cornu ammonis 

CAM = cell adhesion molecule 

CASK = calcium/calmodulin-activated serine/threonine kinase 

Cbln = Cerebellin 

CCK = cholecystokinin 

CDS = coding sequence 

CGE = caudal ganglionic eminence 

CPSF = cleavage and polyadenylation specificity factor 

CR = calretinin 

CSTF = cleavage stimulation factor 

DG = dentate gyrus 

DSE = downstream sequence element  

EGF = epidermal growth factor 

eIF4g = eukaryotic initiation factor 4 complex  

EJC = exon junction complex 

EM = electron microscopy 

ESE = exonic splice enhancer 

ESS = exonic splice silencer 

GABA = γ-aminobutyric acid 

GCL = granule cell layer 

GFP = green fluorescent protein 

GPI-anchor = glycosylphosphatidylinositol-anchor 

HA = Human influenza hemagglutinin 
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HIL = hilus 

hnRNP = heterogenous nuclear ribonucleoprotein 

HS = heparan sulfate 

HSGP = heparan sulfate glycoprotein 

IgM = Immunoglobulin M 

IML = inner molecular layer 

IP = immuno-purification 

IPSC = inhibitory post-synaptic current 

IPSP = inhibitory post-synaptic potential 

ISE = intronic splice enhancer 

ISS = intronic splice silencer 

KI = knock-in 

KO = knock-out 

LNS domain = Laminin-Neurexin-Sex hormone-binding globulin domain  

LRRTM = leucine-rich repeat transmembrane protein 

LTP = long-term potentiation 

MF = mossy fiber 

MGE = medial ganglionic eminence 

miRNA = microRNA 

MML = middle molecular layer 

mRNA = messenger RNA 

Msi = Musashi 

Nlgn = Neuroligin 

NMD = nonsense mediated mRNA decay 

NMDA = N-Methyl-D-aspartic acid 

Nrxn = Neurexin 

nt = nucleotide 

Nxph = Neurexophilin 

OML = outer molecular layer 

PABP = poly(A)-binding protein 

PacBio = pacific biosciences 
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PI-PLC = phosphatidylinositol-specific phospholipase C 

PP = perforant path 

PTC = premature translation termination codon 

PV = parvalbumin 

RBP = RNA-binding protein 

RT = reverse transcription 

SC = schaffer collateral 

scFv = short-chain variable fragments  

SGZ = subgranular zone 

SLM = Sam68-like mammalian protein 

SST = somatostatin 

STAR = signal transduction activator of RNA 

TMD = transmembrane domain 

TMT = tandem-mass-tag 

USE = upstream sequence element 

UTR = untranslated region 

VIP = vasoactive intestinal peptide  
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